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Today, medicinal chemistry is still clearly dominated by organic chemistry, and most 
commercial drugs are purely organic molecules, which, besides carbon and hydrogen, 
can incorporate nitrogen, oxygen, sulfur, phosphorus, and halogens, all of which are 
to the right of carbon in the periodic table, whereas boron is located to the left. Boron 
and carbon are elements that have the ability to build molecules of unlimited size 
by  covalent self‐bonding. However, commercial boron‐based drugs are still rare. 
Bortezomib, tavaborole (AN2690), crisaborole (AN2728), epetraborole (AN3365), 
SCYX‐7158 (AN5568), 4‐(dihydroxyboryl)phenylalanine (BPA), and sodium mercapto‐
undecahydro‐closo‐dodecaborate (BSH) are used as drugs, the last two compounds in 
boron neutron capture therapy (BNCT). All of these boron‐containing drugs are deriv-
atives of boronic acids except BSH, which contains an anionic boron cluster. While the 
pharmacological uses of boron compounds have been known for several decades, recent 
progress is closely related to the discovery of further boron‐containing compounds as 
prospective drugs. While first developments of the medicinal chemistry of boron were 
stipulated by applications in BNCT of cancers, knowledge accumulated during the past 
decades on the chemistry and biology of bioorganic and bioinorganic boron compounds 
laid the foundation for the emergence of a new area of study and application of boron 
compounds as skeletal structures and hydrophobic pharmacophores for biologically 
active molecules. These and other recent findings clearly show that there is still a great, 
unexplored potential in medicinal applications of boron‐containing compounds.

This book summarizes the present status and further promotes the development of 
new boron‐containing drugs and boron‐based materials for diagnostics by bringing 
together renowned experts in the field of medicinal chemistry of boron compounds. 
It aims to provide a balanced overview of the vibrant and growing field of the 
 emerging and potential applications of boron compounds in medicinal chemistry and 
chemical biology. The book is aimed at academics and professional researchers in this 
field, but also at scientists who want to get a better overview on the state of the art of 
this rapidly advancing area. It contains reviews of important topics, which are divided 
into three main sections: (1) “Design of New Boron‐based Drugs”, (2) “Boron 
Compounds in Drug Delivery and Imaging”, and (3) “Boron Compounds for 
Boron Neutron Capture Therapy”.

The first section, “Design of New Boron‐Based Drugs”, consists of six reviews dealing 
with the use of carborane derivatives for the development of novel drugs. In his review 
(Chapter 1.1), Yasuyuki Endo, one of the pioneers in the development of carboranes as 

Preface



Prefacexviii

hydrophobic pharmacophores almost 20 years ago, describes the development of a vari-
ety of potent nuclear receptor ligands with carborane structures as hydrophobic moie-
ties. Nucleoside drugs have been in clinical use for several decades and have become 
cornerstones of treatment for patients with cancer or viral infections. One of the new 
developments in the medicinal chemistry of nucleosides is derivatives comprising a 
boron component such as a boron cluster, as described in the review by Zbigniew J. 
Lesnikowski and coworkers (Chapter 1.2), whose group has long‐standing expertise in 
the introduction of boron clusters into molecules with diverse biological activity, where 
they serve as pharmacophores, building blocks, and modulators of the physicochemical 
and biological properties. An alternative approach to battling cancer is described by 
Hiroyuki Nakamura et al. in their chapter on the design of carborane‐based hypoxia‐
inducible factor (HIF) inhibitors (Chapter  1.3). Overexpression of HIF1α has been 
observed in human cancers, including brain, breast, colon, lung, ovary, and prostate 
cancers; thus, HIF1α is a novel target of cancer therapy, and the Nakamura group 
has  shown carborane‐based HIF1 inhibitors to be very promising targets. Another 
emerging type of boron‐based drugs are metallacarboranes. The group of Evamarie 
Hey‐Hawkins has been involved in carborane chemistry for more than 20 years. 
In  Chapter  1.4, they report recent examples of biologically active half‐ and mixed‐
sandwich metallacarborane complexes of the dicarbollide ligand, as well as hybrid 
organic‐inorganic compounds containing a nido‐carborane(–1) as appended moiety. 
Their potentially beneficial properties, such as stability in aqueous environments and 
new binding modes due to their lipophilicity, are described. Prospective applications in 
radio-imaging, radiotherapy, and drug design are envisaged. In Chapter  1.5, Detlef 
Gabel and coworkers focus on ionic boron clusters that are soluble in water as well as in 
nonpolar solvents. This highly interesting feature sets them apart from other ionic and 
nonionic pharmacophores and renders them interesting new entities for drug design. 
The final review (Chapter 1.6) by Pavel Hobza, Martin Lepšík, and coworkers on the 
current status of structure‐based computer‐aided drug design tools for boron‐cluster‐
containing protein ligands concludes this first section.

In the second section, the focus is on “Boron Compounds in Drug Delivery and 
Imaging”. Satish S. Jalisatgi, a collaborator of Frederick Hawthorne, who was the 
pioneer of boron cluster chemistry almost 60 years ago, gives an overview of 
closomer drug delivery platforms based on an icosahedral polyhedral borane scaf-
fold (Chapter 2.1). The resulting monodisperse nanostructures are capable of per-
forming a combination of therapeutic, diagnostic, and targeting functions, which is 
highly useful for emerging applications. A complementary approach is described in 
the review by Clara Viñas Teixidor (Chapter 2.2), one of the founders of EuroBoron 
conference, and her colleagues. The anionic boron‐based cobaltabis(dicarbollide) 
can form atypical monolayer membranes with the shape of vesicles and micelles with 
similar dimensions to those seen in nature, but of a very different chemical composi-
tion. These vesicles interact with liposomes and biological membranes to accumu-
late inside living cells. Their particular properties offer new opportunities for the 
development of nanoscale platforms to directly introduce new functionality for use 
in cancer therapy, drug design, and molecular delivery systems.

Diabetes is a chronic disease that has devastating human, social, and economic 
 consequences. A tight control of blood glucose is the most important goal in dealing 
with diabetes. The majority of blood glucose monitoring tools relies on the glucose 
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oxidase enzyme (GOx), but they have some drawbacks. A powerful approach for detect-
ing glucose in fluids is the development of boronic acid-based saccharide sensors. The 
main principles of their design and factors governing their selectivity are discussed by 
Igor B. Sivaev and Vladimir I. Bregadze in Chapter 2.3.

Drug development is a lengthy process requiring identification of a biological target, 
validation of the target, and development of pharmacological agents designed and 
 subsequently confirmed by in vivo studies. Molecular and functional imaging applied 
in the initial stages of drug development can provide evidence of biological activity 
and confirm on‐target drug effects. In their contributions, Bhaskar C. Das et al. focus 
on various boron‐containing molecular probes used in molecular imaging (Chapter 2.4), 
and Jordi Llop et al. provide an overview of nuclear imaging techniques, as well as the 
different radiolabeling strategies reported so far for the incorporation of positron and 
gamma emitters into boron clusters (Chapter 2.5). Finally, some illustrative examples 
on how radiolabeling and in vivo imaging can aid in the process of drug development 
are described, focusing on BNCT drug candidates containing boron clusters, linking 
this chapter to the third section dedicated to “Boron Compounds for Boron Neutron 
Capture Therapy”.

Cancer is the second leading cause of death globally, and was responsible for 8.8 million 
deaths in 2015. Treatment typically comprises surgery, radiotherapy, and chemotherapy. 
BNCT is a unique binary therapy that was developed during the last five to six decades. 
With the availability of accelerator‐based neutron sources at clinics, selective boron 
compounds for use in BNCT will become very important. In this third section, several 
novel classes of potential BNCT agents are described. Werner Tjarks critically reviews 
aspects of the design, synthesis, and biological evaluation of 3‐carboranyl  thymidine 
analogs (3CTAs) as boron delivery agents for BNCT over a time span of approximately 
20 years (Chapter 3.1). Potential future non‐BNCT applications of 3CTAs are also dis-
cussed, linking this review to the first section on boron‐based drug design. Maria da 
Graça H. Vicente and Sunting Xuan describe different classes of third‐generation boron 
delivery agents with enhanced tumor‐localizing properties, which are under investiga-
tion for use in BNCT (Chapter 3.2), and the contribution by Valentina A. Ol’shevskaya 
and colleagues deals with synthetic approaches leading to tumor‐ selective boronated 
porphyrins and chlorins with potential applications in diagnosis, drug delivery, and 
treatment. This study emphasizes the role of boron in rendering the photoactivatable 
tetrapyrrolic scaffolds more potent in photodynamic therapy (Chapter  3.3). A highly 
innovative approach is described in the review by Narayan Hosmane, one of the founders 
of Boron in the Americas (BORAM), and his coworkers covering the recent develop-
ments in the use of nanoparticles as adjuncts to boron‐ containing compounds in BNCT, 
involving boron nanotubes (BNTs) and boron nitride nanotubes (BNNTs) (Chapter 3.4). 
For further implementation of BNCT at the clinical level, new specifically targeted boron 
carriers for BNCT, conjugated with functional groups detectable by highly sensitive 
imaging tools, are required. This allows the determination of the local boron concentra-
tion, which is crucial to personalize the treatment for each patient. Simonetta Geninatti 
Crich and coworkers cover this important topic in Chapter 3.5. Furthermore, in vivo 
research in appropriate animal models is important to expand BNCT radiobiology and 
optimize its therapeutic efficacy for different pathologies. This highly interdisciplinary 
topic is covered by Amanda E. Schwint and coworkers in their comprehensive contribu-
tion in Chapter 3.6.
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1.1

1.1.1  Roles of Hydrophobic Pharmacophores  
in Medicinal Drug Design

A pharmacophore is a partial structure in which important functional groups and 
hydrophobic structure are arranged in suitable positions for binding to a receptor [1]. 
Typically, hydrophilic functional groups of the pharmacophore interact with the recep-
tor by hydrogen bonding and/or ionic bonding, and the hydrophobic structure interacts 
with a hydrophobic surface of the receptor. While hydrogen bonding plays a key role in 
specific ligand–receptor recognition, the hydrophobic interaction between receptor 
and drug molecule is especially important in determining the binding affinity. The dif-
ference of binding constants between a ligand having a suitable hydrophobic group and 
a ligand without such a group can be as large as 1000‐fold. In medicinal drug design, the 
hydrophobic structures are often composed of aromatic and heteroaromatic rings, 
which also play a role in fixing the arrangement of functional groups appropriately for 
binding to the receptor. On the other hand, three‐dimensional hydrophobic structures 
are not yet widely used in drug design, even though they could be well suited for inter-
action with the three‐dimensional hydrophobic binding pockets of receptors. It is note-
worthy that various steroid hormones target distinct steroid hormone receptors owing 
to differences of functionalization of the hydrophobic steroidal skeleton. The binding of 
the natural ligand 17β‐estradiol to human estrogen receptor‐α (ERα) is illustrated in 
Figure  1.1.1 as an example. The large number of steroid hormones may be a conse-
quence of evolutionary diversification of the functions of the steroidal skeleton. In this 
context, we aimed to establish a new three‐dimensional hydrophobic skeletal structure 
for medicinal drug design.

Carboranes as Hydrophobic Pharmacophores: 
Applications for Design of Nuclear Receptor Ligands
Yasuyuki Endo

Faculty of Pharmaceutical Sciences, Tohoku Medical and Pharmaceutical University, Sendai, Japan
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1.1.2  Carboranes as Hydrophobic Structures  
for Medicinal Drug Design

In the past three decades, there has been increasing interest in globular molecules. In the 
1980s, dodecahedrane, which consists of sp3 carbons, was synthesized [2]; and in the 
1990s, the chemistry of fullerene C60, which also consists of sp2 carbons, was explored [3]. 
However, the former is not easy to synthesize, while the latter molecule may have limited 
application because of its large molecular size. On the other hand, icosahedral carboranes 
[4] are topologically symmetrical, globular molecules, and have been known for more 
than half a century. The B–B and C–B bonds of 12‐vertex carboranes are approximately 
1.8 angstroms in length, and the molecular size of carboranes is somewhat larger than 
adamantane or the volume of a rotated benzene ring. Carboranes have a highly electron‐
delocalized hydrophobic surface, and are considered to be three‐dimensional aromatic 
compounds [5] or inorganic benzenes. The structures of these compounds are illustrated 
in Figure 1.1.2. But, although the use of boron derivatives for boron neutron capture ther-
apy (BNCT) of tumors has a long history [6], relatively little attention has yet been paid to 
the possible use of carboranes as components of biologically active molecules, despite 
their desirable hydrophobic character, spherical geometry, and convenient molecular size 
for use in the design and synthesis of  medicinal drugs.

Carboranes have three isomers, ortho‐, meta‐, and para‐carboranes (Figure 1.1.2), and 
their rigid and bulky cage structures hold substituents in well‐defined spatial  relationships. 
The two carbon atoms of carboranes have relatively acidic protons, which can readily be 
substituted with other organic groups [7]. Substituents can also be introduced selectively 
at certain boron atoms, to construct structures having three or more substituents, as 
illustrated in Figure 1.1.3 [8]. Carbocyclic skeletons often rearrange under acidic condi-
tions, whereas carborane cage skeletons do not rearrange even in the presence of strong 
Lewis acids. Adamantane and bicyclo[2,2,2]octane are also  available as hydrophobic 
skeletons, and substituents can readily be introduced at bridgehead carbons of adaman-
tane, but selective introduction at other carbons is  difficult, and chirality is also an issue.

Hydrogen bonding

Hydrogen bonding

Hydrophobic interaction

Hydrophobic interaction

Receptor surface

His524

Glu353

Arg394

Figure 1.1.1 Interactions of ligand with receptor (example for 17β‐estradiol with estrogen receptor‐α).
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1.1.3  Estrogen Receptor Ligands Bearing a Carborane Cage

1.1.3.1 Estrogen Agonists

Estrogen mediates a wide variety of cellular responses through its binding to a specific 
estrogen receptor (ER). The hormone‐bound ER forms an active dimer, which binds to 
the ER‐responsive element of DNA and regulates gene transcription. Endogenous 
estrogen, such as 17β‐estradiol, plays an important role in the female reproductive 
 system, and also in bone maintenance, the central nervous system, and the cardiovascu-
lar system. Recent studies on the three‐dimensional structure of the complex formed by 
estradiol and the human ERα ligand‐binding domain have identified the structural 
requirements for estrogenic activity [9]. 17β‐Estradiol is oriented in the ligand‐binding 
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Figure 1.1.2 Structures of globular molecules and characteristics of carboranes.
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pocket by two types of contacts: hydrogen bonding from the phenolic hydroxyl group 
to Glu353 and Arg394, and from the 17β‐hydroxyl group to the nitrogen of His524, 
and hydrophobic interaction along the body of the skeleton (see Figure 1.1.1). Therefore, 
we designed a simple compound with a 4‐phenolic residue and a hydroxymethylated 
p‐carborane, together with some derivatives (Figure 1.1.4) [10].

The estrogenic activities of the synthesized compounds were examined by means of 
receptor binding assays. Surprisingly, the simple 4‐(p‐carboranyl)phenol BE100 exhib-
ited potent ERα‐binding affinity, comparable with that of estradiol, and the most active 
compound, BE120, was several times more potent than estradiol. In transcriptional 
assay, the simple 4‐(p‐carboranyl)phenol BE100 exhibited potent agonistic activity, 
comparable with that of estradiol. The activity was increased by the introduction of a 
hydroxylmethyl group onto carbon of the carborane cage, and the resulting compound, 
BE120, was at least 10‐fold more potent than estradiol. In a docking simulation of BE120 
with the receptor based on the crystal structure of the estradiol–ERα complex, the 
 phenolic hydroxyl group and hydroxymethyl group of BE120 appeared to play similar 
roles to those in the case of estradiol. The higher activity of BE120 suggests that the 
carborane cage binds to the hydrophobic cavity of the receptor more tightly than does 
the equivalent structure of estradiol [11].

BE120 also showed potent in vivo effects. Uterine atrophy due to estrogen deficiency 
or ovariectomy is blocked by estrogen administration, and this forms the basis of a  typical 
in vivo assay for estrogenic activity. Estradiol and BE120 at 100 ng per day both restored 
the uterine weight, indicating that BE120 reproduces the biological activity of estradiol. 
Similarly, decrease of the bone mineral density of ovariectomized mice was blocked 
by administration of either estradiol or BE120, with similar potency [12].

Hydrophobic
region

Phenolic hydroxyl

Alcoholic hydroxyl

BE100 BE120

CH2OH

HO

H

HO

CH2

HO

OH

HO

OH

H

HH

Figure 1.1.4 Structures of β‐estradiol and designed molecule bearing p‐carborane.
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1.1.3.2 Estrogen Antagonists and Selective Estrogen‐Receptor  
Modulators (SERMs)

Since estrogen agonists increase the risk of carcinogenesis in breast and uterus [13], 
estrogen antagonists can be used as anticancer agents. On the other hand, estrogen 
agonists may be useful for the control of osteoporosis, if the risk of carcinogenesis can 
be avoided. Therefore, there is great interest in SERMs that selectively affect different 
organs, especially agents with agonistic activity in bone, but no effect or antagonistic 
activity in the reproductive organs. Among SERMs so far developed, tamoxifen is used 
to treat breast cancer [14], and raloxifene to treat osteoporosis [15].

The balance of activities depends on the precise ligand–receptor complex structure, 
which influences subsequent binding with co‐factors and other proteins, leading to 
 different physiological actions. In the case of tamoxifen [14], the bulky dimethylami-
noethoxyphenyl group plays a key role in the antagonistic activity. Taking this 
into  account, we designed compounds containing o‐ and m‐carborane skeletons, as 
shown in Figure 1.1.5.

The o‐carborane derivative BE362 inhibited the activity of estradiol in the concentra-
tion range of 10−7 M in a transcriptional activity assay, being equipotent with tamoxifen. 
The m‐carborane derivative BE262 was somewhat less potent than BE362. In this assay, 
synthetic intermediate BE360 also exhibited antagonistic activity, although its potency 
was somewhat weaker than that of BE362 [16]. In spite of its very simple structure, 
BE360 exhibited strong binding affinity for ER [17]. Therefore, we focused on BE360 as 
a candidate SERM. Loss of bone mineral density of ovariectomized mice was blocked by 
administration of BE360 at 1–30 mg/day [18]. BE360 was 1000‐fold less potent than 
estradiol, but was almost equipotent with the osteoporosis drug raloxifene. On the 
other hand, BE360 did not affect uterine weight at this concentration. Thus, BE360 is a 
promising lead compound for development of therapeutically useful SERMs.

We next investigated structural development of BE360. Insertion of a methylene 
group (BE380) changed the partial agonist–antagonist character of BE360 to weak 
 agonist, and insertion of two methylene units generated a potent antagonist (BE381). 
Replacing the carborane cage with a bicyclo[2,2,2]octane skeleton caused a drastic 
change of biological activity, affording a potent full agonist (BE1060). It seems clear that 
altering the three‐dimensional hydrophobic core structure is a promising strategy for 
control of the agonist–antagonist activity balance toward ER [19].

In addition, we have recently reported that BE360 has antidepressant and antidemen-
tia effects through enhancement of hippocampal cell proliferation in olfactory bulbec-
tomized mice [20]. Thus, BE360 may have potential for treatment of depression and 
neurodegenerative diseases, such as Alzheimer’s disease.

1.1.4  Androgen Receptor Ligands Bearing a Carborane Cage

1.1.4.1 Androgen Antagonists

Like estrogen, androgen mediates cellular responses through binding to a specific 
androgen receptor (AR). The hormone‐bound AR forms a dimer, which binds to the 
AR‐responsive element of DNA and regulates gene transcription. Endogenous 
 androgen, such as testosterone and dihydrotestosterone, plays an important role in the 
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male reproductive system, and also in prostate enlargement, body hair growth, and 
muscle development. The X‐ray structure of the complex of AR ligand‐binding domain 
with an androgen agonist has been reported [21]. The overall structure of the ligand‐
binding domain is very similar to that of ER, but there are differences in the structures 
surrounding the ligand‐binding pocket. One of the differences between AR and ER 
ligands is that the aliphatic cyclohexene A‐ring of the steroid skeleton bears an 
18‐methyl group, so that the structure is bulky compared with the flat aromatic A‐ring 
of estrogen. In addition, a ketone is present instead of the phenolic hydroxyl group in 
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Figure 1.1.5 Structures of selective estrogen receptor modulators: tamoxifen and raloxifene, and 
designed molecules bearing carborane.
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the case of estrogen ligand. Therefore, we designed new AR ligand candidates bearing a 
carborane skeleton, cyclohexenone, and a hydroxymethyl group (Figure 1.1.6). Among 
the synthesized compounds, BA111 and BA211, bearing a carboranyl group at the 
4‐position of the cyclohexenone ring, exhibited binding activity to human AR (hAR). 
These compounds did not show agonistic activity in growth promotion assay using 
androgen‐dependent SC3 cells (Shionogi carcinoma‐3, a human prostate cancer cell 
line), but they inhibited testosterone‐promoted cell growth of SC3. The potency of the 
antagonistic activity was comparable to that of 4‐hydroxyflutamide [22].

Next, we designed a new type of carborane‐containing compounds with the aim of 
discovering more potent AR antagonists [23]. Typical potent nonsteroidal androgen 
antagonists, such as hydroxyflutamide and bicalutamide, contain a benzene ring 
 bearing an electron‐withdrawing nitro‐, cyano‐, or trifluoromethyl group. Therefore, 
we focused on aromatic derivatives incorporating a p‐carborane moiety (Figure 1.1.7). 
Among these compounds, BA321 and BA341, bearing an electron‐withdrawing group 
at the 3‐position of the benzene ring, exhibited potent binding activity to AR. The affin-
ities were 10‐fold stronger than those of hydroxyflutamide. Structure–activity studies 
of BA321 and BA341 were guided by transcription assay. We found that BA321 and 
BA341 showed potent antagonistic activity in the concentration range of 1 × 10−7–10−5 
M, and they dose‐dependently inhibited the activity of dihydrotestosterone. Their 
potencies were 10‐fold stronger than those of hydroxyflutamide. These novel aromatic, 
carborane‐containing AR modulators should be useful tools for analysis of AR–ligand 
interactions, and also as scaffolds for development of clinically useful nonsteroidal 
androgen antagonists.

1.1.4.2 Improvement of Carborane‐Containing Androgen Antagonists 
as Candidates for Anti–Prostate Cancer Therapy

Our designed androgen antagonists still required improvement for potential clinical 
use. Androgen agonists, including male hormone, are promoters of prostate cancer, and 
therefore antagonists are used clinically as anticancer agents to treat prostate cancer. 
On the other hand, agonists of the female hormone, estrogen, might also be effective in 
opposing the action of androgen agonists. Therefore, we designed AR–ER dual ligands 
using a meta‐carborane skeleton (Figure  1.1.7). The meta‐carborane BA812 and 
the  para‐carborane BA818 both exhibited potent androgen antagonist and estrogen 

H
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H H

O O

CH2OH

CH2OH

O
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Hydrophobic
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Hydrogen bonding
group

Hydrogen bonding
group

Figure 1.1.6 Structures of testosterone and designed molecules bearing carborane.
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agonist activities (i.e., they are dual ligands). However, BA812 showed AR‐antagonistic 
activity at the concentration of 1 × 10−6 M, and ER‐agonistic activity at 1 × 10−8 M, 
whereas BA818 showed AR‐antagonistic activity at 5 × 10−8 M, and ER agonistic activity 
at 5 × 10−7 M. Thus, BA812 is closer to an ER agonist, and BA818 is closer to an AR 
antagonist [24]. Recently, we reinvestigated the binding affinity of BA321 to ERα 
and found that this compound showed activity at 1 × 10−7 M. We also reported in vivo 
ER‐agonistic activity of BA321 [25].

A common problem is that prostate cancer becomes resistant to anti‐androgen 
 therapy. One reason for this is mutation of threonine 877 to alanine (T877A) in the 
receptor [26]. Thus, although BA321 and BA341 show very strong inhibitory activity 
toward wild‐type tumor cells, they work as agonists toward receptor‐mutated cells. 
This is similar to the case of hydroxyflutamide. On the other hand, bicalutamide 
works as antagonist toward both wild‐type and mutant cells. However, bicalutamide 
resistance has also been reported to occur. In the X‐ray crystal structure of the 
mutant cells bound to bicalutamide [27], the cyano group binds to Gln711 and 
Arg752 through one molecule of water. Therefore, we designed carborane‐containing 
molecules having another benzene ring as mimics of bicalutamide. Among the 
 synthesized compounds, BA632 and BA612 strongly inhibited LNCap cells (a human 
prostate cancer cell line, including mutation T877A), which have a mutated receptor, 
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at the concentration of 4 × 10−7 M [28]. Since BA632 and BA612 did not show any 
agonistic activity in functional assays, they seem to be pure AR full antagonists and 
are therefore candidates for treatment of anti‐androgen withdrawal syndrome.

1.1.5  Retinoic Acid Receptor (RAR) and Retinoic Acid X 
Receptor (RXR) Ligands Bearing a Carborane Cage

1.1.5.1 RAR Agonists and Antagonists

Retinoids are used as therapeutic agents in the fields of dermatology and oncology. 
They  modulate specific gene transcription through binding to the RARs. Retinoidal 
actions are also modulated by RXRs. RAR–RXR heterodimers bind to the RA‐responsive 
element of DNA to regulate biological actions. Thus, the initial key step is the binding 
of retinoid to the ligand‐binding domain of RAR. All‐trans‐retinoic acid is oriented in 
the ligand‐binding pocket by two types of contact, hydrogen bonding at carboxylic 
acid and hydrophobic interaction. We investigated the use of a carborane cage as the 
hydrophobic region.

A synthetic aromatic retinoid, AM80, is 10 times more potent than the native RAR 
ligand, all‐trans‐retinoic acid (Figure  1.1.8) [29]. In both molecules, the distance 
between the important hydrogen‐bonding carboxylic acid and the end of the bulky 
hydrophobic structure is the same: 14 angstroms. Therefore, we designed molecules 
with a diphenylamine skeleton, in which the geometry and distance from the hydrogen‐
bonding carboxylic acid to the hydrophobic region, carborane, resemble those of AM80 
and retinoic acid. In biological activity assay, the synthetic compounds exhibited potent 
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differentiation‐inducing activity toward human leukemia (HL60) cells. The agonistic 
activity was increased by the introduction of a small alkyl group on the carborane cage. 
For example, the EC50 value of the most active compound, BR403, is 10−9 M [30], which 
is comparable to that of all‐trans‐retinoic acid. On the other hand, the activity was 
 completely abolished by the introduction of a methyl group on the nitrogen atom.

Introduction of a bulky substituent into an agonist molecule often transforms it into 
an antagonist, because a compound with a bulky substituent may bind to the receptor 
but induce a critical conformational change. The synthetic compound BR202 is an 
example of this. Polymethylcarboranes [31] may also have potential as a new bulky and 
hydrophobic unit for biologically active molecules, especially for antagonist design. We 
designed several polymethylcarborane‐containing molecules based on the skeletal 
structure of AM80. Among them, BR630 showed strong retinoid antagonistic activity 
with an IC50 value of 2 × 10−8 M. BR631 and BR635 were also antagonists. The polym-
ethylcarboranyl group seems to serve effectively as a bulky and hydrophobic structure 
favoring the appearance of antagonistic activity [32].

1.1.5.2 RXR Agonists and Antagonists

The native ligand for RXRs, which modulate retinoidal actions, is 9‐cis‐retinoic acid. 
We designed and synthesized novel RXR‐selective antagonists bearing a carborane 
moiety. The synthetic compound BR1211 (Figure  1.1.9) itself has no differentiation‐
inducing activity toward HL60 cells and does not inhibit the activity of RAR agonists. 
However, BR1211 inhibited the synergistic activity of an RXR agonist with AM80 in an 
HL60 cell differentiation‐inducing assay [33]. Transactivation assay using RARs and 
RXRs suggested that the inhibitory activity of BR1211 resulted from selective antago-
nism at the RXR site of RXR–RAR heterodimers. BR1211 is a useful tool in the fields of 
embryology [34] and neurosciences [35,36].

1.1.6  Vitamin D Receptor Ligands Bearing a Carborane Cage

Vitamin D is involved in many physiological processes, including calcium homeostasis, 
bone metabolism, and cell proliferation and differentiation. Its actions are modulated 
by vitamin D receptor (VDR), which regulates the expression of specific target genes. 
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Figure 1.1.9 Structures of 9‐cis‐retinoic acid and designed molecule bearing carborane as RXR ligands.
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VDR and its ligands have significant roles in the pathogenesis and therapy of 
 osteoporosis, arthritis, psoriasis, and cancer.

The active form of vitamin D is 1α,25‐dihydroxyvitamin D3, which is a metabolically 
activated form of vitamin D3. It binds to VDR by hydrogen bonding via hydroxyl groups 
at both ends of the molecule, and by hydrophobic interaction with the seco‐steroidal 
skeleton. We designed a novel VDR agonist bearing p‐carborane as a hydrophobic core 
structure (Figure 1.1.10). It exhibited moderate vitamin D activity, comparable to that of 
the native hormone, despite its simple and flexible structure. Effective hydrophobic 
interaction of the carborane cage with the hydrophobic region of VDR was confirmed 
by X‐ray crystallography [37].

1.1.7  Determination of the Hydrophobicity Constant π 
for Carboranes and Quantitative Structure–Activity 
Relationships in ER Ligands

1.1.7.1 Determination of the Hydrophobicity Constant π for Carboranes

In connection with the application of carboranes in medicinal chemistry, we consid-
ered that all carboranes have essentially the same geometry and similar hydrophobic 
 character. However, upon investigation of the ER‐binding activity of various simple 
carboranylphenols, we found that p‐carboran‐1‐ylphenol (BE100) exhibited very 
potent activity (as strong as that of estradiol). On the other hand, o‐carboran‐3‐ 
ylphenol showed 100 times weaker activity than p‐carboran‐1‐ylphenol. In other 
words, the position of substitution on the carborane cage (o‐, m‐, and p‐carboranes) 
affected the biological activities. Therefore, we quantitatively evaluated the hydropho-
bic character of various types of carboranes (Figure 1.1.11) [38] by determining the 
partition coefficients of their phenol derivatives, which exhibited strong binding affin-
ity for ER. We  measured the partition coefficients (logP) of carboranylphenols by 
means of a high‐performance liquid chromatography (HPLC) method [39], because 
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that is suitable for highly hydrophobic compounds in the range of logP above 4. 
We  calculated the Hansch–Fujita hydrophobic parameters π of various carboranyl 
groups. The values varied from +2.71 to +4.47 (Table 1.1.1), which is within the same 
range as seen for hydrocarbons. p‐Carboran‐1‐ylphenol was the most hydrophobic, 
and o‐carboran‐9‐ylphenol was the most hydrophilic.

1.1.7.2 Quantitative Structure–Activity Relationships 
of Carboranylphenols with Estrogenic Activity

The carboranylphenols all have the same molecular geometry and do not show confor-
mational variations, so they should be suitable for quantitative structure–activity study. 
We had anticipated that the principal factor influencing the binding affinity would be 
hydrophobicity, and this was broadly the case. However, two carboranylphenols with 
low hydrophobicity exhibited unexpectedly high binding affinity. The relationship 
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Figure 1.1.11 Structures of carboranylphenols used for determination of hydrophobic parameters.

Table 1.1.1 Partition constant logP, hydrophobic parameter π, pKa, and binding affinity for ERα 
of carboranylphenols

Compound logP π pKa IC50

4‐(o‐carboran‐9‐yl)phenol 4.13 +2.71 10.25 3.91
4‐(m‐carboran‐9‐yl)phenol 4.62 +3.20 10.19 23.38
4‐(o‐carboran‐3‐yl)phenol 5.16 +3.74 9.61 71.61
4‐(p‐carboran‐2‐yl)phenol 5.46 +4.04 9.91 6.88
4‐(m‐carboran‐2‐yl)phenol 5.53 +4.11 9.67 9.57
4‐(m‐carboran‐1‐yl)phenol 5.71 +4.29 9.46 3.60
4‐(o‐carboran‐1‐yl)phenol 5.75 +4.33 9.16 2.85
4‐(p‐carboran‐1‐yl)phenol 5.89 +4.47 9.56 0.59

Note: Relative IC50 values based on competitive inhibition to 4 nM of 3H‐estradiol binding to ERα.
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between logP and the binding affinity was not first‐order. Therefore, we fitted the data 
to the following parabolic equation (see Figure 1.1.12) by regression analysis.

 

log / . . log . . log . .1 1 93 0 276 18 9 2 76 44 4 6 850
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This equation shows that the principal factor determining the binding affinity of 
 carboranylphenols is hydrophobicity.

On the other hand, the acidity of the phenolic group may affect the binding affinity for 
ER through its influence on hydrogen bonding, in addition to the hydrophobicity of 
the  carboranes. However, the acidity of the phenolic group pKa did not correlate 
with  binding affinity. Thus, both logP and pKa are key parameters for quantitative 
structure–activity relationship (QSAR) analysis in this system.
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This equation has a very high regression coefficient (R2 = 0.980) and reflects the major 
role of hydrophobicity, with some contribution of electronic factor [40]. The increase of 
the activity in the low logP range can be explained by the difference in the natures of CH 
and BH in the carborane cage. The two carbon vertices bear relatively acidic protons 
and have hydrogen‐bonding interactions with His524 of the receptor. In the past, 
 extensive QSAR analysis of estrogens has been reported, but the relationships are not 
necessarily easy to interpret, because of the variety of skeletal structures and 
 conformations. The present results may effectively represent the microscopic QSAR at 
the ligand‐binding cavity of the receptor, free of the influences of membrane 
 transportation and conformational factors.
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1.1.8  Conclusion and Prospects

In conclusion, we have developed a variety of potent nuclear receptor ligands with 
 carborane structures as hydrophobic moieties. These compounds have already applied 
as biological tools, and one of them, BE360, has antidepressant and antidementia 
effects  in animals [19]. However, there are several issues that should be  considered 
before clinical trials. One is the difference in the receptor interactions of hydrocarbons 
and carboranes. Another is to understand the metabolism and stability of carboranes in 
the living body. We have already conducted preliminary studies with a liver metabolic 
enzyme mixture (S‐9), but extensive studies will be necessary. It is 17 years since we first 
applied carboranes for medicinal drug design, but the field is far from mature. 
Carboranes are novel structural fragments for drug design, and they appear to have 
great potential for use in the field in a wide variety of medicinal drug designs.
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1.2.1  Introduction

Nucleoside analogs have been in clinical use for several decades and have become 
 cornerstones of treatment for patients with cancer or viral infections [1,2]. This is 
 complemented with nucleoside antibiotics, a large family of microbial natural products 
and synthetic derivatives derived from nucleosides and nucleotides [3].

The approval of several new nucleoside drugs over the past decade demonstrates that 
this class of compounds still possesses strong potential [1,2]. The potential of nucleo-
sides in chemotherapy is enhanced by development of new chemistries for nucleoside 
modification, better understanding of molecular mechanisms of nucleoside drugs’ 
actions [4], and pro‐drug technology [5,6]. One of the new developments in the medici-
nal chemistry of nucleosides is nucleoside derivatives comprising a boron component 
[7]. The boron part can contain a single boron atom [8] or several boron atoms in the 
form of a boron cluster (Figure 1.2.1) [9–11].

Boron‐containing nucleosides were originally designed as prospective boron carriers 
for boron neutron capture therapy (BNCT) of tumors [10]. As boron‐rich donors in 
boron‐carrying molecules, dicarba‐closo‐dodecaboranes (C2B10H12) (1–3) are frequently 
used due to their chemical and biological stability and physicochemical versatility. 
More recently, dodecaborate [(B12H12)2−] (4) and metallacarboranes such as 3-cobalt-bis 
(1,2‐dicarbollide)ate [Co(C2B9H11)2

2−] (4) (Figure  1.2.1), complexes of carboranes and 
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metal ions, are also attracting attention of medicinal chemists [11]. In this chapter, new 
applications and biological activities of nucleoside–boron cluster conjugates beyond 
BNCT will be highlighted.

1.2.2  Boron Clusters as Tools in Medicinal Chemistry

Boron is an element that is generally not observed in the human body (its content does 
not exceed 18 mg in an average individual [12]); however, it possesses considerable 
potential for the facilitation of new biological activity and for use in pharmaceutical 
drug design. There are two types of boron‐containing bioactive molecules: the first con-
tain a single boron atom, while in the second boron is present in the form of a boron 
cluster. The principle for biological activity of these molecules due to the presence of 
boron is different for each compound type. In the compounds containing a single boron 
atom, the ability of boron to readily convert from a neutral and trigonal planar sp2 form 
to an anionic tetrahedral sp3‐hybridized form under physiological conditions is uti-
lized. This feature provides the basis for the use of boron as a mimic of carbon‐based 
transition states and in the design of inhibitors of various enzyme‐catalyzed hydrolytic 
processes [13,14]. In boron cluster–containing compounds, the properties are used: not 
those of a single, separate boron atom, but rather the features of the boron atoms in the 
cluster as a whole, and the ability of the cage to elicit unique interactions with protein 
targets [11,15,16].

The properties of boron clusters that are useful in drug design include: (1) the ability 
to form unique noncovalent interactions, including dihydrogen bond formation due to 
the hydridic character of H atoms, σ‐hole bonding, and ionic interactions – as a result, 
the types of interactions of boron cluster–containing compounds with biological  targets 
may differ from those of purely organic molecules [17–19]; (2) spherical or ellipsoidal 
geometry and rigid three‐dimensional (3D) arrangement: these offer versatile platforms 
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Figure 1.2.1 Examples of boron clusters used in medicinal chemistry: dicarba‐closo‐dodecaborane 
(carborane) isomers ortho‐ (1), meta‐ (2), para‐ (3), and (C2B10H12) closo‐dodecaborate (B12H12

2−) (4), 
and 3‐cobalt‐bis(1,2‐dicarbollide)ate (5).
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for 3D molecular construction; (3) lipophilicity, amphiphilicity, or hydrophilicity: these 
qualities depend on the type of boron cluster used, which allows the tuning of pharma-
cokinetics and bioavailability; (4) chemical stability and simultaneous susceptibility to 
functionalization; (5) bioorthogonality, stability in biological environments, and a 
decreased susceptibility to metabolism; (6) high boron content, which is important for 
BNCT; and (7) resistance to ionizing radiation, a feature that is important for the design 
of radiopharmaceutical agents [11,14].

Finally, the fact that polyhedral boron hydrides are manmade molecules and are unfa-
miliar to life has additional potential advantages. This is because the active substances 
bearing boron cluster modification are less likely to be prone to the development of 
resistance and are expected to be more stable in biological systems compared to car-
bon‐based molecules. While pathogens, such as bacteria and viruses, are eventually 
capable of evolving resistance against almost any molecule that attacks them, one could 
hypothesize that this process would take longer for boron‐based compounds.

Technically, two major avenues in the search for new biologically active molecules 
containing boron clusters are exploited. The first is based on the modification of natural 
products, previously identified molecular tools, or clinically used drugs with the hope of 
finding compounds with improved biological or pharmacokinetic properties, for exam-
ple pro‐drugs aciclovir (ACV), cidofovir (CDV), ganciclovir (GCV), and Tamiflu® (dis-
cussed in this chapter) (Figure 1.2.2) and several other clinically used drugs  modified 
with boron clusters [11]. The second approach focuses on screening available collections 
of compounds in search for novel structures with desired activities and properties. 
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This approach is hampered currently by the lack of easily available high‐throughput 
screening (HTS) libraries of boron cluster–containing compounds. A third approach, 
based on rational drug design supported with in silico methods, still needs to be 
 developed for boron‐based drugs to match the level of methods that are available for 
purely organic molecules. Progress in the computational chemistry of boron clusters is 
discussed in some other chapters of this book.

Boron is not a solution for every drug discovery problem, but there is a good chance 
that it will become a useful addition to the medicinal chemistry toolbox. The current 
status of boron in medicinal chemistry resembles that of fluorine three decades ago; 
now, fluorinated compounds are synthesized in pharmaceutical research on a routine 
basis, and comprise a substantial fraction of pharmaceuticals on the market. The great 
variety of biological activities of molecules and drug analogs bearing a single boron 
atom or boron clusters demonstrates that there is immense potential in boron 
 medicinal chemistry that is awaiting further exploration.

1.2.3  Modification of Selected Antiviral Drugs with 
Lipophilic Boron Cluster Modulators and New Antiviral 
Nucleosides Bearing Boron Clusters

Anti–infectious disease drugs bearing an essential boron component form an area of 
medicinal chemistry still awaiting exploration. Potent antiviral [1] and anticancer  activity 
[2,4], demonstrated by the number of nucleoside analogs with modified sugar and/or 
nucleobase residues, encouraged synthesis of the carborane derivatives of these mole-
cules. In this direction, various modified sugar residues were introduced to the carbo-
rane‐containing nucleosides, and the obtained derivatives were tested for antiviral and 
anticancer activity [20]. These modifications include, among others, oxathialane carbora-
nyl uridines [21] β‐D, α‐D, β‐L, and α‐L of 5‐carboranyl‐2′,3′‐didehydro‐2′,3′‐dideoxyur-
idine (D4CU) [22]; 5‐o‐carboranyl‐1‐(2‐deoxy‐2‐fluoro‐β‐D‐arabinosyl)uracil (CFAU) 
and its α‐isomer [23]; 5‐carboranyl‐1‐(β‐D‐xylofuranosyl)uracil [24]; and 5‐o‐carbora-
nyl‐2′,3′‐dideoxy‐2′‐(phenylthio)uracil and its nido‐form [25]. These early works did not, 
however, produce compounds with improved properties; in contrast, the boron cluster 
derivatives often expressed lower antiviral activity than the original compounds.

As of April 2016, antiviral drugs have been approved to treat nine human infectious 
diseases (human immunodeficiency virus [HIV], hepatitis B [HBV] and C virus [HCV], 
human cytomegalovirus [HCMV], herpes simplex virus [HSV], human papillomavirus 
[HPV], respiratory syncytial virus [RSV], varicella zoster virus [VZV], and influenza 
virus) [1,26]. Among them, five are targeted against DNA viruses (HBV, HCMV, HSV, 
HPV, and VZV), three against RNA viruses (HCV, RSV, and influenza virus), and one 
against a retrovirus (HIV). Herein, we focus on drugs against HCMV, belonging to 
the Herpesviridae family.

The seroprevalence of HCMV infection ranges from 45 to 95% in worldwide popula-
tions depending on country and socioeconomic status of the individual [27]. The infec-
tion is spread by contact with body fluids (blood, saliva, urine, or breast milk), by organ 
transplants, by placenta (transmission to the fetus during pregnancy), or by sexual 
 contact. In hosts with impaired immune functions, such as transplant recipients, 
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 persons infected with HIV, or those undergoing anticancer chemo‐ and/or  radiotherapy, 
the full pathogenic potential of the virus may be realized. Fever, pneumonia,  diarrhea, 
and ulcers in the digestive tract (possibly causing bleeding) are the most common 
 complications; others include hepatitis, inflammation of the brain (encephalitis), behav-
ioral changes, coma, seizures, and visual impairment and blindness. Hence, HCMV is a 
recognized cause of morbidity and mortality in immunocompromised individuals.

Cytomegalovirus infection also may be acquired prenatally or perinatally. HCMV is 
the most common cause of viral intrauterine infection, affecting from 0.4% to 2.3% of 
live‐born infants. Severe infections may occur among congenitally infected fetuses and 
infants due to immaturity of the immune system in neonates [28]. Although most infants 
with HCMV infection are asymptomatic, about 10% of infants with congenital HCMV 
infection are symptomatic at birth, including intrauterine growth restriction, micro-
cephaly, jaundice, petechiae, hepatosplenomegaly, periventricular calcifications, chori-
oretinitis, pneumonitis, and hepatitis. Some babies without signs at birth may develop 
later long‐term health problems, such as sensorineural hearing loss, visual impairment 
or blindness, intellectual disability, or dyspraxia. Antiviral treatment may decrease the 
risk of health problems in some neonates with symptomatic HCMV infection at birth.

More recently, effects of persistent HCMV infection on immunosenescence and 
 association of HCMV with cardiovascular diseases such as hypertension and athero-
sclerosis focus attention on, and unveil another face of HCMV [29].

The current anti‐HCMV treatments, in addition to foscarnet (known for many years), 
include ganciclovir, valganciclovir, cidofovir, the experimental drug maribavir, and the 
off‐label use of leflunomide. Immune globulin against cytomegalovirus is also used, 
usually in combination with ganciclovir to treat HCMV pneumonia. High doses of the 
anti‐HSV drug acyclovir have also been used as prophylactic against HCMV with some 
success. Fomivirsen, an antisense oligonucleotide, was approved for HCMV retinitis as 
an intravitreal treatment in 1996, but the latter was withdrawn from the market [30].

While currently available systemic anti‐HCMV agents are effective against the virus, 
their use is limited by toxicities, most notably bone marrow suppression, renal impair-
ment, hematologic effects, nephrotoxicity, and neutropenia. The limited number of 
anti‐HCMV drugs, the side effects, and the development of resistance create a need for 
a new generation of more efficient and safer drugs against this opportunistic and widely 
spread pathogen.

To approach these limitations and to recognize the potential of boron clusters as 
modulators of known antiviral drugs, methods for the synthesis of ganciclovir, acyclo-
vir, and cidofovir phosphates modified with boron clusters have been developed [31]. 
All of the anti‐HCMV drugs belong to an acyclic family of nucleoside analogs.

The target ganciclovir phosphate modified with para‐carborane cluster 6 was 
obtained in a four‐step procedure involving: (1) protection of 6 N amino and hydroxyl 
functions of ganciclovir, (2) phosphonylation/phosphorylation, (3) boron cluster 
 addition, and (4) removal of the protecting group. The acyclovir phosphonate modified 
with para‐carborane cluster 7 was obtained in a simple two‐step procedure based on 
transformation of acyclovir into the corresponding monoester of H‐phosphonic acid, 
then esterification of the resultant intermediate with 1‐(3‐hydroxypropyl)‐para‐ 
carborane, an alcohol‐bearing boron cluster.

Cidofovir 8 modified with a para‐carborane cluster attached through an alkyl linker 
was obtained in a convenient, simple, two‐step procedure involving transformation of 
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cidofovir in acyclic form into cyclic derivative, which was next converted into cyclic 
triester 8 in the reaction with 1‐(3‐bromopropyl)‐para‐carborane used as a boron clus-
ter donor. Compound 9 containing a para‐carborane cluster attached through a linker 
equipped with carboxylic acid ester function is another example of cidofovir modifica-
tion with a boron cluster. It was obtained in an esterification reaction between cyclic 
cidofovir and the ethylene glycol‐(3‐para‐carboranyl)propionic acid ester using a 
 suitable condensing agent.

The cytotoxicity assays performed on confluent monolayers of MRC‐5, Vero, L929, 
LLC‐MK2, and A549 cells revealed no effect on growth of cells at concentration up to 
1000 μM (CC50 > 1000 μM). No major differences between cytotoxicity for compounds 
6–9 and unmodified GCV, ACV, and CDV were observed.

The derivatives 6–9 were then tested, first with an HCMV plaque reduction assay 
in comparison with GCV, ACV, and CDV, respectively. The GCV phosphate 6 exhib-
ited a similar degree of anti‐HCMV activity as unmodified GCV; the compounds 7 
and 8 showed lower antiviral activity against HCMV compared with ACV and CDV, 
respectively. Interestingly, CDV pro‐drug 9 was almost 200‐fold more active against 
HCMV than derivative 8. The compounds 6 and 7 were also effective in inhibiting the 
HSV1 replication. GCV, ACV, and CDV phosphates modified with para‐carborane 
cluster 6–9 were not inhibitors of HPIV3 and VSV replication even at a concentration 
of 1000 μM.

In a search for new nucleoside entities with antiviral activities, several methods for the 
synthesis of boron cluster derivatives of pyrimidine nucleosides have been developed. 
The methods employed include: (1) attachment of the carborane moiety at the 2′ posi-
tion of the nucleoside via a formacetal linkage (compound 10) [32]; (2) tethering of the 
nido‐carborane or metallacarborane group to the nucleobase via dioxane ring  opening of 
the oxonium derivative of the boron cluster (compound 11) [33,34]; (3) Sonogashira cou-
pling between 5‐iodo‐uridine or 5‐iodo‐2′‐deoxyuridine and terminal alkynes bearing 
boron clusters (compounds 12, 13), followed by intramolecular cyclization (compound 
14) [35]; (4) a “click chemistry” approach based on a modified Huisgen 1,3‐dipolar 
cycloaddition (compounds 15–16) [34,36]; and (5) de novo formation of a metallacarbo-
rane complex via the reaction of a nucleoside bearing a boron cluster ligand with the 
metal (rhenium(I)) tricarbonyl complex (compound 17) [37,38] (Figure 1.2.3).

The obtained libraries of compounds were tested for cytotoxicity in MRC‐5, A549, 
LLC‐MK2, L929, and Vero cell lines, and for antiviral activity against a panel of DNA and 
RNA viruses (HCMV, HSV1, human parainfluenza virus‐3 [HPIV3], encephalomyocar-
ditis virus [EMCV], and VSV). The most potent novel compound identified was 5‐[(1,12‐
dicarba‐closo‐dodecaboran‐2‐yl)ethyn‐1‐yl]‐2′‐deoxyuridine (10), with an IC50 value of 
5.5 μM and a selectivity index higher than 180 [35]. It is unusual that it exhibited antiviral 
activity against HCMV but was not active against HSV1, another virus belonging to the 
Herpesviridae family; it was also inactive toward HPIV3 and EMCV.

A series of 5‐ethynyl‐2′‐deoxyuridines [39] and its cyclic derivatives [40], with closo‐
dodecaborate and cobalt‐bis‐dicarbollide boron clusters as well as closo‐dodecaborate 
conjugates with non‐natural adenosine analog 7‐deaza‐8‐aza‐2′‐deoxyadenosine [41], 
have also been synthesized. The cytotoxicity of the obtained compounds in several cell 
lines and antiviral activity against HCMV, HSV1, HPIV3, EMC, and VSV were tested. 
Most of the designed compounds have shown low cytotoxicity and low or moderate 
antiviral activity.
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1.2.4  In Vitro Antileukemic Activity of Adenosine 
Derivatives Bearing Boron Cluster Modification

Chronic lymphocytic leukemia (CLL) is the most common type of adult leukemia in 
western countries. CLL cells are typically B cells in origin, with the T‐cell variant of the 
disease occurring rarely [42,43]. It is characterized by a highly heterogeneous 
course and does not always require chemotherapy [43,44]. Nevertheless, it is thought to 
be incurable since relapse usually takes place after an initial remission. CLL in turn 
may  transform into more aggressive lymphomas (Richter’s syndrome) or leukemias 
(e.g., prolymphocytic leukemia [PLL]).

Although purine nucleoside analogs routinely used in CLL treatment (cladribine, 
fludarabine) have notably improved progression‐free survival (PFS), overall survival 
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(OS) was not altered significantly. Among the anticancer drugs used to treat these 
 leukemias, the majority are nucleoside derivatives applied alone or in combinations with 
other drugs and antibodies [45–47]. Examples of medicinal preparations based on nucle-
oside structure include cytarabine (cytosine arabinoside, ara‐C, or Cytosar®),  cladribine 
(2‐chloro‐2′‐deoxyadenosine, or Litak®), clofarabine (2‐chloro‐2′‐deoxy‐2′‐fluoroaden-
osine, or Clolar®), and fludarabine (2‐fluoro‐arabinoadenosine 5′‐phosphate/F‐ara‐AMP, 
or Fludara®); the last three are adenosine derivatives [47,48].

At present, the gold standard for CLL therapy is the combination of purine nucleoside 
analog fludarabine, cyclophosphamide (an alkylating agent), and rituximab (FCR), or 
cladribine, cyclophosphamide, and rituximab (CCR) [45,46]. In patients not eligible for 
such intensive treatment because of comorbidities, less effective drugs might be applied. 
Thus, there is still a strong need to identify new targets for antileukemic chemotherapy 
and to develop novel anticancer compounds and treatment strategies. Among new 
approaches assigned for CLL, much attention is paid to agents with the ability to turn 
on the apoptosis process [49–51].

We proposed the use of carboranes for modification of selected nucleoside designs. 
In this direction, libraries of modified adenosine, 2′‐deoxyadenosine, and arabinoad-
enosine derivatives were synthesized, and their cytotoxicity and proapoptotic potential 
against peripheral blood mononuclear cells (PBMCs) of CLL and PLL patients, as well 
as those of healthy volunteers, were investigated.

The boron cluster–modified purine nucleosides were prepared according to the 
 following methods: (1) Sonogashira‐type cross‐coupling between 2‐ or 8‐halogenoad-
enosine and a boron cluster donor containing a triple bond (compounds 19, 20, and 26) 
[34,52], (2) substitution of chlorine at carbon 6 of adenosine with alkylamine containing 
a boron cluster (compound 21) [52], (3) amide bond formation between exo‐amine 
group and boron cluster carboxylic acid (22), (4) tethering of the nido‐carborane to the 
nucleobase via dioxane ring opening of the oxonium derivative of the boron cluster 
(compound 23) [34], (5) a “click chemistry” approach based on a modified Huisgen 
1,3‐dipolar cycloaddition (compound 24) [34,36], and (6) attachment of the carborane 
moiety at the 2′ position of the nucleoside via a formacetal linkage (compound 25) [32].

The synthesized libraries of boron clusters containing adenosine derivatives were 
evaluated for their cytotoxicity against primary peripheral mononuclear cells from the 
blood of patients with leukemias (CLL or PLL). It was found that modification of adeno-
sine with a boron cluster at C‐2 (compound 19) and C‐8 (compound 26) of the purine 
ring leads to products with high cytotoxicity against CLL and PLL cells at 15–20 μM, 
whereas normal cells of healthy donors are resistant to this concentration [53]. 
Interestingly, the adenosine derivatives bearing a boron cluster at C‐2′ of the sugar 
 residue and at the amino group at C‐6 of the nucleobase are cytotoxic to both cell types 
or show some small activity in leukemic and normal cells, respectively. Complementary 
biological studies demonstrated that compounds 19 and 26 possess (similarly as clini-
cally used antileukemic drugs cladribine and fludarabine) high proapoptotic potential. 
The obtained data revealed also that compounds 19 and 26 are potent activators of 
caspase 3, the enzyme that is involved in proteolysis of numerous proteins (e.g., PARP1 
and Mcl1) and to activate a key endonuclease, DNA fragmentation factor/caspase‐ 
activated DNase (DFF/CAD), whose functions are relevant for the formation of the 
apoptotic ladder [53]. The observed characteristics of these compounds might be of 
clinical importance.



Design of New Boron-based Drugs28

1.2.5  Adenosine–Boron Cluster Conjugates as Prospective 
Modulators of Purinergic Receptor Activity

Adenosine receptors (AR; also called purinergic P1 receptors) are members of the 
G‐protein family of receptors, which also include many well‐known receptors such as 
dopamine receptors, adrenergic receptors, histamine receptors, and serotonin recep-
tors. They are responsible for the transduction of a diverse array of signals into the cells 
by activating one or more heterotrimeric G proteins located on the cytoplasmic face of 
the plasma membrane and subsequently interacting with the effector system, including 
ion channels, phospholipases, and adenylate cyclase [54]. Similar to other G protein‐
coupled receptors, ARs consist of seven transmembrane helices, which accommodate 
the binding site for ligands. Each helix is constituted by approximately 21 to 28 amino 
acids. The transmembrane helices are connected by three extracellular and three 
 cytoplasmic loops of unequal size of amino acid chain. The N‐terminal is on the extra-
cellular side and the C‐terminal on the cytoplasmic side of the membrane [55]. The 
development of potent and selective synthetic agonists and antagonists of ARs has been 
the subject of medicinal chemistry research for more than three decades. In addition, 
allosteric enhancers of agonist action could allow the effects of endogenous adenosine 
to be selectively magnified in an event‐responsive and temporally specific manner, 
which might have therapeutic advantages compared with agonists. AR action might 
also be modulated not only by direct‐acting ligands, but also by inhibition of the metab-
olism of extracellular adenosine or its cellular uptake [56].

Although selective AR modulators have promise for numerous therapeutic applica-
tions, in practice this goal, as in the case of many other targets, is not easy to achieve. 
One reason for this is the ubiquity of ARs and the possibility of side effects. In addition, 
species differences in the affinity of putatively selective ligands complicate preclinical 
testing in animal models. As a result of continuous approaches to solve these problems, 
studies of the modulation of cellular function by purines have increased exponentially 
over the past decades as a large family of discrete molecular targets has been identified 
using molecular biological and pharmacological tools [57]. In consequence of 
these  efforts, several pharmacological compounds specifically targeting individual 
ARs – either directly or indirectly – have now entered the clinic. However, only one 
AR‐specific agent  –  the adenosine A2A receptor agonist regadenoson (Lexiscan; 
Astellas Pharma) – has so far gained approval from the US Food and Drug Administration 
(FDA) [58]. Therefore, there is a long way ahead to explore fully the potential of ARs 
as  targets for clinically useful molecules. We hope that works on the chemistry and 
 biology of innovative adenosine modification bearing boron clusters will contribute to 
this endeavor.

In a search for new types of AR modulators, a series of adenosine derivatives bearing 
electroneutral 1,12‐dicarba‐closo‐dodecaborane (3) or a metallacarborane complex, 
3‐cobalt‐bis(1,2‐dicarbollide)ate (5), were synthesized. Modifications of the nucleobase 
at the 6‐N, 2‐C, or 8‐C positions, or the sugar residue at the 2′‐C position, with suitable 
boron clusters tethered via different types of linkers were prepared (Figure  1.2.4). 
Taking the advantage that the A2A AR has already been recognized as a mediator of 
adenosine‐dependent effects on platelet aggregation, the obtained library of adenosine 
derivatives was tested for the effects of these modifications on the functions of 
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 stimulated platelets [59] and, in addition, on the production of reactive oxygen species 
(ROS) by human neutrophils [52]. The modification of adenosine at the 2′‐C position 
with 1,12‐dicarba‐closo‐dodecaborane (25) was shown to result in efficient inhibition 
of platelet aggregation induced by thrombin or adenosine diphosphate (ADP). 
Remarkably, inhibition of ROS production in activated neutrophils by adenosine 
 modified at the 6‐N position (21) was also observed. The high affinities of the selected 
compounds for AR A2A were established [52], which may suggest the possible involve-
ment of the A2A receptor in the observed biological activities of the adenosine–boron 
cluster conjugates. It was found that compounds 21 and 25 displaced a specific receptor 
A2A agonist [3H]CGS 21680 in a radioligand binding assay with inhibitory constants 
(Ki) of 9.9 nM and 1.04 nM, respectively, and displayed 3‐ and 26‐fold higher affinities 
for the A2A receptor than CGS 21680 did, respectively [52].

These preliminary findings, and the new chemistry proposed, form the basis for 
the development of a new class of adenosine analogs that can modulate human blood 
platelet activities and extend the range of innovative molecules available for testing as 
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agents that affect inflammatory processes and prospective modulators of AR activity. 
Described recently, another example of purinergic receptor targeting with boron 
 cluster–containing ligands, such as of 1‐[(5‐methoxy‐2‐chlorobenzamido)methyl]‐1,2‐
carborane or 10‐[(5‐methoxy‐2‐chlorobenzamido)methyl]‐7,8‐nido‐carborane, further 
illustrates the potential of boron cluster–containing compounds as purinergic recep-
tors’ modulators [60].

1.2.6  Summary

Chemotherapeutic nucleosides are chemically modified analogs (antimetabolites) of 
natural nucleosides that are endogenous metabolites involved in many essential cellular 
processes, such as DNA and RNA synthesis, and in purinergic signaling. The modifica-
tions used in the synthesis of chemotherapeutic nucleosides can be divided generally 
into two classes: (1) structural changes of the canonical nucleoside structure (e.g., acy-
clic nucleosides, nucleobase‐modified analogs such as azanucleosides, nucleosides with 
a truncated nucleobase, and sugar‐modified analogs such as arabino‐, L‐, or carbonu-
cleosides) and (2) chemically changed analogs (e.g., iodinated, fluorinated, or chlorin-
ated derivatives; thianucleosides; and lipophilic analogs with long, alkyl chain 
substituent). Often, both types of modifications are applied in the same molecule. 
Modification of nucleosides with a boron cluster belongs to the second class of 
 nucleoside derivatives. Exploration of this class of nucleosides as potentially chemo-
therapeutic is in the early stage; however, the great variety of biological activities of 
molecules and drug analogs bearing boron clusters discovered so far [7,11,14–16] 
 demonstrates that there is immense potential in boron cluster medicinal chemistry that 
is awaiting further exploration.
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1.3

1.3.1  Introduction

Cancer is a disease involving uncontrolled cell growth. In a solid tumor, cancer cells are 
deprived of oxygen due to their rapid growth. As a result, the oxygen concentration of 
the tumor regions distant from blood vessels is significantly lower than that of healthy 
tissues, causing hypoxia in tumor. Tumor hypoxia upregulates a number of genes 
involved in tumor angiogenesis, cellular energy metabolism, metastasis, cell prolifera‑
tion, and resistance to apoptosis. Hypoxia‐inducible factor (HIF) is a transcriptional 
factor that plays an important role as an oxygen sensor in cells.

HIF is a heterodimer composed of α subunits (HIF1α, ‐2α, and ‐3α) and a β subunit 
(HIF1β, which is also known as an aryl hydrocarbon receptor nuclear translocator 
[ARNT]) [1,2]. Under aerobic conditions, posttranslational hydroxylation of proline 
residues in HIF1α by prolyl hydroxylase (PHD) induces ubiquitination by the von 
Hippel–Lindau (VHL) tumor suppressor protein, a component of the E3 ubiquitin 
ligase complex, resulting in the oxygen‐dependent degradation through a ubiquitin–
proteasome pathway. Under hypoxic conditions, HIF1α does not undergo the 
oxygen‐dependent degradation due to the inactivation of PHD; instead, it translocates 
into the nucleus, where it dimerizes with the constitutively expressed HIF1β to form a 
heterodimeric complex. HIF binds to the hypoxia response element (HRE) DNA 
sequence with co‐activators to activate various genes, including glucose transporters, 
glycolytic enzymes, angiogenic growth factors, and several molecules involved in 
 apoptosis and cell proliferation [3,4]. The activated HIF plays pivotal roles in various 
pathological conditions, including inflammation, cardiovascular disorder, and cancer. 
Indeed, overexpression of HIF1α has been observed in human cancers, including brain, 
breast, colon, lung, ovary, and prostate cancers [5]; thus, HIF1α is a novel target of 
 cancer therapy.

We have studied a boron‐based medicinal drug design. A boron atom has a vacant 
orbital and readily interconverts between the neutral sp2 and anionic sp3 hybridization 
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states, resulting in a new stable interaction between a boron atom and a donor molecule 
through a covalent bond. Furthermore, three‐center two‐electron bonds such as B–H–B 
and B–B–B generate various stable boron clusters, particularly carboranes (dicarba‐
closo‐dodecaboranes: C2B10H12), that exhibit remarkable thermal stability. The icosahedral 
geometry and exceptional hydrophobicity of carboranes may allow their use as hydropho‑
bic pharmacophores in biologically active molecules [6]. This chapter examines our recent 
development of carborane‐based design of HIF1 inhibitors.

1.3.2  Boron‐Containing Phenoxyacetanilides

1.3.2.1 Synthesis of Boron‐Containing Phenoxyacetanilides

As a novel HIF1 inhibitor, AC1‐001 was reported by Lee and coworkers [7]. This com‑
pound involves an adamantyl moiety and a benzoic acid moiety in the molecule 
(Figure 1.3.1). The similarity of steric and electronic characteristics between adaman‑
tane and carboranes was focused on, and boron‐containing phenoxyacetanilides 1 and 
2 based on the structure of AC1‐001 were designed as shown in Figure 1.3.1. Compound 
1 has a boronic acid instead of a carboxylic acid in the molecule. In addition, an ada‑
mantyl group of compound 1 is replaced by an ortho‐carborane moiety in compound 2.

Synthesis of compound 1 is shown in Scheme 1.3.1. Adamantylphenol 3 was converted 
to carboxylic acid 4, and the aniline moiety was introduced into 4 using ethyl chlorofor‑
mate (ECF) and N‐methylmorphorine (NMM). The resulting phenoxyacetanilide 5 was 
treated with pinacolatodiboron under the Suzuki–Miyaura‐type diboron coupling con‑
dition to introduce a boronic ester at the 5 position of the aniline ring, and the following 
hydrogenation gave the boron ester 6 in 63% yield in two steps. Deprotection of pinacol 
ester using BBr3 gave the desired adamantyl boronic acid 1 in 72% yield.
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Figure 1.3.1 Design of HIF1 inhibitors based on the structure of AC1‐001.
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Synthesis of ortho‐carboranyl boronic acid 2 is shown in Scheme 1.3.2. In order to 
introduce the ortho‐carborane moiety instead of an adamantyl group, 4‐iodophenol 
was chosen as a starting material and converted the ethyl ester 7. Sonogashira coupling 
was carried out to introduce an ethynyl moiety at the 4 position of the benzene ring of 7, 
and the ethynyl carboxylic acid 8 was obtained after being subjected to basic conditions. 
5‐Pinacolatoboryl‐2‐hydroxyaniline was reacted with 8 using isobutyl chloroformate 
(IBCF), and the resulting borate was treated with KHF2 in methanol to give the boronic 
acid 2 (GN25361) in 83% yield.
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Scheme 1.3.1 Reagent and conditions: (a) ClCH2CO2Et, K2CO3, DMF, r.t.; (b) LiOH, THF/H2O;  
(c) 2‐benzyloxy‐5‐iodoaniline, ECF, NMM, TEA, THF, 20 °C, 72%; (d) i. pinacolatodiboron, PdCl2(dppf ), 
AcOK, DMF, 80 °C, 63%; ii. Pd/C, H2,EtOH, 99%; (e) BBr3, CH2Cl2, 0 °C, 72%.
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Scheme 1.3.2 Reagent and conditions: (a) ClCH2CO2Et, K2CO3, DMF, r.t.; (b) ethynyltrimethylsilane, 
PdCl2(PPh3)2, CuI, N,N‐diethylamine, DMF, microwave, 120 °C, 93%; (c) LiOH, THF–H2O, r.t., 82%; 
(d) BnBr, Na2CO3, DMF, r.t., 93%; (e) B10H14, CH3CN, toluene, reflux, 31%; (f ) Pd/C, H2, EtOH, 96%; 
(g) 5‐pinacolatoboryl‐2‐hydroxyaniline, IBCF, 30%; (h) KHF2, MeOH, 83%.
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1.3.2.2 Biological Activity of Boron‐Containing Phenoxyacetanilides

Synthesized compounds 1, 2, and 6 were evaluated for their ability to inhibit hypoxia‐
induced HIF1 transcriptional activity using a cell‐based reporter assay in HeLa cells 
expressing HRE‐dependent firefly luciferase reporter construct (HRE‐Luc) and con‑
stitutively expressing cytomegalovirus (CMV)‐driven Renilla luciferase reporter. In 
addition, the cell growth inhibition (GI50) of compounds 1, 2, and 6 was also deter‑
mined by MTT assay to investigate the effects of compounds on cell viability. AC1‐001 
was used as a positive control for comparison. The results are shown in Table 1.3.1. In 
the case of adamantyl derivatives, both the boronic acid 1 and its pinacol ester 6 dis‑
played significant inhibition of HIF1 transcriptional activity (4.6 and 3.1 μM, respectively) 
similar to AC1‐001 (3.1 μM). Interestingly, the carboranyl derivatives are more potent: 
the IC50 value of the boronic acid 2 is 0.74 μM. In all cases, significant cell growth inhibi‑
tion was not observed (GI50 > 10 μM).

The effect of compound 2 against hypoxia‐induced HIF1α accumulation was exam‑
ined by western blot analysis, and the messenger RNA (mRNA) expression level of 
HIF1α and vascular endothelial growth factor (VEGF) by reverse transcription poly‑
merase chain reaction (RT‐PCR) analysis in HeLa cells. As shown in Figure  1.3.2, 

Table 1.3.1 Inhibition of HIF1 transcriptional activity in cell‐based HRE reporter 
gene assay and cell growth inhibition

Compound IC50 (μM)a GI50 (μM)b

1 4.6 ± 0.86 15.2 ± 1.13
2 (GN26361) 0.74 ± 0.24 16.2 ± 0.70
6 3.1 ± 0.15 16.0 ± 0.47
AC1‐001 3.1 ± 0.07 51.6 ± 0.89

a HeLa cells stably transfected with HRE‐Luc were used. The drug concentration 
required to inhibit the relative light unit by 50% (IC50) was determined from 
semi‐logarithmic dose–response plots, and results represent the mean ± SD 
of triplicate samples.
b HeLa cells were incubated for 48 h with various concentrations of compounds 
under normoxic conditions, and viable cells were determined by MTT assay.
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Figure 1.3.2 Effect of compound 2 on hypoxia‐induced accumulation of HIF1α protein (a) and 
expression of VEGF and HIF1α mRNAs (b) in HeLa cells.
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compound 2 suppressed hypoxia‐induced HIF1α accumulation and expression of 
VEGF mRNA in a concentration‐dependent manner without affecting the expression 
levels of HIF1α mRNA, indicating that compound 2 inhibits the hypoxia‐induced 
expression of VEGF via suppression of HIF1α accumulation.

1.3.3  Target Identification of GN26361

1.3.3.1 Design of GN26361 Chemical Probes

In the course of phenotype‐based drug discovery, chemical biology techniques are use‑
ful methods for identification of target molecules and clarification of mechanisms of 
action. Until now, various methods including affinity chromatography, the genetic 
interactions method, drug affinity responsive target stability, and activity‐based probes 
have been reported [8,9]. Based on the chemical biologic approach, the mechanism of 
action of 2 in HIF inhibition was clarified. As shown in Figure 1.3.3, multifunctional 
chemical probes of GN26361 substituted with two functional moieties were designed. 
One is a benzophenone for covalent binding with a target protein through photoaffinity 
labeling [10]. The other is an acetylene moiety for conjugation with azide‐linked fluoro‑
phore through the click reaction (Figure 1.3.3) [11].

1.3.3.2 Synthesis of GN26361 Chemical Probes

Synthesis of the chemical probes is shown in Scheme  1.3.3. The carboxylic acid 
11  was reacted with the aminobenzophenones 12a (4‐isomer) or 12b (3‐isomer) 
using 1‐(3‐dimethylaminopropyl)‐3‐ethylcarbodiimide hydrochloride (EDCI) and 
l‐hydroxybenzotriazole (HOBt) to give the corresponding aryloxyacetanilides 13a 
and 13b in 81 and 71% yields, respectively [12]. Diisopropylethylamine (DIPEA) 
was an effective base for these amide formations. Decarborane coupling reaction 
proceeded at the ethynyl moiety of 13 in the presence of acetonitrile as a Lewis base 
under toluene reflux to give the corresponding carborane derivatives 14a and 14b 
in 65 and 45% yields, respectively. Debenzylation of compound 14 was carried out 
in the presence of Pd/C under hydrogen atmosphere, and the resulting phenols 15a 
and 15b were treated with propargyl bromide under a basic condition to afford the 
16a and 16b in 37 and 61% yields, respectively.
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GN26361-probes
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with target protein 

Click chemistry
with fluorophore-N3

Figure 1.3.3 Design of GN26361 chemical probes for clarification of mechanism of action in HIF 
inhibition.
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1.3.3.3 Target Identification of GN26361

To test whether the synthesized probes are suitable for target identification of GN26361, 
the HIF inhibitory activity of the probes was determined. Western blot analysis using 
anti‐HIF1α antibody revealed that both 16a and 16b showed HIF inhibitory activity 
similar to that of 2 (Figure 1.3.4a) [13]. Using these probes, photoaffinity labeling in 
HeLa cell lysate and click conjugation with Alexa Fluor 488 azide were performed, and 
proteins were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS‐PAGE) and visualized by direct in‐gel fluorescent detection. As shown in 
Figure 1.3.4b, a specific protein bound to the probes was detected and identified as heat 
shock protein‐60 (HSP60) by mass spectrometry. Because HSP60 was identified as one 
of the target proteins of 2, the effect on human HSP60 chaperone activity was examined 
by using the porcine heart malate dehydrogenase (MDH) refolding assay. An in vitro 
HSP60 enzyme assay revealed that 2 significantly suppressed HSP60 activity at the 
same inhibitory concentrations for transcriptional activity of HIF1 and accumulation of 
HIF1α protein (Figure 1.3.4c). These results suggest that HSP60 is a direct target of 2 
and is associated with HIF1α.

1.3.4  Carborane‐Containing HSP60 Inhibitors

1.3.4.1 Design of Ortho‐ and Meta‐Carborane Analogs of GN26361

Since HSP60 was identified as a primary target of 2 (GN26361) and inhibition of the 
HSP60 chaperone activity was clarified to result in the degradation of HIF1α protein 
through an oxygen‐independent pathway, the further structure–activity relationship 
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Scheme 1.3.3 Reagent and conditions: (a) EDCl, HOBt, DIPEA, DMF, r.t., overnight; (b) B10H14, CH3CN, 
toluene, reflux; (c) Pd/C, H2, EtOH/THF, r.t.; (d) propalgyl bromide, K2CO3, acetone, reflux.
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based on the structure was studied to develop potent HIF1α and HSP60 inhibitors. As 
shown in Figure 1.3.5, two types of analogs, ortho‐ and meta‐carboranylphenoxyacet‑
anilides, were designed [14–16].

1.3.4.2 Synthesis of GN26361 Analogs

The key intermediate bromoacetanilide 21 was synthesized from 4‐bromo‐2‐nitrophe‑
nol 17, as shown in Scheme 1.3.4. Benzyl protection of 3 was carried out using benzyl 
bromide to give the benzyl ethers 18. The Suzuki–Miyaura‐type diboron coupling reac‑
tion of 18 proceeded in the presence of dichloro(diphenylphosphino‐ferrocene)
palladium(II) (PdCl2dppf) catalyst to afford 19, and reduction of the nitro group of 19 
with Fe powder gave 20. Aniline 20 was treated with bromoacetylbromide to give 21.
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Figure 1.3.4 Identification of target protein of 2 (GN26361) using chemical probes. (a) Effect of 
chemical probes 16a and 16b on the hypoxia‐induced HIF1α accumulation. The levels of each protein 
were detected by immunoblot analysis. (b) Fluorescent imaging of protein bound to the chemical 
probes. HeLa cell lysate was irradiated for 30 min at 360 nm in the presence of each probe (30, 100, and 
300 μM), and then the probe was conjugated with Alexa Fluor 488 azide by click reaction. (c) Inhibition 
of HSP60 by 2. Recombinant HSP60 (1 μM) was reacted with ATP (1 μM) for 30 min, and then ATP 
content was determined by luciferase reaction.
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ortho‐Carboranylphenoxyacetanilides 27a–f were synthesized from iodoanisoles 22 
shown in Scheme 1.3.5. Sonogashira coupling of 22 with ethynyltrimethylsilane pro‑
ceeded in the presence of PdCl2(PPh3)2 catalysts, and the resulting alkynes were treated 
with tetrabutylammonium fluoride (TBAF) to remove the trymethylsilyl (TMS) group, 
giving ethynylanisoles 23. Decaborane coupling of 23 was carried out in the presence of 
N,N‐dimethylaniline in chlorobenzene under microwave conditions to give the ortho‐
carboranylanisoles 24. The treatment of 24 with n‐butyllithium generated lithiated 

ortho-caroranylphenoxyacetanilides

meta-caroranylphenoxyacetanilides
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Figure 1.3.5 Design ortho‐ and meta‐carborane analogs of GN26361.
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Scheme 1.3.4 Reagents and conditions: (a) BnBr, K2CO3, acetone, reflux, overnight, 85%; (b) 2,2′‐Bi‐1,3,2‐
dioxaborolane, PdCl2, dppf, AcOK, dioxane, reflux, overnight, 93%; (c) Fe, NH4Cl, EtOH–H2O, reflux, 3 h, 
74%; (d) bromoacetylbromide, pyridine, DMAP, r.t., 1.5 h, 80%.
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ortho‐carboranyl intermediate, which reacted with alkyl iodides to give di‐substituted 
ortho‐carboranes. Deprotection of a methoxy group was carried out using boron tribro‑
mide to give 25a–f. Compound 25a–f reacted with boromoacetylanilide 21 under the 
basic condition, and the resulting ortho‐carboranylphenoxyacetanilides 26a–f were 
hydrogenated using Pd/C under hydrogen atmosphere. Finally, the pinacol esters were 
hydrolyzed to give 27b–f as ortho‐derivatives of 2.

ortho‐Carboranylphenoxy derivatives with an ethylene linker was synthesized from 
4‐(ortho‐carboranyl)phenol 25a (Scheme 1.3.6). 4‐(ortho‐carboranyl)phenol 25a was 
treated with methyl propiolate using 1,4‐diazabicyclo[2.2.2]octane (DABCO) as a 
base to give the conjugated methyl ester 28,(17) which was hydrolyzed with LiOH in 
aqueous THF solution. The resulting carboxylic acid 29 was converted to the acid 
chloride, which reacted with 30 to give the corresponding pinacolatoboron ester 27g. 
Deprotection of pinacolatoboronester followed by hydrogenesis gave 4‐(ortho‐ 
carboranyl)phenoxypropananilide 27h. Interestingly, deboronated product 27i was 
obtained when pinacolatoboron ester 27g treated with KHF2 was reacted with HCl 
for overnight.

ortho‐Carboranylphenoxy derivative with a propylene linker was also synthesized, as 
shown in Scheme 1.3.7. 4‐(ortho‐carboranyl)phenol 25a was treated with ethyl 4‐bro‑
mobutyrate using K2CO3 as a base, and the resulting ethyl ester 31 was hydrolyzed to 

a, b c (d,) e

22 24

f g (, h)

23
25a: 4-OH, R = H
25b: 4-OH, R = Me
25c: 4-OH, R = Et
25d: 4-OH, R = i-Bu
25e: 3-OH, R = H
25f : 3-OH, R = Et
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Scheme 1.3.5 Reagents and conditions: (a) ethynyltrimethylsilane, PdCl2(PPh3)2, PPh3, CuI, diethylamine, 
THF, reflux, 5 h, 95%; (b) TBAF, THF, r.t., 30 min, 86%; (c) B10H14, N,N‐dimethylaniline, chlorobenzene, 
microwave, 130 °C, 10 min, 76%; (d) (i) n‐BuLi, THF, −10 °C, 30 min, (ii) RI, 1.5 h; (e) BBr3, CH2Cl2, r.t., 
overnight, 90–98%; (f ) 21, NaH, THF, r.t., 2 h; (g) H2, Pd/C, MeOH–THF, r.t., overnight, 60–85%. (h) (i) KHF2 
(4 M), MeOH, r.t., 2 h, (ii) HCl (1 N), r.t., overnight, 32–65%.
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afford the corresponding carboxylic acid 32. The amide bond formation of 32 
with aniline 30 was carried out using 1‐[Bis(dimethylamino)methylene]‐1H‐1,2,3‐
triazolo[4,5‐b] pyridinium‐3‐oxidhexafluorophosphate (HATU) as a condensation 
reagent, and the resulting pinacolatoboron ester 33 was treated with KHF2 followed by 
HCl to give 4‐(ortho‐carboranyl)phenoxybutananilide 27j.

ortho‐Carboranylphenoxy derivative with two carborane frameworks was also syn‑
thesized as shown in Scheme  1.3.8. Sonogashira coupling of 3,5‐dibromoanisole 34 
with ethynyltrimethylsilane and deprotection of the TMS group gave 3,5‐diethynylani‑
sole 35. Decaborane coupling of 35 proceeded under the microwave conditions, and 
the resulting anisole 36 was converted to the corresponding phenol 37 by treatment 
with BBr3. Alkylation of 37 with 21 was carried out using NaH as a base, and hydro‑
genesis of the resulting 38 afforded 3,5‐(di‐ortho‐carboranyl)phenoxyacetanilide 
derivative 27k.

meta‐Carboranylphenoxyacetanilides 43a–h were synthesized from meta‐carbo‑
rane 39 shown in Scheme 1.3.9. The C‐arylation of meta‐carborane through its copper 
derivative was developed by Wade and coworkers [18]. meta‐Carborane 39 was 
treated with n‐BuLi in dimethoxyethane (DME) at 0 °C to give the corresponding 
 lithiated carborane, which reacted with CuCl to generate the C‐copper derivative 
of  meta‐carborane. Coupling reaction of the copper derivative with iodoanisoles 
 proceeded in the presence of pyridine under refluxed conditions to give 
(methoxyphenyl)‐meta‐carboranes 40 [19]. Lithiation of 40 with n‐BuLi proceeded in 
tetrahydrofuran (THF) at −10 °C, and the resulting lithiated carborane reacted with 
alkyl iodides to give the corresponding di‐substituted meta‐carboranes. The methoxy 
group was deprotected by boron tribromide to give (hydroxyphenyl)‐meta‐carbo‑
ranes 41a–h [19]. Alkylation of (hydroxyphenyl)‐meta‐carboranes 41a–h with 
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Scheme 1.3.8 Reagents and conditions: (a) ethynyltrimethylsilane, PdCl2(PPh3)2, PPh3, CuI, 
diethylamine, THF, reflux, 5 h, quant.; (b) KOH, MeOH, r.t., 6 h, 78%; (c) B10H14, N,N‐dimethylaniline, 
chlorobenzene, microwave, 130 °C, 37%; (d) BBr3, CH2Cl2, r.t., overnight, 100%; (e) 21, NaH, THF, r.t., 2 h, 
72%; (f ) H2, Pd/C, MeOH–THF, r.t., overnight, 54%.
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bromacetylanilide 21 proceeded in THF at room temperature under basic conditions, 
and the benzyl group of the resulting phenoxy ethers 42 was deprotected by hydro‑
genesis to give the meta‐carboranylphenoxyacetanilides 43a–h.

1.3.4.3 HIF Inhibitory Activity of Carborane Analogs of GN26361

Synthesized substituted ortho‐carboranylphenoxy analogs 27a–k and meta‐carbora‑
nylphenoxyacetanilides 43a–h were evaluated for their ability to inhibit hypoxia‐induced 
HIF1 transcriptional activity using a cell‐based reporter assay in HeLa cells expressing 
HRE‐Luc and constitutively expressing CMV‐driven Renilla luciferase reporter. 
GN26361 was used as a positive control for comparison. The results are summarized in 
Table 1.3.2. The IC50 of 2 toward HIF1 transcriptional activity was 2.2 ± 0.2 μM, whereas 
the pinacol ester 27a was more potent than 2 with an IC50 of 1.3 ± 0.1 μM. The higher 
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Scheme 1.3.9 Synthesis of meta‐carborane analogs. Reagents and conditions: (a) (i) n‐BuLi, DME, 0 °C, 
30 min, (ii) CuCl, r.t., 1.5 h, (iii) 4‐iodoanisole, pyridine, reflux, 48 h, 26%; (b) (i) n‐BuLi, THF, −10 °C, 30 
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inhibitory activity of 27a toward HIF1 transcription is probably due to the lipophilicity 
of the pinacol ester functional group, which affects the transmembrane property. The 
alkyl‐substituted ortho‐carboranylphenoxyacetanilide analogs 27b–d and 27f showed 
slight enhancement of the inhibitory activity compared to 2 and 27e, respectively. The 
IC50 of compound 27h having an ethylene linker was slightly decreased to 2.4 ± 0.6 μM, 
whereas that of compound 27j having a propylene linker dropped to 14.6 ± 2.7 μM, indi‑
cating that methylene and ethylene linkers are appropriate lengths for the potency of 
HIF1 inhibitors. The highest inhibition was achieved by compound 27g: the IC50 was 
0.53 ± 0.07 μM. These results indicate that the creation of rigid conformation by intro‑
ducing an unsaturated ethylene linker in the molecule is attributed to the potency of 
HIF1 inhibitors. Interestingly, deboronated derivative 27i also inhibited HIF1 transcrip‑
tional activity with an IC50 of 1.3 ± 0.2 μM. However, 3,5‐(di‐ortho‐carboranyl) substituent 
was not effective; the IC50 of compounds 27k dropped to 16.4 ± 0.6 μM. Inhibitory 
potency of meta‐carboranylphenoxyacetanilides 43a–h was evaluated. The sterically 
larger substituents of the R group, such as the methyl (43b, 43f), ethyl (43c, 43g), and 
i‐butyl (43d, 43h) groups, increased their inhibitory activity more than compounds 43a 
and 43e, respectively. Especially, i‐butyl‐substituted meta‐carboranylphenoxyacetani‑
lide 43h exhibited significant inhibitory activity against the hypoxia‐induced HIF1 
transcription, and the IC50 was 0.55 ± 0.03 μM.

1.3.4.4 HSP60 Inhibitory Activity of Carborane Analogs of GN26361

The effects of compounds 27f, 27g, 27i, and di‐carboranyl compound 27k on human 
HSP60 chaperone activity were examined by using the porcine heart MDH refolding 
assay (Figure 1.3.6) [20,21]. Inhibition ratio of each compound at 2 μM concentration 

Table 1.3.2 Inhibition of HIF1 transcriptional activity in HeLa cell‐based HRE and CMV 
dual luciferase assay and cell growth inhibition

Compound
HRE‐Luca

IC50 (μM) Compound
HRE‐Luc
IC50 (μM)

2 (GN26361) 2.2 ± 0.2 27j 14.6 ± 2.7
27a 1.3 ± 0.1 27k 16.4 ± 0.6
27b 1.9 ± 0.2 43a 2.28 ± 0.52
27c 1.4 ± 0.2 43b 1.52 ± 0.32
27d 1.8 ± 0.3 43c 0.83 ± 0.12
27e 4.2 ± 0.8 43d 0.73 ± 0.01
27f 1.1 ± 0.3 43e 4.80 ± 0.80
27g 0.53 ± 0.1 43f 1.34 ± 0.29
27h 2.4 ± 0.6 43g 1.29 ± 0.44
27i 1.3 ± 0.2 43h 0.55 ± 0.03

a HeLa cells expressing HRE‐dependent firefly luciferase reporter construct (HRE‐Luc) and 
constitutively expressing CMV‐driven Renilla luciferase reporter with SureFECT Transfection 
Reagent were established with Cignal™ Lenti Reporter (SABiosciences, Frederick, MD), 
according to the manufacturer’s instructions.
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against HSP60 chaperone activity is indicated by the vertical axis. Although epolac‑
taene tert‐butyl ester (ETB) exhibited significant inhibition (~50%) at 6 μM, a weak 
inhibition was observed at 2 μM. Moderate inhibition was observed in the cases of com‑
pounds 27f and 27g, whereas an inhibition ratio of compound 27i was similar to that of 
GN26361. The best result was observed in the case of compound 27k; 100% inhibition 
was observed at 2 μM, indicating that the sterically bulky bis‐ortho‐carborane moiety is 
more effective on inhibition of the HSP60 chaperone activity than the mono‐ortho‐ 
carborane moiety. The dose‐dependent inhibition of HSP60 chaperone activity revealed 
that compound 27k inhibited ~70% of HSP60 chaperone activity at 0.6 μM concentra‑
tion, and the IC50 was calculated to be 0.35 ± 0.08 μM (Figure 1.3.7). So far, compound 
27k is the highest inhibitor of HSP60 chaperone activity among the reported four 
 compounds, ETB [21], mizoribine [22], EC3016 [23], and GN26361 [24].

Inhibitors of HIF transcriptional activity and HSP60 chaperone activity were 
developed based on 2 as a lead compound. Among the compounds synthesized, 
4‑(ortho‐carboranyl)phenoxypropenanilide 27g suppressed HIF1 transcriptional 
activity with an IC50 of 0.53 ± 0.1 μM (Table 1.3.2), although the inhibition of HSP60 
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chaperone activity was not as high as that of 2 (Figure 1.3.6). In contrast is the inhibi‑
tion of HIF1 transcriptional activity of 3,5‐(di‐ortho‐carboranyl)phenoxyacetanilide 
27k with an IC50 of 16.4 ± 0.6 μM; however, that inhibited HSP60 chaperone activity 
with an IC50 of 0.35 μM. It is known that the stability and activity of HIF1α are regu‑
lated not only by HSP60 but also by HSP90 [25], which is the main chaperone of 
HIF1α. Therefore, HIF1 inhibition may be involved to some degree in HSP60 inhibi‑
tion, and each inhibitory effect of the compounds might be attributed to different 
mechanisms, respectively.

1.3.5  Carborane‐Containing Manassantin Mimics

1.3.5.1 Synthesis of Carborane‐Containing Manassantin Mimics

Manassantins were isolated from Saururus cernuus L. (Saururaceae), a native aquatic/
wetland plant. They have been shown to have many medically relevant activities, includ‑
ing inhibition of hypoxia‐induced HIF1 transcriptional activity [26]. Manassantin 
A consists of the core tetrasubstituted syn‐anti‐syn‐THF unit with C2 symmetric side 
chains (Figure 1.3.8), and it possesses the highest inhibitory activity of hypoxia‐induced 
HIF1 transcription (the reported IC50 is 3 nM) among the natural product‐based inhibi‑
tors of HIF1 [27]. However, the rather long steps necessary for its chemical synthesis are 
mainly due to the construction of the THF skeleton and in manassantin A [28,29]. Thus, 
compounds 44 and 45, which contain icosahedral 1,2‐dicarba‐closo‐dodecaborane 
(ortho‐carborane) and 1,7‐dicarba‐closo‐dodecaborane (meta‐carborane) frameworks 
as an alternative skeleton into manassantin A, were designed.

Synthesis of ortho‐carborane derivative 44 is shown in Scheme  1.3.10. The ortho‐ 
carborane skeleton can be derived from the coupling reaction of decaborane (B10H14) 
and alkynes. Therefore, the diaryl substituted alkynes were first synthesized by 
Sonogashira coupling of terminal alkyne 46 and aromatic iodide 47. The reaction 
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Figure 1.3.8 Design of carborane‐containing manassantin mimics 44 and 45.
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proceeded in the presence of 10 mol% of Pd(PPh3)4 catalyst, and the corresponding disub‑
stituted alkyne 48 was obtained in 84% yield. The coupling reaction of alkyne 48 and 
decaborane  proceeded under microwave (MW) irradiation condition to give 49 in 52% 
yield. Deprotection of 49 was carried out under acidic condition to afford 50 in 87% yield.

Compound 50 was reacted with 2‐bromo‐1‐(3,4‐dimethoxyphenyl)ethanone 51 in 
DMF under the basic condition to give compound 52 in 51% yield. Reduction of a 
 carbonyl group in 52 with NaBH4 afforded compound 44 in 92% yield. In addition, com‑
pound 50 was also reacted with homoveratric acid using N,N’‐dicyclohexylcarbodiimide 
(DCC) and N,N‐dimethyl‐4‐aminopyridine (DMAP) to give compound 53 in 52% yield 
(Scheme 1.3.11).

OMeOMe
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49: R = MOM
50: R = H

MOMO

MeO
+

I

MOMO

MeO

46 47

a
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b
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MeO
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OMe

48

Scheme 1.3.10 Reagents and conditions: (a) Pd(PPh3)4 (10 mol%), CuI, TEA, THF, reflux, overnight, 84%; (b) 
B10H14, N,N‐dimethylaniline, chlorobenzene, MW, 120 °C, 15 min, 52%; (c) conc. HCl/MeOH, CH2Cl2, 12 h, 87%.
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Scheme 1.3.11 Reagents and conditions: (a) 51, K2CO3, DMF, r.t., 2 h, 51%; (b) NaBH4, MeOH, 0 °C, 1.5 h, 
92%; (c) homoveratric acid, DCC, DMAP, THF, 50 °C, 3 h, 52%.
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Synthesis of meta‐carborane derivative 45 is shown in Scheme 1.3.12. Introduction of 
aromatic functional groups into meta‐carborane was achieved by the Ullmann‐type 
reaction [30]. meta‐Carborane was treated with 2.1 equivalents of n‐butyl lithium, and 
the generating dilithiated meta‐carborane was transmetallated with CuCl (2.1 equiv.). 
The resulting cuprous meta‐carborane was reacted with aromatic iodide 54 under the 
reflux conditions to give the monoarylated and the diarylated meta‐carboranes, 55 and 
56, in 37 and 30% yields, respectively. Alkylation of diarylated meta‐carborane 56 with 
bromoacetylphenone 51 gave the corresponding meta‐carborane 57 in 90% yield. 
Compound 57 was converted to 45 by reduction with NaBH4 in 64% yield. Compound 
58 was also synthesized by the condensation reaction of 56 and homoveratric acid using 
EDCI, HOBt, and DIPEA in 99% yield.

1.3.5.2 Biological Activity of Carborane‐Containing Manassantin Mimics

The ability of synthesized carboranes to inhibit the hypoxia‐induced HIF1 transcrip‑
tional activity was examined by using a cell‐based HRE reporter gene assay. HeLa cells 
expressing HRE‐Luc and constitutively expressing CMV‐driven Renilla luciferase 
reporter were used for this experiment. The results are summarized in Table  1.3.3. 
Among the compounds synthesized, compounds 44, 45, and 56 showed significant inhi‑
bition of the hypoxia‐induced HIF1 transcriptional activity with IC50 values of 3.2, 2.2, 
and 5.1 μM, respectively. The meta‐carborane framework was more effective than the 
ortho‐carborane framework. Although both compounds 44 and 45 possessed relatively 
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Scheme 1.3.12 Reagents and conditions: (a) (i) n‐BuLi, CuCl, pyridine/DME, 54, (ii) TBAF, THF; 
(b) 51, K2CO3, DMF, r.t., 4 h, 90%; (c) NaBH4, MeOH, 0 °C, 1.5 h, 64%; (d) homoveratric acid, EDCI, 
HOBt, DIPEA, DMF, r.t., overnight, 99%.
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high cell growth inhibition with GI50 values of 3.8 and 7.5 μM, respectively, compound 56 
showed moderate cell growth inhibition toward HeLa cells (13.8 μM). It should be noted 
that inhibitory activity of compounds 44 and 45 toward hypoxia‐induced HIF1 tran‑
scriptional activity is weaker than that of manassantin A. Indeed, the difference in relative 
configuration of at least one of the two side chains in manassantin (erythro and threo 
isomers) has only a minor influence on the activity of HIF1 inhibition, suggesting that 
the chirality of compounds 44 and 45 would not significantly affect the activity, but that 
hydroxy groups at the benzyl position are required for HIF1 inhibitory potency.

Effects of compounds 44 and 45 against hypoxia‐induced HIF1α protein accumula‑
tion and the expression levels of HIF1α mRNA were examined by western blot analysis 
and RT‐PCR analysis, respectively. Both compounds 44 and 45 similarly suppressed 
hypoxia‐induced HIF1α accumulation in a concentration‐dependent manner without 
affecting the expression levels of HIF1α mRNA under hypoxia in HeLa cells (Figure 1.3.9). 
These results indicate that the inhibition of hypoxia‐induced HIF1 transcriptional 
activity is induced by compounds 44 and 45 through a degradation pathway of HIF1α 
protein under hypoxia.

1.3.6  Carborane‐Containing Combretastatin A‐4 Mimics

1.3.6.1 Design of Ortho‐Carborane Analogs of Combretastatin A‐4

Microtubules play a role in organization of cytoplasm, intracellular transport, and chro‑
mosome segregation [31]. Microtubules have been recognized as a target for cancer 

Table 1.3.3 Inhibition of HIF1 transcriptional activity in cell‐based HRE reporter 
gene assay and cell growth inhibition

Compound IC50 (μM)a GI50 (μM)b

44 3.2 ± 1.1 3.8 ± 0.03
45 2.2 ± 1.6 7.5 ± 0.3
50 17 ± 1.5 14.3 ± 0.4
52 >100 >100
53 84 ± 8.4 41.7 ± 1.5
56 5.1 ± 0.6 13.8 ± 0.7
57 50 ± 9.1 >100
58 76 ± 12.0 >100
YC1 1.5 ± 0.7 n.d.

a HeLa cells, expressing HRE‐dependent firefly luciferase reporter construct 
(HRE‐Luc) and constitutively expressing CMV‐driven Renilla luciferase reporter, 
were incubated for 12 h with or without drugs under normoxic or hypoxic 
conditions. The fluorescence intensity of HRE‐Luc was normalized to that of 
constitutively expressing CMV‐driven Renilla luciferase control. YC1 was used as 
the positive control.
b HeLa cells were incubated for 48 h with various concentrations of compounds 
under normoxic condition, and viable cells were determined by MTT assay.
n.d., No data.
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therapy due to their important functions in mitosis and cell division, and many micro‑
tubule‐targeted compounds such as colchicine, combretastatin, vinblastine, and taxol 
have been reported [32]. Combretastatin A‐4 (CA‐4) is natural cis stilbenes isolated 
from the South African tree Combretum caffrum (Figure 1.3.4), and it binds to tubulin 
at the binding site of colchicine leading to tubulin depolymerization [33]. CA‐4 induces 
cell‐cycle arrest and apoptosis of cancer cells by disrupting microtubule dynamics [34]. 
To date, various derivatives of CA‐4 have been reported, and combretastatin A‐4 phos‑
phate (CA‐4P) is a water‐soluble CA‐4 prodrug under Phase II clinical trials for cancer 
therapy [35,36]. The cis stilbene scaffold in CA‐4 was focused, and carborane analogs 
through the replacement of the cis geometry of stilbene framework by ortho‐carborane 
were designed as shown in Figure 1.3.10.

1.3.6.2 Synthesis of Carborane Analogs of Combretastatin A4

The synthesis of ortho‐carborane analogs 61 is shown in Scheme 1.3.13. The ortho‐car‑
borane scaffold can be generated from the coupling of decaborane (B10H14) with alkynes. 
Therefore, diaryl‐substituted alkynes 60 via the Sonogashira coupling of terminal 
alkynes 59 with aromatic iodides (ArI) were initially synthesized. The reaction of 
5‑ethynyl‐1,2,3‐trimethoxybenzene 59a and ArI proceeded in the presence of the 
Pd(PPh3)4 catalyst (10 mol%) in THF to give the corresponding diaryl‐substituted 
alkynes 60a–d in 42–90% yields. In a similar manner, alkynes 60e–g were obtained 
from 4‐ethynyl‐1,2‐dimethoxybenzene 6b in 46–87% yields [37]. The substituted 
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Figure 1.3.9 Effects of compounds 44 and 45 on hypoxia‐induced accumulation of HIF1α protein and 
expression of HIF1α mRNA in HeLa cells. (a) The levels of each protein were detected by western blot 
analysis with HIF1α‐ or tubulin‐specific antibodies. Tubulin was used as the loading control, and “–” 
was DMSO used as the control. (b) HIF1α and GAPDH mRNA expression was detected by RT‐PCR.
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decaborane coupling of alkyne 60a with decaborane was carried out in the presence of 
acetonitrile as the Lewis base under toluene reflux conditions [38]. However, 61a was 
obtained only in 20% yield. Furthermore, in the cases of 60b–d, the corresponding dia‑
ryl‐substituted ortho‐carboranes 61b–d were obtained in even lower yields (5–12%) 
under similar conditions.

In order to increase the yields of diaryl‐substituted ortho‐carboranes, the reaction 
conditions of the decaborane coupling were optimized by using 1,2‐diphenylethyne 62 
as the starting material. As shown in Table 1.3.4, the combination of N,N‐dimethylani‑
line and chlorobenzene worked effectively. Indeed, the coupling of decaborane with 
1,2‐diphenylethyne proceeded smoothly in the presence of three equivalents of N,N‐
dimethylaniline as the Lewis base in chlorobenzene by microwave irradiation for 15 min, 
giving 1,2‐diphenyl‐ortho‐carborane 63 in 75% yield (entry 7 in Table 1.3.4). With the 
optimum conditions, diaryl‐substituted alkynes 60a–g underwent coupling with 
decaborane by microwave irradiation in the presence of N,N‐dimethylaniline in chlo‑
robenzene to give the corresponding ortho‐carborane analogs 61a–g in 50–78% yields.

1.3.6.3 HIF Inhibitory Activity of Carborane Analogs of Combretastatin A4

The effects of the synthesized carborane analogs on the hypoxia‐induced HIF1 activa‑
tion were determined in HeLa cells stably transfected with the HRE‐reporter gene, and 
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Scheme 1.3.13 Synthesis of ortho‐carborane analogs. Reagents and conditions: (a) ArI, Pd(PPh3)4, CuI, 
TEA/THF, reflux, 4–6 h; (b) (i) B10H14, CH3CN/toluene, 110 °C, 24 h or (ii) B10H14, N,N‐dimethylanline/
chlorobenzene, microwave, 150 °C, 15 min.
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the result is shown in Table 1.3.5. All synthesized carborane analogs significantly inhib‑
ited the hypoxia‐induced HIF1 activation. Particularly, carborane analogs 61a, 61b, 
61d, and 61e showed more potent HIF1 inhibitory activity than a known HIF inhibitor, 
YC1, and their IC50 values were 0.4–1.2 μM.

The RT‐PCR analysis revealed that carborane analogs 61a and 61d suppressed 
expression of VEGF mRNA without affecting the level of HIF1α mRNA (Figure 1.3.11a). 
In addition, carborane analogs 61a and 61d inhibited the hypoxia‐induced accumula‑
tion of HIF1α in a concentration‐dependent manner (Figure  1.3.11b). To further 
determine whether carborane analog binds to tubulin, biotinylated probes were 
 prepared (Figure  1.3.11c). In HeLa cells, photoaffinity labeling and pull‐down assay 

Table 1.3.4 Optimization of the reaction conditions for decaborane coupling

Ph Ph
B10H14

Conditions Ph

Ph62 63

Entry Base Solvent Temp/°C Time Yield (%)

1 CH3CN Toluene 110a 5 h 30
2 CH3CN Toluene 110a 22 h 30
3 CH3CN Toluene 110b 30 min  7
4 CH3CN Toluene 110b 1 h 35
5 CH3CN Toluene 150b 1 h 31
6 CH3CH2CN Toluene 110b 1 h 30
7 N,N‐dimethylamiline Cholorobenzene 150b 15 min 75

a Reactions were carried out under toluene reflux conditions.
b Reactions were carried out under microwave‐irradiated conditions in a sealed tube.

Table 1.3.5 Inhibition of HIF1 transcriptional activity by ortho‐carborane analogs 
of combretastatin A4 in hypoxic cancer cells

Compound
HRE‐Luca

IC50 (μM) Compound
HRE‐Luc
IC50 (μM)

61a 0.6 61e 0.4
61b 1.2 61f 5.5
61c 5.1 61g 4.6
61d 0.8 YC1 1.5

a HeLa cells stably expressing HRE reporter gene were incubated for 12 h under hypoxic 
condition. The luciferase activity was determined with luciferin and adenosine triphosphate 
(ATP), and the drug concentration required to inhibit luciferase activity by 50% (IC50) was 
determined.



Design of New Boron-based Drugs56

resulted in binding of protein with the biotinylated probe as shown in Figure 1.3.11d. 
Further electrospray ionization–liquid chromatography–mass spectrometry (ESI‐LC‐MS) 
analysis and immunoblot analysis revealed that the major band around 50 kDa was 
tubulin. These results indicate that tubulin is a primary target protein of carborane 
analogs, and the HIF1 inhibitory activity of carborane analogs is mediated by regula‑
tion of the tubulin pathway [39].

1.3.7  Conclusion

To data, carborane has been investigated as a unique pharmacophore in drug discovery. 
For example, a conjugation of carborane enhanced binding affinity of various ligands to 
their receptors, such as estrogen receptor [40], androgen receptor [41], retinoic acid 
receptor [42], and vitamin D receptor [43]. In this chapter, various carborane‐based HIF 
inhibitors are described. GN26361 and its derivatives suppressed the hypoxia‐induced 
accumulation of HIF1α and expression of target genes via inhibition of HSP60 activity. 
Furthermore, carborane analogs of manassantin and combretastatin A4 showed a 
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Figure 1.3.11 Effect of carborane analogs 61a and 61d on the hypoxia‐induced HIF1 activation and 
tubulin binding of biotin probe. (a) HeLa cells were incubated with carborane analogs under hypoxic 
condition for 4 h. The levels of HIF1α and VEGF mRNA were detected by RT‐PCR analysis. (b) The levels 
of each protein were detected by immunoblot analysis. (c) The structure of a biotinylated probe of 
a carborane analog. (d) Pull‐down assay was performed to detect protein bound to a biotinylated 
carborane analog in HeLa cell lysate. The proteins were separated by SDS‐PAGE, and tubulin was 
detected by immunoblot analysis.
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potent inhibitory activity against accumulation of HIF1α in hypoxic cancer cells. It is 
suggested that these carborane‐based HIF inhibitors provide further insight into the 
application of carborane frameworks in drug discovery.
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1.4

1.4.1  Introduction

Today, medicinal chemistry is still clearly dominated by organic chemistry, and most of 
the marketed drugs are purely organic molecules that can incorporate nitrogen, oxygen, 
and halogens besides carbon and hydrogen. On the other hand, commercial boron‐
based drugs are still rare [1]. Besides bortezomib, tavaborole (AN2690), crisaborole 
(AN2728), epetraborole (AN3365), and SCYX‐7158 (AN5568) [2], l‐4‐(dihydroxybo
ryl)phenylalanine (BPA) and sodium mercapto‐undecahydro‐closo‐dodecaborate 
(BSH) are used as drugs in boron neutron capture therapy (BNCT) [3–5].

Like carbon, boron readily forms compounds with covalent boron–hydrogen bonds 
and also boron–boron interactions. However, in contrast to hydrocarbons, boranes 
prefer the formation of polyhedral clusters with fascinating globular architectures [6]. 
Most boranes are unstable in aqueous environment; an exception is closo‐B12H12

2–. In 
contrast, polyhedral carboranes, in which two BH– units of closo‐B12H12

2– are replaced 
by two CH vertices (closo‐C2B10H12,1 dicarba‐closo‐dodecaborane(12), carborane or 
carbaborane), have remarkable biological stability. Furthermore, the two carbon atoms 
are versatile starting points for various organic modifications. Carboranes are of special 
interest due to their unique properties that cannot be found in organic counterparts. 
These unique properties are based on the element boron, due to its inherent electron 
deficiency, lower electronegativity, and smaller orbital size compared to carbon. Of the 
borane clusters and heteroboranes, the three dicarba‐closo‐dodecaborane(12) isomers 
(ortho (1,2‐), meta (1,7‐), and para (1,12‐dicarba‐closo‐dodecaborane(12)), each of 
which has specific electronic properties, have attracted much interest. Besides the use 
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of icosahedral carborane clusters (here, ortho‐carborane), anionic nido clusters 
(7,8‐C2B9H11

2–), derived from the neutral icosahedral closo clusters 1,2‐dicarba‐closo‐
dodecaborane(12) by deboronation followed by deprotonation, offer the possibility 
to  form metallacarboranes via coordination of the C2B3 pentagonal face to a metal 
atom or cation [7].

For medicinal applications, carboranes are mainly used to design BNCT agents [8–10]. 
Combining the cluster with a tumor‐targeting vector [11] is a common principle and a 
prerequisite for therapeutic application [12,13]. Furthermore, carboranes were found to 
be very good scaffolds for diagnostic and therapeutic labeling [14]. In addition, the use 
of carboranes as pharmacophores is increasingly being studied [15–20]. For applica
tions in medicine, their favorable properties are (1) hydrophobicity, which (due to the 
presence of hydridic B–H units) is a beneficial property for transport across cell mem
branes and the blood–brain barrier (BBB) as well as for hydrophobic interactions with 
binding pockets in enzymes [21]; (2) the inorganic nature of carborane clusters, which 
prevents enzymatic degradation; (3) their non‐toxicity, which lowers the toxic side 
effects of the potential drugs; (4) the relatively high neutron capture cross‐section for 
application as BNCT agents in cancer treatment; and (5) the diversity of three isomers 
(ortho‐, meta‐, and para‐carborane or 1,2‐, 1,7‐, and 1,12‐dicarba‐closo‐dodecabo
rane(12), respectively) with distinct properties. The carborane cluster can be regarded 
as a three‐dimensional aromatic counterpart of a phenyl ring; the volume of a carborane 
cluster is, however, approximately 50% larger than the volume of a benzene molecule 
rotating around one of the C2 axes [22]. The strongest electron‐withdrawing effect is 
observed at the C‐vertex in the ortho isomer, whilst this effect is weakest in the para 
isomer. Depending on the position of substitution, the carborane moiety may behave as 
an electron acceptor, as in the case of the ortho‐carboran‐1‐yl substituent (σi = +0.38), or 
as an electron donor, such as the ortho‐carboran‐9‐yl substituent (σi = −0.23)2 [23]. The 
different charge distribution throughout the cluster vertices can influence the reactivity 
of the carborane cluster in substitution reactions allowing asymmetric selective substi
tution of either the carbon or specific boron positions. The independent substitution of 
the C‐ and the B‐vertices of the carborane cluster is easily possible since the (electronic) 
character of the hydrogen bound to either the boron or carbon atom differs. However, 
substitution reactions of closo‐ and nido‐carboranes differ. For mono‐substitution at 
the C‐atoms, the closo cluster is treated with 1.00 eq. of n‐BuLi, followed by addition of 
a suitable precursor of the desired substituent (Scheme  1.4.1). This chemistry was 
extensively reviewed by Teixidor and Viñas in 2005 [24] and Scholz et al. in 2011 [25]. 
When the corresponding 7,8‐dicarba‐nido‐dodecahydroundecaborate(–1) (nido‐car
borane) is reacted with n‐BuLi, the proton of the five‐membered open face (C2B3) is 
removed, leading to the lithium salt of the dicarbollide anion (Li2[C2B9H11]) [26]. 
Therefore, closo clusters are usually first functionalized and then deboronated to obtain 
substituted nido‐carboranes.

Another approach for preparing C‐substituted o‐carboranes is the reaction of 
arachno‐borane ([B10H12]2–) structures with functionalized alkynes [27].

On the other hand, the derivatization of the boron atoms follows different synthetic 
approaches [28]. In general, three types of substitution reactions are applied for  

2 σi indicates, in all cases, the induction constant at the defined position of the carborane cluster.
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nido‐carborane species [29]. First is the electrophilic substitution, which is character
ized by the reaction of electrophiles (such as N‐halosuccinimides, organophosphorus or 
organosulfur halides) with the atoms of highest electronegativity (B(9) or B(11)), lead
ing to asymmetric reaction products, 9‐R‐nido‐7,8‐C2B9H11

3. The substitution mecha
nism is thought to be very similar to that in arenes [28a].

The second approach is the oxidative substitution employing mild oxidants (e.g., FeCl3 
[30], CuSO4 [31], or HgCl2 [32]) in order to oxidize the hydride in B–H followed by the 
substitution with nucleophiles (such as MeCN, THF, Me2S [33], etc.). Mechanistically, 
the reaction is thought to proceed via oxidation of the nido‐carborane(–1), producing a 
transient 11‐vertex closo‐cluster intermediate that is highly fluxional and interconverti
ble according to the dsd mechanistic concept [34]. Subsequently, the intermediate 
 structure is attacked by nucleophiles (e.g., Me2S) at a boron vertex next to the carbon 
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atoms, resulting in the formation of the corresponding nido derivative (under these 
 conditions, four possible isomers are formed). In addition, the C–C unit can also “move” 
within the cluster stabilized through the vertex flip mechanism [33,35].

The third type of reaction is the so‐called precise hydride abstraction followed up by 
the attack of a Lewis base. Typically, Lewis acids like BF3∙OEt2, AlCl3, and H+ tend to 
abstract a hydride from a B–H unit. The cooperation of electrophilic Lewis acids and 
nucleophilic donors is called electrophile‐induced nucleophilic substitution (EINS) 
[28a]. Until recently, the use of two distinct molecules was necessary for this reaction, 
one nucleophile and one electrophile; in 2014, Frank et al. successfully combined both 
functionalities into one molecule by using heterodienes, resulting in either symmetric 
or asymmetric reaction products depending on the substrate [36].

While in the beginning of carborane chemistry a library of compounds was 
 synthesized to examine their reactivity (as summarized by Grimes in 2011) [37], 
today, the intended structures are more and more often designed according to their 
potential application, whereby analogies to “classical” organic and coordination 
chemistry are used.

In Scheme 1.4.2, only a few selected examples are shown for applications of 12‐ and 
11‐vertex carborane clusters in medicine (i–iv), materials science (v and vi), and 
 catalysis (vii–ix). The carborane moiety in compound i has a very simple structure; 
however, it is coupled to a modified neuropeptide Y ([F7,P34]‐NPY), which facilitates the 
introduction of boron‐containing molecules into breast cancer cells via the Trojan 
horse strategy [11]. Since [F7,P34]‐NPY is selective for only one receptor subtype 
(the hY1‐receptor, which is overexpressed in breast cancer cells), this combined approach 
incorporates high affinity, high selectivity, and high internalization, which are the pre
requisites for application as BNCT agents. The synthesis of asborin (ii), the carborane 
analog of aspirin, utilized the phenyl ring imitation strategy. In comparison to its analog 
(aspirin), asborin can be used as a new lead structure to fine‐tune drug activity and 
incorporate new properties in order to overcome the problem of specificity of the 
 classical AKR inhibitors, since AKR families have a highly conserved binding domain 
(discussed in Chapter 1.4.3.2). In this case, the carborane moiety in asborin not only 
allows to address the hydrophobic and big AKR TIM barrel, but the highly reactive 
acetyl group also improves lysine acetylation, necessary for a biological impact [16]. A 
very prominent moiety that is used in all applications is the cobaltabis(dicarbollide) 
(COSAN, [3,3′‐Co(1,2‐C2B9H11)2]−) structure, due to its robustness and the easiness of 
functionalization. Shown here is an example from the medicinal area (compound iii), 
which is functionalized with radioactive iodine‐125 and a short polyethylene glycol 
(PEG) chain and is used for imaging [38]. As this chemistry is already extensively 
reviewed elsewhere [39], COSAN derivatives will not be included here. The Ru(p‐
cymene) (p‐cymene = 1‐i‐Pr‐4‐Me‐C6H4) fragment is a prominent moiety used in com
plexes for treatment of cancer. In 2009, Wu et  al. combined Ru(p‐cymene) with a 
dithiolated, electron‐ deficient o‐carborane moiety, functionalized with a ferrocenyl 
unit (iv), which should also increase the biological activity [40].

Compounds v and vi exhibit luminescent properties and could, therefore, be employed 
in materials science as well as in medicine (as fluorescence markers and boron‐rich 
compounds). The presence and nature of appended star‐shaped carborane moieties 
within a dendritic framework determine the extent of luminescence, also depending on 
the second substituent at the second cage carbon atom [41,42].
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In catalysis, the substituted carborane clusters are used either as an electron‐ 
withdrawing backbone in suitable ligands (exo‐coordination) or as a ligand in metallocene‐
like structures (vii–ix) [43–45]. Very recently, we published a review on catalytically 
active metallacarborane complexes, like vii, which catalyzes hydroformylation reac
tions [46]. Other rhodium complexes (e.g., ix, which is embedded in a polymer matrix) 
catalyze the hydrogenation and isomerization of unsaturated hydrocarbons [45]. 
Compound viii is a carborane analog of zirconocene dichloride and, similarly to many 
group 4 metallocenes, is active in ethylene polymerization processes in the  presence of 
methylalumoxane (MAO) as co‐catalyst [44].

One main motivation for the use of [C2B9H11]2– clusters (dicarbollide anion, Cb2–), as 
ligands for coordination to a metal center to design compounds for either catalytic or 
biological applications, is the isolobal analogy with the cyclopentadienyl(–1) ligand 
(Cp–) [47]. Both Cb2– and Cp– ligands can donate six electrons to the metal center, and 
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both can coordinate via the pentagonal face (Figure  1.4.2), although the different 
charges, sizes, symmetries, and hybridization of the orbitals lead to mostly distinct 
activities and reactivities, as described recently (see [46] and references therein). 
However, in terms of geometries, Cb2– and Cp–complexes show many similarities.

Half‐, mixed‐, and full‐sandwich as well as bent‐metallocene structures are found 
throughout the chemistry of metallacarboranes [37,48]. Recently, the use of energy 
decomposition analysis (EDA) has given further insights into the strength and nature of 
the metal–ligand bonding interaction, for a small series of mixed‐sandwich d9 
 complexes of type [3‐(η5‐C5R5)‐3,1,2‐MC2B9H11], where M = CoIII, RhIII, IrIII and R = H, 
Me [49]. In brief, the EDA method is based on the bonding interaction between 
 fragments (e.g., A and B in the molecule A–B), which is described as the sum of three 
energy components,

 E Eint elstat Pauli orbE E  

where ΔEint is the interaction energy between A and B, ΔEelstat the quasi‐classical elec
trostatic interaction energy, ΔEPauli the Pauli’s repulsion energy between the fragments, 
and ΔEorb the energy gain due to orbital mixing [50]. The three energy decomposition 
terms express much useful chemical information on the fragments and on their interac
tion, such as the electrostatic/covalent bonding character, the extent of conjugation and 
aromaticity, and the extent of σ‐donation and π‐backbonding in transition metal 
complexes.

Kudinov et  al. studied the metal–ligand bonding interaction, considering as frag
ments either [MCp]2+ and [Cb]2–, or [MCb]+ and [Cp]– (Figure 1.4.3) [49]. Fragmentation 
pattern 1 allowed to study the M–Cb bonding interaction, and fragmentation pattern 
2 the M–Cp interaction. The results indicate a stronger bonding interaction between 
the metal center and the Cb2– ligand than for the corresponding M–Cp interaction, the 
latter being on average 320 kcal/mol weaker than the relative M–Cb interaction (ΔEint, 
Table 1.4.1). Moreover, the M–Cb interaction exhibits a higher electrostatic character 
than the corresponding M–Cp interaction (ΔEelstat, Table 1.4.1).

Previous reviews of metallacarboranes of 11‐vertex clusters have covered full‐, half‐, 
and mixed‐sandwich complexes, often together with exo‐coordinated metal complexes 
[51]. In this review, we focus on half‐ and mixed‐sandwich metallacarborane complexes 
of the ligands [C2B9H12/11]–/2– (and in some cases, also [C3B8H12]–), as well as on 
hybrid organic‐inorganic molecules containing the [C2B9H12]– cluster, with potential 
biological relevance. Their synthesis, chemical reactivity, and mode of action in 
 biological media can differ significantly from, for example, the COSAN‐type structures 
(i.e., full‐sandwich complexes) [52].
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Figure 1.4.2 General structure of 
η5‐coordinating Cb2– and Cp– ligands 
to a metal center.
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1.4.2  Synthetic Approaches to nido‐Carborane  
[C2B9H12]– Derivatives

When nido‐[C2B9H9R2]2– (dicarbollide anion) derivatives (with R = any substituent) are 
used as ligands for π‐type complexation to a metal center or as a prosthetic group or 
pharmacophore (in their protonated form, nido‐[C2B9H10R2]–), the synthesis starts 
from the commercially  available parent closo‐carboranes, 1,2‐ or 1,7‐dicarba‐closo‐
dodecaborane(12) [53].
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2

Fragmentation patterns for A−C

1.

+

2. M+III

+

A−C

A: M = Co
B: M = Rh
C: M = Ir

CH
BH

Figure 1.4.3 Mixed‐sandwich group 9 metallacarborane complexes incorporating a Cp– ligand 
subject to EDA analysis by Kudinov et al. [49]. The two fragmentation patterns studied are shown.

Table 1.4.1 Selected results of EDA analysis on structures A, B, and C from Figure 1.4.3 [49]

Fragmentation pattern 1 Fragmentation pattern 2

Complexa A B C A B C

ΔEint –572.68 –552.36 –579.00 –252.74 –235.64 –255.78

ΔEelstat
b –510.75 

 (62.6%)
–537.34 
 (62.8%)

–598.64 
 (62.9%)

–258.45 
 (56.2%)

–265.50 
 (58.0%)

–316.94 
 (57.9%)

De
c –563.08 –538.30 –561.75 –242.55 –227.96 –238.85

a Geometry optimization and frequency calculation were done using PBE/L2; Morokuma Ziegler energy 
decomposition analysis, as implemented in ADF 2006, was calculated at the BP86/TZ2P level of theory. 
Computational details of the study can be found in Ref. [49]. Energy values are given in kcal/mol.
b Values in brackets indicate the percentage of electrostatic interaction with respect to the total attractive 
interactions.
c De is the bond dissociation energy, according to the formula De = −(ΔEint + ΔEprep), where ΔEprep is the 
fragment preparation energy.
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One of the most electropositive BH groups is removed from the 12‐vertex cluster via 
regioselective nucleophile‐promoted abstraction (decapping or deboronation)4 [25]. 
Two equivalents of a nucleophile (or base) are required to remove the BH vertex 
(Scheme 1.4.3), which is finally eliminated as borane B(Nuc)3 (Nuc = EtO–, MeO–, etc.). 
The borane is observed as a very characteristic sharp signal (FWHH ca. 10 Hz) in the 
11B NMR spectrum (in the region between circa 30 ppm and circa 20 ppm, depending 
on the type of nucleophile), which is well separated from the broader signals of the nido 
cluster (2), which are found at a much higher field (ca. –38 to –5 ppm; Figure 1.4.4). 
Sources of line broadening in polyhedral boranes and carboranes, with respect to the 
natural line width, were already studied by Grimes et al. [54,55]. An ensemble of phe
nomena, such as partially or totally collapsed multiplets, scalar contributions to the 
spin–spin relaxation time, and unresolved 11B–11B spin–spin coupling, all of which are 
temperature‐dependent factors, contributes to the observed line shape and line width 
[54]. As a result, it is often not possible to resolve 1JBB couplings from one‐dimensional 
11B NMR spectra, making 11B,11B 2D NMR experiments a very powerful tool for the 
study of bonding interactions and, therefore, electronic structures of such boron‐based 
polyhedra [55].

Deboronation of ortho‐carborane produces 7,8‐dicarba‐nido‐dodecahydroundeca
borate(–1), while meta‐carborane yields 7,9‐dicarba‐nido‐dodecahydroundecabo
rate(–1); both isomers have the two carbon atoms in the open upper C2B3 face 
(Figure 1.4.1) [53].

Isomerization of such nido‐carboranes to cage systems, where the second carbon 
atom occupies a position on the lower boron belt, can take place during complexation 
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Scheme 1.4.3 Mechanism of deboronation of commercially available ortho‐carborane [25].

4 For the ortho isomer, B(3) or B(6) are the most electropositive boron vertices, being adjacent to both 
carbon atoms. For the meta isomer, these are B(2) and B(3).
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to a metal center, due to steric effects and the conditions of the complexation reaction 
[56,57]. Microwave heating or simply heating at reflux has led in many cases to forma
tion of 2,1,8‐ and 1,7,9‐isomers of the metallacarborane complex, instead of the expected 
isomers, with all carbon atoms located on the upper face [14,58].

One of the most interesting examples in this category is surely the microwave‐assisted 
synthesis of dicarbollide‐based radiopharmaceuticals of ReI and 99mTcI, pioneered by 
the Valliant group [57], in which a dependence of the cage rearrangement process on 
the type of substituent(s) at the cage carbon vertex or vertices was observed. When 
reacted under microwave heating with the metal precursor [M(CO)3(H2O)3]Br (with 
M = Re, 99mTc), the 1‐(2‐methoxyphenyl)‐piperazine‐substituted nido‐carborane gave 
the rearranged metallacarborane complexes rac‐8‐[N‐[7‐[4‐(2‐methoxyphenyl) 
piperazin‐1‐yl]butyl]]‐2,2,2‐tricarbonyl‐2‐M‐2,1,8‐dicarba‐closo‐dodecaborate(–1) 8
carboxamide (7, 8) and rac‐8‐[(4‐(2‐methoxyphenyl)‐piperazin‐1‐yl)methyl]‐2,2,2‐ 
tricarbonyl‐2‐M‐2,1,8‐dicarba‐closo‐dodecaborate(–1) (5, 6), where the linker between 
the cage carbon atom and the 1‐(2‐methoxyphenyl)piperazine moiety is either an amide 
(7, 8) or a methylene group (5, 6), respectively (Figure 1.4.5) [59,60].

The migration of the carbon vertex bearing the substituent with a methylene group 
is  attributed to a release of steric strain, although also electronic contributions are 
not ruled out, as stated by the authors themselves [59]; when the spacer contains an 
amide group, it is suggested that the electron‐withdrawing nature of the amide group 
might lower the energy barrier for isomerization, as it had previously been observed for 

B(Nuc)3

B(Nuc)3
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nido-Carborane(–1)
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Figure 1.4.4 (a) 11B and (b) 11B{1H} NMR spectra of a C‐mono‐substituted nido-carborane(–1) anion 
(in CD3CN at 128.4 MHz). The signal corresponding to the borane derivative is observed at 20.1 ppm, 
whereas the signals of the nido-carborane(–1) are found in the region between –35.4 and –8.5 ppm 
with the pattern 2:1:2:2:1:1.
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other rhenacarborane complexes, such as K[2,2,2‐(CO)3‐8‐C5H4N‐2,1,8‐closo‐
ReC2B9H10] [57]. Isomerization to the 2,1,8configuration may also contribute to a 
release of steric strain between the Re(CO)3 fragment and the nido cluster.

No isomerization was observed with a longer alkyl linker, namely a propyl group, 
under the same reaction conditions, and rac‐1‐[(4‐(2‐methoxyphenyl)piperazin‐1‐yl)
propyl]‐3,3,3‐tricarbonyl‐3‐M‐3,1,2‐dicarba‐closo‐dodecaborate(–1) (3, 4) was isolated 
as a racemate.

Preliminary studies on the isomerization mechanism according to the specific metal 
center for the cluster bearing the 1‐(2‐methoxyphenyl)piperazine group and the meth
ylene spacer (5, 6) have been performed [59]. For ReI, analysis of the products of the 
complexation reaction (performed in the temperature range 100–200 °C) by 1H NMR 
spectroscopy, at a fixed reaction time (10 min), gave no evidence of cluster isomeriza
tion prior to complexation, nor of formation of the 3,1,2‐isomer. Only formation of the 
2,1,8‐isomer was detected by 1H NMR spectroscopy. On the other hand, analysis of the 
reaction mixture starting from [99mTc(CO)3(H2O)3]Br by high‐performance liquid chro
matography (HPLC) gave evidence of formation of the metallacarborane complex with 
a 3,1,2configuration prior to isomerization to 2,1,8, which occurred at temperatures 
higher than 190 °C. Reasons for this different behavior are postulated to be due to the 
different redox potentials of the two metals, but this hypothesis is still being tested.

Since the pioneering work of Hawthorne and coworkers [53], several different 
 methods have been developed for the decapping of ortho‐ and meta‐carborane clusters. 
Today, nucleophiles such as amines, fluorides, alkoxides, and combinations thereof 
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have become standard reagents used for deboronation of the carborane clusters [25,61]. 
In several cases, the choice of the deboronating agent is strongly influenced by the 
 presence and type of substituent(s) on the carbon vertices. Therefore, tailoring of the 
deboronation method (i.e., reagents and conditions) is often required to gain access in 
high yields to the desired decapped clusters, while at the same time avoiding undesired 
side reactions, such as cleavage of the C‐bound substituents, especially for electron‐
withdrawing groups.

The presence of an electron‐withdrawing group in the α (or β) position to one or two 
carbon vertices often promotes deboronation, even with weak bases and nucleophiles, 
which do not attack the unsubstituted cluster. This is, for example, the case in asborin 
[62], for which aqueous hydrolysis competes with the deboronation reaction, and water 
itself acts as the deboronating agent. Also, α‐amide [19,63] and α‐carboxyl groups [64] 
have been shown to promote BH removal in wet methanol, acetonitrile, and dimethyl 
sulfoxide (DMSO). These observations must be considered when applying such closo 
clusters in aqueous biological systems, because deboronation not only results in a nega
tive charge but also changes the whole electronic structure and polarizability of the 
nido‐carborane moiety.

Genady et al. recently studied the deboronation of carborane‐functionalized tetra
zines in wet DMSO‐d6 by 1H NMR spectroscopy [63]. The reaction was completed at 
room temperature after 30 min, which led the authors to scale up the procedure to 
 laboratory scale, using a MeCN–H2O mixture at 35 °C for 24 h (62% yield).

The use of fluorides (NaF, CsF, and TBAF) in polar protic solvents (EtOH or EtOH–
H2O) was shown to promote selective deboronation without cleavage of the C‐bound 
groups for a multitude of substituents [65], such as alkylene spacers [59,66] and amide 
[60], carboxy, and hydroxy groups [67].

Standard deboronation conditions (NaOH in MeOH) have been used by Valliant and 
coworkers to remove a BH vertex from carborane–carbohydrate conjugates bearing a 
C‐bound benzamide substituent, allowing isolation of the nido product in 76% yield [68].

In the search for milder reaction conditions that would give access to radiolabeled 
metallacarboranes without cleaving the vector, Valliant et al. (2012) introduced guani
dine‐based substituents at the C‐vertex, with a methylene linker (Figure 1.4.6) [69].

The presence of an internal base (guanidine) is regarded to be beneficial for the sub
sequent complexation step, as it should facilitate removal of the bridging proton from 
the upper C2B3 face of the nido‐carborane cluster. Three different N‐substituted guan
idine derivatives were introduced selectively at one C‐vertex to give [1‐(CH2NHC(NH2)
NHR)‐1,2‐C2B10H10][TFA] (with R = H, Et) and [1‐(CH2NHC(NH)NHNO2)‐1,2‐C2B10H10]. 
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of the guanidine group carries different substituents to modify basicity properties [69].
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The nature of the substituent at N3 of the guanidine group modulates its basicity: the 
N‐nitro guanidine derivative is the least basic one, and the N‐ethyl‐ substituted guani
dine derivative the most basic. In all three cases, decapping was achieved by heating a 
water–ethanol solution of the compound in the presence of NaF to 85 °C for 3–5 h. 
Almost‐quantitative yield was obtained in the case of the N‐ethyl‐substituted guani
dine species, which was attributed to the higher basicity of the N‐alkyl‐guanidine 
within the series and to the electron‐withdrawing properties of the guanidine group. 
Reaction of the C‐guanidine‐substituted nido‐carboranes with ReI and 99mTcI com
plexes under mild reaction conditions (room temperature for 3 h, or 35 °C for 1 h) also 
supported the hypothesis that an internal basic group promotes abstraction of the 
bridging proton and facilitates complexation with [Re(CO)3]+ and [99mTc(CO)3]+ frag
ments under much milder conditions than the well‐established microwave heating 
approaches [14].

The third 12‐vertex isomer, 1,12‐dicarba‐closo‐dodecaborane(12), with the two car
bon vertices in para position, is the most symmetric and least polarized of the three 
isomers. The common synthetic procedures for decapping of ortho and meta isomers in 
high yields (i.e., KOH in ethanol solution) fail to give access to the corresponding nido 
isomer (2,9‐[C2B9H12]–) of para‐carborane. However, yields higher than 95% of the 
2,9‐nido‐carborane were obtained by Hawthorne et al. by heating a benzene solution of 
para‐carborane for 42 hours in the presence of KOH and 18crown6 ether [70]. Protic 
solvents like ethanol were found to tremendously decrease the yield of the reaction.

In 2007, Welch et  al. reported the reduction of the diphenyl‐substituted para‐ 
carborane at room temperature with sodium in tetrahydrofuran (THF), and subse
quent complexation with Ru(p‐cymene) [71]. Density functional theory (DFT) 
calculations of the reaction pathways showed that the cluster undergoes cage 
 rearrangement to two [C2B10]2– type anions, namely the 1,7‐ and 4,7‐isomers, which 
in  turn produce three more isomers and are finally isolated as five different 
 supra‐ icosahedral metallacarborane isomers [72], among which the 4,1,11‐isomer was 
postulated but not isolated.

This last example by Welch and coworkers shows that even though nowadays 
much is known about the chemistry and the reaction mechanisms of the 12‐vertex 
closo‐carboranes, there are still new structures to be discovered. This is especially 
true for metallacarborane complexes, where the possibilities of combining a metal–
ligand fragment with a suitable dianionic ligand can extend well beyond the chemis
try of the 11‐vertex dicarbollide ligand. Here, the 11‐vertex tricarbollide 
[C3B8H11]– should be mentioned [58], which is not obtained by cage degradation 
(removal of a BH vertex), but by insertion of the third carbon vertex into neutral 
arachno‐5,6‐[C2B8H12] or anionic arachno‐5,6‐[C2B8H11]–. Nucleophilic attack at the 
most electropositive carbon vertex using NaCN or t‐BuNC together with hydroge
nation of the resulting C=N bond gave C‐amino‐substituted 7,8,9‐[C3B8H10L] clus
ters (L = amine) [73]. Complexation can be achieved in two ways: the nido‐tricarborane 
cluster can be deprotonated using NaOH–TlNO3 and then reacted with [CpFe(CO)2]I, 
or it can be directly reacted at reflux temperature with the dimer, [CpFe(CO)2]2, 
resulting in a mixed‐sandwich iron(II)–cyclopentadienyl complex bearing an 11‐
vertex tricarbollide moiety [74]. Cage isomerization to the 1‐L‐1,7,9‐[C3B8] type 
(L = amine) occurred upon complexation, yielding the “para‐substituted” ferratricar
borane complexes.
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1.4.3  Biologically Active Organometallic nido‐Carborane 
Complexes and Organic nido‐Carborane Derivatives

In this section, most recent examples of organometallic complexes incorporating a 
transition metal–nido‐carborane unit (metallacarboranes), which have been studied for 
their biological activities, as well as examples of biologically active hybrid organic‐inor
ganic molecules containing the nido‐carborane cluster alone are discussed. A specific 
focus is on half‐ and mixed‐sandwich transition metal complexes with a pentahapto‐
coordinating [C2B9H9R2]2– or [C3B8H8R3]– ligand (with R = any substituent) 
(Chapter 1.4.3.1) [58,75,76]. On the other hand, studies of the biological activity of com
pounds containing the nido‐carborane alone cover a wider spectrum of applications 
and approaches (Chapter  1.4.3.2), ranging from BNCT to pharmacophores in drug 
design, radio‐imaging applications, and combinations thereof [11,19,77].

Recently, Leśnikowski published a detailed review on the most recent developments 
in drug design based on the use of boron clusters [15d]. Many examples of biologically 
active compounds are described, ranging from substituted closo‐ortho‐carboranes and 
appended nido‐carboranes to a few examples of metallacarboranes of the COSAN type.

nido‐Carborane conjugates of biomolecules were already described by Grimes [15c]. 
These include non‐classical antifolates [78] and derivatives of 5,10,15,20‐tetraphenyl
porphyrins [79] as antibacterial and anticancer agents, or thymidine analogs [80], 
 adenosine conjugates [81], and carbon nanotubes with appended nido‐carborane [82] 
as potential BNCT agents.

An overlap between the present chapter and the reviews by Leśnikowski [15d] and 
Grimes [15c] is as far as possible avoided. However, a few examples and some other 
aspects will be recalled here, as otherwise the present review would be incomplete.

1.4.3.1 Biologically Active Half‐ and Mixed‐Sandwich  
Metallacarborane Complexes

The metallacarborane complexes described here have been investigated predomi
nantly as potential novel radio‐imaging agents, for diagnostics and prospective 
radiotherapies.

In addition, two examples of mixed‐sandwich metallacarborane complexes are 
described, where the nido‐carborane ligand is used as a pharmacophore to impart 
potency and high selectivity for the desired biological target(s), and to increase cellular 
and BBB uptake.

1.4.3.1.1 Half‐Sandwich Complexes of Rhenium(I) and Technetium(I)‐99 m as 
Radio‐Imaging and Radiotherapeutic Agents
The development of radio‐imaging agents is a very broad and varied ensemble of inter
disciplinary fields, ranging from biochemistry to chemistry, materials science, and 
imaging technologies. A comprehensive description of the progress of radio‐imaging 
techniques exceeds the scope of this chapter, but can be found elsewhere from a 
 medical‐oncological perspective [83] and from a biochemical perspective [84].

One of the approaches that have been explored most extensively in the last decade is 
the development of so‐called molecular imaging probes (MIPs), agents used to  visualize, 
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characterize, and quantify biological processes in vivo, at the molecular and cellular 
level [84]. The potential of such an approach is straightforward. It allows detection and 
quantification of biological pathways and/or status in a non‐invasive way; in other 
words, the system is left intact after detection. A necessary condition for the develop
ment of efficient MIPs is in fact that the biological system is not perturbed by such 
agents, so that the biochemical information is preserved. A well‐known example is the 
use of positron emission tomography (PET), single‐photon emission computed tomo
graphy (SPECT), and magnetic resonance imaging (MRI) technologies as routine 
 primary diagnostic methods.

In brief, an MIP is composed of three fragments [84]. The signal agent produces the 
signal for image detection; it can be a radionuclide (e.g., 125I or 99mTc), a fluorescent 
molecule, or a magnetic core, depending on the detection technique. The targeting 
 vector is the one responsible for interaction with the biological target and, therefore, for 
the biological response; it is frequently a small molecule, such as a sugar moiety or a 
peptide. Finally, the prosthetic group (or linker) has a duplex role: on one hand, it pro
vides the linking element between the other two fragments (signal agent and targeting 
vector) mentioned before, which means that it has to provide the necessary biological 
stability to the MIP molecule as a whole, and it has to be chemically compatible with 
both the signal agent and the targeting vector; and, on the other hand, it has a great 
influence on the biodistribution of the probe.

MIPs can be used to characterize healthy as well as structurally mutated cells and 
 tissues (e.g., as a result of a pathological status, such as tumors or neuronal diseases) 
(anatomic imaging), or they can be used to detect physiological abnormalities (e.g., 
overexpression of a specific receptor or altered biochemical pathways) that are associ
ated with the appearance of a tumorigenic status (oncologic imaging) [83].

This specification serves as a classification for the anionic rhenium(I)‐ and 
technetium(I)‐99 m–nido‐carborane complexes described in this chapter. Since most of 
these complexes were designed as potential highly selective MIPs for receptors that are 
primarily found within the central nervous system (CNS), with the ultimate scope of 
achieving further insights into several neuronal diseases (Parkinson’s, Alzheimer’s, 
etc.), they are classified as oncologic‐imaging agents.

Regardless of the specific signal agent and prosthetic group, design strategies for clin
ically relevant MIPs, in general, must take into account: (1) high specificity for the 
target(s), in terms of specific molecular recognition that should favor high, fast, and 
specific uptake of the agent; (2) high affinity for the target, in terms of thermodynamic 
stability and kinetic inertness of the bonding interaction; (3) high sensitivity, so that 
only very low concentrations of the MIP are necessary for efficient detection; (4) rapid 
blood clearance; (5) high chemical stability in vivo, to allow the probe to reach its bio
logical target intact; and (6) low toxicity [84].

In particular, bioorganometallic target‐specific radio‐imaging agents are being exten
sively studied as potential novel MIPs [85]. About ten years ago, Alberto and Gmeiner 
independently developed promising MIPs, in which the prosthetic group was based on 
a cyclopentadienyl ligand [86,87]. Here, the focus was on the development of an effi
cient synthetic approach to the desired target ReI– and 99mTcI–Cp complexes [87] or on 
the rational design of ferrocenyl‐ or ruthenocenyl‐containing molecules [86]; these 
compounds are among the first organometallic complexes designed to target specific 
receptors within the CNS. Selective probing of target receptors within the CNS could in 
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fact lead to improved understanding and characterization of many neuronal disorders 
(Huntington’s disease, schizophrenia, Alzheimer’s disease, etc.) [88] and is, therefore, a 
commonly sought strategy [85]. The cyclopentadienyl ligand is generally regarded to 
possess potentially beneficial properties for the design of metal‐containing radiophar
maceuticals for two main reasons. First, the Cp– ligand stabilizes rhenium and 
 technetium‐99 m in the oxidation state +I, corresponding to a low‐spin d6 electron 
 configuration; such complexes are usually kinetically inert, and thus potentially highly 
chemically stable in vivo [89]. Second, the Cp– ligand is a small molecule with a low 
molecular weight, which could minimize the problem of poor binding affinity for 
 biological receptors that has been encountered for bulky metal complexes (with, e.g., 
bifunctional chelating ligands) [89].

The Valliant group has pioneered the research of ReI‐ and 99mTcI‐based target‐specific 
radio‐imaging agents, in which the prosthetic group is a dicarbollide ligand [14]. A small 
library of anionic rhenium(I)‐ and technetium(I)‐99 m–dicarbollide complexes has 
been created over the past decade. Typically, the complexation to the [M(CO)3]+ 
(M = Re,99mTc) fragment is performed in aqueous solution under microwave heating 
(150–200 °C), starting from the respective nido‐carborane precursor and 
[M(CO)3(H2O)3]Br [57]. Many of these complexes have been specifically designed and 
tested for interactions with chosen biological targets [75].

Most of the early work of the Valliant group has already been thoroughly reviewed 
by Grimes [90] and Armstrong [14], including for instance the remarkable examples 
of rhena‐ and technetacarborane complexes designed as probes for estrogen recep
tors [91] and those by Hawkins et al. incorporating an iodine‐labeled bipyridyl ligand 
and a nitrosyl group at the metal center, designed to enhance transport across the 
BBB [75]. Therefore, only the most recent examples of anionic rhenium(I)– and 
technetium(I)‐99 m–dicarbollide complexes as potential MIPs are described here, 
namely a group of complexes where the dicarbollide ligand bears a 1‐(2methoxyphe
nyl)piperazine substituent [59,60], and complexes in which the cluster is tethered to a 
guanidine group [69].

Valliant and coworkers have applied the so‐called bio‐isosteric replacement strategy 
in their research [59,60], which basically means that known promising radiopharmaceu
ticals were modified using a dicarbollide cluster in place of a Cp ring, while  preserving 
and/or modulating the biological activity. Bio‐isosteric replacement is  nowadays a very 
common approach in drug design, and numerous examples can be found in the literature 
on medicinal organic chemistry [92] as well as for polyhedral boron clusters [15c,d,25].

The 1‐(2‐methoxyphenyl)piperazine group is already well known for being a rather 
potent and selective inhibitor of the 5‐HT1A subtype of the serotonin receptor, 
 primarily located in brain tissues [93]. Therefore, this piperazine core has often been 
incorporated as the targeting vector within molecules designed as potential inhibitors 
or MIPs of serotonin receptors (Figure 1.4.7) [86,89]. The rhenium(I) complexes 3, 5, 
and 7, as well as the corresponding technetium(I)‐99 m complexes 4, 6, and 8 
(see Figure 1.4.5 and Figure 1.4.7), were also designed in an attempt to obtain highly 
selective MIPs for serotonin receptors (5‐HTx class), instead of α‐adrenergic recep
tors – or, in other words, to develop radiopharmaceuticals that could well differentiate 
between receptors within the CNS (5HTx) and receptors within and outside the CNS 
(α‐receptors) [40]. In fact, despite the extensive research for selective MIPs for target 
proteins within the CNS [83,87], the understanding of the exact function of serotonin 
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and α‐adrenergic receptors in neuronal and pain‐associated diseases has been so far 
impaired, also, by the lack of suitable MIPs [94].

An important feature of the complexes is their capacity to cross the BBB and access 
the CNS, which means that they should be rather lipophilic. The function of the dicar
bollide ligand is therefore twofold. First, the lipophilicity of the target complexes [59], 
compared to analogous Cp‐based MIPs [93], is increased, as the hydridic B–H bonds 
render these clusters extremely hydrophobic [25]. Second, the cluster itself can form 
stable bonds with the target vector (piperazine unit) and the metal center (ReI or 99mTcI) 
in aqueous environment, which offers advantages for the synthesis of the complex itself 
[95], and for conferring the necessary stability to the MIP agent in biological media to 
reach the target unaltered [59,60].

Stability studies in ethanol–saline solution (0.5 mL EtOH, 0.9% NaCl in 4.5 mL H2O) 
were performed on 4, 6, and 8 (see Figure 1.4.5 and Figure 1.4.7) [60]. The complexes 
showed no sign of decomposition (studied by HPLC analysis) for up to 6 h; this is ample 
proof that the MIP is stable in aqueous environment, under experimental conditions 
that resemble those of a biological medium.

Partition coefficients (logD) between n‐octanol and a phosphate buffer (0.02 M, 
pH = 7.4) were also determined for 4, 6, and 8, to assess specifically the ability of the 
complexes to cross the BBB and to predict their rate of clearance from nontarget 
 tissues  [59]. Typically, for a radiotracer to be considered as a potential efficient MIP, 
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logD values should range from 2.0 to 3.5 [96]. Values of logD between 2.26 and 2.6 were 
found for the 99mTcI–dicarbollide complexes 4, 6, and 8, suggesting potential effective 
transport across the BBB.

Compounds 3, 5, and 7 were screened for binding affinity toward several key  receptors 
found in the CNS, including serotonin (5‐HTx series) and α‐adrenergic receptors. 
WAY100635 was also tested in the same experiment as positive control, as this com
pound is a known potent and selective 5‐HT1A inhibitor [97], which was already used 
for analogous binding affinity tests for potential serotonin receptor inhibitors [93]. 
Selected binding affinity values (Ki in nM) are presented in Table 1.4.2.5

In comparison with the positive control WAY100635, none of the tested rhenacarbo
rane complexes showed competitive binding affinities with either of the serotonin 
receptors. Complex 7, which bears an amide group between the cluster carbon atom 
and the arylpiperazine unit, showed high affinities for α1A, α1D, and α2C adrenergic 
receptors, in the low nanomolar range. These results were quite unexpected, since sero
tonin and adrenergic receptors show a high degree of homology [98] and, therefore, 
pose a serious problem for the design of target‐specific MIPs. Here, the role of the 
dicarbollide ligand was even more beneficial, since it could confer the necessary lipo
philicity to cross the BBB and preferentially target adrenergic receptors within the CNS 
over serotonin receptors. However, when the metal center is in oxidation state + I, the 
resulting complexes are anionic, which of course lowers their lipophilicity. Therefore, 
studies to increase the lipophilicity of such WAY–dicarbollide conjugates are now being 
conducted [60]. Introduction of a charge‐compensating group at a selected B‐vertex, 
such as a sulfonium, ammonium, or phosphonium group [99], could allow the synthesis 
of neutral complexes for target‐selective MIPs within the CNS.

With the purpose of finding milder reaction conditions to give access to radiolabeled 
metallacarborane complexes with a wider spectrum of vectors (see Chapter 1.4.1.5), the 

Table 1.4.2 Binding affinities (Ki) of rhenacarborane complexes 3, 5, and 7 and reference compound 
WAY100635 for 5‐HT1A, 5‐HT2B, and 5‐HT7 serotonin receptors and α1A, α1B, α1D, and α2C adrenergic 
receptors

Ki (nM)a

Serotonin receptors Adrenergic receptors

Compound 5‐HT1A 5‐HT2B 5‐HT7 α1A α1B α1D α2C

3 834 ± 54 >1000 –b >1000 –b 270 ± 15 575 ± 25
5 118 ± 8 211 ± 16 –b 115 ± 6 122 ± 7 174 ± 9 244 ± 10
7 –b 128 ± 7 40 ± 5 17 ± 1 435 ± 39 21 ± 1 39 ± 2
WAY100635 0.5 ± 0.04 302 ± 11 248 ± 23 62 ± 4 162 ± 9 36 ± 1 562 ± 28
a Ki = Inhibition constant (in vitro). Ki values were measured in triplicate.
b Less than 50% inhibition in the primary binding assay.
Source: Valliant et al. (2011) [60].

5 The complete series of CNS receptors tested, and relative binding affinity values (Ki), can be found in the 
supporting information of Ref. [60].
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synthesis of rhenium‐ and technetium‐99 m–dicarbollide complexes bearing a guani
dine substituent at the C‐vertex was pursued [69]. This study was prompted by the 
observation that the presence of an ancillary base at the cluster, such as pyridine, can 
lower the reaction temperature of the complexation reaction [57]. The choice of 
 guanidine as base was justified on the basis of its basicity (pKa = 13–14), stability in vivo, 
easiness of access, and the possibility to perform derivatizations [69].

Synthesis of the target rhenium(I) and technetium(I)‐99 m complexes was carried out 
in aqueous ethanolic solution at room temperature and at 35 °C at pH 10 (Scheme 1.4.4). 
The presence of an electron‐withdrawing group R on the guanidine nitrogen atom N3 
prevents complexation of [Re(CO3)]+ at ambient conditions and also at 35 °C, most 
likely because the basicity is too low to assist in the removal of the bridging proton from 
the nido cluster [69]. On the other hand, unsubstituted and N‐alkyl‐substituted 
 guanidine derivatives afforded the target ReI– and 99mTcI–dicarbollide complexes in 
moderate yields (30 to 69%). No isomerization to the 2,1,8‐isomer was observed under 
these reaction conditions.

Like the WAY–technetium–dicarbollide conjugates 4, 6, and 8 [60], complexes 13 and 14 
were found to be stable for up to 8 h in EtOH–saline solution [69], and, therefore, biodistri
bution studies were carried out on healthy female CD1 mice. Both 13 and 14 were rapidly 
cleared from the bloodstream, but showed different tissue accumulation profiles, with 13 
showing highest accumulation in the gall bladder (42.11 ± 16.99 %ID/g at 4 h), whereas 14 
accumulated preferentially in the bladder [69]. This suggests that the two complexes might 
have different clearance pathways, which may be due to the different guanidine substituents 
at the clusters, as all other factors were equal.

C or CH

BHN
H

NH2

N3

H
R

H

[Re(CO)3(H2O)3] [99mTc(CO)3(H2O)3]

N
H

NH2

N3

H
R

Re+I

OC CO
CO

N
H

NH2

N3

H
R

99mTc+I

COCOOC

11, 12 13, 14
11: R = H
12: R = Et

13: R = H
14: R = Et

Scheme 1.4.4 Synthesis of complexes 11–14 (reaction conditions: aq. EtOH, room temperature [3 h] 
or 35 °C [1 h]), according to Ref. [69]. The nitrogen atom N3 of the guanidine group carries different 
substituents to modify basicity properties.



Design of New Boron-based Drugs78

Another approach, which is currently being investigated in the Jelliss group, is the 
introduction of the targeting vector at the β‐B vertex6 on the upper belt of the corre
sponding rhenacarborane complex [76]. First, a tether is regioselectively attached at 
B(8) of the [Re(CO)3(Cb)]– core, followed by targeted modification of the terminal 
group of the tether according to the desired biological function of the complex. It seems 
that modifying the B(8) vertex via introduction of a tailored tether represents a smart 
and efficient synthetic strategy to gain access to rhenacarborane complexes that incor
porate biologically relevant vectors, and at the same time avoid the problem of vector 
disruption under the harsh conditions of the complexation reaction. The main motiva
tion for this investigation was to simplify the synthesis of nitrosyl rhenacarborane com
plexes, designed previously by the same group as potential delivery vehicles of high 
boron content to the CNS [75].

So far, a series of β‐B‐tethered rhenacarborane complexes has been obtained by ring‐
opening reaction of the cyclic oxonium species [3,3,3‐(CO)3‐closo‐Re(8‐O(CH2)3CH2‐3,1, 
2‐C2B9H10)] with an appropriate nucleophile (LiOBn, NMe4OH · 5H2O, AgOTf, etc.), as 
is routinely performed with COSAN‐type complexes [100]. Subsequent nitrosylation 
gave access to a small library of new complexes (some relevant examples are given in 
Figure 1.4.8) [76].

In particular, compounds 19 and 20 have been envisaged as very useful synthons 
for the design of amino acid and peptide conjugates [76], and 16 is a very important 
complex, because it could be labeled with iodine‐131 (instead of non‐radioactive 
iodine) and, therefore, be used as a marker for biodistribution studies of the rhenacar
borane complex.

These examples of rhenacarboranes and technetacarboranes as potential selective radio‐
imaging agents show that nowadays, drug design strategies that are routine in medicinal 
organic and organometallic chemistry, such as the bio‐isosteric replacement approach, can 
be successfully extended also to metallacarborane‐based medicinal chemistry. Furthermore, 
the inherent properties of the C2B9 clusters (e.g., regioselective functionalization, robust
ness, and biocompatibility) can lead to biologically active hybrid organic‐inorganic com
pounds with unexpected binding modes with the  biological target and unprecedented 
modulation of the biological activity of the parent organic compound [19,60].
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Figure 1.4.8 Rhenacarborane complexes incorporating a nitrosyl ligand at the rhenium(I) center 
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6 β‐B vertex = unique boron atom (symmetry independent, B(8); see Figure 1.4.1 Metallacarborane) on the 
upper C2B3 belt.
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Last but not least, the rhenacarborane complexes described here could potentially be 
used as radiotherapeutic agents, since 188Re is a radioactive isotope that can be used for 
radiotherapies [14]. Therefore, the synthesis of rhenium(I) and technetium(I)‐99 m 
complexes is often carried out in parallel, with the idea to achieve a synergistic combi
nation of target‐selective radio‐imaging and radiotherapeutic agents.

1.4.3.1.2 nido‐Carborane(–1) Anions as Pharmacophores for Metal‐Based Drugs
Studies of the cytotoxic activity or enzyme inhibition properties of metallacarboranes, 
which incorporate one dicarbollide anion coordinated in a pentahapto fashion to a 
metal center, are extremely sparse in the literature. Only a few examples are found in 
Russell Grimes’ monography on carboranes [101]. A small library of bent‐metallocene‐
type tantalum(V) and niobium(V) complexes, incorporating a mixed‐ligand system of 
cyclopentadienyl(–1) and a six‐vertex sub‐icosahedral dicarbollide, [C(R)C(R’)B4H4]2– 
(R = R’ = Me, Et, SiMe3), was tested against several suspended tumor cell lines (P388, 
HI‐60, murine L1210, etc.) and showed moderate to potent activity in vitro [102]. 
Other examples mentioned are ten‐vertex tricarbollide complexes of vanadium(IV) and 
iron(III) [103].

In other recent reviews on the use of carboranes in medicine [14,15d,51a], no exam
ples of half‐ or mixed‐sandwich metallacarboranes that were screened for cytotoxic 
activity are found. This is in contrast with the vast literature available on COSAN‐type 
icosahedral metallacarboranes, which have been extensively studied over the last 
15  years, thanks to the encouraging results of HIV‐1 protease inhibition studies of 
the cobalt(III) bis(dicarbollide) sandwich complexes by Cigler et al. [104].

Recently, Kaplánek et al. have studied a small library of bis(dicarbollide) complexes, 
together with boranes and mixed‐sandwich ferracarborane complexes, as potential 
novel isoform‐selective nitric oxide synthases (NOS) inhibitors [58]. Three isoforms of 
human NOS are known; each is located in different tissues and has specific physiologi
cal functions [105]. Neuronal NOS (nNOS) is found predominantly in neurons in brain 
tissues and modulates the learning processes, the memory, and neurogenesis [106]. 
Inducible NOS (iNOS) can potentially be expressed in every type of tissue, upon 
appropriate stimulation (e.g., bacterial lipopolysaccharide, cytokines, etc.); when iNOS 
is induced in macrophages, it is responsible for cytotoxic effects in the physiological 
immune response against bacteria, viruses, and certain types of tumor [107]. 
Endothelial NOS (eNOS) is expressed in vascular endothelial tissues and regulates, 
among others, the blood pressure [106]. All three isoforms catalyze the conversion of 
l‐arginine to l‐citrulline and nitric oxide (NO), following the reaction steps shown in 
Scheme 1.4.5.

The development of inhibitors of NOS has received increasing interest since the 
1990s [105]. The importance of isoform‐specific inhibitors became evident already at 
the early stages, due to the fact that NO is implicated in many different and independ
ent physiological functions, according to the specific cells where it is produced, or, in 
other words, to the specific synthase enzyme (as discussed in this chapter) [107]. 
Overproduction of NO by nNOS is associated with a variety of neuronal pathologies, 
such as Alzheimer’s, Parkinson’s, and Huntington’s diseases, whereas NO overproduc
tion by iNOS is associated with an inflammatory status of the immune system, such as 
arthritis [107].

Therefore, inhibition of nNOS and/or iNOS enzymes is often the required function 
for a novel drug, which, at the same time, should show minimal affinity for the third 
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isoform (eNOS), so that it would not interfere with the regulation of blood homeostasis 
[106,107]. The major challenge here is that unfortunately all three isoforms contain 
highly preserved residues and overall cavity shape in both co‐factors and l‐arginine 
binding sites. However, certain local differences became apparent on studying the crys
tal structures of the oxygenase N‐terminal domains of the three NOS [105], such as the 
Asp382 site at iNOS, which is replaced by an Asn residue in eNOS. Due to these minor 
local topological differences, the development of isoform‐selective NOS inhibitors, as 
well as the definitions of NOS‐selective inhibitor itself and of enzyme inhibition proto
cols, is still an open quest [105,108]. Up to date, to the best of our knowledge, there is 
no drug marketed as a selective NOS inhibitor, even though many compounds with 
known NOS inhibition activities (Figure 1.4.9) can be purchased and are also used for 
research purposes [109]. For recent reviews on the newest developments in structure–
activity relationship studies on nitric oxide synthases and NOS inhibitors, refer to 
References [106] and [110,111].

The approach used by Kaplánek et al. was to design potentially selective NOS inhibi
tors that target not the catalytic cavities of the enzymes, but the region just outside the 
binding pocket. Although this approach is not exactly new [112], the originality of their 
work was the use of an icosahedral metallacarborane fragment for the synthesis of the 
inhibitor, which therefore acts as a pharmacophore. The high hydrophobicity of these 
clusters could potentially provide the necessary lipophilicity to the drug for efficient 
transport across the BBB, and the possibility of regioselective three‐dimensional func
tionalization could allow modulation of the biological activities based on different spe
cific binding interactions with the substrate (NOS isoforms). Several types of basic 
binding motifs, guanidines, urea, alkyl amines, and so on were selected, and several 
substitution patterns at the clusters were explored. The presence of a basic amine has 
proven to be beneficial for increasing inhibitory potency and selectivity toward nNOS, 
over both iNOS and eNOS [107]. Arginine was not chosen as a substituent, to try to 
minimize non‐isoform‐selective binding interactions [58].
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The two mixed‐sandwich ferracarborane complexes tested (21 and 22; Figure 1.4.10) 
showed very different biological activity. Particularly, complex 21, bearing an –NH2 
group in para position with respect to the iron center, showed no inhibition of NOS 
activity, regardless of the specific isoform, under either competitive or noncompetitive 
binding assay conditions. On the contrary, complex 22, with a guanidine substituent, 
showed complete inhibition of all NOS isoforms, even though in a nonspecific manner, 
at 10 μM concentration. Compounds 23–26 all showed binding affinities for the NOS 

Nω-Nitro-L-arginine methyl ester
(L-NAME)

O
N
+

–

N
H

N
H

O

OO NH

NH2

Nω-Methyl-L-arginine
(L-NMMA)

N
H

N
H

OH

ONH

NH2

N
H

NH

NH2

N-([3-(Aminomethyl)phenyl]methyl)ethanimidamide
(1400W)

N
H

S

NH

NH2

O

OH

S-{2-[(1-iminoethyl)amino]ethyl}-L-homocysteine
(GW274150)

Figure 1.4.9 Selected examples of organic compounds with known nitric oxide synthase (NOS) 
inhibition activities, available on the market for laboratory use [105,107,111].

Fe+II

21–22

21: R = H

C or CH
B or BH

NHR

Co+III

O
O

R

22: R =

NH

NH2

23–26

23: R =
S

NH2

NH2

24: R =
N
H

NH2

NH2

25: R =

26: R =

H
N

N
H

NH2

NH2

HN

N
H

N
H

Figure 1.4.10 Selected examples of mixed‐sandwich ferracarborane (21–22) and full‐sandwich 
cobaltacarborane (23–26) complexes tested as NOS inhibitors [58].



Design of New Boron-based Drugs82

enzymes, and a slight preferential binding affinity for the eNOS isoform over the other 
two (Table 1.4.3).

The fact that these specific complexes (21–26) show nonspecific NOS inhibition or 
slightly higher affinities for the eNOS isoform over iNOS and nNOS, whereas normally 
the opposite is required for efficient therapies [107], does not necessary imply that 
 metallacarboranes might not be useful in the synthesis of promising NOS inhibitors. 
The importance of this investigation resides, in our opinion, in the fact that for the first 
time metallacarborane complexes of the mixed‐sandwich type were designed and tested 
for selective enzyme inhibition. As stated by the same authors [58], the study is a 
proof‐of‐principle, because it shows that one tricarbollide anion in combination with a 
face‐coordinated metal center can act as an effective pharmacophore in drug design. 
This strongly supports the idea that the whole ensemble of metallacarborane complexes 
(i.e., full‐, mixed‐, and half‐sandwich) could definitely show attractive properties for 
application as enzyme inhibitors.

We have recently prepared a small series of mixed‐sandwich ruthenacarborane com
plexes, incorporating different arene ligands [113], to combine the known, well‐studied 
cytotoxic activity of ruthenium(II)–arene fragments (arene = benzene, p‐cymene, 
biphenyl, tetrahydro‐anthracene, etc.) [114] with a dicarbollide ligand, which could 
have a profound influence on the biological activity of the complexes per se and/or upon 
changing the substitution pattern at the cluster vertices [25].

Complexes 27–29 (Figure  1.4.11) were screened against three types of tumori
genic cell lines (i.e., B16: murine skin melanoma; HCT116: human colon carcinoma; 
and MCF‐7: human hormone‐dependent breast adenocarcinoma) and three 

Ru+II

27–29

CH
BH

27: R1 = Me, R2 = i-Pr
28: R1 = H, R2 = Ph
29: R1 = Me, R2 = COOEt

R1 R2 Figure 1.4.11 Ruthenacarborane complexes 
(27–29) incorporating different arene 
ligands, tested as potential novel cytotoxic 
agents [113].

Table 1.4.3 Selectivity ratios for nitric oxide synthases (NOS) 
inhibition of compounds 23–26 [58]

Selectivity ratios*

Complex eNOS/iNOS eNOS/nNOS

23 8.5 1.1
24 5.1 0.46
25 8.7 1.6
26 8.1 2.8

* Selectivity ratios are given in Ref. [58]. Values are calculated as 
IC50(eNOS)/IC50(iNOS) or IC50(eNOS)/IC50(nNOS), respectively.
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non‐tumorigenic cell lines (i.e., human MRC‐5: human fetal fibroblasts; murine 
MLEC: murine lung endothelial cells; and peritoneal Mf: murine peritoneal mac
rophages). All three complexes were found to be active against HCT116 and MCF‐7 
cell lines, with IC50 values in the low micromolar range (6–32 μM), whereas viability 
of the non‐tumorigenic cell lines was not significantly impaired upon treatment with 
compounds 27–29.

No specific modulation of the cytotoxic activity could be found for different arene 
ligands incorporating the unsubstituted dicarbollide ligand. Further investigations on 
the mode of action as well as on the possible delivery routes to the cells (i.e., on the 
biological targets) are currently being carried out. Preliminary results suggest a  caspase‐
dependent apoptotic cell‐death pathway [113].

As for the work by Kaplánek et al. discussed in this section [58], this investigation of 
the biological activity of ruthenacarborane complexes represents a proof‐of‐principle 
since it shows for the first time that the combination of a dicarbollide ligand with a 
ruthenium(II)–arene fragment imparts promising cytotoxic properties to the com
plex. These and related ruthenacarborane complexes will now be studied, to fully 
assess and possibly explain their cytotoxic activity, especially in comparison with 
 analogous ruthenocene complexes, such as the ones designed and studied by Micallef 
et al. [115].

Metallacarborane complexes are, therefore, emerging as very interesting compounds 
for medical applications, thanks to their many attractive properties, including (1) the 
general chemical and biological stability of bis(dicarbollide) sandwich complexes of 
cobalt(III); (2) their amphiphilic nature, due to the highly hydrophobic carborane cages 
and the ionic character of the complex; and (3) the wide plethora of possible exoskeletal 
functionalizations. Moreover, the promising results obtained upon studying the bio
logical activity of such complexes encourage further analogous studies on the whole 
group of “Cp‐like” complexes (i.e., half‐ and mixed‐sandwich complexes).

1.4.3.2 Biologically Active Compounds Containing a nido‐Carborane(–1) Core

Exact classification of the nido‐carborane‐containing compounds described in this 
 section is not an easy task. Most recently, after Grimes published his monograph on 
carboranes [37], several studies have appeared in the literature where these hybrid 
organic‐inorganic compounds were used for a target‐specific molecular or enzymatic 
recognition, in other words for selective/specific binding affinities, in the search for 
optimal drugs (inhibitors), or imaging, radio‐imaging, and radiotherapeutic agents. 
Biodistribution studies are often carried out, together with the development of optimal 
methods for the detection and quantification of the boronated compounds in vivo.

Therefore, the following examples are organized into two subgroups: (1) radiotherapy 
and radio‐imaging, and (2) pharmacophores. Nonetheless, cross‐over between these 
two categories can be envisaged and will, therefore, also be discussed in this section.

1.4.3.2.1 Radiotherapy and Radio‐Imaging
A major challenge for the development of efficient BNCT agents is to selectively deliver 
a sufficiently high amount of boron to tumor tissues without high accumulation in 
healthy tissues or blood. One possible approach is to synthesize nido‐carborane(–1) 
containing conjugates of different classes of biomolecules.
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In 2013, Białek‐Pietras et al. reported the syntheses, cytotoxicity, and biodistribution 
studies of a series of cholesterol–COSAN and cholesterol–nido‐carborane(–1) conju
gates [116]. The two strategies pursued in the topic of cholesterol–carborane alteration 
are the conjugation to cholesterol and the mimesis of rigid parts of this natural product 
[117]. The delivery of these conjugates to malignant cells is achieved by incorporation 
into liposome membranes. In the same year, Nakamura and coworkers showed that 
liposomes made of 10% distearoyl boron lipid (DSBL) (i.e., nido‐carborane(–1) or ico
sahedral borane(–2)‐modified distearoyl lipids) and 90% distearoylphosphatidylcholine 
(DSPC), inspired by the zwitterionic DSPC, form high‐boron‐containing liposomes 
filled with BSH as a boron delivery vehicle (Figure 1.4.12) [118]. The nido‐carborane(–1) 
and COSAN‐type moieties ([M(η5‐Cb)2]–, M = Co, Fe, Cr) were modified with dioxane 
and combined through an oxonium ring‐opening reaction with 3‐thiocholesterol. This 
approach led to a boron concentration (43.0 ppm) in tumor cells, which is much higher 
than the necessary concentration for an efficient BNCT. Furthermore, it is beneficial 
that these conjugates are only weakly cytotoxic (IC50 = 0.25–0.86 mM), even though an 
unusually high accumulation in the spleen was observed.

The Valliant group in contrast has been exploring two other main approaches, namely 
target‐vector recognition and the pre‐targeting strategy. In both approaches, the nido‐
carborane(–1) cluster acts as the prosthetic group, carrying the radionuclide at one B‐
vertex of the open upper face, and the vector at one of the C‐atoms. The vector is either 
a biomolecule (e.g., glucose or a urea‐containing small peptide) for the target–vector 
 recognition approach, or an organic group (e.g., tetrazine) that is able to react in vivo 
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with specific cell tags (pre‐targeting strategy). An important advantage of using nido‐
carborane(–1) instead of aryl‐based systems for radiohalogenation is the higher  stability 
of the B–I bond over the C–I bond (B–I is ca. 100 kJ/mol stronger), which is reflected by 
the higher stability of the radio‐iodinated carboranes/nido‐carboranes(–1) in solution 
(up to 24 h).

In 2009, bifunctional radiolabeled carbohydrate derivatives of carborane clusters 
were reported by the Valliant group aimed at designing robust, selective radiophar
maceuticals, using a vector to enhance target‐to‐not‐target ratios (benzamide 
 substituent at a C‐vertex) and a strong ligand (nido‐carborane(–1)), able to form a 
stable covalent bond with the radionuclide (iodine‐125) [68]. In this case, the nido
carborane(–1) acts as the prosthetic group for the target–vector recognition approach. 
Glucose was chosen to increase hydrophilicity of the nido‐carborane(–1)‐containing 
 molecule, because the high hydrophobicity of the cluster can drastically reduce the 
selectivity. Within the synthetic route, the desired alkyne is prepared first carrying 
the glucose and the benzoic acid benzyl ester groups, which was then reacted with 
arachno‐borane as described in Chapter 1.4.1.1. The closo‐carborane derivative was 
 subsequently deboronated and the sugar moiety deprotected with NaOH in MeOH, 
followed by halogenation of the nido‐carborane(–1) species. However, when lipophi
licity studies on the benzamide nido‐carborane(–1) derivatives with and without the 
glucose conjugate were undertaken, the desired hydrophilicity was indeed increased 
by the sugar moiety, but the uptake into the melanoma cells was considerably lowered 
compared to the non‐glycosylated species [68].

Recently, small peptide conjugates of the nido‐carborane(–1) cluster, where the pep
tide incorporates a urea‐based group, have been reported by Valliant and coworkers 
(Figure 1.4.13) [77]. The target was a receptor called prostate‐specific membrane anti
gen (PSMA), a transmembrane protein that is predominantly expressed in the normal 
human prostate epithelium, but overexpressed in the corresponding primarily damaged 
tissues and also in metastases [119]. However, inhibition of PSMA was not the only 
purpose; a specific binding to tumor cells was intended in order to use these conjugates 
as BNCT agents, in which the carborane cluster is used as the boron‐rich moiety and 
the peptide (Lys–Urea–Glu) as a vector linked by an amide bond either directly or 
through a pentyl spacer [77].

Starting from 1‐hydroxy‐2‐carboxy‐1,2‐dicarba‐closo‐dodecaborane(12), the short, 
protected urea‐linked dipeptide (S)‐2‐(3‐((S)‐5‐amino‐1‐carboxypentyl)ureido)‐ 
pentanedioic acid was first introduced, and subsequently the carborane cluster 
 deboronated via reflux in water for 15 min followed by cation exchange with NaOH. 
This decapping approach works well when electron‐withdrawing substituents are 
directly attached at the cluster carbon atoms [77].

Compounds 31–34 were tested with in vitro competitive binding assays using LNCaP 
(androgen‐sensitive human prostate adenocarcinoma) cells. None of the new inhibitors 
reached the IC50 value for PMPA (Table 1.4.4 and Figure 1.4.13); however, 32a (73.2 nM) 
is almost as active as PMPA (63.9 nM). The substitution of a boron vertex impairs the 
performance, but not significantly, and therefore 32b can be used to trace the molecule 
in cells with 123I as a quantitative probe. From the IC50 values in Table 1.4.4, it can be 
concluded that the nido‐carborane(–1) species 32a and 34a are more active than the 
corresponding closo‐carboranes 31 and 33, and the pentyl spacer (compounds 33 and 
34a) also decreases the activity of the potent inhibitors.
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Table 1.4.4 IC50 values for PMPA (a known 
PSMA inhibitor) and compounds 31–34 [77]

Compound IC50 (nM)

PMPA (control) 63.9
31 161.0
32a 73.2
32b 80.7
33 206.6
34a 109.7
34b 240.8
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Even though all these molecules are active in the nanomolar range, their selectivity 
needs to be improved, because besides the accumulation in tumor cells, they also show 
very high concentrations in the gall bladder and thyroid.

Another approach, which is also pursued by the Valliant group, is the pretargeting 
bio‐orthogonal chemistry strategy. This route uses certain types of reactions that 
would not occur in biological systems, because the reacting functional groups are not 
naturally present. The main criteria for chemical ligation reactions within the concept 
of bio‐orthogonality are the absence of side reactions with naturally occurring func
tional groups (selectivity), the biological function of the targeted molecule should not 
be affected (biological inertness), and the formed connection or bond should be  stable 
under biological conditions (chemical inertness). Additionally, the ligation reaction 
should reach completion faster than the time scale of cellular processes (minutes) 
prior to metabolism and clearance (kinetic aspects); and, finally, the reacting mole
cules need to be designed so that they can easily access the reactive site [120]. Famous 
examples are Staudinger ligation, click chemistry (copper‐free), and cycloaddition 
reactions (nitrone dipole, norbornene/oxanorbornadiene, and [4 + 1]), tetrazine liga
tion, tetrazole photoclick, quadricyclane ligation, and so on [120]. Also, transition 
metals such as copper, rhodium, ruthenium, and palladium can be used for ligation 
reactions in living systems [121].

In 2015, Valliant and coworkers published a series of radiohalogenated nido‐carbo
rane(–1), unsubstituted nido‐carborane(–1), as well as ortho‐ and para‐dicarba‐closo‐
dodeca borane(12) derivatives, which contain one tetrazine‐based substituent, aiming 
to conduct click chemistry ([4 + 2] inverse‐electron demand Diels–Alder type reactions) 
in vivo between carborane‐ or nido‐carborane(–1)‐containing tetrazines and trans‐
cyclooctene (Tz‐TCO) (Scheme 1.4.6), which proceeds rapidly and in quantitative yield 
[63]. To  obtain the isotopically labeled species, the ortho‐dicarba‐closo‐dodecabo
rane(12)‐substituted tetrazine derivative was stirred in a H2O–MeCN mixture (1:1) at 
35 °C for 24 h for deboronation, followed by a labeling reaction with Na125I or Na123I and 
Iodogen®. The resulting compounds showed binding to the human H520 lung‐cancer 
cell line in vitro, which were labeled with a trans‐cyclooctene (TCO)‐modified anti
body. The 123I‐labeled species could be used to trace the distribution in healthy mice 
showing minimal loss of iodine and high, unspecific uptake in liver and gall bladder. 
Compounds with improved performance are now being pursued.

A rather interesting and quite isolated example are the studies of Calabrese et al. on 
the unsubstituted nido‐carborane(–1) used as counterion in combination with a series 
of fluorescent delocalized lipophilic cations (DLCs), for use as stand‐alone anticancer 
drugs or in BNCT applications [122]. Molecules such as Nile blue, dequalinium, rhoda
mine‐123, or the tetraphenyl phosphonium cation are positively charged  molecules 
with an extended conjugated system and lipophilic character, which are known to enter 
mitochondria in cells and can thus be used for visualization and activity assessment 
[123]. The working principle of this approach is based on the fact that mitochondria in 
tumor cells exhibit a 60 mV higher mitochondrial membrane potential (180–200 mV in 
vitro and 130–150 mV in vivo) compared to healthy epithelial cells [124], which is neces
sary for adenosine triphosphate (ATP) synthesis by oxidative phosphorylation [125]. 
Therefore, the energy (free Gibbs energy) for membrane penetration is reduced for 
DLCs. This process can be described physically by the Nernst equation, which predicts 
that an increase of 61.5 mV of membrane potential results in a tenfold enrichment of 
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lipophilic cations within the mitochondrial matrix of malignant cells [126]. Additionally, 
the accumulation is further promoted by the plasma membrane potential (about 
30–60 mV).

Basic examples for this type of compounds are rhodamine‐123 and Nile blue nido‐
carborane(–1) salts (Scheme 1.4.7), which stain tumor cells and show growth‐restrict
ing behavior [127]. Furthermore, dequalinium chloride, commonly used as mouthwash 
and ointment, shows anticarcinoma activity and prolonged survival of mice with 
implanted mouse bladder carcinoma MB49 [128]. Adams et al. first prepared salts com
bining a nido‐carborane(–1) moiety and dequalinium, and studied their uptake into 
cancer cells and their activity [129].

Based on these preliminary studies, Calabrese et al. prepared a variety of DLC salts 
(Scheme 1.4.7), and they investigated in their first in vitro study in 2008 the 10B uptake 
into human prostate epithelial carcinoma (PC3) cells compared to healthy cells (PNT2) 
by inductively coupled plasma mass spectrometry (ICP‐MS) (Table 1.4.5) [122].

In all cases, the 10B uptake into malignant cells (PC3) was much higher than for 
healthy cells, with a sufficient amount of 10B for effective BNCT (109 10B atoms per cell) 
[132], supporting the validity of this underlying principle. The bis‐nido‐carborane(–1) 
dequalinium salt (47) results in the highest amounts of 10B, presumably due to two 
nido‐ carborane(–1) counterions [122]. However, biodistribution studies need to be per
formed for all tested compounds.
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The most promising compound, the bis(nido‐carborane(–1)) dequalinium salt (47), 
was further investigated. The usage of liposomes as a carrying vehicle for 47 was 
reported in 2013 [130]. The principle is the same as discussed above for BSH (see 
Figure 1.4.12); however, in this case, the liposomes were made of phosphatidylcholine 
(PC) or  dimyristoylphosphatidylcholine (DMPC). Extensive studies were performed to 
give a preferably complete picture of the biological behavior of the loaded liposomes 
in vitro on human glioblastoma U‐87 MG cells (human Uppsala 87 malignant glioma), 
such as  atomic force microscopy (AFM), dynamic light scattering, and ζ‐potential 
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(zeta‐potential) measurements, to determine morphology, size, and electrokinetics. 
Other techniques such as spectrofluorimetry gave information about miscibility of the 
nido‐carborane(–1) species with liposomes; monitoring the release of calcein in serum 
and phosphate‐buffered saline (pH 7.4) gave details on membrane integrity, whereas 
turbidity measurements reflected the physical stability. In addition, the 10B load of the 
 targeted cells was determined by ICP‐MS [130]. These in vitro results obviously need to 
be followed by in vivo tests to give a proper understanding of the potency of the com
pounds for future application.

The most recent investigation by Calabrese et al. on this topic is the evaluation of the 
pharmacological anticancer profile of DLC‐functionalized nido‐carboranes(–1) for the 
normal MRC‐5 and Vero cell types, cancer (U‐87 MG, HSC‐3), and primary glioblas
toma cancer stem cultures (EGFRpos and EGFRneg) in vitro and their mode of action 
[131]. It was shown that the applied compounds have a cell growth‐arrest effect on the 
two cancer cell lines compared to the two normal ones and selective growth inhibition 
on EGFRpos and EGFRneg cells without causing apoptosis. Normal cells kept their prolif
eration potential, in contrast to cancer cells. The mechanism of action of DLC‐nido‐ 
carborane(–1) species proceeds through the activation of the p53–p21 axis,7 which are 
both involved in the stop signal generation for the division of cells after exposure to 
damaging agents. After removal of the nido‐carborane(–1) species from the treated cells, 
the agent‐triggered cell‐cycle arrest by p53–p21 was detected. Table 1.4.6 summarizes 
the IC50 data obtained within the described study [131]. Compound 48 (Scheme 1.4.7) 
was used as a control reference for all other substances due to its low cytotoxicity.

Although the IC50 values seem to be relatively low, an acceptable proportion of cell 
deaths of malignant cells was only observed at higher concentrations (5 ∙ 10–5 and 10–4 M), 
especially for cultures treated with 46 and 47. However, a highly selective cytotoxic pat
tern was observed for 45 and EGFRneg compared to Vero.

Table 1.4.5 Uptake efficiency (%) by PC3 and PNT2 cells, amounts of 10B taken up by PC3 cells  
(atoms/cell), and accumulation ratios (PC3:PNT2) [122]

Compound

10B uptake 
efficiency (%) 
by PC3 cells

10B uptake 
efficiency (%) 
by PNT2 cells

Amount of 10B taken 
up by PC3 cells
(atoms/cell)

Accumulation 
ratios 
(PC3:PNT2)

41 68 17 4.5 ∙ 1011 3.0
44a 87 28 2.6 ∙ 1011 3.1
44b 75 45 2.7 ∙ 1011 2.2
45 75 43 4.5 ∙ 1011 3.1
47 69 37 6.3 ∙ 1011 4.2

Note: The uptake efficacy was evaluated through the percentage of 10B that was taken up by cells with 
respect to the total amount of administered boron, calculated based on the analysis of the supernatants 
via ICP‐MS.

7 p53: tumor suppressor gene; p21: cyclin‐dependent kinase inhibitor (CKI).



Metal Dicarbollides and nido-Carboranes(–1) in Medicine 91

1.4.3.2.2 Pharmacophores
Although the use of the parent closo‐carboranes as pharmacophores in drug design is 
still dominant in the field, increasing examples are appearing in the literature, where the 
nido‐carborane(–1) cluster is instead used as a pharmacophore.

Asborin, the carborane analog of aspirin, was reported by Scholz et al. in 2011 [62]. 
The main question was whether asborin would display the same mechanism of action 
with the biological targets (COX1 and COX2) as aspirin (i.e., acetylation at specific 
serine residues). Therefore, the acetylation pattern of both COX isoforms was investi
gated separately via LC‐ESI (electrospray ionization) MS, after incubation with asborin. 
Preferential acetylation sites were found to be different than those of aspirin, namely six 
lysine and one serine residues located outside the active site were modified in COX1, 
and no serine but five lysine residues in COX2 [62]. Furthermore, the hydrolysis mech
anism of asborin was studied via 1H and 11B{1H} NMR spectroscopic experiments, 
revealing competitive deacetylation and deboronation reactions resulting in the nido‐
carborane(–1) analog of aspirin (nido‐asborin) and salicylic acid (nido‐salborin) as the 
final product (Scheme 1.4.8) [62].

Since asborin did not act as a COX inhibitor, further cytotoxicity investigations 
inspired by the potential of the aspirin derivative Co‐ASS, which is active as an antican
cer agent [133], were conducted. Sulforhodamine‐B microculture colorimetric assays 
were performed to assess the IC50 values for different types of cancer cell lines com
pared to aspirin, salicylic acid, and the established cisplatin (Table 1.4.7).

Aspirin, salicylic acid, and the product of the deboronation of asborin, boric acid, 
were not active (Table 1.4.7). The carborane‐containing compounds by contrast were 
more active, with the parent closo isomers acting at even lower concentration than the 
nido species, but all are much less active than cisplatin. This behavior might be related 

Table 1.4.6 Results of the cytotoxicity studies (IC50 values) for the tested DLC salts and reference 
compound 48 [131]

Cell type

IC50 [M]

42 45 46 47 48

U‐87 MGa 4.5 ∙ 10–5 4.5 ∙ 10–6 8.35 ∙ 10–6 3.2 ∙ 10–6 >10–4

HSC3b 8.13 ∙ 10–5 2.8 ∙ 10–6 8.18 ∙ 10–6 3.3 ∙ 10–6 >10–4

MRC‐5c 2.4 ∙ 10–5 8.1 ∙ 10–5 2.1 ∙ 10–5 5 ∙ 10–6 >10–4

Verod 7.15 ∙ 10–5 >10–4 1.45 ∙ 10–5 5.6 ∙ 10–6 >10–4

EGFRneg [e] n.a.f 7 ∙ 10–7 2 ∙ 10–6 6 ∙ 10–7 >10–4

EGFRpos [g] n.a.f 4.5 ∙ 10–6 2.5 ∙ 10–6 1.9 ∙ 10–6 >10–4

a Human epithelial glioblastoma grade IV; astrocytoma cells.
b Human oral squamous carcinoma cells.
c Human normal lung fibroblast cells.
d Monkey normal kidney cells.
e Human brain cancer stem cells.
f  n.a. = not analyzed.
g Human brain cancer stem cells.
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to the acetylation pattern [62]. Additionally, cell‐death mechanistic studies revealed 
ultimately that the apoptotic pathway was preferred.

The Valliant group investigated the influence of polar groups on the target–vector 
specific recognition for a series of C‐hydroxy carboranes, including 1‐carboranol, 

Table 1.4.7 Results of the cytotoxicity studies (IC50 values) of aspirin and asborin as well as their 
hydrolysis products [62]

IC50 [μM]

Compound 518A2a FaDub HT‐29c MCF‐7d SW1736e

49 >1000 >1000 >1000 >1000 >1000
50 >1000 >1000 >1000 >1000 >1000
51 139.1 ± 13.6 123.7 ± 17.2 132.5 ± 16.9 96.8 ± 8.0 162.3 ± 14.4
52 100.1 ± 15.6 100.3 ± 12.7 121.7 ± 13.9 91.9 ± 3.4 142.4 ± 14.0
53 247.2 ± 16.8 270.3 ± 19.7 247.8 ± 8.6 269.0 ± 4.7 451.0 ± 11.1
54 169.0 ± 2.8 218.1 ± 3.0 232.7 ± 4.3 182.1 ± 6.9 156.8 ± 10.2
B(OH)3 >1000 >1000 >1000 >1000 >1000
Cisplatin 1.52 ± 0.19 1.21 ± 0.14 0.63 ± 0.03 2.03 ± 0.11 3.20 ± 0.24
a Human skin malignant melanoma.
b Human epithelial cell line from a squamous cell carcinoma of the hypopharynx.
c Human colorectal adenocarcinoma cell line with epithelial morphology.
d Human breast adenocarcinoma cells.
e Human thyroid carcinoma cells.

O OH

O O

CH3

O OH

OHH2O +
OHO

CH3

O

CH3

O

OHO H2O

H2O

OH

OHO

H
OHO

O

CH3

O

rac

H3O– B(OH)3
– H2

H
OHO

OH

rac

H3O

– CH3COOH

– CH3COOH

– B(OH)3
– H2

49 50

51

52

53

54

C
BH

Scheme 1.4.8 Hydrolysis mechanism of aspirin and asborin [62].



Metal Dicarbollides and nido-Carboranes(–1) in Medicine 93

 salborin, and asborin [67]. To obtain the target compounds, closo‐carborane is substi
tuted at the C‐vertices, appropriately followed by decapping with methods developed 
for C‐hydroxy‐ and C‐carboxyl‐substituted clusters (either EtOH/H2O (3:2, v/v) with 
NaF at 160 °C in the microwave, or stirring in H2O at 100 °C for 10 min). Finally, the 
resulting nido clusters were iodinated. The conducted biodistribution studies suggested 
a consistent influence of the hydroxy group in determining the selectivity of the com
pound toward the desired target, which in turn indicates that polar groups enhance 
target‐specific interactions, allow enhanced renal clearance, and prevent accumulation 
in liver and other often unspecifically addressed organs.

Another very interesting example of the use of nido‐carborane(–1) as pharmacoph
ore is a series of thymine conjugates reported by the Leśnikowski group in 2016 [66]. 
The biological activity of a series of thymine–closo‐carborane and thymine–nido‐ 
carborane(–1) conjugates was studied to exploit, on one hand, the anti‐tubercular/anti‐
mycobacterial properties of thymine derivatives found by Pochet et al. [134], and, on 
the other hand, the hydrophobicity and inorganic nature of the carborane cluster.

The thymine derivatives 55a/55b and 57 (Figure 1.4.14) were synthesized through 
click chemistry via copper(I)‐catalyzed Huisgen–Meldal–Sharpless 1,3‐dipolar cycload
dition. Deboronation of 55a and 57 with CsF in EtOH under reflux conditions  overnight 
led to 56 and 58, respectively.
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Compounds 55–58 were tested in vitro against Mycobacterium tuberculosis 
 thymidylate kinase (TMPKmt) and against mycobacterial growth in saprophytic 
Mycobacterium smegmatis and pathogenic M. tuberculosis strains. Compound 58 was 
the most active one against TMPKmt, but at the same time it was the least active one in 
bacterial cells, while the best anti‐mycobacterial effect was shown by compounds 55b 
and 57, which were, however, not active against TMPKmt. This indicated that anti‐
mycobacterial activity does not go along with TMPKmt inhibition. Table 1.4.8 summa
rizes the results of the in vitro cytotoxicity assays. The nido‐carborane(–1)‐containing 
species have a high CC50 value8 compared to their closo analogs, probably due to their 
much lower cellular uptake, determined via ICP‐MS after 24 h exposure of the com
pound to M. smegmatis cells, which also correlates with their lower hydrophobicity. 
Thymine on its own does not have any cytotoxic effect.

Compounds 56 and 58 showed low toxicity on all used cell lines; 55a and 57 led to 
high death rates for Vero, LLC‐MK2, and L929, but low death rates for human MRC‐5 
and A549 tissues (Table  1.4.8). Compound 55b is only moderately toxic against all 
tested mycobacterial cell lines.

Table 1.4.8 also contains information on 10B/11B uptake, indicating that the hydropho
bicity of a closo‐carborane cluster in particular could potentially increase the drug 
uptake in M. tuberculosis, whose cell walls frequently exhibit low permeability.

The last example discussed here for nido‐carboranes(–1) as pharmacophores is indo
borin, the carborane analog of indomethacin, which was published by Hey‐Hawkins 
and coworkers [19] and recently also reviewed by Leśnikowski [15d]. The importance of 
the carbonyl group in promoting high binding affinity between a nido‐carborane(–1) 
bioactive molecule and the biological target (enzyme) also was suggested recently by 
Neumann et  al. (2016) [19], based on the crystal structure of recombinant murine 

Table 1.4.8 Results of the cytotoxicity test (CC50 value) of compounds 55–58 with different 
mycobacterial cell lines [66]

CC50 (μM)

10B/11B uptake  
(mg/kg)

Comp. MRC‐5a Verob LLC‐MK2c A549d L929e M. smegmatis

55a 25.8 ± 4.2 1.2 ± 0.8 28.0 ± 0.5 57.7 ± 2.4 0.76 ± 0.2 6892
55b 61.3 ± 0.8 23.0 ± 0.3 37.7 ± 5.1 84.7 ± 3.1 57.8 ± 1.1 3927
56 77.7 ± 31.7 392.0 ± 12.7 747.3 ± 20.9 327.0 ± 7.1 162.5 ± 9.2 41.66
57 66.7 ± 0.5 14.5 ± 0.3 6.8 ± 1.1 19.1 ± 0.9 29.1 ± 8.9 594.8
58 189.3 ±  21.9 108.2 ± 6.8 398.8 ± 10.7 271.0 ± 8.5 55.8 ± 1.1 45.67

a Normal human lung fibroblast cells.
b Normal monkey kidney cells.
c Rhesus monkey kidney epithelial cells.
d Adenocarcinomic human alveolar basal epithelial cells.
e Adipose mouse fibroblast cell line.

8 The 50% cytotoxic concentration (CC50) is defined as the concentration required to reduce the cell 
growth by 50% compared to untreated controls.
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COX2 enzyme complexed with a nido‐carborane(–1) analog of the COX inhibitor 
indomethacin, namely 7‐{[5‐methoxy‐2‐methyl‐3‐(methoxycarbonylmethyl)‐1H‐
indolyl]carbonyl}‐7,8‐dicarba‐nido‐dodecahydroundecarborate(–1) (Figure 1.4.15).

Neumann et al. suggested the primary importance of the polar interaction between 
the carbonyl group in 60 and Arg120 of COX2 for the inhibition activity of 60 [19]. In 
support of this hypothesis, compound 59, which contains a methylene bridge instead of 
an amide group and, therefore, cannot exhibit polar interactions with Arg120, showed 
much lower IC50 values for COX2 in comparison with 60 (>4 μM vs. 0.051 μM, respec
tively) [19]. It would, therefore, be interesting to study the binding mode of complex 7 
(see Chapter  1.4.1.5) with the respective biological target(s) to be able to suggest a 
 structure–activity relationship, which could explain the role of the carbonyl group in 
the binding affinity.

1.4.4  Conclusions and Future Challenges

The literature presented in this contribution has shown that half‐ and mixed‐sandwich 
metallacarboranes have several possible applications in medicine, ranging from BNCT 
to pharmacophores in drug design, radio‐imaging applications, and combinations 
thereof. As dicarbollide ligands offer a wide range of structural diversity through 
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 different substitution patterns, the presented applications are also wide and varied. 
While the reported studies on applications in medicine are very promising, only a small 
number of known half‐ and mixed‐sandwich metallacarboranes has been tested for 
potential biological or medicinal applications; this leaves room for further research and 
improvement.

Carboranes have always been quite expensive, costing almost half of the price of gold. 
However, use of these compounds could be very useful in specific applications, such as 
medical applications, which utilize only minute amounts. Nevertheless, research into 
half‐ and mixed‐sandwich metallacarboranes should not be restricted to medicinal 
applications. There are numerous possible applications for these compounds besides 
those presented here, for example in catalysis [46], and these promising areas of research 
certainly deserve further attention.

 Appendix: Abbreviations

AFM atomic force microscopy
AKR aldo‐keto reductase
Arg arginine
ASS Acetylsalicylsäure, acetylsalicylic acid
ATP adenosine triphosphate
BBB blood–brain barrier
Bn benzyl
BNCT boron neutron capture therapy
BPA l‐4‐(dihydroxyboryl)phenylalanine
BSH sodium mercapto‐undecahydro‐closo‐dodecaborate
n‐BuLi n‐butyllithium
Cb or Cb2– [C,C‐R,R’‐C2B9H9]2–, with R = H, any substituent, R’ = H, any substituent
CC50 half‐maximal cytotoxic concentration
CNS central nervous system
cod 1,5‐cyclooctadiene
COSAN cobaltabis(dicarbollide)
COX cyclooxygenase
Cp or Cp– C5H5

–, cyclopentadienyl
p‐cymene 1‐isopropyl‐4‐methylbenzene, paracymene
DFT density functional theory
DLC delocalized lipophilic cation
DMPC dimyristoylphosphatidylcholine
DMSO dimethyl sulfoxide
DSBL distearoyl boron lipid
DSPC distearoylphosphatidylcholine
EDA energy decomposition analysis
EGFR epidermal growth factor receptor
Et ethyl
EtOH ethanol
FL‐SBL fluorescence‐labeled boron lipid
FWHH full width at half height
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Glu glutamic acid
HIV human immunodeficiency virus
HPLC high‐performance liquid chromatography
IC50 half‐maximal inhibitory concentration
ICP‐MS inductively coupled plasma mass spectrometry
Ki inhibition constant
Lys lysine
MAO methylalumoxane [Al(CH3)xOy]n
Me methyl
MeCN acetonitrile
MeOH methanol
MIP molecular imaging probe
MRI magnetic resonance imaging
NADP nicotinamide adenine dinucleotide phosphate
NMR nuclear magnetic resonance
NOS nitric oxide synthase
eNOS endothelial nitric oxide synthase
iNOS inducible nitric oxide synthase
nNOS neuronal nitric oxide synthase
NPY neuropeptide Y
Nuc nucleophile
OAc acetate
PC phosphatidylcholine
PE polyethylene
PEG polyethylene glycol
PET positron emission spectroscopy
Ph phenyl
pH logarithmic proton concentration
pKa logarithmic acid dissociation constant
PMPA 2(phosphonomethyl)pentane1,5dioic acid
i‐Pr isopropyl
PSMA prostate‐specific membrane antigen
SPECT single‐photon emission computed tomography
TBAF tetrabutylammonium fluoride
TCO trans‐cyclooctene
TFA trifluoroacetate
THF tetrahydrofuran
TIM triosephosphate isomerase
TMPKmt Mycobacterium tuberculosis thymidylate kinase
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1.5

1.5.1  Introduction

Boron clusters have become key units in various research fields, ranging from material 
science to medicine [1,2]. Cage‐like boron clusters (Figure 1.5.1) can be classified as 
closo‐, nido‐, arachno‐, hypho‐, and so on based on the completeness of the polyhedron, 
with the closo‐ cluster being closed. With one or two missing vertices, boron clusters are 
named nido‐ or arachno‐, respectively. They have characteristic three‐dimensional pol‑
yhedral geometries, with delocalized electron‐deficient structures [3–6]. Boron clusters, 
in their neutral and ionic forms, have shown a unique stability and low toxicity [3,4,6,7]. 
The ability of the 10B isotope to emit α particles after absorbing neutrons makes them 
ideal for pharmaceutical and medical applications, in particular for boron neutron cap‑
ture therapy (BNCT) [8–10].

Boron clusters interact with biomolecules, including biomembranes and proteins. 
This offers more possibilities in medicinal use than just BNCT. In this chapter, we sum‑
marize the current research on the noncovalent interactions of common boron clusters, 
in particular ionic ones, with supramolecular macrocycles, lipid bilayers, and proteins. 
We draw conclusions for drug design, and point out areas of future research.

Polyhedral boron clusters can be divided into neutral and anionic ones. Neutral clus‑
ters include o‐, p‐, and m‐carboranes (C2B10H12). These isomers are highly hydrophobic. 
Closo‐dodecaborates (B12X12

2−) are water‐soluble dianionic clusters with icosahedral 
structure, and they are nontoxic anions [11]. Shortly after their discovery, they were 
introduced as potential BNCT agents [12,13]. The decahydro‐closo‐decaborate anion 
(B10X10

2−) is another member of the BnHn
2− clusters; it is water‐soluble as sodium salt. 

Metalla bisdicarbollides, a different class of anionic boron clusters, are sandwiches of 
two [C2B9H11]2− (biscarbollide) clusters with a metal ion in the center (e.g., cobalta bis‑
dicarbollide anions); these clusters have recently emerged in medicinal chemistry as 
HIV protease inhibitors [14–16].

Ionic Boron Clusters as Superchaotropic Anions: 
Implications for Drug Design
Khaleel I. Assaf, Joanna Wilińska, and Detlef Gabel
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1.5.2  Water Structure and Coordinating Properties

Boron cluster anions have recently been recognized as a new class of weakly coordinat‑
ing anions [7,17–23]. The classification of anions as weakly coordinating means that 
they have low charge densities and a high degree of electron delocalization; therefore, 
large boron‐based anions are prototypes of weakly coordinating anions (Figure 1.5.2). 
Among weakly coordinating anions (oxyanions, polyoxometalates, and iodide anions), 

Figure 1.5.1 Chemical structures of selected neutral and ionic boron clusters: closo C2B12H12,  
closo [CB11H12]−, nido [C2B9H12]−, closo [B12H12]2−, closo [B10H10]2−, and closo [B21H18]−, and 
metalla‐bisdicarbollides[3,3′‐M(1,2‐C2B9H11)2]−.
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boron‐based anions display a range of novel applications, including their use for stabi‑
lization of very reactive and labile cations [7,18].

Most boron clusters are water‐soluble, except for the uncharged carboranes. Their 
behavior in water has remained obscure to a large degree. The three‐dimensional aro‑
maticity of the boron clusters is explained by the delocalized three‐center, two‐electron 
bonding. The B–H bonds in these types of clusters have a different charge distribution 
compared to regular aromatic compounds such as benzene, as the hydrogen atoms hold 
a partial negative charge and thus have a hydridic character [25]. In water, this allows 
the cluster to make unconventional hydrogen bonding with water molecules, namely a 
dihydrogen bond (Figure 1.5.3) [26].

Recently, dodecaborate anions have been classified as superchaotropic anions based 
on their ability to increase the solubility of simple organic molecules in water (salt‐in 
effect). Chaotropic agents are thought to break the water structure and decrease its 
order. The chaotropic nature of the dodecaborate anions was confirmed by modeling 
their ionic properties as devised by Marcus (Table  1.5.1) [24]. The water‐structural 
entropies for ionic solvation (ΔSstruct) for the chaotropic anions are positive, indicating 
a decrease in the order of the water structure, which reflects an effective loss of hydro‑
gen bonds around the anion (negative values of ΔHB). Conventional chaotropic anions, 
such as SCN−, ClO4

−, and PF6
−, break one hydrogen bond. The dodecaborate anions are 

effectively able to break two or more hydrogen bonds in their surroundings.

Figure 1.5.2 Electrostatic potential map of carborane and dodecaborate anions [24].

A

B

Figure 1.5.3 Water structure around dodecaborate anion 
B12H12

2−. “A” indicates dihydrogen bonds; “B” indicates a 
bifurcated dihydrogen bond [26]. Source: Reprinted with 
permission from Ref. [26]. Copyright © 2012 American 
Chemical Society.
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The interaction of different dodecaborate clusters, of the type B12X12
2− and B12X11Y2− 

(X = H, Cl, Br, I; and Y = SH, OH, NR3
+), with chromatographic column matrices, 

including unmodified and modified column materials, has been investigated [27,28]. 
Most of the dodecaborate clusters are retained strongly on size exclusion and anion 
exchange columns, indicating strong interactions, whereas they interact very weakly 
with silica gel materials [28]. Moreover, modified silica matrices containing phosphati‑
dylcholine groups have been used as a model to study the interaction of boron clusters 
with membranes, mimicking the surface of lipid membranes [27]. In comparison with 
organic molecules, dodecaborate clusters eluted slower on these columns. Brominated 
and iodinated dodecaborate could not be eluted from immobilized phosphatidylcholine 
liposomes [27].

1.5.3  Host–Guest Chemistry of Boron Clusters

The encapsulation of carboranes, as highly hydrophobic residues, by macrocyclic host 
molecules with hydrophobic cavities, such as cyclodextrins [29–35], calixarenes [36,37], 
cucurbiturils [38], and cyclotriveratrylene [39], has been explored to a large extent. The 
shallow cavities of cyclotriveratrylene and calixarenes offer room for o‐carborane to be 
complexed. These host–guest complexes are driven by the hydrophobic effect and sta‑
bilized through nonclassical C–H⋯π hydrogen bonding [36,37,39,40], in which the 
C–H vectors of the carborane point toward the aromatic rings, as shown in their X‐ray 
diffraction (XRD) structures (Figure 1.5.4) [36,39].

Cyclodextrins (CDs), which are cyclic oligosaccharide‐based molecules with a cone 
shape (Figure 1.5.5), have shown the capability to bind carboranes and their derivatives 
with relatively high affinities [29–33,41]. Harada and Takahashi were the first to study 
the complexation of o‐carborane with CDs; they reported that carborane forms 1:1 
inclusion complexes with β‐CD and γ‐CD, and a 2:1 complex with the smallest 
homolog, α‐CD [35]. C‐Hydroxycarboranes (mono‐ and di‐substituted) have also been 
investigated with β‐CD in aqueous solution [33], in which high affinities (> 106 M−1) 

Table 1.5.1 Water‐structural entropies of different anions (ΔSstruct) and net effects on the number 
of surrounding hydrogen bonds (ΔHB) [24]

Anion
TΔSstruct°/
(kcal/mol) ΔHB Anion

TΔSstruct°/
(kcal/mol) ΔHB

F− –2.1 0.11 SO4
2– –6.7 0.78

Cl− 4.1 –0.76 CO2
2– –4.0 0.40

Br− 5.8 –1.01 HPO4
2– –4.4 0.46

I− 8.3 –1.37 B12H12
2− 14.8 –2.31

SCN− 5.9 –1.03 B12Cl12
2− 17.1 –2.63

BF4
− 6.6 –1.12 B12Br12

2− 18.3 –2.81
ClO4

– 7.6 –1.27 B12I12
2− 19.3 –2.95

PF6
− 9.3 –1.51 PO3

3– –9.6 1.20
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were reported, which have been attributed to the hydrophobic effect and hydrogen 
bonding. 1‐Phenyl‐o‐carborane was also found to form a 2:1 complex with β‐CD as 
indicated by Nuclear Overhauser Enhancement Spectroscopy (NOESY) nuclear 
 magnetic resonance (NMR) experiments. Recently, Sadrerafi et  al. have used a dye 
displacement technique to study the complexation of different substituted carboranes 
(o‐, m‐, p‐carboranes) with β‐CD, and compared their binding affinities with the well‐
known CD binder adamantane and its derivatives [29]. The measured binding 
constants for the unsubstituted carboranes were higher than that of adamantane, and 
followed the order of: o‐ > m‐ > p‐carborane [29]. This trend was found to parallel the 
dipole moment of these carboranes [42].

Most recently, Assaf et al. have shown that dodecaborate clusters of the type B12X12
2– 

and B12X11Y2– (X = H, Cl, Br, I; and Y = OH, SH, NR3+) act as strong binders to CDs in 
aqueous solution, an unexpected and striking observation considering their di‐anionic 
nature and their high water solubility [43,44]. The binding constants with γ‐CD (see 
Table  1.5.2) even exceed those of highly hydrophobic guests, such as carborane and 
adamantane, which hints to a different driving force for complexation [29]. The high 
affinities could be traced back to the chaotropic effect, as well as the high polarizability 
of the dodecaborate anions [29]. In fact, dodecaborate anions are water‐soluble, prefer‑
ring water over the n‐octanol phase [26]; hence, they cannot be classified as hydrophobic 
anions. The chaotropic nature of the dodecaborate anions was supported by salting‐in 
experiments, revealing them as “superchaotropes,” and in salting‐in experiments they 
act even more strongly than the known conventional chaotropic anions (SCN–, PF6

–, or 
ClO4

–). The complexation showed a different thermodynamic signature, as measured 

(b)(a)

Figure 1.5.4 XRD structures of the o‐carborane complex with (a) calix[5]arenes [36] and 
(b) cyclotriveratrylene [39]. The C–H vectors of the carborane point toward the aromatic rings 
of the host cavity.
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by isothermal titration calorimetry, compared to the complexation of hydrophobic 
guests: high negative enthalpies and entropies. Chaotropic anions decrease the water 
structure, and the relocation of the anions into the CD cavity leads to more pronounced 
water structure recovery effects (chaotropic effect). In the solid state, B12Br12

2− was 
found to be entrapped by two γ‐CD rings (Figure  1.5.6). Halogenated dodecaborate 
clusters have also been found to form stable complexes with large‐ring cyclodextrins 
(LRCDs: δ‐, ε‐, and ζ‐CD), with affinities exceeding that for γ‐CD (44). Warneke et al. 
have followed on the binding of dodecaborate anions to CDs and other macrocycles 

Table 1.5.2 Association constants (Ka) of dodecaborate cluster anions with γ‐CDs 
and associated thermodynamic parameters (in kcal/mol)

Borate clustera Ka/(103 M−1) H° T∆S° ∆G°

B12H11OH2– 0.62b

B12H11N(nPr)3
– d 1.1b

B12H11NH3
– 1.7b

B12H12
2– 2.0b

B12H11SH2– 7.8,b 9.2c –5.7 –0.30 –5.4
B12Cl12

2– 17c –14.4 –8.6 –5.8
B12Br12

2– 960c –21.4 –13.3 –8.1
B12I12

2– 67c –25.0 –18.4 –6.6
B12I11NH3

– 25c

a Measured as sodium salts at 25 °C for a 1:1 complexation model.
b 1H NMR titration in D2O.
c Measured by isothermal titration calorimetry (ITC) in neat water.
d Potassium salt. From Ref. [24].

Figure 1.5.6 XRD structures of the inclusion entrapment of the B12Br12
2− cluster into the γ‐CD dimer [24].
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with hydrophobic cavities, and provided evidence for the stability of these anionic 
complexes in the gas phase [45].

Based on the high affinity of the dodecaborate clusters to CDs, a new class of water‐
soluble dye molecules, in which the cluster (B12H12) is tethered to a chromophore 
(7‐nitrobenzofurazan [NBD]), has been synthesized (Figure 1.5.7a) [46]. The binding of 
the dodecaborate–dye molecules to CDs was studied by ultraviolet (UV)‐visible, fluo‑
rescence, and NMR titrations. Both dyes form stable complexes with CDs (>105 M−1), in 
which the dodecaborate is encapsulated inside the cavity as indicated by NMR and 
 semiempirical calculations. The noticeable changes in the course of UV‐visible and 
fluorescence spectral titrations upon complexation of the dyes with CDs allow them to 
be used as host–dye reporter pairs for indicator displacement applications (Figure 1.5.7b). 
With this, the CD–dye pair could be used to determine the affinity of organic and inor‑
ganic guest molecules to CDs in a fast and easy manner [46].

The host–guest chemistry of boron clusters with CDs has recently emerged as a 
tool for efficient noncovalent immobilization of biomolecules on solid surfaces, in 
analogy to other host–guest systems, such as cucurbit[7]uril/ferrocene [47,48]. For 
example, o‐carborane was linked to a peptide to be immobilized, while β‐CD was 
anchored to a glass or gold surface [30]. The carborane–peptide bioconjugate was 
immobilized on the β‐CD functionalized surface through the complexation of the 
carborane inside the CD cavity. The binding of the carborane to β‐CD was supported 
by infrared reflection absorption spectroscopy (IR‐RAS) and quartz crystal micro‑
balance with dissipation monitoring (QCM‐D) experiments [30]. Rendina and 
coworkers synthesized Pt(II) complexes containing carborane residue and studied 
their complexation with CDs (Figure 1.5.8) [49–52]. Furthermore, a ternary supra‑
molecular assembly consists of a hexanucleotide (d(GTCGAC)2), a boronated 
2,2′:6′,2″‐terpyridineplatinum(II) complex containing p‐carborane, and β‐CD was 
designed (Figure 1.5.8a) in which the carborane moiety is encapsulated by β‐CD [51]. 
1H NMR suggested that the Pt(II)–terpyridine moiety intercalates between the nucle‑
otide bases, while the β‐CD carborane complexes stay intact.

Dye A Dye B Strongly fluorescent

(b)(a)
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Figure 1.5.7 (a) Dodecaborate‐anchor 7‐nitrobenzofurazan (NBD) dyes A and B for CD binding (46). 
(b) Illustration represents the principle of the indicator displacement assay: the encapsulation of the 
dye inside the host cavity changes its optical properties (e.g., fluorescence); the addition of an analyte 
is expected to revert the optical changes.
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1.5.4  Ionic Boron Clusters in Protein Interactions

Boron clusters have been used as three‐dimensional scaffolds, replacing bulky aromatic 
systems. For example, carboranes have been utilized as stable hydrophobic pharmaco‑
phores and were found to have potential use as precursors for designing new enzyme 
inhibitors [53–57]. Boron clusters functionalized with sulfamide (Figure 1.5.9), synthe‑
sized to mimic isoquinoline sulfonamide inhibitors, showed inhibitory activity toward 
carbonic anhydrases (CAs), with inhibition constants (Ki) in the micromolar range [54]. 
The binding of the cluster to the enzyme’s active site was evidenced by crystal structure 
analysis (Figure 1.5.10).
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Figure 1.5.9 Chemical structures of boron clusters tested as inhibitors for carbonic anhydrase [54]. 
The in vitro inhibition constants (Ki in μM) of the sulfonamide‐based derivatives with the human CA 
isozyme II (CAII) are given below the structures.
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Quantum mechanics and molecular mechanics (QM/MM) calculations have been 
performed to understand the interactions involved in the complexation of 1 and 8 with 
CAs (hCAII). The complexation was found to be stabilized by dispersion interactions 
and dihydrogen bonds within the active site [58]. Interestingly, the nido cage binds 
stronger than the closo cage by 59 kcal/mol, where the binding of the anionic cage is 
stabilized via electrostatic interactions [58]. Nevertheless, as the clusters bind in a 
region of the protein that is dominated by hydrophobic residues, conventionally one 
would have assumed that the neutral cluster would show better binding.

Recently, Hey‐Hawkins and coworkers have introduced the nido‐carborane cage 
into the cyclooxygenase (COX) inhibitors [59]. The newly synthesized inhibitors 
(Figure  1.5.11) showed a higher inhibitory potency relative to the parent inhibitor, 
indomethacin.

Also for this enzyme, the pocket where the negatively charged cluster binds is lined 
mostly with hydrophobic side chains (see Figure 1.5.12). Even more pronounced is the 
hydrophobicity of the pocket in the HIV protease where the cobaltabisdicarbollide 
 cluster binds (Figure 1.5.13) [53].

(a) (b)

Figure 1.5.10 Crystal structure of CAII in complex with 5 (a) and 8 (b); PDB codes: 4MDL and 4MDM. 
Yellow: hydrophobic side chains; blue: hydrophilic side chains; pink: boron; black: carbon. Source: 
From Ref. [21].
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Figure 1.5.11 COX inhibitors: indomethacin and its nido‐carborane derivatives [59].
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1.5.4.1 Interactions of Boron Clusters with Lipid Bilayers

With their unique chemical and physical properties, dodecaborate anions have been 
found to interact with lipid bilayers. The interaction with different liposomes has 
been intensively investigated by Gabel and coworkers [11,60–62]. Na2B12H11SH 
(BSH), which is clinically used for neutron capture therapy (BNCT), interacts with 
liposomes causing a slow release for the liposome content [11,60,61]. Millimolar con‑
centrations of the BSH were required to accelerate the release of carboxyfluorescein 
from dipalmitoylphosphatidylcholine (DPPC) and dimyristoylphosphatidylcholine 
(DMPC) liposomes [60,61]. Using cryo‐transmission electron microscopy, BSH was 

Figure 1.5.12 Binding of 12 to COX. PDB code: 4Z01. Yellow: hydrophobic side chains; blue: 
hydrophilic side chains; pink: boron; black: carbon. Source: From Ref. [59].

Figure 1.5.13 Cobaltabisdicarbollide binding to HIV protease. PDB code: 1ZTZ. Yellow: hydrophobic 
side chains; blue: hydrophilic side chains; pink: boron; black: carbon. Source: From Ref. [14].
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found to induce structural changes [61]. Trialkylammonioundecahydrododecaborates 
with short and long alkyl chains interact with DPPC liposomes. For example, tri‑
alkylammonioundecahydrododecaborates with short alkyl chains result in the 
formation of large bilayer sheets, while clusters with longer alkyl chains tend to induce 
the formation of open or multilayered liposomes [62]. Recently, halogenated dode‑
caborate anions have also shown the capability to induce liposome leakage; this allows 
them to be used as agents for triggering the release of liposomal contents [11]. Their 
large sizes compared to the parent cluster, Na2B12H12, and the low charge densities 
make them interact strongly with the liposome; the interaction increases with the size 
of the anion, parallel to their chaotropic character. The mechanism has not yet, how‑
ever, been fully understood; it has been suggested that the halogenated clusters induce 
pores in the lipid membranes (Figure 1.5.14).

Metallacarboranes of the type cobaltabisdicarbollide,[3,3′‐Co(1,2‐C2B9H11)2]−, 
known as COSANs, are able to passively cross synthetic and living cells’ membranes 
without causing breakdown of membrane barrier properties [63,64]. COSANs have 
amphiphilic properties; thus, they self‐assemble and form monolayer vesicles [65,66]. 
These COSAN vesicles interact with liposomes, linking liposomes together. This inter‑
action causes morphological changes of the COSAN assembly from vesicles to a planar 
lamellar structure, and then diffusion to the liposome interior [66].

Boron‐based lipids have been designed and synthesized, based on nido‐carboranes 
and closo‐dodecaborate anions as head groups, allowing for their utilization for 

(a)

(b)

Figure 1.5.14 Suggested mechanisms of the interaction between dodecaborate clusters and 
liposome. (a) A barrel‐stave pore; (b) a toroidal pore. Source: From Ref. [11].



Design of New Boron-based Drugs120

liposomal boron delivery and more boron content to be used for BNCT [67–69]. At 
higher concentrations, several of these lipids are able to induce selectively hemorrhage 
in experimental murine tumors, leaving the other organs intact [70].

1.5.5  Implications for Drug Design

1.5.5.1 Binding to Proteins

Besides the examples of specific boron cluster compounds as protein ligands given in 
this chapter, unspecific binding has been observed [71]. These interactions should be 
mapped more carefully, preferably with photoreactive groups [72], in order to under‑
stand better the interaction modes that are represented by boron cluster compounds. 
Promiscuous binding is not desirable, yet it will be able to highlight structural motifs 
and molecular interactions capable of binding boron clusters. In fragment‐based drug 
design, promiscuous binding is frequently observed.

1.5.5.2 Penetration through Membranes

The strong binding of ionic boron clusters to the hydrophobic interior of CDs, and the 
ability to influence the structure and integrity of lipid membranes, might be seen as an 
indication that ionic boron clusters are able to penetrate the hydrophobic environment 
of cell membranes. Such properties might be highly desirable, as it must be expected 
that several of the boron clusters will not only convey water solubility to the compounds 
in which they are present, but also allow these compounds to penetrate the different 
membranes that must be overcome for a drug to reach its target. The octanol–water 
distribution coefficient KOW for several of these compounds has been measured, and it 
showed that solubility in a hydrophobic environment can be achieved with such com‑
pounds [62,73]. Recently, Genady et al. have shown that a fluorescent dye can penetrate 
cellular membranes and accumulate in mammalian cells [74].

1.5.5.3 Computational Methods

A few attempts have been described in the literature of how to handle boron clusters in 
computational methods routinely used in medicinal chemistry [75,76]. For docking 
programs, force fields for each functional group in organic structures have been devel‑
oped and are routinely applied.

For boron, and especially for boron clusters, no such force fields exist. Thus, the lit‑
erature data use carbon force fields [75,76]. With this, a boron cluster is treated almost 
as an adamantane. On the basis of the vastly different properties of boron clusters in 
comparison to, for example, adamantanes or carboxylic acids, computational results 
with carbon force fields imitating boron clusters must be considered quite unreliable. 
This is illustrated by the big difference in nicotinamide phosphoryltransferase inhibi‑
tors containing either an adamantane or a (neutral) carborane [77] or the lack of activity 
of adamantyl, m‐, and p‐carboranyl derivatives of indomethacin as compared to the 
o‑derivative [78]. More appropriate force fields might have to be developed for neutral 
boron clusters, and are required for ionic boron clusters, before they can be incorpo‑
rated into docking programs.

Fujitsu
Inserted Text
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1.5.6  Conclusions

Boron cluster have properties not found in any organic compounds or pharmacophores 
derived from them. This is especially true for ionic boron clusters. They show good 
water solubility (depending on their counter‐ions), but at the same time interact very 
weakly with water. Thus, they cannot be categorized into the conventional categories of 
“hydrophilic” and “hydrophobic.” Rather, they represent a new class of compounds, 
thriving in both the water world and the non–water world. They can thus be seen as 
“hydroneutral.”

It might be expected that considerable time passes before drug designers can appreci‑
ate these properties, as these properties run against the conventional wisdom of drug 
design. Once this is realized, however, we expect boron clusters to offer new, so far 
unimaginable, opportunities to design drugs.
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1.6

1.6.1  Introduction

Medicinal chemistry entails not only synthesis but also compound design. The role of 
rational drug design has been boosted in recent decades through the use of computer‐
aided drug design, either ligand‐ or structure‐based [1]. The former area makes heavy 
use of statistics and chemi‐informatics to set up dependencies between the physico-
chemical properties of the compounds and their biological activities. Although some 
properties, such as the lipophilicity (expressed as the n‐octanol/water partition coeffi-
cient, logP), can also be evaluated computationally by quantum mechanical (QM) or 
molecular mechanical (MM) methods, ligand‐based drug design is not the focus of this 
chapter. On the contrary, we discuss here structure‐based drug design, which uses three‐
dimensional (3D) structures of protein–ligand complexes to estimate affinities. The 
geometries are most often determined experimentally by X‐ray crystallography or 
nuclear magnetic resonance (NMR). In computer‐aided structure‐based drug design, 
the ligand’s binding pose within the protein is predicted by docking, a task that has 
 practically been mastered for the broad organic chemistry space [2]. Scoring is thereafter 
used to assess which of the poses represent the native complex and to rank the com-
pounds by affinity. In contrast, this task has, until recently, been deemed unsolved [3]. 
We have approached the low reliability of scoring by developing a QM‐based scoring 
function [4]. Its fundamental principle is QM treatment of protein–ligand noncovalent 
interactions and solvation [5]. We showed that such an approach can be advantageously 
used to unequivocally identify the ligand native pose [6], reproduce binding affinity in a 
series of ligands to various protein targets [5], and describe nonclassical noncovalent 
interactions, such as halogen bonds [7] or even covalently binding inhibitors [8]. Based 
on this extensive experience of ours with organic ligands and a decade‐long experience 
with calculations of boron clusters bound to proteins [9], we affirm that QM scoring is a 
general solution to the affinity prediction of boron cluster/protein binding.
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The major tools of structure‐based drug design, docking and scoring, have been 
 optimized over decades of heavy use on the broad organic chemistry space, which 
dwells on ten elements from the Mendeleev periodic table. However, parameters are 
missing or inaccurate when other elements, such as boron, come into play. This may be 
of marginal importance for drugs containing single boron atoms [10], but it becomes 
catastrophic for boron hydride clusters (boranes), which are slowly finding their way 
into drug design as nontraditional pharmacophores [11–14]. The simple solutions, such 
as replacing all boron atoms with carbons [15] and zeroing all their charges [16], are 
very crude and do not respect the boron cluster chemistry. We rather advocate a 
 systematic QM approach based on detailed understanding of borane structures and 
their noncovalent interactions [17–19].

Boranes come in a variety of sizes and shapes. The most common are closed cages 
(closo‐BnHn

2−). The exoskeletal hydrogens can be replaced by, for example, halogens, 
via reactions distinct from those known in organic chemistry [20–23]. Heteroboranes 
are formed when notionally neutral {BH} vertices are substituted by various heterover-
tices, such as {CH}+, {S}2+, or metals, giving rise to carboranes, thiaboranes, or 
metallacarboranes, respectively (Figure  1.6.1). The iconic heteroboranes are neutral 
dicarbaboranes closo‐C2B10H12 (Figure 1.6.1a) occurring as three isomers, ortho‐ (1,2), 
meta‐ (1,7), and para‐ (1,12) [24,25]; and {Co[C2B9H11]2}− metallacarborane, a so‐
called COSAN with three rotational isomers, cisoid, gauche, and transoid [26,27]. In 
analogy to boranes, heteroboranes can be further substituted on their exoskeletal 
hydrogens (Figure 1.6.1). Boranes have unique properties stemming from their elec-
tron structure and charge distribution (Figure  1.6.1). They are held together by 
three‐center two‐electron bonding, resulting in boron atom hypervalency, electron 
delocalization, electron deficiency, and 3D aromaticity [28–30].

1.6.2  Plethora of Noncovalent Interactions of Boron Clusters

Due to their peculiar characteristics, boron clusters exhibit unique types of nonco-
valent interactions (dihydrogen bonding, σ‐hole bonding) [19] besides the classical 
ones such as hydrogen bonding. The classical R–H···Y hydrogen bonding can in 
principle occur for some rare heteroboranes (e.g., closo‐1‐NB11H12), in which the 
N–H group of the azaborane acts as the H‐bond donor. Heteroboranes engage more 
often in weak hydrogen bonds [31] of C − H···O or C − H···π type (Figure  1.6.2A), 

closo-1,2-C2B10H12 1-Br-closo-1,2-C2B10H11 closo-1-SB11H11

+31.4

–31.4

Figure 1.6.1 Molecular structures of (substituted) heteroboranes and their computed electrostatic 
potentials (ESPs) on 0.001 a.u. molecular surface at the HF/cc‐pVDZ level. Color range of ESPs in kcal/mol.
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where the C–H group of carboranes acts as the H‐bond donor. Such carborane 
 interactions have been evidenced by crystal structures and explored in detail com-
putationally [32]. They can be expected in proteins where the H‐bond acceptors 
would be backbone carbonyls, side‐chain hydroxyls, or aromatic side chains of Phe, 
Tyr, His, and Trp.

The R‐H∙∙∙H‐Z dihydrogen bonding is a special type of hydrogen bonding (nonclassi-
cal) where R are mostly electronegative (e.g., O, S, N) and Z electropositive (e.g., B) 
elements. It is brought about by the low electronegativity of boron (lower than that of 
hydrogen) which results in the boron‐bound hydrogens having hydridic character 
(Figure  1.6.2b) [33,34]. Dihydrogen bonds are of high importance for boron clusters 
since all aliphatic hydrogens in biomolecules carry partial positive charge [18]. Even the 
nonpolar C–H groups of benzene engage in C–H∙∙∙H–B type of dihydrogen bonds with 
heteroboranes [32].

Furthermore, substituted heteroboranes can form σ‐hole bondings such as halogen 
and chalcogen bonding (Figure  1.6.2c and 1.6.2d) [35–39]. These are interactions of 
quantum origin where the region of positive electrostatic potential (σ‐hole) on partially 
negatively charged halogen atoms interacts with the electron donor [40]. QM calcula-
tions suggested that neutral carboranes halogenated on carbon vertices had highly 
positive σ‐holes and were predicted to form strong halogen bonds [36,37]. Highly posi-
tive σ‐holes were computed for heteroboranes with chalcogen and pnictogen atoms 
incorporated into boron clusters [37]. We have recently demonstrated the dominant 
role of chalcogen and halogen bonding in crystal packing of phenyl‐substituted thiabo-
rane and brominated carboranes, respectively [38,39]. σ‐Hole interactions of 
heteroboranes might also be employed in drug design.

2.30 Å

(a)

2.80 Å

(c)

3.12 Å

(d)

2.25 Å
–0.15

–0.15

+0.34

+0.34
2.27 Å

(b)

Figure 1.6.2 Model systems of protein–heteroborane interactions. (a) C–H···π. (b) Dihydrogen 
bonding. (c) Halogen bonding (Br···O). (d) Chalcogen bonding (S···π). Black: carbon; white: hydrogen; 
yellow: sulfur; pink: boron; green: bromine. Distances in Å. Partial charges in e.



Quantum Mechanical and Molecular Mechanical Calculations 129

1.6.3  Computational Methods

To describe reliably noncovalent interactions and understand their geometrical and 
energetical characteristics, we must use advanced QM methods, which are, however, 
prohibitively costly for more than a few hundreds of atoms. Therefore, the interactions 
of interest are usually studied in small model systems in vacuum. To capture the behav-
ior in protein binding sites, including the physiological environment, we must resort to 
more approximate methods to increase the computational efficiency.

1.6.3.1 Advanced Methods for Models Systems in Vacuum

Second‐order Møller–Plesset (MP2) and density functional theory (DFT) are the most 
widely used QM methods for various types of calculations that involve boron clusters 
[17]. MP2 covers large portions of correlation energy (both intra‐ and intermolecular) 
and was very successful for H‐bonded small model complexes, while it had problems 
with large stacked aromatic complexes or when transition metals were present. Thus, in 
the case of larger metallaboranes, the choice of basis set for MP2 is crucial even for 
geometry optimization since timing and basis set superposition error start to play 
important roles. In contrast, DFT methods are much better suited for the calculations 
of metallaboranes, although they cover only part of intramolecular correlation energy. 
DFT methods reliably reproduce the geometries of studied molecules but do not 
describe reliably noncovalent interactions of boron clusters.

A quantitative description of σ‐hole bonding, dihydrogen bonding, and stacking 
interactions is very demanding, as London dispersion energy plays an important role. 
Dispersion is a nonlocal correlation effect that is not described at the DFT level of the-
ory. One of the most successful approaches to overcome this drawback of DFT is the 
addition of an empirical dispersion correction (D) [41,42] to the plain DFT results. It 
was shown for several DFT‐D methods that they provided stabilization energies with 
respect to the “golden standard” CCSD(T)/CBS reference values [43] with an error of 
about 10% [44,45]. The performance of the dispersion parameters for boron was 
checked by computing benchmark CCSD(T)/CBS interaction energies for σ‐hole inter-
actions of heteroboranes [37]. The DFT‐D3 values at the TPSS/TZVPP level had a root 
mean square error (RMSE) of 0.43 kcal/mol, which is 9.5%. This suggests that D3 
parameters for boron are reliable, which makes DFT‐D3 methods very useful tools for 
various types of applications. When the size of the studied systems requires smaller 
basis sets, we recommend using the DFT‐D3 method at the BLYP/DZVP level [39], 
which has an acceptable RMSE of 1.08 kcal/mol for σ‐hole interactions of heterobo-
ranes. For comparison, the BLYP/SVP functional/basis set combination has comparable 
time requirements but a considerably bigger RMSE of 1.70 kcal/mol.

1.6.3.2 Approximate Methods for Extended Systems Including the Environment

To be able to treat noncovalent interactions in larger parts of the protein binding sites, 
several alternative approaches have been developed. One is the use of fragmentation 
[46,47], another comprises hybrid QM/MM methods [48] and yet another uses sem-
iempirical QM (SQM) methods [5]. Besides that, the effect of the surrounding solvent 
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and ions needs to be taken into account using explicit (all‐atom) or implicit (contin-
uum) models. The ligand’s pKa values sometimes need to be considered, especially 
when they change upon binding to the protein.

1.6.3.2.1 SQM Methods
The increase in efficiency of SQM methods is obtained by reducing the number of two‐
electron integrals, thus limiting calculations to valence electrons only and considering 
only a subminimal basis set. Therefore, SQM methods augmented with linear-scaling 
algorithms are able to treat up to 10,000 atoms in a reasonable time [49]. The accuracy of 
the description of noncovalent interactions is, however, compromised. We have over-
come this limitation by a careful and systematic parametrization of empirical corrections 
for SQM methods using comparison to benchmark data in databases of noncovalent 
interactions of model systems [43]. The resulting PM6 method with the D3H4X correc-
tions quantitatively describes dispersion, hydrogen, and halogen bonding [50–52], and 
can thus be used for many difficult cases in computational drug design [5–7]. The SQM 
treatment provides a natural description of QM effects that are difficult to describe with 
MM force fields. At the same time, SQM methods are efficient enough for fast calcula-
tions of systems with thousands of atoms. We have successfully used it for the ranking 
and scoring of protein–ligand complexes [4,5,53]. In these cases, however, the ligands 
were organic molecules. When applied to interactions of boron clusters, large errors were 
observed. One of the reasons is that the PM6 method predicts inversed partial charges on 
B and H atoms. We are currently working on reparametrization of boron in the PM6 
method to correct this problem. Preliminary results show that the partial charges can be 
corrected, and accuracy of description of noncovalent interactions significantly improves.

Another efficient SQM method applicable to this type of treatment is the self‐consist-
ent‐charge tight binding (SCC‐DF‐TB) method [54]. The method is less empirical than 
other SQM methods, including PM6, and thus provides more reliable results even for 
difficult systems (e.g., metalloproteins). The parameter set needed for working with 
boron compounds is, however, still in development, but the preliminary results are 
encouraging.

To conclude, although SQM methods with empirical corrections are a useful tool in 
computational drug design, at present, no SQM methods are readily applicable to boron 
cluster interactions. Our preliminary data, however, show that both PM6 and SCC‐DF‐
TB can be extended to make these calculations fast and reliable.

1.6.3.2.2 MM Methods
MM methods require parameters for electrostatics (atomic partial charges) and van der 
Waals interactions (σ and ε Lennard–Jones parameters). These are stored in a force 
field and have been developed and extensively tested for biomolecules [55] and organic 
ligands [56]. However, for other molecules, only generic parameters are available in the 
universal force field (UFF) [57], where the accuracy, by definition, cannot be as high. 
Although the methods for force‐field parameter derivation are known, caution has to be 
exercised for boron clusters. Partial atomic charges are derived from QM calculations. 
Restrained fit to the electrostatic potential (RESP) method [58] correctly gives a slightly 
negative charge on boron‐bound hydrogens [18,59,60]. However, when different QM 
setups are used, such as natural population analysis (NPA), inverse charges are obtained, 
which is inconsistent with their dihydrogen bonding [18]. Lennard–Jones parameters 
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can either be taken from the UFF, to generate structures to be recalculated by QM [18], 
or optimized to fit experimental logP data [60].

1.6.3.2.3 Solvation and Ion Models
Besides the protein–ligand noncovalent interactions, the effect of the solvent (includ-
ing the ions surrounding the protein and the ligand) needs to be taken into account. 
Molecular dynamics (MD)‐based free‐energy simulations with explicit solvent mole-
cules and ions can be used to obtain accurate values of solvation energies of organic 
ligands [61]. MD was also used to study logPow [60] and surfactant behavior of boron 
clusters [59]. However, apart from issues with boron cluster parametrization dis-
cussed above [60], the limitation of such approaches may be incomplete sampling. 
This drawback is overcome in implicit solvent models that are about one order of 
magnitude faster [62–64]. The accuracy of implicit solvent models depends on the 
method: QM‐based models, such as COSMO [65] or SMD [62], are more reliable than 
MM‐based models, such as generalized Born (GB) [62] or Poisson–Boltzmann (PB), 
as we and others found for sets of organic molecules [66,67]. The implicit solvent 
models were parameterized and validated on experimental solvation free energies, 
partition coefficients, or other macroscopic properties of simple organic compounds 
and ions [62,65]. Such experimental data are, however, very rare for boron clusters 
[60]. This situation hinders a reliable validation of the accuracy and performance of 
implicit solvent models for substituted boron clusters. Another way of comparing the 
calculated solvation free energies with experimental data is by using dissolution free 
energies. However, that situation is complicated by the problem of accurately evaluat-
ing lattice energies [68].

1.6.3.2.4 pKa Calculations
Protonation/deprotonation phenomena upon ligand binding can influence the free 
energies substantially [69]. To determine the prevalent ligand protonation state and its 
change upon binding is thus important. The effects can be direct, such as a functional 
group protonation, or indirect, such as influence of one functional group on the pKa of 
a neighboring group. The approach to evaluating pKa’s consists of (1) calculating the 
gas‐phase acidity [70] and (2) assessing the solvation effect by use of explicit or implicit 
solvent models. The lack of reference for the solvation free energies of boron clusters 
mentioned in this chapter can lead to quite poor pKa predictions [71].

1.6.3.2.5 Docking and Scoring
Docking based on the geometric matching between the ligand and the protein can give 
some insights into boron cluster binding possibilities [16]. However, for scoring, all the 
problems with boron clusters, MM, and implicit solvation are present, and the results 
need to be validated by experiments or QM calculations.

1.6.4  Boron Cluster Interactions with Proteins

The major source of geometries of protein–heteroborane complexes is X‐ray crystal-
lography. However, the structural data in this area are scarce with only a handful of 
examples. Although the experimental insight into the binding modes is invaluable, most 
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of these data require further computational refinement to understand the structural 
and energetical determinants of binding.

The very first crystal structure of a protein–heteroborane complex was that of HIV-1 
protease (HIV PR) with anionic COSAN metallacarborane [72]. The binding mode was 
surprising as two COSAN molecules bound asymmetrically to the C2v symmetrical 
HIV PR dimer. Moreover, two HIV PR dimers were arranged in a tetramer in which the 
pair of COSAN molecules was in close contact with the other COSAN pair from the 
other PR dimer (Figure 1.6.3a). It thus became evident why previous docking could not 
have succeeded in binding geometry predictions (M. Lepšík, unpublished results). But 
even having the X‐ray structure was not sufficient to understand the binding mode in 
atomistic detail, as carbon and boron atoms were indistinguishable. Our task was thus 
to evaluate the energies of circa 400,000 possible rotamer combinations of bound 
COSAN molecules. Although this task was beyond the capabilities of a brute‐force 
QM approach, we succeeded in overcoming this by fragmentation and DFT‐D QM/
MM optimizations and identified 81 rotamer combinations with favorable energies. 
They were partially defined by the closeness of the Na+ counterion, which was found to 
be important in stabilizing the inhibitors (Figure 1.6.3a) [73]. This computational setup 
paved the way for a further study in which we rationalized the favorable profile of car-
boranes against resistance [74]. The HIV PR–COSAN crystal structure pointed to the 
design of more potent compounds. Linking the two COSAN cages by linker led to a 
more potent inhibitor (GB80). The crystal structure of the HIV PR–GB80 complex 
showed that, unlike in the previous crystal structure (Figure 1.6.3a), the two COSAN 
cages bound symmetrically within the symmetrical HIV PR dimer (Figure 1.6.3b) [75]. The 
flexible organic linker connecting the two COSAN cages could not be observed in the 
crystallographic data due to its flexibility and had to be modeled by MD, allowing the 
COSAN cages to rotate. The stabilization energies were subsequently calculated with 
the QM/MM approach and yielded five nearly isoenergetic conformers of the linker 
(Figure 1.6.3b) [75].

The second protein–heteroborane crystal structure was that of dihydrofolate reduc-
tase (DHFR) with a carborane‐based trimethoprim analog [76]. The crystallographic 
data was of such a high quality that they allowed the authors to identify the single rota-
mer out of the possible five that were present. QM calculations somewhat vaguely 
concluded that electrostatic interactions played an important role, without specifying 
any details [76]. We assume that QM‐based scoring could shed more light on the nature 
of the carborane–DHFR interactions.

Human carbonic anhydrase II (hCAII) was another enzyme whose crystal struc-
tures in complex with carborane‐based sulfamide inhibitors were obtained 
(Figure 1.6.4) [77,78]. Even though the binding of these inhibitors is mainly driven via 
the sulfamide interaction with the Zn2+ ion of the enzyme, we found by QM calcula-
tions that the carborane parts of the inhibitors had different natures of binding [79]. 
One contained neutral 1,2‐dicarba‐closo‐dodecaborane, and the second a negatively 
charged 7,8‐nido‐dicarbaundecaborante cage (i.e., one BH vertex was missing from 
the closed cage). The binding of the nido cage was driven by electrostatics. It also 
formed strong dihydrogen bonds. The most significant was the interaction with the 
NH2 group of Asn67 (Figure 1.6.4b). The energy of this N–H∙∙∙H–B dihydrogen bond 
was computed to be about −4.2 kcal/mol, and the H∙∙∙H distance was as short as 1.7 Å. 
On the other side, the binding of the neutral closo cage was mainly driven by 
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dispersion, and it only formed weak dihydrogen bonds (H∙∙∙H distance over 2.2 Å) 
with nonpolar C–H groups of the protein. Even though the closo cage had weaker 
individual noncovalent binding interactions, it had bigger overall binding affinity due 
to the lower desolvation penalty [79]. Furthermore, the indirect effect of the carbo-
rane cage on the pKa of the sulfamide group was assessed by a QM‐based implicit 
solvent COSMO‐RS model. The calculated values were in the range of 8–9, compa-
rable with electron‐withdrawing phenyl substituents. It thus suggested that the 
electron‐deficient cages have a similar effect, thus contributing to the potency of the 
carborane‐based inhibitors [79].

(a)

(b)

Figure 1.6.3 (a) Four COSAN molecules in the active site of HIV PR (gray ribbon) [73]. (b) Five low‐
energy conformers of a dual‐COSAN inhibitor (GB80) in HIV PR obtained by MD and QM/MM 
calculations [75]. Yellow spheres: Co3+; blue spheres: Na+; gray/black: carbon; pink: boron; blue: 
nitrogen. Hydrogen atoms are omitted for clarity.
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Such knowledge about the different nature of binding of heteroborane cages was 
further utilized in rational design of inhibitors selective toward the cancer‐specific 
human carbonic anhydrase IX (hCAIX) isoenzyme [78]. We modeled the binding of a 
neutral 1,2‐dicarba‐closo‐dodecaborane compound into a CAIX isoenzyme that dif-
fers from CAII in the shape of the active‐site cavity caused by variations of six amino 
acids. We showed the different positions of the closo‐cage in hCAII and hCAIX. The 
interacting contributions of all important amino acids in the opposite site of the 
hCAIX active site were determined by virtual glycine scan and compared with those 
of hCAII.

Decade‐long research on carboranes modifying steroid hormones yielded active 
ligands for a dozen targets (reviewed in Ref. [14]). The only experimental binding 
mode determination was for a vitamin D receptor with a nonsecosteroidal ligand 
with a p‐carborane core. The authors claimed to “directly observe hydrophobic 
interaction” with nonpolar amino acids without supplying further details [80]. We 
consider this term unfortunate because it can confuse dispersion interactions (the 
authors seem to have meant this) and entropy‐driven hydrophobic effects [81]. 
While the former can be addressed by QM calculations of interaction energies 
and  by evaluating the dispersion contributions for individual amino acids, the 
 latter needs to include the solvation, at least by implicit methods or, better yet, by 
explicit ones.

Recently, structural insights have been obtained for carborane‐substituted 
 nonsteroidal anti‐inflammatory drug (NSAID) indomethacin in complex with COX‐2 
enzyme [82]. The nido‐carborane binds in a hydrophobic region of the enzyme. The 
crystallographic data did not allow the authors to distinguish boron and carbon atoms, 
and thus they modeled the nido‐carborane compound as two enantiomers. Using dock-
ing and DFT calculations, they attempted to evaluate their binding free energy, but the 
results were rather inconclusive.

nido-cage

(b)(a)

Asn 67

1.7 Å

Figure 1.6.4 (a) An overlay of hCAII–inhibitor QM/MM optimized structures. The nido and closo 
carborane cages of the inhibitor are in magenta and pink, respectively. (b) Dihydrogen bonding in the 
hCAII–inhibitor complex.



Quantum Mechanical and Molecular Mechanical Calculations 135

1.6.5  Conclusions

In this chapter, we have reviewed the current status of structure‐based computer‐aided 
drug design of boron cluster–containing protein ligands. The main problem concerns a 
reliable description of the unusual electronic structure of electron‐deficient boron clus-
ters, including the hydridic character of boron‐bound hydrogens, caused by the low 
electronegativity of boron. Today’s software codes for docking/scoring also approxi-
mate semi‐empirical QM methods but do not describe these inherently quantum 
phenomena. The solution that we advocate starts with the use of high‐level QM meth-
ods on model systems. These offer a quantitative description of the wide array of the 
unique heteroborane noncovalent interactions, such as dihydrogen bonding and σ‐hole 
bonding. Besides enabling us to understand the nature of these nonclassical noncova-
lent interactions of heteroboranes, these results can serve for parametrization of 
approximate semi‐empirical QM methods as well as MM and docking/scoring 
approaches. Such fast methods are needed for the inclusion of larger portions of protein 
active sites and their dynamics and for predicting protein–heteroborane binding modes.

The few available crystallographic structures of protein–heteroborane complexes 
lent themselves to QM calculations that, in some instances, shed light on the nature of 
heteroborane binding and refined the details of their binding modes. With the rapid 
development of QM methods, we bear a strong hope that in the near future, the field 
of computer‐aided boron cluster drug design will come of age and offer reliable 
descriptions of geometries and affinities of protein–heteroborane complexes in the 
prospective mode.

In the end, it is worth noting that boron is a “drug‐compatible element.” It is a con-
stituent of several medicaments, both organic (bortezomib against cancer, or tavaborole 
as an antimycotic) and inorganic (mercaptoundecahydrododecaborate and BSH for 
boron neutron capture therapy). The extremely low abundance of boron in human 
bodies (0.00001% lower than that of N, C, O, and H) means that no human enzymes 
have evolved to process boron‐containing compounds in the human body – they are 
catabolically stable. Similarly, no appreciable binding of boron clusters to human pro-
teins renders them nontoxic to humans. In conclusion, the favorable marriage of 
properties of boron and the development of QM methods gives promise that new 
potent and specific heteroborane‐based protein ligands will in the near future turn into 
boron‐based drugs.
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2.1

Dedicated to Professor M. Frederick Hawthorne

2.1.1  Introduction

Closomers are discrete spherical molecules with unique structural features. A closomer 
structure consists of an icosahedral polyhedral borane cluster core from which up to 
12 radial arms carrying desired functionalities radiate outward. Closomers are similar 
to dendrimers in a few aspects but have some major differences. Dendrimers are highly 
branched, star‐shaped molecules with a higher internal volume, while closomers tend 
to be more compact and rigid structures with a higher symmetry.

The chemical basis for the closomer structure is the discovery of hydroxylation of 
all 12 B–H vertices of the icosahedral polyhedral borane [closo‐B12H12]2− with 
30%  hydrogen peroxide to give the closo‐dodecahydroxy‐dodecaborate [closo‐
B12(OH)12]2−, 1, in near‐quantitative yield [1]. The reactivity of 12 B–OH groups in 1 
is similar to a typical hydroxyl group of an alcohol, thus facilitating 1 to become a 
molecular scaffold where each of the 12 OH groups is conjugated to a substituent 
radial arm with desired pendant groups at generation zero. As a result, 12‐fold ether, 
ester, carbonate, and carbamate closomer structures with diverse functionalities are 
currently available [1–10].

Recently, there has been renewed interest in combining the tissue specificity of tar‑
geting vectors, such as antibodies or peptides, with both diagnostic and therapeutic 
agents. Among a number of viable options, coupling targeting vectors to nanoparticle 
drug delivery platforms while simultaneously delivering a payload of both diagnostic 
and therapeutic agents has gained interest. Modifications of nanocarriers, such 
as liposomes, polymeric and metallic nanoparticles, micelles, and dendrimers, are nor‑
mally used to enhance the delivery of such payloads [11,12]. Some of the modifications 
include increasing the stability and the ability to respond to local pathological stimuli 
such as pH and temperature changes. Closomers, with their ability to modify all 
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12  boron vertices, can be an attractive alternative to deliver a variety of biologically 
active agents. Additionally, the ability to selectively differentiate one vertex of the 
 icosahedral core from the other 11 vertices allows attachment of multifunctional 
 payloads. Closomer‐based monodisperse multifunctional delivery systems are notably 
distinguishable from other drug delivery platforms. Although most nanoparticle 
 formulations contain mixtures of sizes, shapes, and compositions, closomers are 
 discrete molecules with precise structures. This uniform structure should be advanta‑
geous in biological applications because variations in structure might lead to inconsistent 
activity and side effects, such as immune reactions.

Figure  2.1.1 shows an example of 12‐fold closomer species with various closomer 
components, a fluorescent dansyl payload anchored to the B12

−2 core through a trieth‑
ylene glycol linker. The synthesis of such closomers is described further in Scheme 2.1.1.
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Figure 2.1.1 A representative closomer structure with 12 copies of the dansyl payload.
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2.1.2  Synthesis and Chemistry of [closo‐B12H12]2−

After the discovery of the icosahedral dodecahydro‐closo‐dodecaborate anion [closo‐
B12H12]2− by Hawthorne et al. in 1960 [13], it has continued to fascinate researchers 
with its chemical properties and derivative chemistry. Currently, there are a number of 
methods to synthesize [closo‐B12H12]2− [14,15], most popular being the pyrolysis of tri‑
methylamine‐borane with decaborane(14) in ultrasene at 190 °C [14,16]. Another 
convenient method for laboratory synthesis is the reaction of sodium borohydride with 
decaborane(14) in refluxing diglyme [17,18]. The [closo‐B12H12]2− is a very stable anion. 
It is stable to strong acids and bases, and it does not react with aqueous sodium hydrox‑
ide or with 3 N hydrochloric acid at 95 °C. The cesium salt is stable up to 810 °C in an 
evacuated quartz tube [19]. The remarkable stability is due to the three‐dimensional 
aromatic bonding in cage boron atoms [20,21]. The Na2‐[closo‐B12H12] is nontoxic in 
rats with an LD50 of 7.5 g/kg body weight [22].

The substitution of hydrogen by electrophiles is a common reaction in the BH verti‑
ces in polyhedral boranes and carboranes. For example, the halogenation of icosahedral 
[closo‐B12H12]2− proceeds readily, giving [closo‐B12X12]−2 (X: Cl, Br, and I) ions [23]. 
Other electrophiles have been successfully explored, although the introduction of 12 
substituents on the icosahedral surface is rarely observed. The past chemistry of [closo‐
B12H12]−2 has been extensively covered in a number of reviews. One of the earlier 
reviews on polyhedral boranes was published in 1968 in the form of a book by 
Muetterties and Knoth [24]. More recently, a couple of excellent reviews on polyhedral 
borane describe the synthesis of [closo‐B12H12]−2, its derivative chemistry, and its 
 applications in great detail [25–27]. This chapter will focus on the chemistry of its 
dodecahydroxy derivative, [closo‐B12(OH)12]2−.

2.1.3  Hydroxylation of [closo‐B12H12]2−

The initial synthesis of monohydroxy derivative 2 was accomplished by refluxing [closo‐
B12H12]2− anion with 2‐propanol in acidic condition followed by acid hydrolysis with 
concentrated hydrobromic acid [28]. Later, a number of approaches toward mono‐ and 
dihydroxy derivative were described [27,29–31]. Among these approaches, the reac‑
tions of Cs2[closo‐B12H12] with the concentrated aqueous solutions of H2SO4 at elevated 

2–
2–

OH 12 O
12

1 6
= B

O

O O

O

N
H 12

7

2–

Cl
(i) (ii)

H
N

S
O O

N

O
O

O

N
H

3

Scheme 2.1.1 Carbamate closomer synthesis. (i) m‐Cl‐Ph‐OC(O)Cl (fivefold excess per vertex), pyridine 
(fivefold excess), acetonitrile, reflux; (ii) NH2‐(CH2)2(CH2O)3OC(O)NH(CH2)2NH‐Dansyl, DMF, RT.
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temperatures and varied periods of time provide the monohydroxy, 2; 1,7‐dihydroxy, 3; 
1,7,9‐trihydroxy, 4; and 1,2,8,10‐tetrahydroxy, 5, derivatives (Figure 2.1.2) [32].

The synthesis of the closo‐dodecahydroxy [closo‐B12(OH)12]2 ion, 1, though, required 
a stronger reagent. The synthesis of 1 was ultimately achieved by a reaction of Cs2B12H12 
with 30% hydrogen peroxide at the reflux temperature (approximately 105 °C). After 
several days, the reaction mixture provided dicesium 1 in a 95% yield [1,9]. Purification 
was achieved by recrystallization with hot water.

2.1.4  Ether and Ester Closomers

The reaction of 1 with the carboxylic acid anhydrides or acyl and aroyl halides in the 
presence of a tertiary amine provided the corresponding dodecacarboxylate esters in 
moderate yields [6,8]. The reaction time ranged from one day to more than a week, 
depending on the reaction conditions and reagents. The esterification reactions were 
monitored by observing the 11B NMR (nuclear magnetic resonance) spectrum of a sam‑
ple of the reaction mixture. The completion of the reaction was indicated by the 
appearance of a single sharp resonance arising from 12 equivalent B‐vertices. The prod‑
ucts were purified by column chromatography using a suitable closomer salt, which was 
soluble in the organic solvents after removing excess acylation reagents with a reactive 
amine resin [6]. Characterization was achieved by 1H and 11B NMR spectra, mass spec‑
trometry, and X‐ray diffraction studies. An example of a 12‐fold ester closomer, 
[closo‐B12(OCOCH3)12]2−, with 12 acetoxy groups is shown in Figure 2.1.3. Similarly, a 
reaction of 1 with alkyl and aralkyl halides produced 12‐fold ether closomers [2,33]. 
These ether closomers have unique redox properties [33,34], which enable them to exist 
in 26‐electron dianionic, 25‐electron radical monoanionic, and 24‐electron diamag‑
netic neutral species. The interesting electron‐deficient radical monoanionic species 
is  purple in color, while the diamagnetic neutral species is yellow. These electron‐ 
deficient radical anionic and diamagnetic closomers are designated as hypercloso 
clusters. They are partly stabilized by back‐bonding of 12 ether substituents to the elec‑
tron‐deficient B12 cage [2,35]. One such example, [hypercloso‐B12(OBn)12], is shown in 
Figure 2.1.3. The single crystal X‐ray diffraction studies of dodecabenzyl ether systems 
provide fascinating insight into the bonding characteristic of cage boron atoms in 
hypercloso clusters. The dianionic [closo‐B12(OBn)12]2− and radical anionic species 
[closo‐B12(OBn)12]1− have Ih symmetry, while the neutral hypercloso‐B12(OBn)12 have a 
D3d symmetry due to Jahn–Teller distortion [36]. As a result, the B–B distance in the 
cage boron atoms of two triangular faces facing each other is longer than the corre‑
sponding B–B distance of the dianionic species. In contrast, the B–O bond lengths 
associated with oxygen atoms attached to these six boron atoms are shortened 
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Figure 2.1.2 Various hydroxy closo‐dodecaborate anions.
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compared to those observed in the dianionic species. This can be attributed to the back‐
bonding of the ether oxygen electron to the electron‐deficient B12 cage. The fascinating 
redox properties of the ether closomers can be exploited for biochemical purposes [34].

The chemistry of ether closomers was recently expanded by constructing a PAMAM‐
type dendritic closomer [37]. This monodisperse dendritic closomer was comparable in 
size, weight, and number of terminal groups to a fourth‐generation PAMAM dendrimer 
[38]. This closomer was able to form a stable complex with doxorubicin, a chemothera‑
peutic agent, although the encapsulation efficiency was slightly less than that of the 
conventional G4 PAMAM dendrimer. This can be attributed to the compactness 
and  rigidity of closomers, which result in lower internal volume available for drug 
encapsulation.

2.1.5  Carbonate and Carbamate Closomers

The use of carboxylic acid ester derivatives as practical closomer radial arms involves 
several obstacles; most notably, the isolation and purification procedures for dian‑
ionic closomer ester products have been achieved in the presence of excess acylation 
reagents (three‐ to fivefold excess per vertex). Among the various methods that are 
available for the synthesis of 12‐fold ester closomers, using acid anhydride resulted in 
virtually no formation of side products, and the 12‐fold esters were relatively easy to 
isolate and purify [6]. Although the synthesis of 12‐fold ester closomers with short‐
chain radial was standardized, there remained a need for a convenient and efficient 
process to synthesize multigram quantities of closomers with functional radial arms. 
In this regard, the reaction of 1 with an excess of substituted phenyl chloroformates 
provided the corresponding carbonates in high yields [5]. One such example is shown 

[closo-B12(OCOCH3)12]2–

(a) (b)

hypercloso-B12(OCH2Ph)12

Figure 2.1.3 Solid‐state structures of (a) closo dodecaacetate ester closomer and (b) hypercloso 
dodecabenzyl ether closomer; the B–B bonds shown in red are elongated due to Jahn–Teller distortion.
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in Scheme 2.1.1. The reaction of 1 with m‐chlorophenyl chloroformate gave the car‑
bonate 6 in approximately 70% yield. Compared to the ester closomer synthesis using 
acid chlorides and anhydrides, the synthesis of 6 shown in Scheme  2.1.1 required 
approximately 24 h of reflux to achieve the 12‐fold carbonate closomer in a yield of 
approximately 70%. Typical purification involves selective crystallization of the prod‑
uct from the excess chloroformate used in the reaction, followed by column 
chromatography on alumina. Further reaction of the 12‐fold carbonate closomer 6 
with 60 mole equivalents of a primary amine resulted in 12‐fold carbamate closomers 
in excellent yields.

The reaction of 6 with 60 moles excess of the primary amine containing a fluorescent 
dansyl group gave the corresponding carbamate 7 in 82% yield. A number of carbamate 
closomers containing a variety of functional groups, such as − COOR (R: protecting 
group), −NH2R (R: protecting group), −N3, and − alkyne, were synthesized in yields 
ranging from 70 to 80% [5]. The ability to synthesize carbamate closomer species on a 
large scale with a high yield has greatly increased the attractiveness of the closomer 
platform for drug delivery purposes.

2.1.6  Azido Closomers

Since its discovery in 2001 by Sharpless and coworkers [39], the Cu(I)‐catalyzed [3 + 2] 
cyclo‐addition of an alkyne and an azide to generate five‐membered 1,2,3‐triazole rings, 
coined “click chemistry,” has found immense applications in the design of dendrimers, 
polymers, and other molecules, with applications in the material sciences and biology 
[40]. These reactions are both regio‐ and chemoselective and provide an opportunity to 
design specific macromolecular structures with a 1,2,3‐triazole ring. The triazole ring 
has the inherent advantage of being stable toward hydrolytic cleavage compared to the 
peptide linkage [41].

Blending the click chemistry module with the existing closomer chemistry offers 
immense opportunities for the formation of novel drug molecules and imaging entities. 
The 12‐fold azido ester substituted closomers, which were synthesized using the route 
shown in Scheme  2.1.2, were further reacted with a functionalized terminal alkyne 
 moiety to generate 12‐fold 1,2,3‐triazole rings attached to the parent B12

2− scaffold. The 
synthetic route provided a mild, stereospecific, highly efficient, and environmentally 
friendly procedure for synthesizing highly functional closomer entities [3,5].

This chemistry was exploited in the development of the high‐performance multi‑
nuclear T1 Gd(III)‐based magnetic resonance (MR) contrast agent 11, shown in 
Scheme 2.1.2, in which two 12‐fold DTTA‐Gd(III) linked closomers were synthesized 
by convergent methods [42]. The functionalization of the closomer B12

2− core was 
achieved by reacting 1 with a chloroacetic anhydride to provide the chloro terminated 
closomer 8. This closomer was then reacted with sodium azide to provide the corre‑
sponding azide 9 in a good yield. The DTTA fragment 10 was synthesized in a multistep 
synthesis by bis‐alkylation of NH2 terminated alkynyl triethylene glycol. Using Sharpless 
click chemistry, the CuI mediated conjugation of 10 with 9 and the further deprotection 
of the tbutyl groups followed by Gd complexation provided the final closomer MR con‑
trast agent 11 in a good yield. This high‐performance magnetic resonance image (MRI) 
contrast agent was water‐soluble and carried 12 Gd3+ ions, which were chelated tightly 
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in a sterically confined space. This unique configuration resulted in an exceptionally 
high per Gd3+ relaxivity value of 13.8 mM−1s−1 compared to the clinically used contrast 
agent, Omniscan (4.2 mM−1s−1). The in vivo contrast image study of 11 in mice bearing 
human PC3 prostate cancer xenografts showed an enhanced contrast in tumors and 
kidneys compared to clinically used Omniscan, even at one‐seventh of the safe clinical 
dose of 0.04 mmol/kg, without any apparent toxicity. Interestingly, the contrast‐
enhancing effect of 11 persisted for more than one hour. This might be useful for 
increasing both the signal‐to‐noise ratio and/or the image resolution during MRI pro‑
cedures [42]. Later, this approach was adopted to attach 12 copies of Gd3+‐DOTA 
chelate to the B12

2− core [43].

2.1.7  Methods of Vertex Differentiation for Multifunctional 
Closomers

The syntheses of the above‐described closomers with 12 identical radial arms (also 
known as monomodal closomers) have greatly enhanced the understanding of the 
 synthesis, purification, and linker chain optimization. However, the utility of these 
monomodal closomer species is limited by their inability to carry more than a single 
type of passenger species. The ability to accommodate discrete numbers of two or 
more types of passenger species is required to build nanostructures with targeting and 
diagnostic and/or therapeutic payloads as a part of a single closomer package. Thus, 
methods for differentiating closomer vertices must be developed to attain the full use 
of the closomer structure. This can be achieved by differentiating a single vertex of 
the closomer B12

2− core prior to either global hydroxylation or selectively reacting one 
hydroxyl group in 1. One such approach is shown in Figure 2.1.4, where a branched 
linker arm or arms with different reactive end groups can be attached to the 
bi‑vertex‐differentiated B12

2− core.

2.1.7.1 Vertex Differentiation by Selective Derivatization of [closo‐B12(OH)12]2−, 1

This method involves the reaction of 1 with one mole equivalent of alkyl or aralalkyl hal‑
ide to provide a monoether substituted closomer, such as 14, as shown in Scheme 2.1.3. 
The chemistry of ether‐based linkages in vertex‐differentiated closomers was derived 
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from the well‐studied dodecaether chemistry [2,34]. Ether closomers are readily formed 
by reacting 1 with alkyl, aralkyl halides, and tosylates in the presence of a sterically hin‑
dered tertiary amine. Polyethylene glycol (PEG) bromide as a source of alkyl halide 
provides monoether 14, which is shown in Scheme 2.1.3, in a moderate yield of 35%. 
The type of PEG linker that is chosen depends on the desired use of the terminal  func‑
tionality. Readily available groups include –OH, −NH2, −COOH, and –N3. For example, 
the commercially available azido octaethylene glycol 12 was treated with N‐bromosuc‑
cinimide in the presence of N,N‐diisopropylcarbodiimide and 1% CuBr to provide the 
corresponding bromo azide 13. The conjugation of 1 with 13 was carried out using a 
large excess of 1 to ensure the formation of a monopegelated closomer. After the reac‑
tion, the product 14 was purified by size exclusion chromatography. This monopegylated 
ether 14 could then be converted to a type 16 carbamate via intermediate carbonate 15. 
The azido function of the key bifunctional intermediate 15 can be used later in 
copper(I)‐catalyzed 1,3 dipolar cyclization (Sharpless click chemistry) or Staudinger 
ligation for peptide conjugation, or can be reduced to the free amine for further conjuga‑
tion to the desired biomolecule [44,45].

Based on this strategy, a targeted version of the Gd3+‐chelated closomer was synthe‑
sized, and the differentiation of a single vertex in the B12

2− cage was achieved by the 
monoetherification of a single B–OH vertex of [closo‐B12(OH)12]2− and the functionali‑
zation of the remaining 11 vertices to ester or carbonate groups [42,44]. This 
differentiated single vertex permitted the attachment of a αvβ3 integrin‐targeted cRGD 
peptide to the closo‐B12

2− core via a long PEG linker. The remaining 11 vertices carried 
11 Gd3+‐DOTA chelates through a PEG linker via carbamate linkages (Scheme 2.1.4). 
This unique MRI contrast agent, 19, exhibited a higher relaxivity per Gd than the com‑
mercially available small molecule contrast agent Omniscan in PBS at a field strength 
of 7 tesla. The in vitro cell‐binding experiments and in vivo MRI studies of tumor‐bear‑
ing mice demonstrated the ability of this closomer‐based contrast agent to selectively 
target αvβ3 integrin‐expressing cells. Binding studies showed that the Gd content was 
threefold higher in cells expressing the αvβ3 integrin receptors compared to that in cells 
in which the expression of this receptor was absent. Serial T1‐weighted MRI of mice 
possessing human PC3 prostate cancer xenografts showed that a higher and more 
 persistent contrast enhancement of tumors was achieved with the closomer contrast 
agent than that achieved with Omniscan. T1 relaxivity studies on these MRI contrast 
agents showed marked improvements in these species. These MRI closomer structures 
are nearly spherical and are equipped with rigid linker arms terminating with the para‑
magnetic Gd‐DOTA complex. The rigidity of these structures is hypothesized to reduce 
the rate of rotation, which will, in turn, favor increased relaxivity. The 12 Gd‐DOTA 
chelates at the termini of the linker arms should undergo a metal‐bound water exchange 
at a rate comparable to that of the parent Gd‐DOTA complex.

2.1.7.2 Vertex Differentiation by Functionalizing the B12
2− Core Prior 

to the Cage Hydroxylation

Although the monoether derivative of [closo‐B12(OH)12]2− shown in Scheme  2.1.3 is 
useful for the construction of targeted delivery systems, its synthesis and purification 
are tedious, and the yields are rather low at only 35% after multiple purifications by 
size‐exclusion chromatography steps [45]. Therefore, a more efficient and convenient 
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method for generating vertex‐differentiated closomers was investigated. First, it was 
necessary to identify a [closo‐B12H11(X)1]2− derivative capable of withstanding the harsh 
initial hydrogen peroxide treatment that is required for the conversion of the B–H 
 vertices of [closo‐B12H12]2− to the B–OH vertices of [closo‐B12(OH)12]2−.

One of the most promising candidates was the previously reported monosubstituted 
derivative [closo‐B12H11NH3]−, whose synthesis was first reported in 1964 [46]. The syn‑
thesis of [closo‐B12H11NH3]− is typically achieved by the reaction of [closo‐B12H12]2− with 
hydroxylamine‐O‐sulfonic acid. Under the conditions necessary for the hydroxylation 
of the B–H vertices, the amino group of [closo‐B12H11NH3]− is oxidized to form the 
nitro derivative [closo‐B12(OH)11 NO2]2−. The nitro group is then easily reduced to the 
amino form to permit further derivatization. This approach was exploited for the syn‑
thesis of a carboplatin–closomer drug delivery system, 28, for which 11 carboplatin 
prodrugs were conjugated to 11 vertices of the B12

2− core via carbamate linkages, and 
the remaining B–NH3 vertex was conjugated to a fluorescein molecule via an amide 
linkage (Scheme  2.1.5). The intranucleus localization of this fluorescein‐conjugated 
platinated closomer in A459 small‐cell lung cancer cells was confirmed by fluorescence 
microscopy. An in vitro MTT cytotoxicity assay of a non‐fluorescent analog of 28 
showed comparable activity to that of carboplatin against a platinum‐sensitive A459 
lung cancer cell line, but showed a marked enhancement when tested against a plati‑
num‐resistant SK‐OV‐3 ovarian cancer cell line [47].

The vertex differentiation strategy described in Scheme 2.1.5 can also be utilized to 
develop trifunctional closomer systems that are capable of carrying therapeutic, diag‑
nostic, and cell‐targeting functions.

The branched linker shown in Figure 2.1.4 is based on lysine, which has two amino 
groups with dissimilar reactivities that can be conjugated to different functionalities. 
Using this approach, the trifunctional closomer 31 was recently synthesized, in which 
11 copies of the chemotherapeutic drug chlorambucil were conjugated to the B12

2− core 
along with 11 copies of glucosamine, which targets the GLUT1 receptor and a lone fluo‑
rescent sulforhodamine‐B moiety (Scheme 2.1.6). Chlorambucil has poor bioavailability, 
low selectivity for DNA, and a relatively high drug clearance rate. Conjugation to nano‑
carriers, such as water‐soluble closomers, could increase its bioavailability, resulting in 
an enhanced efficacy.

The synthesis of the trifunctional closomer 31 shown in Scheme 2.1.6 was accomplished 
by converting the monodifferentiated closomer 14 (shown in Scheme 2.1.3) to the azido 
ester 29. It has 11 azido groups that are available for a click reaction and a lone sulforhoda‑
mine‐B fluorophore for a diagnostic function. This azido ester closomer was reacted with 
an excess of the lysine‐based branched linker 30 containing an alkyne end group. The 
lysine‐based branched linker 30 containing both the chlorambucil drug and the glucosa‑
mine group was synthesized off‐board using standard organic transformations and purified 
by standard separation techniques. The click reaction of the azido ester closomer 29 with 
linker 30 provided high yields of closomer 31. The purification of closomer 31 was achieved 
by size exclusion column chromatography on a lipophilic Sephadex LH‐20 column 
(GE Healthcare Life Sciences) and dialysis using a 3000 MW cutoff membrane. The purity 
was confirmed by size exclusion HPLC (high‐performance liquid chromatography). This 
trimodal closomer 31 has a mass of 12250 Daltons, is monodisperse, and is one of the first 
examples of a closomer system in which all three therapeutic, diagnostic, and targeting 
functions assembled on the B12

2− core in a precise manner [48].
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The cytotoxic effect of the trifunctional chlorambucil–closomer 31 (CDDS‐31) was 
tested in Jurkat cells, a human T‐cell leukemia cell line, using the MTT assay. CDDS‐31 
significantly inhibited the proliferation of the Jurkat cells by more than tenfold of that 
observed in free CLB. Several research groups have shown that increasing the number 
of glucosamine units per molecule increases the uptake of the therapeutic agent to the 
tumor tissue [49]. The closomer delivery system is uniquely suited to carry multiple 
copies of glucosamine to increase the cellular uptake of payloads.

2.1.8  Conclusions

Closomers are unique monodisperse nanomolecular species that are capable of carry‑
ing a number of payloads. The broad‐ranging derivative chemistry of 12 hydroxyl 
groups of [closo‐B12(OH)12]2− that results in 12‐fold ether, ester, carbonate, and carba‑
mate derivatives is useful in the closomer synthesis aimed toward particular application. 
Other notable advantages include the compact and globular structure, a precise syn‑
thetic approach providing a very high structural control, a spherical shape with variable 
polyvalences, a high organic and aqueous solubility as desired, and a noncrystalline 
nature. These advantages will translate into a higher loading of payload per closomer 
unit with a high degree of bioavailability, increased therapeutic efficacy, and reduced 
clearance through the reticular endothelial system.
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2.2

2.2.1  Introduction

Boron‐containing compounds are rarely seen in nature, but they can be synthesized in 
the laboratory to create complex three‐dimensional structures of multiple boron atoms. 
These large boron hydrides, or boranes, can form polyhedral boron clusters, and among 
some of the most elaborate of these species are the metallabisdicarbollides, discovered 
by Hawthorne in 1965 [1]. In these, a transition metal, such as iron, nickel, or cobalt, is 
sandwiched between two anionic η5‐carboranyl ligands ([C2B9H11]2−) to produce 
 molecules with a net negative charge dispersed over the whole molecule (Figure 2.2.1a). 
Interestingly, their weakly polarized B–H and C–H bonds promote non‐electrostatic 
intermolecular interactions, making them simultaneously hydrophobic and 
 hydrophilic, and hence soluble in both water and oils. Recently, cobaltabisdicarbollide 
[3,3′‐Co(1,2‐C2B9H11)2]−, known as COSAN, has been shown to form monolayer 
 nanovesicles and membrane‐like structures in aqueous solution [2]. Here, we discuss 
how these artificial membranes form, what happens when they meet the lipid bilayer 
membranes commonly found in biology, and the consequences of these interactions 
for living cells.

Biological membranes are a defining feature of cells, and they create the barriers 
between intracellular compartments and the external environment. They form by the 
self‐assembly of lipid molecules into bilayers with their hydrophilic head groups facing 
the aqueous environment and a water‐free interior through interaction of their hydropho-
bic tails (Figure 2.2.1b) [3]. Biological membranes contain a diversity of different lipid 
components, which increase membrane complexity and modify the physicochemical 
membrane properties, such as membrane thickness, lateral diffusion rate, and curvature 
[4,5]. As bio‐membranes are effective barriers to movement of most molecules and ions, 
passage across them is generally controlled by transport and channel proteins, or by res-
culpting membranes via vesicle intermediates. As a consequence, a wide range of the 
proteins control molecular flux across bio‐membranes, resulting in an extensive capacity 
for selective exchange between different cell compartments or the external environment.
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2 School of Biosciences and Neuroscience and Mental Health Research Institute, Cardiff University, Cardiff, UK



Boron Compounds in Drug Delivery and Imaging160

These barrier properties create a problem for delivery of drugs and other biomole-
cules into cells. Artificial membranes and bilayer organic vesicles, known as liposomes, 
can be created from synthetic lipid molecules of similar amphiphilic structure, and are 
one means to promote drug delivery. Alternatively, bio‐membranes can be breached 
by disruption with surfactants, which again possess similar amphiphilic properties, 
creating nonselective biocides. However, neither of these approaches is without 
 problems. In this chapter, we describe the effects of the alternative membrane system 
formed from COSAN and its derivatives, examining the basis for its ability to form 
membranes, its unusual physicochemical properties, and its interactions with bio‐
membranes and living cells. These novel properties reveal an unexpected new biology 
at the dynamic interface between inorganic, synthetic membranes and naturally occur-
ring biological membranes.

2.2.2  A Synthetic Membrane System

Pioneering studies of Bauduin and coworkers [2] found that H[COSAN] forms 
 monolayer vesicles of 40–50 nm diameter and a constant wall thickness of 1.16 nm in 
the μM–18.6 mM range in water. Surface second harmonic generation (SHG) and sur-
face tension methods lead to the same conclusion about the molecular orientation of 
[COSAN]− anions at the water surface: COSAN forms monolayer vesicles with the 
COSAN orthogonally aligned to the plane of the vesicle membranes. In addition, small 
COSAN micelles of approximately 14 molecules can form at a much higher concentra-
tion of 18.6 mM [2,6]. In comparison to lipid bilayers, COSAN vesicles are about half 
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Figure 2.2.1 (a) Chemical structure of cobaltabisdicarbollide [3,3′‐Co(1,2‐C2B9H11)2] COSAN. (b) Scale 
diagram of COSAN. (c) A schematic lipid bilayer to show relative differences in membrane thickness.
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the size of the smallest liposomes, and their membranes are approximately 20% of the 
thickness (Figure 2.2.1b). These studies suggest that COSAN molecules align orthogo-
nally to the plane of the membrane, and must be held together by a balance between 
electrostatic and hydrophobic forces. The mechanism of self‐assembly appears to be 
very different from those of lipid bilayers. In general, self‐assembly of this nature is 
likely to arise through an enthalpy‐driven surface effect. One suggestion is that this 
arises by formation of B − H · · · H–C dihydrogen bonds [7]. However, a recent study has 
shown that the [B21H18]− anion that contains no C–H bonds also forms vesicles [8]. 
A detailed mechanism is still to be established, but appears to be related to molecular 
shape and size, which may exert their effects via changes to energetics of the local 
water molecules.

2.2.3  Crossing Lipid Bilayers

The interactions of COSAN with lipid bilayer membranes were initially investigated in 
cell‐free systems using synthetic membranes and monitoring their ability to interact 
and transit from one side of the membrane to the other (Figure 2.2.2a) [9]. Application 
of COSAN to one side of a membrane formed from the synthetic lipid 1,2‐dioleoyl‐sn‐
glycero‐3‐phosphocholine (DOPC) resulted in a steady negative ionic current across 
the membrane (Figure  2.2.2b). This occurs without application of a transmembrane 
voltage, indicating that COSAN directly crosses the membrane without a driving force. 
As membrane electrical capacitance stays constant throughout the measurements, the 
membrane remains intact and COSAN molecules pass through it without creating 
pores or membrane disruption. Neither lipid composition nor membrane electrostatic 
properties are major factors determining COSAN transport rate, and no significant dif-
ferences were seen for model membranes of neutral lipid composition that mimic either 
prokaryotic (1,2‐diphytanoyl‐sn‐glycero‐3‐phosphocholine [DPhPC]) or eukaryotic 
(DOPC) cell membranes. These electrophysiological measurements fit with the results 
seen for direct monitoring of COSAN translocation by inductively coupled plasma 
mass spectrometry (ICP‐MS; Figure  2.2.2c). As an anion, COSAN would not be 
expected to directly travel through a lipid bilayer due to its high Born energy, calculated 
as ~80 kJ/mol, or more than 30 kT [9], and it seems that its unusual combination of 
hydrophilic and lipophilic properties overcomes the energy barrier presented by lipid 
bilayers, enabling it to cross directly through lipid bilayer membranes. COSAN’s lipid 
bilayer transiting property occurs with zero‐order kinetics, where rate is independent of 
the initial concentration. This suggests a “tunneling effect,” where once engaged at the 
aqueous membrane interface, COSAN molecules translocate through the lipid phase 
without resistance or pore formation to exit at the receiving interface.

The interactions of COSAN with lipid bilayer membranes can be directly visualized by 
cryo–transmission electron microscopy (cryoTEM) studies of mixtures of monolayer 
COSAN nanovesicles and bilayer liposomes in solution [9]. In mixtures of H[COSAN]: 
liposome 1:4 (v:v), an equivalent COSAN concentration of 4 mM, COSAN vesicles fuse 
with the liposome membrane (Figure 2.2.3a). At lower liposome ratios of 1:3 (v:v), two or 
more liposome units often become connected via COSAN vesicles. At the interface 
between COSAN vesicles and liposomes, there is a dramatic morphology change to form 
a planar lamellar microstructure (Figure 2.2.3b). These lamellar forms of COSAN appear 
to resolve from the membrane into the liposome center, recovering their spherical  vesicle 
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morphology (Figure  2.2.3b, arrows). As these liposome–COSAN double vesicles are 
often larger than the initial liposome population, it suggests that the interaction between 
COSAN vesicles and liposomes may cause fusion of multiple liposomes.

2.2.4  Visualization of COSAN within Cells

To investigate whether COSAN can enter cells as well as liposomes, micro‐Raman spec-
troscopy was used to track COSAN via its distinctive vibrational peak at 2570 cm−1 due 
to its B–H bonds (Figure 2.2.4a) [10]. COSAN entry into HEK293 mammalian cells from 
culture media that contain 25 mM and 2 mM (Figure  2.2.4a and 2.2.4b,  respectively) 
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Figure 2.2.2 (a) [COSAN]− ion transition measurements through lipid bilayer membranes using the 
Montal Mueller technique. (b) A typical current recording against time obtained when COSAN is 
applied to one side of a planar bilayer formed from DOPC. Current initiates as a strong, but transient, 
depolarization before stabilizing as a continuous, steady negative current across the membrane. 
(c) The negative current is accompanied by a steady flow of COSAN across a neutral planar membrane, 
as measured by ICP‐MS. Commencing with the application of 100 μM COSAN to one side, permeation 
rates across the membrane vary according to the counterion of Na+ or H+. All show zero‐order kinetics. 
Error bars are standard deviations resulting from ten independent experiments [9].
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was extremely fast, occurring with a half maximal rate of tens of seconds (unpublished 
observations), but reached concentrations within the cell that were much higher than the 
external concentration, apparently entering against the concentration gradient [11]. 
If COSAN was then removed from the medium, it initially remained within the cell, but 
then was gradually lost (Figure 2.2.4a). This indicates that its entry rate is much greater 
than its exit rate, hence its accumulation. To date, no upper limit has been established for 
COSAN accumulation within cells. Rather than being homogeneously distributed 
throughout the cell, Raman spectral images of treated cells indicated a preferential accu-
mulation of COSAN in the cytoplasm, although it was not excluded from the nucleus 
(Figure 2.2.4b). There appeared to be local subcellular COSAN accumulation within the 
cytoplasm. The identity of these regions is currently unclear; however, areas of high B–H 
signal match the areas of high C–H content (Figure 2.2.4b), indicating that COSAN‐rich 
areas are associated with cell components, and are unlikely to exclude major proportions 
of the cytoplasm contents. Significantly, there was no substantial accumulation in the 
plasma membrane, consistent with the biophysical analysis of artificial membranes.

2.2.5  COSAN Interactions with Living Cells

The effect of COSAN accumulation has been investigated in a range of cells. COSAN 
treatment has been tested on a range of mammalian cells: HEK293, HeLa, 3 T3‐4, and 
the lymphoblastoid cell line THP1 (Figure 2.2.5) [11]. In all concentrations examined, 
COSAN had no immediate effect on cell viability, with cells showing no signs of mem-
brane disruption. However, prolonged exposure (>5 hours) blocked cell proliferation 
with half maximal effective dose concentration (ED50) values of 99–157 μM. Specific 
effects varied with growth state and cell type. In confluent monolayers, cells took on a 
rounded appearance, but remained adhered to the substrate. Proliferating HEK293 cells 

(a) (b)

Figure 2.2.3 (a) CryoTEM image of COSAN:liposomes (1:4) suspended in vitreous ice at 15,000× 
magnification. Circles highlight fusion between COSAN vesicles and liposomes. Scale bar: 200 nm. 
(b) CryoTEM image of COSAN:liposomes (1:3) suspended in vitreous ice at 20,000× magnification. 
The circles highlight the joining of two or more liposome units linked by COSAN. Arrows indicate the 
complete penetration of the COSAN inside the liposome and the recovery of the monolayer vesicle 
form. Scale bar: 200 nm. Insert shows 50,000× magnification of the planar multilayer morphology of 
COSAN at the interface of two liposomes [9].
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began to bleb after 8 hours of treatment, having the appearance of cells entering 
 apoptosis [12], with large numbers of cells dying at 24 hours. This effect could be 
 suppressed in part by Ivachtin, a caspase 3 inhibitor. In contrast, HeLa cells took on an 
unusual highly vacuolated appearance after 24 hours (Figure 2.2.5). Importantly, in all 
cases when COSAN was only applied for 5 hours and then removed, cells fully  recovered, 
indicating COSAN is not directly cytotoxic.
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Figure 2.2.4 (a) Spectral fingerprints of HEK293 cells treated with 25 mM COSAN for 1 hour, followed 
by measurements of the same cells 4 hours and 4 days after the compounds have been removed. 
(b) Cellular imaging of HEK293 cell treated with 2 mM COSAN. Images show phase contrast image (PC) 
and Raman chemical images at 2570 cm−1 (B–H peak) and 2950 cm−1 (C–H peak). Pink zones in the 
Raman images show COSAN accumulation inside the cell [10]. (c) A simple schematic representation 
of the COSAN’s uptake by the cells. Source: http://pubs.rsc.org/‐/content/articlehtml/2014/cc/
c3cc49658a. Licensed under CC 3.0.
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COSAN also affects cell growth of non-mammalian cells. Dictyostelium discoideum is 
a eukaryotic amoeba with a close evolutionary relationship to animal cells [13]. These 
cells lack caspase‐mediated apoptosis [14] and hence do not have the longer term con-
founding effects seen with HEK293 cells. Dictyostelium cells are in fact much more 
sensitive to COSAN, with a ED50 of 2.6 μM, and total proliferation arrest occurring at 
4 μM (Figure 2.2.5). Under phase contrast microscopy, treated cells again retained the 
refractile appearance of living cells. Consistent with a lack of cytotoxicity, cells resumed 
division following COSAN removal. Dictyostelium cells remained viable after long peri-
ods in COSAN, and to date, we have found no limit for Dictyostelium, with cultures 
remaining viable for more than 1 month in COSAN and even after prolonged exposure 
to 500 μM of COSAN, almost 200 times the ED50 value.

2.2.6  Enhancing Cellular Effects of COSAN

Dictyostelium cells have been used to screen a range of several COSAN derivatives 
(Figure 2.2.6) [11]. Substitution of the central metal cobalt with iron [3,3′‐Fe(1,2‐C2B9H11)2]− 
(FESAN) made no major difference to compound potency. However,  methylation of 
COSAN, or cross‐linking two COSAN clusters via a polyethylene glycol (PEG) chain, 
decreased potency. In contrast, addition of iodine to make [3,3′‐Co(8‐I‐1,2‐C2B9H10)2]− 

HEK293

No COSAN COSAN Wash

HeLa

Dictyostelium

Figure 2.2.5 Phase contrast images of HEK293 (top panel) and HeLa cells (middle panel) grown in 
the presence or absence of 200 μM COSAN for 24 hours. Wash shows cells grown in the presence of 
200 μM COSAN for 5 hours, before the cells were washed and replated in COSAN‐free medium. 
HEK293 cells show a blebbing morphology often associated with apoptotic cells. HeLa cells show an 
unusual, highly vacuolated morphology within the perinuclear cytoplasm. Dictyostelium cells were 
photographed before treatment, 30 min following addition of 10 μM COSAN, and 2 hours after 
COSAN was removed [11].
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(I2‐COSAN) increased potency. Recovery of Dictyostelium cells after I2‐COSAN treatment 
took longer than COSAN and was dose‐dependent, suggesting a stronger interaction with 
its cellular targets. When tested on mammalian cell cultures, again I2‐COSAN was more 
potent than COSAN. Previously, we found no, or very little, effect of COSAN on the growth 
of bacteria. However, I2‐COSAN arrested growth of the two bacterial species tested, 
Escherichia coli and Klebsiella pneumoniae. Interestingly, we found that E. coli was signifi-
cantly more sensitive to I2‐COSAN than K. pneumoniae. For both bacterial species, growth 
arrest was reversed by I2‐COSAN removal or  dilution to below its ED50 value.

Although both molecules possessed the ability to accumulate against the concentration 
gradient, I2‐COSAN reaches an intracellular concentration 3–4 times that of COSAN, 
although both have the same, slow exit rate [11]. I2‐COSAN was able to form vesicle 
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structures of similar size and appearance of COSAN vesicles, arguing against this differ-
ence in behavior arising from major structural differences in solution [15]. Interestingly, 
increased I2‐COSAN potency was not due to a higher permeation rate, and in fact it has 
a lower overall permeation rate across planar lipid bilayers than seen for COSAN. 
However, measurements of partition coefficients between octanol and water revealed 
that I2‐COSAN has a significantly higher lipophilicity than COSAN [11]. This suggests a 
possible accumulation mechanism limited by COSAN’s ability to interact with hydropho-
bic surfaces or environments. As COSAN does not accumulate within membranes, such 
as the plasma membrane, its interactions may be due more to surface effects than intrinsic 
interactions within the interior of hydrophobic lipid bilayers.

2.2.7  Tracking the in vivo Distribution of I‐COSAN

The in vitro cell culture studies indicate that, in general, COSAN and its derivatives 
 accumulate within cells. This raises the question of how COSAN‐based molecules would 
distribute and accumulate in organs and tissues. This is particularly important, as many o‐, 
m‐, and p‐closo‐carborane derivatives have been proposed for use in boron neutron capture 
therapy (BNCT), a potential new cancer treatment based on neutron irradiation of 10B and 
its conversion to 11B, with a subsequent local release of an α‐particle and a high‐energy 7Li 
atom [16–18]. Halogenated carborane derivatives have been used to prepare compounds 
for application in BNCT as well as in radio‐imaging [19,20] arising from their ability to be 
radiolabeled with a range of medical isotopes. Even though halogenated nido‐carboranes 
have potential relevance to important topics such as radioiodine carrier [21,22] and as 
BNCT reagents [23], relatively few B‐iodinated [7,8‐nido‐C2B9]− derivatives are known. 
Several reviews on the radioisotopes’ incorporation in organoboranes and boron clusters 
have recently appeared [24]. Based on this knowledge, [3,3′‐Co(8‐I‐1,2‐C2B9H10)(8′‐R‐1′,2′‐
C2B9H1o)]– [R = H, C6H5COO(CH2CH2O)2] (I‐COSAN and I‐PEG‐COSAN, respectively) 
compounds were radiolabeled with either 125I (γ‐radiation emitter) or 124I (positron emitter) 
via palladium‐catalyzed isotopic exchange reaction (Figure 2.2.7); these labeled COSAN 
derivatives were administered to mice, and their biodistribution was investigated [25].

Following 125I ‐COSAN intravenous administration of 100 μL (25 ± 5 μCi) that was 
injected to mice (n = 3 per compound) through the catheterized tail vein, tissue samples 
taken at 10, 30, and 120 minutes were measured for radioactive accumulation. There was 
a rapid accumulation of I‐COSAN in lungs and liver over 2 hours, matched by a decrease 
in blood content over the same time period (Figure 2.2.7). There was a lesser accumula-
tion in heart, kidneys, spleen, and stomach over the same time course. Independently, 
124I‐COSAN was administered to mice (n = 3 per compound) and then followed using 
positron emission tomography (PET), and again accumulation was observed in lung, 
heart, kidneys, liver, and stomach. Furthermore, synthesis of a new bifunctional (iodine 
and PEG) I‐PEG‐COSAN derivative, which would allow further functional derivatiza-
tion, was tested and found to have the same distribution as I‐COSAN. These results 
demonstrate that, as suggested from in vitro experiments, COSAN and its derivatives 
can accumulate in tissues within the body, offering a means to both deliver and track 
compounds for BCNT. Interestingly, in vivo studies did not show accumulation of radio-
activity in the thyroid gland, suggesting the stability of both 124I‐COSAN and 124I‐PEG‐
COSAN derivatives. This general radiolabeling strategy, which can be applied in the 
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future to COSAN derivatives bearing a wide range of functionalities, might be applicable 
to targeted cobaltabisdicarbollides able to selectively accumulate in tumors. Hence, this 
method may become an invaluable, widely applied tool for the fast and accurate evalua-
tion of new COSAN‐based BNCT drug candidates in animal tumor models. Due to the 
non‐invasive nature of PET imaging, potential translation into the clinical setting to pre-
dict therapeutic efficacy on a patient‐by‐patient basis also can be foreseen.

2.2.8  Discussion and Potential Applications

This body of work demonstrates a set of novel interactions between living cells and 
COSAN or related molecules. This arises from COSAN’s unusual physicochemical 
properties that enable it to easily cross membranes, and can be enhanced by chemical or 
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Figure 2.2.7 (a) COSAN was labeled with either 125I (gamma emitter) or 124I (positron emitter; not 
shown) via palladium‐catalyzed isotopic exchange reaction. (b) Structure of iodine‐labeled and 
PEGylated COSAN. (c) Accumulation in different organs of [125I‐COSAN]−/ [124I‐COSAN]− (top) and 
[125I‐PEG‐COSAN]−/[124I‐PEG‐COSAN]− (bottom). Left: Accumulation of 125I‐radiolabeled compounds 
were measured following dissection of organs and gamma counting at selected time points (10, 30, 
and 120 min.) after administration. Results are expressed as percentage of injected dose (%ID) per 
gram of tissue. Right: Accumulation of 124I‐labeled compounds were visualized by PET‐C. Results are 
expressed as percentage of injected dose (%ID) per cubic centimeter of tissue. Mean ± standard 
deviation values are presented (n = 3). Herrmann’s catalyst is a highly efficient palladacycle catalyst 
that corresponds to trans‐di‐μ‐acetatobis[2‐[bis(2‐methylphenyl)phosphino]benzyl]dipalladium. 
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structural modification, such as seen for the halogenated I2‐COSAN. Importantly, 
COSAN entry into cells neither disrupts the plasma membrane nor is immediately cyto-
toxic, consistent with its ability to cross membranes without disrupting the lipid bilayer.

For most eukaryotic and prokaryotic cell cultures, cells remain viable with prolonged 
COSAN treatment, but exhibit altered biology, such as cytostatic effects on cell growth and 
proliferation. In particular, many of these effects are reversible when COSAN is washed 
from the cells. Interestingly, irreversible effects can be seen in some cases, such as apopto-
sis seen in proliferating HEK293, indicating that COSAN within the cell may interact with 
cell‐signaling processes to elicit change in cell behavior. The nature of these interactions is 
currently unknown. There is a differential sensitivity between cell state and cell species, so 
that proliferating cells may be more sensitive to cell death following prolonged COSAN 
treatment, compared to quiescent cells within tissue. If this is translated to the in vivo con-
text, then it may be possible to target rapidly growing cells, such as in cancer treatment. 
Dictyostelium amoebae show a much higher sensitivity to COSAN and its derivatives. If 
this higher sensitivity to COSAN were also present in other unicellular eukaryotes, it may 
offer an amoebicidal agent to target protozoan and amoebozoan pathogens.

With our current imaging techniques, we cannot determine whether COSAN and lipid 
membranes inside cells mix to form hybrid membranes, although this seems less likely 
from the observed biophysical interactions seen in cell‐free, artificial systems. Associations 
between membrane fluidity, cell proliferation arrest, and apoptosis have been seen with 
other small molecules, such as methyl jasmonate [26], and it is possible that all the biologi-
cal effects we observe could arise due to interaction between the two membrane systems. 
Alternatively, COSAN may mediate its effects due to protein interactions either by 
enzyme inhibition via active site binding, such as the modified COSAN molecules that 
inhibit enzymes [27–29], or more general interference by binding to protein surfaces. 
More detailed analysis is required to resolve these mechanistic possibilities.

A valuable feature of the inorganic boron‐based COSAN membranes reported here is 
that they are not present in nature, and no degradation or modification of COSAN or 
I2‐COSAN is observed in the cells that have currently been investigated. This biologi-
cally inert feature may offer new opportunities for drug design and molecular delivery 
systems. Boron clusters can be coupled to bioactive molecules, such as inhibitors, siR-
NAs, peptides [30], and protein ligands [31,32], and have the potential to carry these 
molecules across the plasma membrane and into cells. COSAN vesicles could also be 
used to encapsulate water‐soluble or hydrophilic compound; however, it is currently 
unclear how the topology of the COSAN vesicles changes as they merge with lipid bilayer 
membranes and whether this would deliver into the cell or disperse on the cell surface.

As COSAN can accumulate to high concentrations in living cells, this may enhance its 
potential therapeutic effects. In particular, it may have advantages for BNCT in the 
treatment of cancer, where the transition from bench to bed (even in the preclinical 
 setting) has only occasionally been approached. The main reason for this is a lack of 
techniques able to monitor accumulation of boron in the tumors and their surrounding 
tissues in vivo and in real time. Successful application of BNCT needs careful timing of 
neutron irradiation to coincide with the optimal ratio of boron accumulation in tumor–
nontumor tissue, and hence needs a good pharmacokinetic tracer. Non‐invasive PET 
imaging serves this purpose well, allowing screening for maximum therapeutic efficacy 
on a patient‐by‐patient basis. PET labeling of the anionic COSAN cluster has advan-
tages over neutral icosahedral closo‐carboranyl clusters in terms of water solubility, fast 
halogenation reaction, and its capacity to be multi‐decorated by incorporation of 
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 distinct functional groups at the different vertices. When coupled to the high density of 
boron atoms in COSAN and its derivatives, and their propensity for intracellular 
 accumulation, this should facilitate translation of BNCT into the clinical setting.

A more innovative application may be the potential of COSAN‐based vesicles as a 
nanoscale platform for cell modification and re‐engineering. In an analogous manner to 
biological membranes and vesicles, self‐assembling COSAN‐based nanovesicles intro-
duced into cells could offer a surface on which to control molecule interactions with 
cellular components, or to assemble noncellular molecules for novel physical or chemi-
cal interactions. Controlling interactions on such synthetic membranes could be used 
to regulate chemical reactions, elicit signaling, or control molecule release. As COSAN 
and other borane clusters can be coupled to other bioactive molecules, they could be 
used to assemble complex functionalities and regulate molecular behavior on synthetic 
surfaces within cells. In this way, we propose that COSAN‐based synthetic nanovesicles 
could be used to redesign and engineer new hybrid cells with novel biological proper-
ties. The ability to modify COSAN to change its potency and differential effects on cell 
types presents a wide range of possible permutations to explore.

2.2.9  Summary

Taken together, these observations demonstrate highly unusual properties of COSAN ena-
bling it to both generate membrane‐like structures and vesicles and rapidly transit lipid 
bilayer membranes to accumulate within cells without affecting membrane integrity. Once 
inside the cell, COSAN is not directly cytotoxic, but elicits biological effects such as cyto-
static arrest of cell growth, apoptosis, or membrane rearrangements. For most cells, this is 
reversible, as cells can recover following its removal. Specific biological effects, however, 
vary with cell type and conditions, and we  conclude that they arise due to COSAN interac-
tion with cellular components and not changes to the plasma membrane.

These results reveal an unexpected biology at the interface of biological and synthetic 
membranes. This particular property offers new opportunities for cancer therapy, drug 
design, and molecular delivery systems. More excitingly, COSAN‐based nanovesicles may 
offer new possibilities for nanoscale platforms to directly introduce new functionality and 
use cell re‐engineering to create synthetic hybrid cells with novel biological properties.

 Appendix: Abbreviations

BNCT boron neutron capture therapy
COSAN [3,3′‐Co(1,2‐C2B9H11)2]−

cryoTEM cryo–transmission electron microscopy
DOPC 1,2‐dioleoyl‐sn‐glycero‐3‐phosphocholine
DPhPC 1,2‐diphytanoyl‐sn‐glycero‐3‐phosphocholine
ED50 half maximal effective dose concentration
FESAN [3,3′‐Fe(1,2‐C2B9H11)2]−

I‐COSAN [3,3′‐Co(8‐I‐1,2‐C2B9H10)(1′,’2‐C2B9H11)]−

I2‐COSAN [3,3′‐Co(8‐I‐1,2‐C2B9H10)2]−

ICP‐MS inductively coupled plasma mass spectrometry
I‐PEG‐COSAN [3,3′‐Co(8‐I‐1,2‐C2B9H10)(8′‐R‐1′,’2‐C2B9H10)]−
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2.3

2.3.1  Introduction

Diabetes is a chronic disease that has devastating human, social, and economic 
 consequences. It is one of the most notorious saccharide‐related diseases. Diabetes 
occurs either when the pancreas does not produce enough insulin, a hormone that 
regulates glucose level in blood (type I diabetes), or when the body cannot effectively 
use the insulin it produces (type II diabetes). Diabetes is associated with chronic ill 
health, disability, and premature mortality. From a physiological perspective, the 
debilitating long‐term complications include heart disease, blindness, kidney failure, 
stroke, and nerve damage leading to amputation. Both the number of cases and the 
prevalence of diabetes have been steadily increasing over the past few decades. 
According to the World Health Organization, 422 million adults were living with dia‑
betes in 2014 compared to 108 million in 1980. The prevalence of diabetes has nearly 
doubled since 1980, rising from 4.7% to 8.5% in the adult population. Diabetes caused 
1.5 million deaths in 2012. Higher than optimal blood glucose caused an additional 
2.2 million deaths, by increasing the risks of cardiovascular and other diseases [1]. 
Therefore, diabetes presents one of the largest health challenges to face us in the 
twenty‐first century.

To date, although there is no means to cure or prevent diabetes, blood glucose 
 monitoring and appropriate medication adjusting diabetic blood sugar levels to 
  maintain them within tight boundaries dramatically reduce the health risks faced by 
diabetics. Therefore, tight control of blood glucose is the most important goal in the 
treatment of diabetes. This will limit the long‐term consequences of the chronic  disease, 
including damage to the heart, eyes, kidneys, nerves, and other organs caused by high 
glucose concentrations (i.e., hyperglycemia). The availability of affordable home blood 
 glucose  monitoring has revolutionized the quality of life experienced by diabetics. 
Ideally, one would like to have a continuous, real‐time, and non‐invasive monitoring 
method such as glucose‐sensing contact lenses or implantable sensor devices. However, 
currently the most commonly used method for measuring blood glucose levels is a non‐
continuous and invasive approach that samples blood from a finger followed by in vitro 
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glucose concentration determination using a test strip and a meter. The majority of 
home blood glucose monitoring tools relies on the glucose oxidase enzyme (GOx) [2] 
and demonstrates good sensitivity [2–4]. However, there are some inherent limitations 
with an enzymatic approach. The systems have to be stored appropriately, they are 
 specific for only a few saccharides, and in most cases they become unstable under 
harsh conditions. For this reason, much work has been focused on the development of 
non‐enzyme sensors with the capacity to monitor saccharides under a broad range 
of  environmental conditions, and thus allow access to more widespread diagnostic 
applications.

A powerful approach for detecting glucose in fluids is its complexation with boronic 
acids. This method is superior to enzyme‐based sensors because it is not affected 
by  factors that affect enzyme activity, such as environmental pH and temperature. 
In contrast, boronic acid–mediated detection is based on equilibrium thermodynamics 
and does not require special treatment of the sensor to maintain its structural 
integrity.

A number of excellent reviews covering the use of boronic acid in design of 
 saccharide receptors were published during the last 15 years [5–16]. Therefore, the 
purpose of this chapter isn’t to give a comprehensive review of the subject, but rather 
to demonstrate its place in the medicinal chemistry of boron compounds.

2.3.2  Interactions of Boronic Acids with Carbohydrates

The selective recognition of glucose over other saccharides presents a curious 
 challenge. With glucose, blood also contains some amounts of other carbohydrates 
such as fructose, galactose, and mannose (Figure 2.3.1). D‐Glucose is the major carbo‑
hydrate as compared to D‐fructose. The concentration of glucose in blood is around 
5 mM, which is much larger than the concentration of fructose even after a fructose‐
rich meal (<0.1 mM) [12]. However, D‐fructose generally demonstrates stronger 
 binding affinity to aryl monoboronic acids in comparison to D‐glucose (discussed 
 further in this  chapter). The stronger binding of D‐fructose can be explained by the 
 different binding mode: D‐fructose exhibits the tridentate binding mode, whereas 
D‐glucose exhibits bidentate binding. Moreover, in aqueous solution, cleavage of the 

O
HO

HO
OH

OH

OH

O

HO

HO
OH

OH

OH

O
HO

HO

HO

OH

OH

O

OH

HO

HO
OH

OH

D-glucose

D-galactose D-mannose

D-fructose

Figure 2.3.1 Common naturally 
occurring monosaccharides (β‐forms).



Boron Compounds in Drug Delivery and Imaging176

hemiacetal ring causes interconversion between the pyranose and furanose ring forms 
of glucose, via an acyclic intermediate, with inversion of configuration at the anomeric 
center equilibrating the α‐ and β‐anomers [17] (Figure 2.3.2). Therefore, saccharides 
are difficult to differentiate from each other.

The first hint of the “marriage” between boron and polyols was detected by Jean‐
Baptiste Biot in his seminal studies on optical rotation. In 1832, he noted that the 
 rotation of tartaric acid changed in the presence of boric acid [18]. It would be a century 
later before interaction of boron acids (boric, boronic, and borinic) and monosaccha‑
rides was studied in detail. In 1910–1930s, Jacob Böeseken and coworkers elucidated 
the absolute structural configuration of a series of carbohydrates based on change of 
their acidity and conductivity upon the ester formation with boric acid [19]. Given the 
significance of boric acid in the determination of saccharide configurations, it is per‑
haps surprising that the same properties were not observed in boronic acids until the 
1950s, when Kuivila et al. postulated the formation of a cyclic boronic ester on phe‑
nylboronic acid and mannitol analogous to the one known to form between boric acid 
and polyols [20]. The next were Lorand and Edwards, who studied reversible formation 
of boronic esters on the interaction of phenylboronic acid with polyols in water [21]. 
By measuring the complexation equilibrium between phenylboronic acid and several 
simple diols (ethylene glycol, catechol) and common monosaccharides (glucose, 
 fructose, mannose, galactose) using the pH depression method, ester formation was 
shown to be more favorable in solutions of high pH where the boronate ion exists in 
high concentrations. This study also confirmed the Lewis acid behavior of boronic acids 
and the tetracoordinate structure of their conjugate base (i.e., the hydroxyboronate 
anion). Another conclusion is that free boronic acids have lower Lewis acid strengths 
than their neutral complexes with 1,2‐diols. For example, the pKa of phenylboronic acid 
decreases from 8.9 to 6.8 and 4.5 upon the formation of cyclic esters with glucose and 
fructose, respectively [22]. The equilibria involved in phenylboronate binding of a diol 
are conventionally summarized as a set of coupled equilibria (Scheme 2.3.1).
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In aqueous solution, phenylboronic acid reacts with water to form the boronate anion 
plus a hydrated proton, thereby defining an acidity constant Ka (pKa 8.90 in water at 
25 °C). The formation of a diol boronate complex, defined by Ktet, formally liberates 
2 equiv. of water, but this stoichiometric factor is usually ignored as a constant in dilute 
aqueous solution. The magnitude of log Ktet varies with the diol, ranging from about 3.8 
for fructose to about 1.2 for simple diols such as ethylene glycol. Phenylboronic acid 
could also bind diols to form a trigonal complex (Ktrig), and this species would itself act 
as an acid according to K ’a. It is observed that Ktet > Ktrig. For instance, the logarithms of 
these constants for phenylboronic acid binding fructose in 0.5 M NaCl water are log 
Ktet = 3.8 and log Ktrig < −1.4. This difference in the value of the binding constant between 
Ktet and Ktrig is typical, with differences of up to approximately five orders of magnitude 
being commonplace. It is known that the neutral boronic acid becomes more acidic 
upon binding (i.e., pK ’a > pKa); in other words, the boronic ester is more acidic than the 
boronic acid [22].

Formation of a saccharide complex at neutral pH is essential for practical develop‑
ment of the boronic acid–based sensors. Since pK ’a is 1–2 units lower than pKa, the 
boronic acid–saccharide complex will only exist in significant amounts at neutral pH if 
the pKa of the boronic acid itself is ≤7. Since the pKa of phenylboronic acid is 8.9, it 
requires basic aqueous conditions to form strong complexes. Therefore, to realize 
strong binding at neutral pH, the pKa of boronic acid should be lowered. This can be 
achieved by introduction of electron‐withdrawing groups into the phenyl ring; for 
example, 4‐nitrophenylboronic and 3‐carboxymethyl‐5‐nitrophenylboronic acids have 
pKa of 7.23 and 6.74, respectively [23]. However, such modification of phenylboronic 
acid is not simple and requires high synthetic efforts. Another approach is based on the 
discovery that the interaction between a boronic acid and neighboring aminomethyl 
substituent lowers the pKa of the boronic acid [24]. The nuclear magnetic resonance 
(NMR) studies confirmed a strong but kinetically labile B–N interaction in ortho‐(N,N‐
dimethylaminomethyl)benzene boronic acid derivatives. This interaction expands the 
pH range within which a tetrahedral boron atom exists. Accordingly, a strong binding 
between boronic acid and diols even at neutral pH can be provided and applied to 
 carbohydrate sensing.
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The very important point to be considered in boronic acid–carbohydrate binding is 
the predisposition of boronic acid to interact with different types of diols. In 1959, 
Lorand and Edwards published the first comprehensive study of the binding constants 
between various diol‐containing compounds and phenylboronic acid using the pH‐
depression method [21]. The study demonstrated that different diols have different affin‑
ity for the boronic acid group and lower the acidity of the boron species to different 
degrees (Table 2.1.1). The numbers reported, although referred to as binding constants, 
are very different from the binding constants of other monoboronic acids determined 
later using spectroscopic methods. A careful analysis of the situation indicates that this 
discrepancy is because of a lack of clear definition of the term “binding constants.” The 
binding constants determined using the pH‐depression method are Ktet instead of Keq. 
This was because the pH‐depression method assumed that the boronic ester did not 
exist (or existed in negligible amount). Therefore, the Ktrig part of the equation in 
Scheme 2.3.1 was omitted. In 2002, Springsteen and Wang published the first systematic 
study of the Keq between phenylboronic acid and various diol‐containing compounds 
and described the relation among Ktrig, Ktet, and Keq as Keq = % acid form × Keq‐trig + % ester 
form × Keq‐tet [25]. These values are much lower than the Ktet values determined using the 
pH‐depression method, but have the same trend (Table 2.3.1). Moreover, it is the case 
that the trends established are inherent in all monoboronic acids.

The high binding affinity of D‐fructose and sorbitol in comparison with other 
 compounds can be explained by the formation of the 2,3,6‐tridentate complex [26], 
whereas D‐glucose forms a tridentate complex with phenylboronic acid only in 
 alkaline solution [27].

It should be noted that not only phenylboronic acids themselves are able to bind 
 different sugars but some of their derivatives such as benzoxaborole can do it as well. 
This field was underestimated until 2006, when the exceptional sugar‐binding proper‑
ties of the parent benzoxaborole at physiological conditions were described [28,29]. 
Benzoxaboroles display higher Lewis acidity than the corresponding phenylboronic 
acids, which is explained by the ring strain generated in the five‐membered heterocyclic 

Table 2.3.1 The binding constants of phenylboronic acid 
and polyols in water at 25 °C

Polyol Ktet, M−1* Keq, M−1**

1,3‐propanediol 0.88
Ethylene glycol 2.80
D‐glucose 110 4.16
D‐mannose 170 13
D‐galactose 280 15
D‐fructose 4400 160
Sorbitol 370
Catechol 18,000 830

* Measured by the pH‐depression method (25 °C) [21].
** Measured by the ARS competition method at pH 7.4 [25].
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ring that can be reduced upon addition of nucleophiles generating tetrahedral species 
(Scheme 2.3.2) [30]. It is a remarkable feature as the acid–base interactions play a  crucial 
role in sugar sensing by phenylboronic acids.

2.3.3  Fluorescence Carbohydrate Sensors

Fluorescence sensors for carbohydrate detection are of particular practical interest 
because fluorescence demonstrates an exceptionally high sensitivity of detection 
( typically 10−6 M) offsetting the synthetic costs of such sensors. Another great  advantage 
of fluorescent sensors is their very fast (sub‐millisecond) response time. The sensor effi‑
cacy is described by three main parameters – sensitivity, selectivity, and fluorescence 
response value – and all these depend to a great extent on the fluorophore design.

Fluorescence is the emission of light by a substance that has absorbed light or other 
electromagnetic radiation. Electronic excitation of a fluorophore in its singlet ground 
state S0, by an incident photon of sufficient energy, promotes one of the fluorophore 
electrons into a level of higher energy. The excited energy level initially populated will be 

O
B
OH

O
B–

OHHO

+ H3O++ H2O
pKa = 7.3

Scheme 2.3.2 

S2

Internal
conversion

Internal
charge
transfer

F
l
u
o
r
e
s
c
e
n
c
e

F
l
u
o
r
e
s
c
e
n
c
e

Solvent
relaxation

S1

S0

E
x
c
i
t
a
t
i
o
n

Figure 2.3.3 The dual fluorescence of an intramolecular charge transfer fluorophore.



Boron Compounds in Drug Delivery and Imaging180

a singlet state (such as S1, S2, or higher). For most molecules in solution, the subsequent 
relaxation of the molecule energy through collisional deactivation with solvent  molecules 
will be rapid, resulting in the first singlet excited state S1. From this S1 state, fluorophores 
will dissipate their remaining energy as light. The emission of a photon from this locally 
excited state (LE) will result in an emission wavelength corresponding to the difference 
in energy between the initial and final electronic energy levels occupied.

The excitation of a fluorophore with a dipole moment in the ground state generally 
results in growth of its dipole moment. In solutions, where polar solvent molecules are 
free to re‐orientate themselves and maximize favorable dipole–dipole interactions, the 
energy of the excited state can be lowered, resulting in the difference between positions 
of the band maxima of the absorption and emission spectra (Stokes shift). In most cases, 
the emitted light has a longer wavelength, and therefore lower energy, than the absorbed 
radiation (Figure 2.3.3).

Most of the literature on fluorescent sensors can be divided into three main groups 
depending on their principle design – sensors based on intramolecular charge transfer 
(ICT), sensors exploiting photoinduced electron transfer (PET), and sensors exploiting 
fluorescence resonance energy transfer (FRET).

2.3.3.1 Intramolecular Charge Transfer Sensors

The ICT‐based sensors have a rather simple design and consist of two main parts – fluo‑
rophore and the receptor (boronic acid)  –  which is attached directly to fluorophore 
with a significant orbital overlap for electronic coupling. Alterations in the electron 
distribution of the sensor result in changes to both emission wavelength and fluores‑
cence intensity. The first fluorescent sensor for carbohydrate detection was reported by 
Yoon and Czarnik in 1992 and comprised anthracene with attached boronic acid frag‑
ment (Scheme 2.3.3) [31]. On addition of saccharide, the intensity of the fluorescence 
emission of 2‐anthrylboronic acid was reduced by ~30%. The change in fluorescence 
emission intensity was ascribed to the change of electronic effect of the substituent. At 
pH 7.4 (phosphate buffer), the neutral sp2‐hybridized boronic acid displays a strong 
fluorescence emission, whereas its sp3‐hybridized negatively charged complex with 
fructose displays a reduction in the intensity of fluorescence emission. The observed 
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stability constant (Kobs) for the complex of 2‐anthrylboronic acid with D‐fructose at 
pH 7.4 in DMSO/water (1:99 v/v) was 270 M−1; however, the fluorescence response was 
rather small.

Later, the sensing ability of a series of other simple arylboronic acids (Chart 2.3.1) 
against D‐glucose was investigated [32,33].

Based on understanding of the simple fluorophore–boronic acid systems as ICT 
 sensors, the fluorescence response can be significantly increased by proper design of 
 fluorophore. In many respects, the ICT can be considered as an extension of the solvent 
relaxation mechanism. In general, molecules that exhibit intramolecular electron trans‑
fer are conjugate organic π‐systems with acceptor (A) and donor (D) subunits linked by 
a formally single bond. The photoexcitation of D–A molecules is followed by an elec‑
tron transfer from donor to acceptor. Excitation of a D–A system induces the motion of 
an electron from one orbital to another. If the initial and final orbital are separated in 
space, the electronic transition is accompanied by an almost instantaneous change in 
the dipole moment of the D–A system in the same molecule. When an electron‐ 
donating group is conjugated to an electron‐withdrawing group, the dipole moment 
can be increased substantially, enhancing the favorable dipole–dipole interactions of 
the  fluorophore molecule with the surrounding solvent molecules. This process of envi‑
ronmentally dependent stabilization of the S1 state can result in dramatic changes in the 
wavelength of the emission band (bathochromic shift) and as such has found great 
application for fluorescence sensing.

(HO)2B

B(OH)2

B(OH)2

B(OH)2

B(OH)2
B(OH)2

B(OH)2

Chart 2.3.1 
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The best known example of the ICT system is para‐N,N‐dimethylaminobenzonitrile 
(DMABN). In nonpolar solvents, DMABN displays a “normal” fluorescence response 
(i.e., that characteristic of a benzene derivative in its LE state). In polar solvents, a sec‑
ond emission band of longer wavelength emerged. The relative intensity of the long‐
wavelength ICT band was found to grow with decreasing intensity of the short‐wavelength 
LE band as a function of the increasing solvent polarity [34]. The solvent role in this 
process was demonstrated by the absence of ICT in crystalline DMABN [35].

To clarify the fluorescence mechanism in boronic acid derivatives, DiCesare and 
Lakowicz examined an interaction of saccharides with a series of stilbene boronic 
acid derivatives (Chart 2.3.2) [36]. It was demonstrated that the neutral sp2‐hybridized 
boronic acid is an electron‐withdrawing group, whereas the anionic sp3‐hybridized 
boronic acid acts as an electron‐donating group.

In these instances, when the moiety at the 4′‐position and the hybridization at 
boron conspired to produce a system with a donor and an acceptor linked through the 
conjugated stilbene scaffold, ICT takes place, lowering the excited state energy. 
This  influence was elegantly exemplified by the examination of two diametrically 
opposed systems.

In the case of 4′‐dimethylaminostilbene‐4‐boronic acid, the electron‐donating 
dimethylamino moiety is the donor group. When boron is sp2 hybridized, and therefore 
an acceptor, excited‐state ICT can occur between the amino donor and boron acceptor, 
red‐shifting the emission wavelength of the sp2 species. On the rehybridization of boron 
to sp3, its acceptor properties are lost. This leads to a loss of the ICT effect in the excited 
state of the sp3 species and shifts the emission wavelength of the fluorophore to higher 
energy. The inability of the sp3‐hybridized species to lower the energy of its excited 
state by a mechanism available to the sp2‐hybridized ones causes strong blue shift of the 
emission band with an increase in its intensity (Scheme 2.3.4).

The fluorescent response to the loss of the electron‐withdrawing properties of boron 
on conversion from sp2 to sp3 hybridization was verified by increasing the pH of the 
sensor solution (from 6.0 to 12.0) and by the addition of saccharide to the sensor 
 solution buffered at pH 8.0 (pKa′ = 6.61, pH = 8.0, pKa = 9.14), both titrations yielding the 
same results.

Conversely, in 4′‐cyanostilbene‐4‐boronic acid, the electron‐withdrawing cyano moi‑
ety is the acceptor group. When boron is sp2 hybridized and therefore also an acceptor, 
no excited‐state ICT is feasible. On the rehybridization of boron to its sp3 form, the 
boron becomes a donor group that allows the ICT between the boron donor and the 
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cyano acceptor, resulting in red shift of the emission wavelength with a decrease in the 
emission intensity. Reversing the roles of the donor and acceptor groups for the boronic 
acid and 4′‐substituent produces changes in emission wavelength and intensity for both 
sensors that are very similar in magnitude, but occur toward opposite ends of the elec‑
tromagnetic spectrum (Scheme 2.3.5).

The fluorescence response to the revival of the electron‐donating properties of boron 
on conversion from sp2 to sp3 hybridization was again verified by increasing the pH of 
the sensor solution (from 6.0 to 12.0) and by the addition of saccharide to the sensor 
solution buffered at pH 8.0 (pKa′ = 5.84, pH = 8.0, pKa = 8.17), both titrations yielding the 
same results.

It should be noted that such simple modification of the fluorophore results in 
 significant variations in stability of the boronic acid–carbohydrate complexes. Thus, 
the observed stability constants (Kobs) for the 4′‐cyanostilbene‐4‐boronic acid sensor are 
290 and 91 M−1 with D‐fructose and D‐glucose, respectively; and, for the 4′‐methoxy‐, 
4′‐dimethylamino‐, and 4′‐cyano derivatives, these values are 1000 and 23 M−1, 400 
and 10 M−1, and 1500 and 55 M−1, respectively, in 2:1 (v/v) methanol/water at pH 8.0 
(phosphate buffer) [36].

Later, a range of ICT sensors containing other spacers between the dimethylamine 
and boric acid moieties were synthesized, and their carbohydrate‐sensing ability was 
determined [37–39] (Chart 2.3.3).

A series of isomeric dimethylamine derivatives of naphthylboronic acids (Chart 2.3.4) 
were shown to have attractive fluorescence characteristics. Thus, 4‐(dimethylamino)
naphthalene‐1‐boronic acid produces a 41‐fold emission intensity increase with D‐
fructose at pH 7.4 (phosphate buffer); the observed stability constants Kobs are 207 M−1 
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for D‐fructose and 4.0 M−1 for D‐glucose [40]. The isomeric 5‐(dimethylamino)naphtha‑
lene‐1‐boronic acid is a ratiometric sensor that demonstrates large fluorescence inten‑
sity changes at two wavelengths – 433 nm (36‐fold increase in intensity) and 133 nm (61% 
decrease in intensity) with D‐fructose at pH 7.4 (phosphate buffer); the observed stability 
constants Kobs are 311 M−1 for D‐fructose and 3.6 M−1 for D‐glucose [41]. Another 
 isomeric naphthalene, 6‐(dimethylamino)naphthalene‐2‐boronic acid, demonstrates an 
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80% decrease in fluorescence on D‐fructose addition at pH 7.4 ( phosphate buffer); the 
observed stability constants Kobs are 120 M−1 for D‐fructose and 2.4 M−1 for D‐glucose 
[42]. A series of 5‐(dimethylamino)naphthalene‐1‐boronic acid analogs with different 
substituents on the aniline group of the naphthalene ring were synthesized, and their 
binding with saccharides was studied. It was revealed that the substitution pattern on the 
aniline nitrogen atom has a significant effect on the  fluorescence properties of these 
compounds. 5‐(tert‐Butoxy‐carbonylmethylmethylamino)naphthalene‐1‐boronic acid 
shows ratiometric fluorescence changes upon binding of a sugar. 5‐(Methylamino)naph‑
thalene‐1‐ and 5‐aminonaphthalene‐1‐boronic acids show dramatic fluorescence 
increases upon binding of a sugar, so they are very good off‐on fluorescence sensors for 
sugars. In addition to the quantifiable fluorescence property changes upon sugar addi‑
tion, the fluorescence color changes in these  compounds are also visible to the naked eye. 
Therefore, they can also be used as color sensors. In contrast, the aniline group in 5‐
(acetylmethylamino)naphthalene‐1‐boronic acid is masked as an amide, making it only 
weakly fluorescent since the lone‐pair electrons of the nitrogen atom in the amide group 
are not readily available due to resonance stabilization [43].

A series of quinoline and indole‐based boronic acid were synthesized, and their 
 carbohydrate‐sensing properties were studied (Chart 2.3.5) [44–48].

4,4‐Difluoro‐4‐bora‐3a,4a‐diaza‐s‐indacene (BODIPY) is another attractive fluoro‑
phore for design of boronic‐based fluorescence sensors due to its high quantum yield, 
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tunable fluorescence characteristics, high photostability, and narrow emission band‑
width [45]. Recently, a series of BODIPY‐containing phenylboronic acids were 
 synthesized, and their carbohydrate‐sensing properties were studied (Chart  2.3.6) 
[50–53]. It was demonstrated that both the fluorophore wavelength tuning and effective 
 fluorescence response can be achieved by attaching auxochromic substituents 
to the 5‐position of the BODIPY core. For example, the introduction of substituent in 
8‐(4‐(HO)2BC6H4)‐1,3,5,7‐Me4‐BODIPY produces strong red shift of the emission maxi‑
mum from 502 to 580 nm and nearly fivefold increase of the emission intensity (Figure 2.3.4) 
[52]. Similarly, the introduction of substituent in 1‐(4‐(HO)2BC6H4CH = CH)‐3‐Me‐
BODIPY results in a nearly 20‐fold increase of the fluorescence response to incubation 
with D‐fructose (Figure 2.3.5) [53].

One of the boronic acids synthesized, so‐called Fructose Orange, exhibited a remark‑
able 24‐fold fluorescence enhancement (the quantum yield changed from 0.01 to 0.27 in 
the presence of 200 mM fructose) with an excellent selectivity among a large collection 
of 24 saccharides (Figure  2.3.6), and it was successfully applied for determination of 
fructose in Coca‐Cola [53].

2.3.3.2 Photoinduced Electron Transfer Sensors

The next class of fluorescence systems for saccharides to be discussed is PET sensors, 
which are probably the most important class of boronic acid–based fluorescence  sensors. 
Most PET sensors consist of a fluorophore linked to an amine moiety via a methylene 
spacer. PET, which takes place from amino groups to aromatic hydrocarbons, causes 
fluorescence quenching of the latter. When the amino group strongly interacts with a 
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boric moiety, electron transfer is hindered and a very large enhancement of the fluores‑
cence is observed [54]. Figure  2.3.7 illustrates the mechanism in terms of molecular 
orbitals. On excitation of the fluorophore, an electron of the highest occupied molecular 
orbital (HOMO) is promoted to the lowest unoccupied molecular orbital (LUMO), 
which enables PET from the HOMO of the donor (free amine) to that of the fluorophore, 
causing fluorescence quenching (OFF). Upon sugar binding, the redox potential of the 
donor is raised so that the relevant HOMO becomes lower in energy than that of the 
fluorophore, and consequently, PET is no longer possible and the fluorescence quench‑
ing is suppressed. In other words, the fluorescence intensity is enhanced upon cation 
binding (ON). This system can be interpreted as an “off‐on” molecular switch.

9‐{[N‐Methyl‐N‐(ortho‐boronobenzyl)amino]methyl}anthracene, shown in Figure 2.3.7, 
is the first rationally designed fluorescent PET sensor that displays the same inherent 
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trend in selectivity for saccharides as other monoboronic acids (the observed stability 
constants Kobs are 1000 M−1 for D‐fructose and 60 M−1 for D‐glucose in 33.3 wt.% meth‑
anol–water at pH 7.8) [55,56]. This simple “off‐on” PET system was modified with the 
introduction of a second boronic group (Chart 2.3.7). The modification proved success‑
ful, and fortuitously the spacing of the two boronic acid groups provided an effective 
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binding pocket for D‐glucose. The complexation of D‐glucose occurred with a 1:1 stoi‑
chiometry with the saccharide binding to form a macrocyclic ring. While the inherent 
selectivity of monoboronic acids is for D‐fructose, in this compound the stabilization 
derived from the rigid macrocyclic ring produces a D‐glucose selective system (the 
observed stability constants Kobs are 320 M−1 with D‐fructose and 4000 M−1 with D‐glucose 
in 33.3 wt.% methanol–water at pH 7.8) [56,57].

Later, the same design was used for synthesis of chiral sensors (Chart 2.3.8), which 
were found to demonstrate very high chemo‐ and enantioselectivity for sugar acids, 
such as tartaric, glucaric, gluconic, and glucuronic acids, as well as for six‐carbon 
sugar  alcohols, but do not bind strongly with five‐ or four‐carbon sugar alcohols or 
monosaccharides [58,59].

The interaction between the amine nitrogen and boric acid moiety plays a pivotal role 
in signaling the binding event. For some time, the formation of a direct bond between 
nitrogen and boron was assumed to be responsible for the fluorescence enhancement 
seen when boronic acids bound diols. This interpretation does, however, raise certain 
questions.

The X‐ray study of the diboronic acid sensor revealed that in the unbound receptor, 
the geometry in boron is trigonal planar. This is important as the absence of deviation 
from planarity implies that there is no direct N–B Lewis base–Lewis acid bond in boron. 
For the unbound receptor, the hydrogen atoms of the boronic acid were located and 
participate in the BO–H…N hydrogen bonds with the nitrogen atoms of the receptor 
framework (the N…O distances are 2.764 and 2.759 Å) [58]. The formation of such 
intramolecular BO–H…N bonds forming seven‐membered rings was found to be typi‑
cal for ortho‐aminomethylphenylboronic acids [60–65]. When the receptor was bound 
to tartaric acid and the complex was crystallized from a methanol–dichloromethane 
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solution, the tetragonal geometry of the boron atom with methanol bound through its 
oxygen atom to the boron center and also hydrogen bonds to the nitrogen atom of the 
receptor framework (the N…O distances are 2.655 Å and 2.693 Å) were found. However, 
the hydrogen atom was not located, and it was impossible to determine whether that 
hydrogen was closer to the nitrogen or the oxygen. The position of the hydrogen is a 
subtle issue, but it defines whether the solvent inserted structure should be best consid‑
ered as a neutral complexed boronic acid or whether the methanol is closer to being 
fully dissociated, creating a zwitterionic structure (Figure 2.3.8) [58].

The X‐ray study of closely related complexes of ortho‐N,N‐tetraethyleneaminomethyl 
phenylboronic acid (Figure  2.3.9) [66] and 9‐{[N‐Methyl‐N‐(ortho‐boronobenzyl)
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amino]methyl}‐anthracene (Figure  2.3.10) [63] with catechol and methanol revealed 
formation of the zwitterionic structure with the protonated nitrogen atom.

It should be noted that solvent insertion into the B–N bond is not a new idea. The 
similar structure was postulated more than 50 years ago for complexes of the cis‐1, 
2‐cyclopentanediol ester of 8‐quinolineboronic acid with solvent water and phenol 
molecules bridging the nitrogen and boron centers based on their infrared (IR) spectra 
(Chart 2.3.9) [67].

(a) (b)

(c) (d)

Figure 2.3.10 X‐ray structures of 9‐{[N‐Methyl‐N‐(ortho‐boronobenzyl)amino]methyl}anthracene 
crystallized from (a) dichloromethane and (b) methanol, and its complexes with (c) catechol and  
(d) 4‐nitrocatechol. Source: Reprinted with permission from ref. [63]. Copyright (2009) the Royal 
Society of Chemistry.
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On the other hand, the detailed 11B NMR and X‐ray studies of the N–B interac‑
tions in ortho‐(N,N‐dialkylaminomethyl) arylboronate systems demonstrated that 
in an aprotic solvent, the N–B dative bond is usually present (Figure  2.3.11). 
However, in protic media, solvent insertion of the N–B occurs to afford a hydrogen‐
bonded zwitterionic species [66,68].

One of the fundamental differences between the PET sensors and the above‐described 
ICT sensors is the presence of a spacer between the receptor (boric acid group) and the 
fluorophore. This makes it possible to use such sensors in a modular design approach, 
when one or more blocks may be changed to achieve the desired result. One the most 
interesting examples is adjusting the spacer length between two boronic acid receptors 
to achieve selectivity to D‐glucose (Chart 2.3.10) [69].

The sensor with a flexible six‐carbon linker provides the optimal selectivity for 
D‐glucose over other saccharides and exhibits the highest observed stability constant 
Kobs within these systems (Figure 2.3.12). This is in agreement with the observed selec‑
tivity of other sensors with pyrene and anthracene fluorophores, which also have linkers 
containing six carbon atoms [56,70].

Another impressive example is a library of diboronic acid sensors with varying  spacers, 
where a series of 26 compounds with different flexible and rigid spacers was synthesized 
and their binding with various carbohydrates was studied (Chart 2.3.11) [71–73].
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Figure 2.3.11 X‐ray structures of (a) catechol ortho‐(N,N‐tetramethyleneaminomethyl) 
phenylboronate and (b) dimethyl ortho‐(N‐benzylaminomethyl)phenylboronate. Source: Reprinted 
with permission from ref. [68]. Copyright (2006) American Chemical Society.
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Figure 2.3.13 Relative stability constants of diboronic acid versus the corresponding monoboronic 
acids with carbohydrates. Source: Reprinted with permission from Ref. [71]. Copyright (2003) Elsevier.
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Another example is the fluorophore selection for the sensors with given design 
(Chart 2.3.12). It was found that the relative stability constants’ complexes with D‑fructose 
and D‐mannose do not depend markedly on the fluorophore choice, whereas the relative 
stability constants’ complexes with D‐glucose and D‐galactose  display a saddle‐like trend 
from pyrene to 2‐naphthalene (Figure 2.3.13) [74].

In general, the modular approach enables almost unlimited possibilities of synthesis 
of very complex boronic acid–based PET sensors with different numbers and locations 
of receptors and fluorophores.

2.3.3.3 Fluorescence Resonance Energy Transfer Sensors

Another type of fluorescent sensors for carbohydrate detection is FRET sensors. 
FRET involves the nonradiative energy transfer from a fluorescent donor molecule to 
an  acceptor molecule in close proximity, which is usually caused by dipole–dipole 
 interactions. As long as the donor and acceptor remain in close proximity, no emis‑
sion occurs. Events  that trigger displacement of the donor from the acceptor will 
result in a regain of emission. The rate of energy transfer in dipole–dipole interac‑
tions is inversely proportional to R6, where R is the distance between the donor and 
acceptor. This means that even small changes in distance can be measured by FRET 
(i.e., Angstrom level). Therefore, FRET is commonly applied in biology as a powerful 
research tool to measure distance and detect molecular interactions at the cellular 
level [75,76].

The typical FRET sugar sensor consists of two components – a fluorescent reporter 
and a boronic acid‐containing quencher/receptor. Examples of such FRET systems 
are the series of viologen‐based sugar sensors developed by Singaram and coworkers. 
This simple example includes the commercially available dye 8‐hydroxy‐1,3,6‐pyren‑
etrisulfonic acid trisodium salt (HPTS or pyranine) as the fluorescent reporter and the 
boronic acid–substituted viologen 4,4′‐N,N‐bis(benzyl‐2‐boronic acid)bipyridinium 
dibromide (o‐BBV2+) as the quencher/receptor molecule (Scheme  2.3.6). These 
 sensors are capable of operating in aqueous solution at pH 7.4 and are highly sensitive 
to D‐glucose in the physiological range. The perfect summary of this study was 
 published in 2016 [77].
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2.3.4  Colorimetric Sensors

Colorimetric sensors for carbohydrates are of particular interest in a practical sense. 
If a system with a large color change can be developed, it could be incorporated into a diag‑
nostic test paper for D‐glucose, similar to universal indicator paper for pH. Such a system 
would make it possible to measure D‐glucose concentrations without  special equipment, 
and this would be of particular benefit to diabetics in developing countries [78].

There are fewer colorimetric sugar sensors based on boronic acids compared to 
the  number of fluorescence sensors. The first boronic acid azo dyes were prepared 
at  the  end of the 1940s for use in boron neutron capture therapy [79,80]. However, 
only in the 1990s were some boronic acid–appended azobenzene derivatives  synthesized 
for sugar sensing. Koumoto et al. proposed to use the boronic acid–amine interaction 
for  molecular design of an intermolecular sensing system for saccharides. m‐
Nitrophenylboronic acid interacts with the pyridine nitrogen of 4‐(4‐dimethylami‑
nophenylazo)pyridine in  methanol and changes its color from yellow to orange. 
Added saccharides form  complexes with the boronic acid and enhance the acidity of the 
boronic acid group. As a result, the boron–nitrogen interaction becomes stronger, and 
the intensified intramolecular charge‐transfer band changes the solution color to red 
(Chart 2.3.13) [81].

This is a pioneering work using intermolecular interactions between boronic acid and 
dyes. The concept of the combination of two molecules has become a growing trend. 
Many researchers used dyes containing catechol structures, like alizarin red S and pyro‑
catechol violet. These dyes form a cyclic ester with boronic acid, which accompanies a 
change in the color or fluorescence of the dyes. The sugar addition induced the 
 displacement of dyes from the cyclic ester, which results in a recovery of the original 
signal of the dyes [82–84]. These combinations of boronic acids and dyes will offer 
some interesting applications.

Ideally, a simple system using one constituent would be suitable for practical glucose 
sensing to avoid interferences in complex biological fluids. Ward et al. reported a series 
of dyes with a basic skeleton (Chart 2.3.14a) [85,86]. In particular, the azo dye with an 
electron‐withdrawing nitro group shows a large color change upon sugar addition in 
aqueous MeOH at pH 11. The wavelength shifted circa 55 nm to a shorter wavelength 
upon sugar complexation, corresponding to the color change from purple to red. They 
proposed that a key structure of the signaling mechanism is an intramolecular B–N 
interaction between the boronic acid moiety and the nitrogen of the aniline moiety. 
This concept was applied to the dye with tricyanovinyl dye, which shows a color change 
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in a neutral aqueous solution (Chart 2.3.14b). In aqueous MeOH at pH 8.2, the addition 
of sugar induced a shape change in the absorption spectrum, which is recognized as a 
color change from purple to pink [87].

DiCesare and Lakowicz have demonstrated that azo dye containing naphthyl group 
(Chart 2.3.15) works as a visible color sensor in a complete water system at pH 7.0. The 
sugar addition induces red shift, which results in a change from orange to a purple‐ 
reddish color. They proposed that this color change is due to the conformational change 
of the boron atom from the neutral sp2 form to the anionic sp3 form [88].

In order to fabricate sugar sensors that show a significant color change, Egawa et al. 
developed a strategy to arrange a boronic acid group adjacent to a chromophore 
by  introducing a boronic acid group to the ortho‐position of the azo group. Some 
ortho‐boronic acid substituted azobenzenes were successfully synthesized with diazo‐
coupling reactions (Chart  2.3.16) [89,90]. The absorption maximum at 505 nm in 
 aqueous methanol shows significant blue shift to 386 nm on D‐fructose addition 
(Figure 2.3.14) [90]. In order to improve the solubility in water, two sulfonyl groups were 
introduced to the azo dye [89].

O2N

N
N

N B
HO OH

NC

NH B
HO OH

CN

NC

(b)(a)

Chart 2.3.14 

N

N B
OH

OH

+Na
–
O3S

+Na
–
O3S

OH

Chart 2.3.15 

H2N

N
N

B
HO OH

H2N

N
N

B
HO OH

SO3
–

Na
+

SO3
–

Na
+

Chart 2.3.16 



Boronic Acid–Based Sensors for Determination of Sugars 199

The 15N NMR study demonstrated the existence of a B–N dative bond between 
boronic acid and azo groups [90]. The B–N dative bond causes significant red shift 
of the absorption maximum, and it is cleaved upon sugar addition, which results in a 
significant color change.

2.3.5  Conclusions

Saccharides play a significant role in the metabolic pathways of living organisms;  therefore, 
identification of biologically important sugars (e.g., glucose, fructose, and galactose) and 
determination of their concentration are necessary in a variety of  medical contexts. The 
boronic acids have the advantage of a reversible and fast equilibrium interaction with 
monosaccharides. In addition, the boronic acid group can be  incorporated in many differ‑
ent systems, giving large possibilities for the development of analytic devices for the 
 recognition and detection of sugars. Despite its long and rich history, understanding of 
boron acid interactions with carbohydrates continues to increase in the twenty‐first 
 century. Established in the past 25 years, sensing systems and the fundamental knowledge 
accumulated in the process of their development permit the design of more complex and 
sophisticated structures, thus enabling enhanced selectivity toward a wider range of 
sugar‐like targets. Although further effort is still ongoing to address some common issues, 
such as selectivity and biocompatibility, it is reasonable to believe that future development 
of boronic acid–based saccharide sensors will overcome these problems and play an 
active role in biological research, clinical diagnosis, and even treatment of diseases.
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2.4

2.4.1  Introduction

Molecular imaging (MI) is a pharmacodynamics strategy to visualize specific molecules 
in vivo using high‐affinity probes that target specific molecular sites in a living  system. 
These probes are specifically designed to overcome biological delivery barriers 
( vascular, interstitial, cell membrane). Small molecular probes currently in use can be 
broadly classified as radiopharmaceuticals, paramagnetic or fluorescent materials, or 
bubble‐based agents. They are being used as physiological and molecular markers in 
a number of applications, monitoring cell trafficking, apoptosis, angiogenesis, cellular 
metabolism, and drug development studies. Probes may also be used for therapeutic 
interventions. Imaging technologies have had an important impact on many aspects 
of healthcare delivery. Physicians routinely rely on medical images for diagnostic and 
prognostic purposes, and scientists develop and apply new imaging strategies to non-
invasively track pathophysiological processes and for development of novel therapeutic 
strategies.

Imaging was selected by the National Academy of Engineering as one of the 20 
greatest engineering achievements of the twentieth century [1]. The increasing cost 
of healthcare places a substantial economic burden on society, resulting in a shift in 
emphasis from the treatment to the prevention of diseases. Moreover, individual-
ized disease prevention, risk stratification, and therapy could lead to improvements 
and greater efficiency in healthcare delivery. With the advent of genomics, prot-
eomics, and technological advances, modern targeted molecular imaging strategies 
are replacing the traditional anatomical or physiological approaches to the detec-
tion, evaluation, and monitoring of many diseases and their treatment. Molecular 
imaging using biologically targeted markers can provide unique insight into genetic 
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and cellular processes and allow for disease evaluation and management as well as 
individualized therapy [2,3]. In this book chapter, we will discuss selected boron 
molecule‐based molecular imaging agents for the evaluation of various disease 
areas (Figure 2.4.1) [4,5].

Historically, the earliest direct imaging approaches involved native radiolabeled 
monoclonal antibodies, which were later replaced by engineered antibodies and 
peptides or peptidomimetic probes for imaging of cell‐specific antigens [6]. With 
direct molecular imaging, the magnitude of probe uptake and localization are 
directly related to the targeted molecule; however, this approach requires a custom-
ized probe for every target of interest. To overcome this limitation, indirect 
molecular imaging strategies, such as reporter gene technology, have been devel-
oped. This concept is complex and consists of multiple steps. The first step involves 
introduction of a reporter gene driven by a constitutive, inducible, or tissue‐specific 
promoter into the cell nuclei by various methods, including viral and nonviral vec-
tors. In the second step, the reporter gene transferred into the cell nuclei undergoes 
transcription followed by translation of messenger RNA (mRNA), which results in 
production of a reporter protein. This protein is then detected by its interactions 
with a complementary reporter probe radiolabeled with a Single‐Photon Emission 
computed Tomography (SPECT) or Positron Emission Tomography (PET) isotope. 
Both direct and indirect molecular imaging procedures are complementary to each 
other for present patient care.
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2.4.2  Molecular Imaging in Biomedical Research

Molecular imaging techniques can be performed in the intact organism with sufficient 
spatial and temporal resolution for studying biological processes in vivo. Furthermore, 
it allows a repetitive, noninvasive, uniform, and relatively automated study of the same 
living subject using identical or alternative biological imaging assays at different time 
points, thus harnessing the statistical power of longitudinal studies, and reducing the 
number of animals required and the cost. Therefore, molecular imaging may be used 
for early detection, characterization, and “real‐time” monitoring of diseases as well as 
for investigating the efficacy of drugs. Furthermore, molecular imaging is a branch of 
medical imaging science that aims to detect, localize, and monitor critical molecular 
processes in cells, tissue, and living organisms using highly sensitive instrumentation 
and contrast strategies (Figure 2.4.2).

2.4.3  Molecular Imaging Modalities

Presently, there is a consensus among experts in the field of molecular imaging that the 
rapidly evolving imaging deals with three distinct imaging areas, specifically imaging of 
molecular biomarkers, single‐cell imaging, and imaging therapeutics. The advances and 
increasing use of molecular imaging that have occurred over the last decade would not 
have been possible without the concurrent evolution in imaging technology. These 
advances include the development of new high‐resolution, high‐sensitivity imaging sys-
tems and novel imaging modalities. These collectively provide a selection of operational 
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parameters for various clinical imaging modalities and present both potential advan-
tages and disadvantages for targeted molecular imaging.

A diverse range of imaging techniques, or modalities, is now available (Table 2.4.1). 
Magnetic Resonance Imaging (MRI), PET, Computed Tomography (CT), and SPECT 
are all used routinely to scan patients in hospitals; smaller, less expensive versions have 
been produced for animal research. These techniques can penetrate deep into tissue, 
and sources of distortion are relatively few and largely understood. They are often used 
to survey whole bodies for disease and to do cross‐sectional imaging, particularly for 
research on deep‐seated organs. Each modality has pros and cons.

Although a number of modalities have been developed, only a few are available for 
broad application in molecular imaging. The most sensitive molecular imaging tech-
niques are the radionuclide‐based PET and SPECT imaging modalities. PET or SPECT 
has the sensitivity needed to visualize most interactions between physiological targets 
and ligands such as neurotransmitters and brain receptors. Radionuclide‐based imag-
ing modalities are able to determine concentrations of specific biomolecules as low as 
in the picomolar range. It must be stressed here, however, that the choice of a certain 
imaging modality – whether MRI, ultrasound, or PET – depends primarily on the spe-
cific question to be addressed.

The nuclear approaches include SPECT and PET, which are particularly well suited for 
in vivo molecular imaging because of their high sensitivity and acceptable spatial resolu-
tion, and the availability of instrumentation and molecular probes [7]. Both SPECT and 
PET imaging have become standard approaches for physiological imaging in patients. 
Technological advances and the availability of preclinical small‐animal micro‐SPECT 
and micro‐PET imaging systems have led to the emergence of novel imaging strategies 
with the potential to translate to clinical practice. Both SPECT and PET imaging strate-
gies have advantages and disadvantages based on the underlying physical and chemical 
differences between the two techniques, which have been described in detail in previous 
reviews [9–12]. The selection of imaging modality should, therefore, be based on the 
properties of the biological system under evaluation, the availability of targeted molecu-
lar probes, and the accessibility of SPECT or PET instrumentation. Besides these 
techniques, as we discussed in this chapter, MRI, X‐ray, CT, ultrasound, and light‐based 
methods (endoscopy and optical coherence tomography [OCT]) are also used routinely 
for patient care. Research modalities include various light microscopy techniques 
( confocal, multiphoton, total internal reflection, and super‐resolution fluorescence 
microscopy), electron microscopy, mass spectrometry imaging, fluorescence tomogra-
phy, bioluminescence, variations of OCT, and optoacoustic imaging.

Although clinical imaging and research microscopy are often isolated from one 
another, it can be argued that their combination and integration are not only informa-
tive but also essential to discovering new biology and interpreting clinical datasets in 
which signals invariably originate from hundreds to thousands of cells per voxel. No 
single modality can be considered the best molecular strategy for whole‐animal imag-
ing under all circumstances. A multimodality approach is the preferred way to explore 
biomedical imaging. Instrument companies developed PET–SPECT, PET–CT–SPECT, 
PET–MRI, and so on to advance this field (see the Appendix). Taking this into 
 consideration, academic scientists and instrumentation companies are developing 
 multimodality probes and hybrid instrumentation technology to further expand the 
molecular imaging research field in the context of our modern healthcare system.



  Table 2.4.1    Different molecular imaging modalities 

Technique Labels Signal Pros Cons Sensitivity Resolution    

PET  Radiolabeled 
 nuclei 

 Positrons from 
 radionuclides 

Highly sensitive High cost, detects only one 
radionuclide; operates 
through radioactive nuclei

10 −15 1–2 mm  

SPECT  Radiolabeled 
 nuclei 

 γ ‐rays Different radionuclides can 
be distinguished, so more 
processes can be imaged 
at once

Requires radioactivity, high 
cost

10 −14 1–2 mm  

CT None X‐rays Fast, cross‐sectional 
images

High cost, poor resolution 
of soft tissues

10 −6 50 m  

MRI  Can use isotope‐labeled 
 molecular 
 tracers 

 Alterations in 
 magnetic fields 

 Harmless, high resolution 
 of soft tissues 

 Cannot follow many 
 labels, high cost 

10 −9 –10 −6 50 µm  

Optical  Genetically engineered 
 proteins and 
 bioluminescent and 
 fluorescently labeled 
 probes 

 Light, 
 particularly in 
 the infrared 

 Easy, nondamaging 
 technique readily 
 adapted to study 
 specific molecular 
 events, low cost 

 Poor depth 
 penetration 

10 −12 1–2 mm  

Photoacoustic Probes that absorb light 
and create sound signals

Sound Better depth resolution 
than light, low cost

 Information 
 processing and 
 machines still being 
 optimized 

10 −12 50 µm  

Ultrasound  Microbubbles, which 
can be combined with 
 targeted contrast agents 

Sound Quick, harmless, low cost  Poor image contrast, 
 works poorly in air‐
containing organs 

10 −8 50 µm
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2.4.4  Boron Compounds in Molecular Imaging

Chemical tools are increasingly important in both clinical and research imaging because 
they can add molecular and cellular specificity and/or enhance physiological data 
extraction. Additionally, chemical imaging agents have two major advantages over fluo-
rescent proteins, although the two are often used complementarily: chemical tools 
enable imaging in humans and in mice obviate the need for genetically engineered 
reporters. A considerable number of imaging agents have been developed over the last 
decade (Molecular Imaging and Contrast Agent Database [MICAD]), and some agents 
are commercially available or even FDA‐approved [8–10]. Besides this, nanoparticles 
are particularly promising because they tend to accumulate in innate immunocytes, 
which are often “first responders” in pathologic processes. Furthermore, nanoparticles 
have unique pharmacokinetics: that is, they circulate longer, are not immediately 
cleared renally, and can be targeted to specific organs, cells, or proteins. Magnetic nan-
oparticles (MNPs), which are detected by MRI, are perhaps the best studied nanoparticle 
type. Ferumoxytol, for example, is a US Food and Drug Administration (FDA)‐approved 
nanomaterial for iron replacement in treating anemia but has been used to enhance 
MRI; when tagged with fluorochromes, ferumoxytol also doubles as a magnetic reso-
nance (MR) and/or optical imaging agent [13]. Quantum dots have been essential in 
certain microscopic imaging experiments, especially in conjunction with environmen-
tally sensitive particles, targeted particles, and short‐wave infrared particles that can be 
detected much deeper in tissue [14]. Labeled antibodies and antibody fragments have 
long been used for targeted imaging, and the introduction of long‐lived imaging iso-
topes (89Zr, 68Ga, 64Cu, and 124I) has resulted in some spectacular clinical results. Newer 
alpaca‐derived antibody fragments currently being developed offer several advantages 
over traditional antibodies. Specifically, single‐chain camelid antibody fragments lack 
an Fc portion and are much smaller (∼15 kDa) than immunoglobulins (∼150 kDa), “dia-
body” antibody derivatives (∼60 kDa), Fab fragments (∼50 kDa), or single‐chain variable 
fragments (ScFvs; ∼25 kDa). Other important chemical imaging tools now in routine 
use include a large number of isotopes (Table 2.4.2), fluorochromes, or metal‐labeled 
small molecules. There are a number of hyperpolarized C13 metabolites being devel-
oped for metabolic MRI.

Boron‐based compounds in imaging are playing an increasingly important role in 
preclinical target evaluation through noninvasive clinical cancer diagnosis. This can be 
attributed to the ease of synthesis of boron‐based precursors for 18‐F radiolabeling, 
which can be produced in many different ways. The most common procedure is the 
cold fluorination of phenylboronic acid using an excess of KHF2 in solution, with 
recrystallization of the resulting precipitate giving a relatively stable potassium phe-
nyltrifluoroborate salt [15].

When a protein scaffold interacts with the boron atom in the chromophore through 
a bound water molecule, this converts the boron atom to be sp3‐hybridized, which fur-
ther modulates the reactivity of the protein scaffold with reactive oxygen and nitrogen 
species (ROS and RNS, respectively). Although other surrounding residues in the pro-
tein may also affect the chemoselectivity (e.g., by modulating the bond angle or length 
of the new B − O bond), the identified sp3‐hybridized hydrated boronate itself is the 
determining factor for the unprecedented chemoselectivity of the scaffold. This boron 
chemistry in a folded non‐native protein will facilitate the future development of highly 
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selective arylboronate‐based sensors and inspire the tuning of chemical or biochemical 
reactions in protein scaffolds for a multitude of applications.

PET is revolutionizing our ability to visualize in vivo targets for target validation and 
personalized medicine. Of several classes of imaging agents, peptides afford high affin-
ity and high specificity to distinguish pathologically distinct cell types by the presence 
of specific molecular targets. Of various available PET isotopes, [18F]‐fluoride ion is 
preferred because of its excellent nuclear properties and on‐demand production in hos-
pitals at Curie levels. However, the short half‐life of 18F and its lack of reactivity in water 
continue to challenge peptide labeling. Hence, peptides are often conjugated to a metal 
chelator for late‐stage, one‐step labeling [16].

In seeking new methods, one approach would be to eschew C − F bond formation in 
favor of B − F bond formation, hypothesizing that an organotrifluoroborate, which can 
be readily prepared in water, would afford late‐stage, one‐step labeling (Figure 2.4.3). 
Two concerns befall all radiotracers: (1) radiolabeling must be kinetically rapid and suf-
ficiently favorable thermodynamically to ensure reasonable yields, and (2) the tracer 
must be stable in vivo. To address these issues, we [4] and others studied the synthesis 
of aryl trifluoroborates (ArBF3

−), wherein three fluoride ions condense with an arylbo-
ronic acid (Figure 2.4.4).

Pinacolate esters and borimidines are also fluoridated, either directly or following 
solvolysis to give the boronic acid (Figure 2.4.5). Selective receptor‐targeting radiopep-
tides have emerged as an important class of radiopharmaceuticals for molecular imaging 
and therapy of tumors that overexpress peptide receptors on the cell membrane. After 
such peptides labeled with γ‐emitting radionuclides bind to their receptors, they allow 
clinicians to visualize receptor‐expressing tumors noninvasively. Peptides labeled with 
particle emitters could also eradicate receptor‐expressing tumors. The first attempt to 

Table 2.4.2 Common isotopes used in nuclear medicine

Isotope Symbol Z T1/2 Decay

Imaging
Fluorine‐18 18F 9 109.77 m β+

Gallium‐67 67Ga 31 3.26 d EC
Indium‐111 111In 49 2.80 d EC
Iodine‐123 123I 53 13.3 h EC
Iodine‐131 131I 53 8.02 d β−

Krypton‐81m 81mKr 36 13.1 s IT
Nitrogen‐13 13N 7 9.97 m β+

Rubidium‐82 82Rb 37 1.27 m β+

Technetium‐99m 99mTc 43 6.01 h IT
Thallium‐201 201Tl 81 3.04 d EC
Xenon‐133 133Xe 54 5.24 d β−

Yttrium‐90 90Y 39 2.67 d β−

Decay: mode of decay; EC: electron capture; photons: principle photon energies in kilo‐electron 
volts (keV); T1/2: half‐life; Z: atomic number, the number of protons.
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utilize a [18/19F] organotrifluoroborate group in an analog of an existing radiotracer 
was carried out with the synthesis of a multimodal PET/NIRF tracer, [18F]BOMB, acti-
vated with a maleimide for subsequent conjugation with tilmanocept (a commercial 
agent that is labeled with 99mTc and used intraoperatively for lymphatic mapping). The 
radiofluorination of the benzopinacolate conjugation with tilmanocept was shown to 
give better results in vivo (mouse) than the clinically used 99mTc‐tilmanocept. Recently, 
two methods have been described for radiolabeling a cyclic RGD (widely known to bind 
to the αVβ3 receptor overexpressed in several cancer cell lines) using B–F bonds [17].

The method following the characterized route starts with the biomolecule conjugated 
to the arylboronic ester 4, followed by direct one‐step radiolabeling with the same aque-
ous [18/19F] KHF2 and acidic conditions described for 1 h at room temperature to provide 
5 [18]. However, although RGD will withstand acidic conditions, the strategy is not 
appropriate for other interesting and more sensitive biomolecules. The prior radiolabe-
ling of a prosthetic group allows a larger range of reaction conditions, and efficient 
attachment to the peptide can be rapidly achieved under mild conditions. The innova-
tive approach published by the Perrin group developed the first one‐pot two‐step 
method for radiofluorinations of different biomolecules through the B–F approach by 
using a 1,8‐diaminonaphthalene protected borimidine with an alkyne arm as a pros-
thetic group for indirect radiolabeling [19].

ArB(OH)2 + 2HF + KF ArBF 3
–K+ + 2H2O

Figure 2.4.4 Reaction pathways for ArBF3
− stability.
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Despite significant efforts to improve radiofluorination in boron precursors, 
some issues still persist (Figure 2.4.6). Generally, reactions with [18F] fluoride are 
slow and radiolabeling yields are low, meaning that effective purification methods 
are needed, which also contributes to the total synthesis time of a radiotracer lead-
ing to lower final specific activity (compounds 6–12). This could be attenuated by 
producing very high concentrations of [18F] fluoride on a microliter scale, and 
by  using nanomolar amounts of reagents, which may be feasible in microfluidic 
synthesis systems [19,20].

2.4.5  Boron‐Based Imaging Probes

2.4.5.1 Boron‐Based Optical Probes

Living organisms produce hydrogen peroxide (H2O2) to kill invading pathogens and for 
cellular signaling, but aberrant generation of this Reactive Oxygen Species (ROS) is a 
hallmark of oxidative stress and inflammation in aging, injury, and disease. The effects 
of H2O2 on the overall health of living animals remain elusive, in part owing to a dearth 
of methods for studying this transient small molecule in vivo. H2O2 is also emerging as 
a newly recognized messenger in cellular signal transduction [21]. However, a substan-
tial challenge in elucidating its diverse roles in complex biological environments is the 
lack of methods for probing this reactive oxygen metabolite in living systems with 
molecular specificity. To address these issues, many boron‐based optical probes have 
been developed and used as novel agents for studying the biology of H2O2 and monitor-
ing the transient transition at  different levels of development.
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For example, the synthesis and application of Peroxy Green 1 (PG1, 17), Peroxy 
Crimson 1 (PC1, 15), and three new fluorescent probes 13, 14, and 16 show high selec-
tivity for H2O2 and are capable of visualizing endogenous H2O2 produced in living cells 
by growth factor stimulation, including the first direct imaging of peroxide produced 
for brain cell signaling (Figure 2.4.7). The combined features of ROS selectivity, sensitiv-
ity to signaling levels of H2O2, and live‐cell compatibility presage many new opportunities 
for PG1, PC1, and related synthetic reagents for exploring the physiological roles of 
H2O2 in living systems with molecular imaging.

A new family of fluorescent probes was developed with varying emission colors for 
selectively imaging H2O2 generated at physiological cell‐signaling levels. This struc-
turally homologous series of fluorescein‐ and rhodol‐based reporters relies on a 
chemospecific boronate‐to‐phenol switch to respond to H2O2 over a panel of biologi-
cally relevant ROS with tunable excitation and emission maxima and sensitivity to 
endogenously produced H2O2 signals, as shown by studies in RAW264 macrophages 
during the phagocytic respiratory burst and A431 cells in response to EGF stimulation 
[22]. These reagents are used as new H2O2‐specific probes, for example Peroxy Orange 
1 (PO1, 22), in conjunction with the green‐fluorescent highly reactive oxygen species 
(hROS) probe APF. This dual‐probe approach allows for selective discrimination 
between changes in H2O2 and hypochlorous acid (HOCl) levels in live RAW264 mac-
rophages [23]. Moreover, when macrophages labeled with both PO1 and APF were 
stimulated to induce an immune response, three distinct types of phagosomes were 
detected: those that generated mainly hROS, those that produced mainly H2O2, and 
those that possessed both types of ROS (Figure 2.4.8). The ability to monitor multiple 
ROS fluxes simultaneously using a palette of differently colored fluorescent probes 
opens new opportunities to disentangle the complex contributions of oxidation biology 
to living systems by molecular imaging.

Another advancement was the development of peroxy caged luciferin‐1 (PCL1) 
(Figure 2.4.9), a chemoselective bioluminescent probe for real‐time detection of H2O2 
within living animals. PCL1 (24) is a boronic acid–caged firefly luciferin molecule that 
selectively reacts with H2O2 to release firefly luciferin, which triggers a bioluminescent 
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response in the presence of firefly luciferase. The high sensitivity and selectivity of 
PCL1 for H2O2, combined with the favorable properties of bioluminescence for in vivo 
imaging, afford a unique technology for real‐time detection of basal levels of H2O2 gen-
erated in healthy, living mice. Moreover, efficacy was demonstrated of PCL1 for 
monitoring physiological fluctuations in H2O2 levels by directly imaging elevations in 
H2O2 within testosterone‐stimulated tumor xenografts in vivo. The ability to chemose-
lectively monitor H2O2 fluxes in real time in living animals offers opportunities to 
dissect H2O2’s disparate contributions to health, aging, and disease [24].
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In addition to using boron‐based optical probes to detect hROS, they can also be used 
as fluorescence probes for labeling, and tracking of immune cells in vitro and in vivo is 
also appealing because they rapidly diffuse, and are noninvasive, nontoxic, and rela-
tively sensitive.

2.4.5.2 Boron‐Based Nuclear Probes

For in vivo imaging of boron compounds, radiolabeled derivatives are of particular 
interest since their bio‐distribution can be easily monitored by using SPECT and PET, 
depending on the radionuclide employed. Although the amount of radioactivity used 
in  radio‐immunoimaging experiments is extremely small in comparison to the large 
 number of boron atoms required for efficient Boron Neutron Capture Therapy (BNCT), 
the labeling of boron compounds with radionuclides enables their direct detection in 
biological systems during studies of bio‐distribution and pharmacokinetics. This is 
important in the evaluation of boron systems especially designed for enhanced tumor 
selectivity with regard to BNCT, and it also offers the synthesis of new inorganic tumor‐
imaging agents that display high chemical stability of the radiolabel. This is of special 
importance since enzymatic cleavage in vivo resulting in loss of the radiolabel is often a 
problem. Initially, labeling reactions of boron clusters with iodine‐131, iodine‐125, asta-
tine‐211, tritium, and cobalt‐57 were presented. The use of fluorine‐18, a positron 
emitter detectable with PET, is only reported for studies with BPA.

The iodination of nido‐7,8‐C2B9H12
− (27) was first reported by Hawthorne et al. in 

1965 [25]. The reaction of the potassium salt of this anion with elemental iodine in 
absolute ethanol afforded the mono‐iodinated product (28) in 75% yield (Figure 2.4.10). 
Characterization was accomplished by elemental analyses and 11B NMR. The reaction 
should be regarded as an electrophilic substitution at the open face of the nido‐7,8‐
C2B9H12

− ion. Because of the pattern of the 11B NMR spectrum, the authors assigned 
the position of the boron bearing the iodine substituent as adjacent to one of the car-
bon atoms. In a later study, the same authors reinvestigated the iodination reaction of 
7‐(4‐C6H4NCS)‐nido‐7,8‐C2B9H11

− employing sodium iodide and chloramine‐T as an 
oxidizing agent [26]. The p‐isothiocyanatophenyl substituent was present for later 
linkage of the iodinated nido anion to a protein amino group, thus accomplishing con-
jugate labeling.

Tritium is a β‐emitter with a half‐life of 12.323 years [27]. Because of its long half‐life, 
this radionuclide is not suited for clinical applications. Nevertheless, it is used for in 
vitro and in vivo studies with animals, since tritium is easily introduced into molecules 
(e.g., via hydrogen or proton exchange reactions using tritium gas, HTO, or T2O) [28]. 
Carboranes (29) can be tritiated by prior deprotonation of the CH vertex with n‐BuLi, 
followed by quenching the resulting anion with T2O (Figure 2.4.11).
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Figure 2.4.10 Iodination of nido‐carborane anion.
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In addition to radiolabeling using radioiodine, nido‐carborane dianions form 
extremely stable complexes with cobalt and other transition metals and are potentially 
of great interest as carriers for radiometals. This can be seen in the so‐called Venus 
flytrap complex (VFC) with 57Co as the γ‐photon‐emitting radiometal. The structure 
of this complex was determined in an X‐ray diffraction study using isotopically normal 
cobalt.

Conjugation of the mixture of 57Co‐labeled VFC isomers 30 (dl and meso) to the 
anti‐CEA monoclonal antibody, T84.66, could be accomplished via its N‐hydroxysul-
fosuccinimide ester (Figure 2.4.12). In this manner, an average of 0.03–0.05 molecules 
of VFC reagent per molecule of antibody was conjugated in accord with the VFC con-
cept of providing an extraordinarily stable imaging agent rather than a therapeutic 
agent for BNCT. The VFC conjugate retained >90% immunoreactivity, was stable in 
serum (more than 7 days), and demonstrated excellent localization in LS174T tumor 
xenografts during in vivo studies with nude mice. In the latter study, the pharmacoki-
netics of 57Co VFC‐T84.66 were compared to those of T84.66 monoclonal antibody 
(MAb) conjugated with either DTPA or its benzylisothiocyanate derivative (BzDTPA) 
labeled with 111In. The whole‐body half‐life for VFC‐T84.66 was less than for either 
DTPA‐T84.66 or BzDTPAT84.66. The blood clearance rate was similar for all three 
radioimmunoconjugates. Hepatic uptake of the radiolabel was rapid and remained 
constant for 7 days for both DTPA radioimmunoconjugates. For VFC, however, the 
initially observed liver radioactivity decreased rapidly to about 10% of its original 
value, suggesting a possible role for VFC radioimmunoconjugates in the imaging and 
β‐therapy of liver metastases [29,30].

Recently, PET imaging has found its use expanding into pharmacology, and clinically 
in neurology, cardiology, and particularly oncology [31–33]. Early on, [18F]‐deoxyglu-
cose (FDG), [18F]‐thymidine, and [18F]‐misonidazole provided images based on 
heightened metabolic flux or hypoxia characteristic of many cancers. Yet, because 
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Figure 2.4.12 Venus flytrap complex (VFC) with radio cobalt (57Co) 
conjugated to a monoclonal antibody.
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cancers are increasingly characterized by the presence of distinct extracellular targets, 
new target‐specific imaging agents are needed to guide diagnosis and treatment. While 
new 18F‐labeling methods for small molecules serve diverse needs, various groups have 
focused on larger molecules such as peptides, which predictably exhibit high affinity 
and specificity for many targets. Advances in proteomics and combinatorial screens 
have provided peptidic tracers that distinguish pathologically distinct molecular tar-
gets, which is impossible to achieve with FDG. Examples of peptide tracers include 
octreotate (31), bombesin, and RGD (Figure 2.4.13) [34].

A one‐step aqueous 18F‐labeling method, which can be applied to peptides to provide 
functional in vivo images, has been a longstanding challenge in PET imaging. Over the 
past few years, several groups developed rapid and mild radiolabeling methods based 
on the aqueous radiosynthesis of in vivo stable aryltrifluoroborate (ArBF3

−) conjugates. 
Recent access to production levels of 18F‐fluoride led to a fluorescent‐18F‐ArBF3

− 32 at 
unprecedentedly high specific activities of 15 Ci/µmol, which opened new avenues for 
developing boron‐based PET imaging agents (three 18F atoms introduced at a time to 
boron atoms rather than one 18F atom to other elements). However, extending this 
method to labeling peptides as imaging agents has been exploited in RGD labeling 
(Figure 2.4.14). Isotope exchange on a clinically useful 18F‐ArBF3

− radiotracer leads to 
excellent radiochemical yields and exceptionally high specific activities, while the ani-
onic nature of the aryltrifluoroborate prosthetic results in very rapid clearance. Since 
rapid clearance of the radioactive tracer is generally desirable for tracer development, 
these results suggest new directions for varying linker arm composition to slightly 
retard clearance rather enhancement [35].

Bradykinin B1 receptor (B1R) is involved in pain and inflammation pathways and is 
upregulated in inflamed tissues and cancer. Due to its minimal expression in healthy 
tissues, B1R is an attractive target for the development of therapeutic agents to treat 
inflammation, chronic pain, and cancer [36]. Perrin’s group synthesized and com-
pared two 18F‐labeled peptides derived from potent B1R antagonists B9858 (33) and 
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B9958 (Figure 2.4.15) for imaging B1R expression with PET. These results indicate 
that 18F‐AmBF3

− B9858 and 18F‐AmBF3− B9958 are promising agents for the in vivo 
imaging of B1R expression with PET. While boron‐based PET imaging agent develop-
ment programs have only recently begun, there appears to be a great future for 
developing − B18F3‐based PET imaging agents for different areas.

2.4.5.3 Boron‐Based MRI Probes

In vivo cell tracking has become essential for enhancing the efficacy of cell therapy. 
Improvements in noninvasive imaging strategies have led to the acquisition of detailed 
information on the transplanted cells for monitoring cellular therapeutics and assessing 
the immune microenvironment. Although imaging techniques such as CT, PET, ultra-
sound, and MRI have been commonly used for medical applications for cell therapy, 
MRI is the most attractive modality owing to its safety and high resolution. Recently, 
cell tracking using MRI has been extensively utilized to assess biological processes 
by modulating and monitoring immunotherapeutic cells using immunotherapies [37]. 

O
H
N

HNO

HN

NH

O

ON
H

H
N

O

O

N
N

O F

F
F

B
F

18F
F

HN
NH2

NH

Ph

HO2C

O 32

Figure 2.4.14 Structure of RGD‐18F‐ArBF3
− with very high specific activity.

N

O

OH

O
HN

O

HO

NH

O
O

HN

O

N

HO

ON

O

NH
O

HN
O

NH2HN
O NH2

N

HN
O

N
NH

H
N

N
B F

F

F

HN

NH2

HN

33 34

HN

N

O

OH

O
HN

O

HO

NH

O
O

HN

O

N

HO

ON

O

NH

O

HN
O

NH2HN
O NH2

N

HN
O

N
NH

H
N

N

+
+ B

F

18F

F

HN

NH2

HN

HN

19F18F

Figure 2.4.15 18F‐exchange to synthesize AmBF3
− B9858.



Boron Compounds in Drug Delivery and Imaging220

In particular, T1‐weighted MRI, which can show hyper‐intense areas and produce 
bright positive contrast against background tissue, has been known as a suitable method 
for labeling and tracking of target cells [38].

Accurate prediction of Alzheimer’s disease (AD) is important for the early diagnosis 
and treatment of this condition. Mild cognitive impairment (MCI) is an early stage of 
AD. Therefore, patients with MCI who are at high risk of fully developing AD should be 
identified to accurately predict AD. However, the relationship between brain images 
and AD is difficult to construct because of the complex characteristics of neuroimaging 
data. To address this problem, Perry et  al. presented a longitudinal measurement of 
MCI brain images and a hierarchical classification method for AD prediction. 
Longitudinal images obtained from individuals with MCI were investigated to acquire 
important information on the longitudinal changes, which can be used to classify MCI 
subjects as either MCI conversion (MCIc) or MCI non‐conversion (MCInc) individu-
als. Recent studies showed that MRI can contribute significant progress to understand 
the neural changes related to AD and other diseases. Moreover, MRI data provide some 
brain structure information; this information can be used to identify the anatomical 
differences between populations of AD patients and normal controls, and to assist in 
the diagnosis and evaluation of MCI progression (Figure 2.4.16) [39]. Generally, most 
MRI‐based classification methods consist of two major steps: (1) feature extraction and 
selection, and (2) classifier learning. Basing on the type of features extracted from MRI, 
the MCInc/MCIc classification methods can be divided into three categories: the voxel‐
based approach, the vertex‐based approach, and the region of interest (ROI)‐based 
approach.

Very recently, Hanaoka’s group developed boron‐based targeted MRI contrast agents 
and used these for detection of atherosclerotic plaques [39b].

2.4.5.4 Boron‐Based Molecular Probes for Disease

A fluorescent probe, HKGreen‐2 (35), has been developed based on a specific reaction 
between ketone and peroxynitrite (ONOO−). This probe is highly sensitive and selective 
for the detection of peroxynitrite not only in abiotic but also in biological systems. With 
this probe, the Liu and Ahrenes groups successfully detected peroxynitrite generated 
in  murine macrophage cells activated by phorbol 12‐myristate 13‐acetate (PMA), 
interferon‐γ (IFN‐γ), and lipopolysaccharide (LPS) (Figure 2.4.17). This new probe will 
be a useful tool for studying the roles of peroxynitrite in biological processes [40].
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Figure 2.4.16 Longitudinal data to predict AD conversion.
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In recent years, boron‐dipyrromethene (BODIPY) dyes have gained great popularity 
as fluorescent markers and sensors, owing to their very sharp emissions, high fluores-
cent quantum yields, good photostability, and insensitivity to pH. The typical BODIPY 
compounds emit strong green light [41,42]. Modification of its core to achieve red 
shifts has attracted considerable interest, for long‐wavelength emission can avoid the 
interference of inherent biological fluorescence in the short‐wavelength region. The 
extended conjugation length via introducing phenylethene groups on the 2,6 positions 
obtained strong red‐emissive derivatives. BODIPY derivatives have the disadvantage 
of very small Stokes shifts, which lead to self‐quenching and measurement errors by 
excitation light and scattering light. Attaching an electron donor to the core to form a 
donor–acceptor system is an efficient way to increase the Stokes shifts due to their 
very strong Intramolecular Charge Transfer (ICT) characteristics. However, these D–A 
(Donor-Acceptor) type BODIPY dyes exhibit significant fluorescence quenching in 
polar solvents, which is a limitation for biological applications. Liu and others have 
designed a novel donor–acceptor type BF complex and its isomer, derived from naph-
thalimide. Unlike the known D–A BODIPY derivatives, these analogs have a proper 
ICT effect, so they show both very large Stokes shifts (absorption at 424 nm and emis-
sion at 620 nm) and high fluorescence quantum yields in polar solvents [43].
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A FRET sensor for mercury ions (as shown in Figure  2.4.18) whose sensitivity 
reached the parts‐per‐billion (ppb) scale [44] has been developed to popularize this 
strategy in the development of more ratiometric sensors for various analytes. The 
ICT‐based ratiometric sensors encounter two problems influencing their accuracy: 
(1) binding of the target ions results in remarkable shifts of sensor absorption max-
ima, and the difference in efficiency among multiple excitation wavelengths may be 
a potential origin of inaccuracy; and (2) relatively broad fluorescence spectra for ICT 
fluorophores, before and after binding target ions, have a high degree of overlap, 
which makes it difficult to accurately determine the ratio of the two fluorescence 
peaks. Therefore, this boron‐based sensor 37 will be a general strategy to use as a 
novel probe for FRET sensors.

Molander and coworkers were the first to synthesize a aryltrifluoroborate functional-
ized with an azide (Figure 2.4.19) as an attractive tool for prosthetic group conjugation 
owing to it being a simple process for peptide labeling (40). Formation of the benzyl 
azide 40 proceeds in near‐quantitative isolated yields with a range of substitution pat-
terns, and reaction with a terminal alkyne was attempted under a variety of conditions 
(varying solvent, temperature, and reaction time). It was found that the reaction pro-
ceeded to completion in dimethyl sulfoxide (DMSO) after 1 h at 80 °C, and any other 
solvents used were largely ineffective owing to the lack of solubility of the starting mate-
rials. If the starting material used is not capable of withstanding the elevated temperature, 
the reaction can be performed at room temperature, giving an 82% yield after 48 h. 
Modification of the functional groups present on the aryl alkyne showed little impact 
on the yield, with all reactions attempted yielding 85–100% conversion. Formation of 
aryl azides has also been demonstrated using other aryltrifluoroborate reagents, offer-
ing an alternative procedure for the formation of “click” precursors while keeping 
aryltrifluoroborates (41) intact [45].

Two closely related phenyl selenyl–based BODIPY turn‐on fluorescent probes for the 
detection of hypochlorous acid (HOCl) were synthesized for studies in chemical biol-
ogy; emission intensity is modulated by a photoinduced electron‐transfer (PET) process. 
Probe 42 intrinsically shows a negligible background signal; however, after reaction 
with HOCl, chemical oxidation of selenium forecloses the PET process, which evokes a 
significant increase in fluorescence intensity. The fluorescence intensity of probes 42 
and 43 with HOCl involves an ~18 and ~50‐fold enhancement compared with the 
respective responses from other ROS and RNS, and low detection limits (30.9 nm for 
1 and 4.5 nm for 2). Both probes show a very fast response with HOCl; emission inten-
sity reached a maximum within 1 s. These probes show high selectivity for HOCl, as 
confirmed by confocal microscopy imaging when testing with RAW264.7 and MCF‐7 
cells (Figure 2.4.20) [46].

Fluorescent probes with larger Stokes shifts in the far‐visible and near‐infrared spec-
tral region (600–900 nm) are superior for cellular imaging and biological analyses due 
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to avoiding light‐scattering interference, reducing auto‐fluorescence from biological 
samples, and encouraging deeper tissue penetration for in vivo imaging. Wang’s group 
(Figure 2.4.21) synthesized two bis‐methoxyphenyl‐BODIPY fluorescent probes 44 for 
the detection of nitric oxide (NO) [47]. Under physiological conditions, these probes 
can react with NO to form the corresponding triazoles 45 with 250‐ and 70‐fold turn‐
on fluorescence emitting at 590 and 620 nm, respectively. Moreover, the triazole forms 
of these probes have large Stokes shifts of 38 nm, in contrast to 10 nm of existing 
BODIPY probes for NO. Excellent selectivity has been observed against other ROS and 
RNS, ascorbic acid, and biological matrix. After the evaluation of MTT assay, new fluo-
rescent probes have been successfully applied to fluorescence imaging of NO released 
from RAW 264.7 macrophages by co‐stimulation of LPS and interferon‐γ. The experi-
mental results indicate that fluorescent probes can be powerful candidates for 
fluorescence imaging of NO due to the low background interference and high detection 
sensitivity.

The platinum drugs cisplatin, carboplatin, and oxaliplatin are highly utilized in the 
clinic and as a consequence have been extensively studied in the laboratory setting, 
sometimes by generating fluorophore‐tagged analogs. Several groups synthesized 
Pt(II) complexes containing ethane‐1,2‐diamine ligands linked to a BODIPY fluoro-
phore, and compared their biological activity with previously reported Pt(II) 
complexes conjugated to carboxyfluorescein and carboxyfluorescein diacetate 
(Figure  2.4.22). The cytotoxicity and DNA damage capacity of Pt–fluorophore 
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complexes 46 and 47 were compared to those of cisplatin, and the Pt–BODIPY com-
plexes were found to be more cytotoxic with reduced cytotoxicity in cisplatin‐resistant 
cells. Microscopy revealed a predominately cytosolic localization, with nuclear dis-
tribution at higher concentrations. Spheroids grown from parent and resistant cells 
revealed penetration of Pt–BODIPY into spheroids, and retention of the cisplatin‐
resistant spheroid phenotype. While most activity profiles were retained for the 
Pt–BODIPY complexes, accumulation in resistant cells was only slightly affected, 
suggesting that some aspects of Pt–fluorophore cellular pharmacology deviate from 
cisplatin [48,49].

Recently, elegant molecular designs have been developed to take full advantage 
of the unique high detection sensitivity of both optical and nuclear imaging meth-
ods. One possible approach seeks to fuse the two imaging systems into one 
molecule (a monomolecular multimodality imaging agent [MOMIA]) in order to 
ensure the same bio‐distribution of the two probes [50]. Despite the high sensitiv-
ity and complementary nature of radionuclear and optical methods, combinations 
of these two imaging modalities are rare. This is attributable to a variety of rea-
sons, one of them being the difficulty to synthesize and characterize species 
capable of this type of bimodal imaging [51–53]. More precisely, the properties of 
DOTA have been explored as MRI contrast agents, or for labeling biomolecules 
using metal radioisotopes for both diagnosis (SPECT or PET) and therapeutic 
purposes [54–58].

2.4.6  Future Perspectives

There is no doubt that molecular imaging will play a major role in biomedical research, 
not only for diagnosis of diseases before pathophysiological changes are irreversible but 
also in biomarker discovery, in new target‐to‐hit and hit‐to‐lead development, and in 
preclinical trials to establish the toxicity profile of new agents and finally delivery and 
prognosis of diseases. Molecular imaging will play a major role in identifying new bio-
markers for stem cell biology, precision medicine, and single‐cell detection. The success 
of these technologies depends on easy synthesis of probes and pharmacological agents 
with novel instruments and micromolar‐scale resolution for detection. In this context, 
future boron‐based molecular probes will play crucial roles as theranostic agents (both 
therapeutic and diagnostic) [59–61].
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 Appendix: Companies Offering Imaging Instruments and Reagents

Company Web address

Agilent Technologies
BD Biosciences
Berthold Technologies
Bioscan
Bruker Biospin
Caliper Life Sciences/Xenogen
Carestream Molecular Imaging
Chroma Technology
Clontech
Cri
Evrogen
GE Healthcare
Hamamatsu
Hitachi Medical Systems
Improvision
Invitrogen
LaVision
LI‐COR
Lightools Research
M2M imaging
Mauna Kea Technologies
Millennium
MRVision
New England Biolabs
Nikon Instruments
Philips Healthcare
Promega
Semrock
Siemens Molecular Imaging
SkyScan Micro CT
UVP
Varian Magnetic Resonance
Visage Imaging
VisEn Medical

http://www.agilent.com/
http://www.bdbiosciences.com/
http://www.berthold.com/
http://www.bioscan.com/
http://www.bruker‐biospin.com/
http://www.caliperls.com/
http://www.carestreamhealth.com/
http://www.chroma.com/
http://www.clontech.com/
http://www.cri‐inc.com/
http://www.evrogen.com/
http://www.gehealthcare.com/
http://www.hamamatsu.com/
http://www.hitachimed.com/
http://www.improvision.com/
http://www.invitrogen.com/
http://www.lavision.de/
http://www.licor.com/
http://www.lightools.com/
http://www.m2mimaging.com/
http://www.maunakeatech.com/
http://www.mlnm.com/
http://www.mrvision.com/
http://www.neb.com/
http://www.nikon.com/
http://www.medical.philips.com/
http://www.promega.com/
http://www.semrock.com/
http://www.medical.siemens.com/
http://www.skyscan.be/
http://www.uvp.com/
http://www.varianinc.com/
http://www.visageimaging.com/
http://www.visenmedical.com/
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2.5

2.5.1  Boron Neutron Capture Therapy

2.5.1.1 Boron: The Element

Boron is a chemical element placed in Group XIII in the Periodic Table, with symbol B, 
atomic number 5, and molecular weight of 10.811 g/mol. It can be found in two  allotropic 
forms: amorphous boron (brown) and crystalline boron (black). Boron has two stable 
isotopes: 11B and 10B, with natural abundances of 80.1% and 19.9%, respectively.

2.5.1.2 The Principle behind Boron Neutron Capture Therapy (BNCT)

BNCT, first described by Locher 80 years ago [1], is a binary therapeutic approach based 
on the ability of the non‐radioactive nuclide boron‐10 (10B) to capture thermal neu-
trons, which results in the 10B(n, α, γ)7Li nuclear reaction. Alpha particles and 7Li recoil 
ions have high linear energy transfer (LET) properties and path lengths in the range of 
4 to 10 µm. If selective accumulation of 10B atoms is achieved in cancer cells, the ions 
produced as a consequence of neutron irradiation trigger cell death, while sparing 
healthy surrounding tissue (Figure 2.5.1).

Strategies to accumulate boron atoms in cancer cells are usually based in the attach-
ment of a boron‐rich moiety to a targeting unit. To date, abnormal metabolism and the 
overexpression of membrane receptors have been exploited to accumulate 10B nuclei in 
cancer cells. For example, small boron molecules have been used to prepare carbohy-
drates [2–8], amino acids and peptides [9–17], nucleic acid derivatives [18–25], and 
immunoconjugates [26–29]. More recently, nanometer‐sized drug delivery systems 
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have gained attention [30–32], since nanomedicines preferentially accumulate in cancer 
tissue due to the well‐known enhanced permeability and retention (EPR) effect. This 
effect is based on the presence of leaky vasculature in the vicinity of tumors, whose 
endothelium is fenestrated with gaps between 100 and 780 nm in size. This, together 
with a deficient lymphatic drainage, results in a passive accumulation of nanomedicines 
in tumor tissue [33].

The successful application of BNCT has been hindered by a number of problems, not 
least the unease around conducting clinical irradiations in nuclear research reactors. 
Apart from this, which might be mitigated by the installation of accelerator‐based neu-
tron sources, the main limitation of BNCT is the need to develop drugs that are able to 
deposit a sufficient number of 10B atoms specifically in tumor cells or tissues. Two main 
parameters need to be considered during development of new BNCT drug candidates: 
first, the boron concentration in the tumor should be >20–35 µg 10B/g, although lower 
amounts might be efficient if the boron atoms are located close to the cell nucleus; sec-
ond, tumor‐to‐normal tissue (TtT) and tumor‐to‐blood (TtB) ratios should be greater 
than five to prevent damage to healthy tissue in the path of the neutron beam [34]. Thus, 
there is the need to determine, in vivo and in a noninvasive way, the accumulation of 
boron in the tumor, surrounding tissue, and blood as a function of time, in order to (1) 
define the optimal time window for the application of neutron irradiation, in which the 
therapeutic effect is optimal while side effects and destruction of the surrounding tissue 
are minimized (Figure 2.5.2); and (2) predict the therapeutic efficacy of the treatment on 
a patient‐by‐patient basis while enabling dose adjustment (personalized medicine).

Currently, different alternatives are available to determine the concentration of 
boron in tissues, including inductively coupled plasma–atomic emission spectroscopy 
(ICP‐AES), high‐resolution alpha autoradiography, neutron capture radiography, laser 
post‐ionization secondary neutral mass spectrometry (laser‐SNMS), and electron 
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Figure 2.5.1 Schematic representation of the principle behind BNCT: if 10B atoms preferentially 
accumulate in cancer cells (1), subsequent neutron irradiation (2) produces the rapid nuclear reaction 
10B(n, α, γ)7Li. α‐particles and 7Li ions have high linear energy transfer, triggering cell damage and 
death (3) while sparing healthy surrounding cells.
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energy loss spectroscopy (EELS) [35]. However, all these techniques are performed 
ex vivo in small tissue samples, usually surgically removed from the patient or experi-
mental animal. Prompt γ‐ray spectroscopy, based on γ‐ray spectroscopy following 
 neutron capture in 10B, is a fast method to determine the average 10B content in a mac-
roscopic sample [36]. Even though this technique opens the possibility to perform 
in vivo γ‐ray spectroscopy of the subject during treatment [37,38], information about 
boron concentration can be obtained only in small volumes (typically a few cubic cen-
timeters), and the temporal resolution is suboptimal (a few minutes). An alternative 
method to determine, in vivo and noninvasively, the concentration of boron in an organ 
or tissue is by magnetic resonance imaging (MRI). Both natural boron isotopes 11B and 
10B are detectable by nuclear magnetic resonance spectroscopy (NMR) and conse-
quently are useful for MRI. Considering the natural abundance and the nuclear 
 properties, 11B displays a higher sensitivity and better spectral resolution than 10B. 
However, the 10B T2 is longer than 11B T2 for the same molecular site, which might be an 
advantage for the detection of 10B. In 2001, Bendel and coworkers published the first 
in vivo MRI images of 10B‐enriched sodium borocaptate (BSH) [39], after intravenous 
injection in mice with implanted M2R melanoma xenografts. The boron concentration 
could be determined at realistic tissue concentration levels, with an acceptable spatial 
resolution and in reasonable imaging times. The same group demonstrated a few years 
later the feasibility of using 1H magnetic resonance spectroscopy (MRS) and magnetic 
resonance spectroscopic imaging (MRSI) to follow the distribution of boronophenyla-
lanine (BPA) in vivo [40]. Despite the promising results, implementation of this 
 technology is still challenging in the clinical setting, the quantification of the images is 
not straightforward, and the sensitivity is suboptimal. For a recent revision on the 
 application of magnetic resonance to in vivo mapping of boron compounds, refer 
to Ref. [41].

In this context, both the evaluation of newly developed BNCT drug candidates 
and the determination of the optimal time window for neutron irradiation in clini-
cal  therapy would benefit from a technique capable to determine – noninvasively, 
in vivo, with high sensitivity, in real time, and at the whole‐body level – the con-
centration of boron in organs, tissues (including the tumor), and blood. This can 
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Figure 2.5.2 Fictitious curves representing the concentration of 10B in the tumor (blue line), 
surrounding tissue (green line), and blood (red line), after administration of a BNCT drug candidate. 
Determination of these curves enables the identification of the optimal time window for applying 
neutron irradiation (in purple) and predicting the therapeutic efficacy.
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be achieved by using nuclear imaging techniques, such as positron emission tomography 
(PET) and single‐photon emission computerized tomography (SPECT), which are 
described in this chapter.

2.5.2  Boron Clusters

As mentioned in Section 2.5.1.2, one of the major limitations for BNCT to become a 
routine clinical practice is the need to develop drugs that are able to deposit a suffi-
cient number of 10B atoms specifically (or preferentially) in tumor cells or tissues. In 
order to maximize the amount of boron in tumor cells, two strategies can be fol-
lowed: (1) accumulate a high number of molecules containing just one or a few num-
ber of boron atoms each, or (2) accumulate a lower number of molecules containing 
a huge amount of boron atoms each. Two clear examples of these strategies are p‐
BPA, which contains one boron atom per molecule (Figure 2.5.3), and sodium boro-
captate, which contains 12 boron atoms per molecule (BSH; Figure  2.5.3); both 
currently are approved for clinical trials and used as stand‐alone BNCT drugs or in 
combination [42].

Like carbon, boron has a high self‐catenation capacity. However, whereas carbon 
tends to have four connections when it self‐catenates, boron tends to have more than 
four, producing compact polyhedral structures known as boron clusters. Because boron 
clusters accumulate several boron atoms in one structure, they are a priori ideal candi-
dates for the preparation of BNCT drug candidates.

Depending on their chemical composition, boron clusters can be classified as boranes 
(which contain boron and hydrogen atoms), carboranes (which contain boron, hydro-
gen, and carbon atoms), and metallacarboranes (which contain at least one metallic 
atom besides boron, hydrogen, and carbon). General boron cluster chemistry has been 
the topic of several review articles (see, e.g., Ref. [43]). Therefore, only basic information 
is provided in this chapter.
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Figure 2.5.3 Structure of (left) sodium borocaptate (BSH), and (right) p‐boronophenylalanine (BPA).
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2.5.2.1 Boranes

Boranes contain only boron and hydrogen atoms in their structures. With the general 
formula BxHy, boranes are characterized by delocalized electron‐deficient linkages. 
In other words, they contain too few valence electrons in their structure to be described 
in terms of two‐center, two‐electron (2c2e) bonds. Instead, they can be described in 
terms of three‐center, two‐electron (3c2e) bonds, which result in the formation of 
 trigonal faces and hyper‐coordination. The high connectivity of atoms compensates for 
the low electron density in the skeletal bonds. As a result, three‐dimensional (3D) 
 deltahedral shapes are favored in boron clusters (see the structure of BSH as an 
 example: Figure 2.5.3), contrary to the formation of chains and rings observed in car-
bon‐based molecules.

The simplest borane is BH3, which is unstable and dimerizes to form diborane. 
Boranes with >5 boron atoms form deltahedral clusters, which can be neutral or ani-
onic. The geometries of boron clusters are described as: (1) deltahedra, or (2) those 
same deltahedra with one or more missing vertices. The classification is based on the 
polyhedral skeletal electron pair theory, originally formulated by Kenneth Wade [44]. 
Because this theory is also applicable to carboranes (see Section  2.5.2.2), a brief 
 discussion is included next.

2.5.2.2 Carboranes

Carboranes are clusters containing boron, hydrogen, and carbon atoms. Like boranes, 
they form polyhedral clusters with a high coordination number in their skeletal atoms 
(generally between 5 and 6), and also can be classified as deltahedra, or deltahedra with 
missing vertices, according to Wade’s rules. Carboranes have the general formula 
[CnBmHn+m+p]x−, where n is the number of carbon atoms in the cluster, m is the number 
of boron atoms in the cluster, p is the number of bridging hydrogen atoms, and x is the 
net charge (notice that boranes are also covered by this general formula, with n = 0). By 
applying Wade’s rules, the total number of skeletal electrons as a function of the occu-
pied vertices can be 2n + 2 (so‐called closo‐ compounds), 2n + 4 (nido‐ compounds), 
2n + 6 (arachno‐ compounds), or 2n + 8 (hypho‐ compounds). In all clusters, each B–H 
vertex contributes two electrons to the cluster, while each C–H vertex contributes 
three electrons.

The most widely investigated carboranes are the extremely stable dicarba‐closo‐ 
dodecaboranes (commonly known as carboranes) [45], which are icosahedral 
closo‐carboranes with the general formula C2B10H12 (see [46,47]). Their rich derivative 
chemistry makes dicarba‐closo‐dodecaboranes suitable building blocks with applica-
tion for the preparation of macro‐molecular and supramolecular entities [48,49], 
 nonlinear optics [50–52], and medicinal chemistry, particularly in the context of BNCT 
and as hydrophobic pharmacophores of bioactive molecules [53–62].

Carboranes exist as ortho‐, meta‐, and para‐ isomers (o‐, m‐, and p‐carborane, 
 respectively), which differ in the relative positions of the carbon atoms in the cluster 
(Figure 2.5.4). The carbon and boron atoms in the carborane structures are hexacoordi-
nate and result in a nearly icosahedral geometry.

The chemistry of carboranes is rich and unique, because the carbon and boron 
 vertices in the cluster have orthogonal reactivity. The CH groups are weakly acidic with 
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pKa values of 22.0, 25.6, and 26.8 for ortho‐, meta‐, and para‐ isomers, respectively [63]. 
These carbon atoms can be readily deprotanated generating nucleophiles, whereas the 
boron vertices can be derivatized by using reactive electrophiles. It is therefore possible 
to regioselectively synthesize a variety of C‐ and/or B‐substituted carborane derivatives 
without the need for complex protecting group strategies. Additionally, o‐carborane 
derivatives can be prepared following a straightforward strategy based on the reaction 
of decaborane (B10H14) with a Lewis base in order to form a reactive complex (B10H12L2) 
[64], which is further reacted under conventional heating with an alkyne to yield the 
corresponding o‐carborane derivative (Figure  2.5.5). After the pioneering work by 
Heying et  al. [65], this methodology has been widely applied to the preparation of 
mono‐ and di‐Cc‐substituted o‐carboranes (see Ref. [66] for an extensive review).

Very recently, the preparation of CC‐substituted carboranes has been approached by 
addition of functionalized alkynes (including mono‐ and polyfunctional internal and 
terminal alkynes) to B10H12(CH3CN)2 in the presence of a series of Cu, Ag, and Au salts. 
Excellent results were obtained when AgNO3 was used in catalytic amounts [67]. Also 
very recently, the preparation of C,B‐substituted‐o‐carborane derivatives was reported 
by reaction of 1,3‐dehydro‐o‐carborane (prepared from 3‐iodo‐1‐lithio‐o‐carborane) 
with alkynes via Pd/Ni‐cocatalyzed [2 + 2 + 2] cycloaddition reaction [68].

B–H C–H

Figure 2.5.4 (Left to right) Structures of o‐, m‐, and p‐carborane.
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Figure 2.5.5 Strategy for the preparation of Cc‐substituted o‐carboranes by reaction of decaborane 
with alkynes.
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2.5.2.3 Metallocarboranes

Metallocarboranes can be thought as heteroboranes with at least one metal atom pre-
sent in or associated with the cage framework. The first metallocarborane was prepared 
in 1965 by Hawthorne and coworkers [69]. This sandwich‐type complex had a central 
iron atom that was complexed to two dicarbollide units, in a similar fashion to ferrocene 
(Figure 2.5.6). After the discovery of the first metallocarborane, many mixed‐sandwich 
complexes involving both the dicarbollide dianion (C2B9H11)2− and carbonyl or 
 cyclopentadienyl ligands were prepared and reported, as well as complexes with lower 
carboranes and incorporating other transition metals (e.g., cobalt, copper, gallium, 
 palladium, manganese, molybdenum, nickel, rhenium, and tungsten) [70,71]. For a 
recent review, see Ref. [72].

2.5.3  Nuclear Imaging: Definition and History

Molecular imaging can be defined as a set of techniques that allow the noninvasive visu-
alization of cell function and the monitoring of molecular processes in living organisms. 
They differ from traditional imaging techniques because biomarkers are used, enabling 
the investigation of biological, physiological, and medical processes in vivo and in a 
wide variety of animal species, ranging from small rodents to humans. Nuclear imaging 
techniques, which comprise PET, SPECT, and planar γ‐camera imaging, are considered 
molecular imaging techniques. These techniques offer the possibility to detect func-
tional changes occurring inside the body. Since the functional changes take place before 
the structural ones, their detection enables earlier diagnosis and evaluation of the 
response to treatment, and therefore a much better and more cost‐effective chance to 
cure diseases.

The history of nuclear imaging started at the end of the nineteenth century, when 
Henry Bequerel discovered radioactivity (1896) and Marie Curie discovered radium 
(1898). The next important development was made by George de Hevesy, who studied 
the chemical processes in biological systems using radioactive tracers. Blumgart and 
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Figure 2.5.6 Structure of (left) [(3,3’‐Fe 
(1,2‐C2B9H1 1)2]− and (right) ferrocene.
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Yens, in 1927, made the first human study using aqueous mixture of 214Pb and 214Bi to 
measure the transit time of the blood flow from one arm to the other [73]. In 1930, the 
cyclotron was invented by Ernest O. Lawrence and the production of new artificial radi-
onuclides became possible, thus opening new avenues for the investigation of complex 
functions in living systems. The development of the technology permitted in 1950 the 
first images of the radionuclide’s distribution. The rectilinear scanner was made in 1951 
by Benedict Cassen, and in 1958 the Anger γ‐camera arrived and the single‐photon 
imaging system started to be worldwide. Approximately at the same time, the imaging 
properties of positron emitters were described.

Until 1960, the nuclear imaging field was dominated by iodine‐131 (131I) until the 
discovery of technetium‐99 m (99mTc) in 1964, which launched a big development of 
nuclear medicine imaging and remains to date – due to its imaging properties, easy 
labeling, and facile production –  the most used radionuclide. In recent decades, the 
increase of positron‐emitting radionuclides with better imaging properties and 
improved methods opened a wide area of research and diagnostic applications. Nuclear 
imaging techniques have recently emerged as powerful tools that can provide valuable 
information far beyond diagnostic applications, by attaching a radioactive atom (radio-
nuclide) to a molecule or macromolecule (e.g., a small drug, peptide, or protein) that 
can be tracked noninvasively after administration to a living organism; hence, the spati-
otemporal distribution of the labeled entity can be resolved with excellent sensitivity 
and good resolution, to ultimately provide quantitative pharmacokinetic information. 
Such information can be used in the context of drug development, for example to deter-
mine the ADME (absorption, distribution, metabolism, and elimination) profile, to 
anticipate potential toxicological effects, or to aid in the process of optimal dose 
determination.

2.5.3.1 Radioactivity: The Basis of Nuclear Imaging

Nuclear imaging uses radioactive substances to obtain images. The radioactivity refers 
to the processes that take place spontaneously in the nucleus of an atom that is in an 
unstable state because it has an excess of energy. Emitting radiation is the natural and 
only way for an unstable atom to turn into a stable atom, in a process called radioactive 
decay. All the substances that emit radiation are called radioactive substances, and their 
atoms are radionuclides.

Radioactive decay is a stochastic process in which the probability of an atom to 
undergo radioactive decay is constant over time. The number of radionuclides, N, is a 
discrete variable (a natural number) – but for any physical sample, N is so large that it 
can be treated as a continuous variable. The radioactive decay formula is expressed as 
shown in Equation 2.5.1:

 N t N e t
0  (2.5.1)

where N0 is the initial number of radioactive atoms, N(t) is the number of radioactive 
atoms at time = t, λ is the decay constant (ln2/T1/2), and t is time. T1/2 is the half‐life 
of  the radioisotope, and corresponds to the period of time required to decrease the 
number of radioactive atoms to one half of the starting value. The mechanism of 
 emitting radiation is closely linked to the atom’s energy levels and can have different 
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forms: α‐particles, β‐particles (electrons and positrons), γ‐rays, conversion electrons 
(internal conversion), and neutrinos (electron capture). The set of properties of radio-
active decay (the way of radioactive decay, the emission type, the level of transition 
energy, and the lifetime of the radionuclide before decaying) is characteristic for each 
radionuclide. In the International System of Units (SI), the activity is expressed in 
 becquerels (Bq), 1 Bq corresponding to 1 disintegration per second. The amount of 
radioactivity handled in animal or human imaging experiments is usually in the 
MBq range.

Positron or γ‐emitters (both are γ‐emitters ultimately, resulting in the emission of 
γ‐rays, vide infra) are ideally suited to be tracked in vivo. Due to their high penetration 
capacity, γ‐rays are capable of escaping from the organism under investigation without 
suffering significant attenuation or scattering, and hence can be detected using detec-
tors placed outside the organism body. This is the basis of PET, SPECT, and planar 
γ‐camera imaging (vide infra). For therapeutic applications, the use of radionuclides 
presenting a high LET (i.e., with the capacity to create localized damage) is more con-
venient. β‐particles (electrons) have a longer range in tissues, and are an attractive 
choice for targeting solid, heterogeneous, or large‐volume tumors. α‐particles have the 
highest LET, and this makes them highly efficient and specific for treatment of residual, 
microscopic, or small‐volume tumors.

2.5.3.2 Single‐Photon Emission Computerized Tomography

SPECT relies on the detection of γ‐rays originated during radioactive decay of single‐
photon emitting radionuclides, which decay by (β−, γ) emission, electron capture (EC, γ) 
emission, or isometric transition (IT). Commonly used single‐photon emitters present 
half‐lives of several hours and have photon energies in the range of 100–300 KeV 
(Table 2.5.1), 99mTc being the most frequently used radionuclide. The main emission 
energy of this radionuclide (141 keV) is very suitable for a wide number of investigations 
in many medical and research fields, and the absence of any α‐ or β‐emission turns it 
into a favorable radionuclide regarding patient radiation safety.

The typical configuration of SPECT scanners consists of at least one γ‐ray detection 
module and one collimator. The core of the detection module is normally a scintillation 
crystal that, when excited by a γ‐ray, absorbs its energy and re‐emits it in the form of a 
flash of light. This flash is subsequently detected by a photo‐electronic system that 
records its location in the crystal and its intensity, which is proportional to the energy 

Table 2.5.1 Typical single‐photon emitters (with half‐life and energy)

Isotope Half‐life γ Energy (γ fraction)

99mTc 6.02 h 141 KeV (89%)
123I 13.22 h 159 KeV (83%)
111In 2.80 d 171 (91%), 245 KeV (94%)
67Ga 3.26 d 93 (39%), 185 (21%), 300 (17%), 394 (5%)
131I 8.02 d 364 KeV (82%)
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of the incidental γ‐ray. The collimator is formed by parallel lead walls that select the 
proper γ‐rays for the investigation, usually used at a perpendicular angle on the region 
of interest. In such a way, the collimator forms a projected image of the radioisotope 
distribution on the surface of the scintillation crystal.

The first scintillation cameras were equipped with one static head detector. 
With these systems, a planar projection of the subject under investigation was obtained 
(planar γ‐imaging). Due to the superposition of the different planar layers, the resulting 
image of the radiotracer’s distribution had a very low contrast, and no in‐depth infor-
mation could be obtained. The next step was to have more acquisitions gained from 
multiple positions of the detector head around the imaged subject. By providing 3D 
information, this modality led to better contrast and higher resolution. Incorporation of 
two or more head systems further improved the quality of the images, while enabling 
the use of lower amounts of radioactivity (with the consequent reduction in patients’ 
dose exposure) and scanning time. Figure 2.5.7 shows a schematic representation of a 
SPECT system with two detector heads that rotate around the imaged subject.

2.5.3.3 Positron Emission Tomography

The positron, the electron’s anti‐particle, is a positively charged electron with a very 
short path. After radioactive decay, the emitted positron loses its energy very quickly as 
a result of collisions with the surrounding matter atoms. This path, which depends on 
the energy of the emitted positron (Table 2.5.2), is not longer than a few millimeters in 
water or body tissues. After losing all its energy (“thermalizing”), the positron reacts 
with a nearby, negatively charged electron, and the masses of the two particles trans-
form into two γ‐rays through a process called annihilation. The two γ‐rays, which have 
energies of 511 keV (the energy corresponding to the rest mass of a β‐particle) each, are 
emitted simultaneously and 180° apart.

This unique feature of γ‐rays generated by positron–electron annihilation is exploited 
by coincidence detectors, which are placed around the subject under investigation. Two 
photons, detected almost simultaneously by a pair of detectors, will be assumed to arise 
from a single annihilation, and the direction of the incident rays will be determined as 

CollimatorDetector

Disintegration
Scintillation site for γ-rays
γ-rays absorbed in collimator
γ-rays reaching the detector

Figure 2.5.7 Schematic representation of the detection of photons using SPECT. Only a fraction 
(~0.001%) of the emitted γ‐rays reach the detectors, while others are absorbed in the collimator.
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the line passing through the two detectors. Hence, PET imaging requires back‐to‐back 
detection heads (typically, PET scanners consist of a stationary array of full‐ring detec-
tors) and coincidence detection circuitry. Importantly, PET scanners do not need col-
limators: the detection of the annihilation coincidences is known as electronic 
collimation, as opposed to the physical collimation implemented in SPECT scanners. A 
schematic representation of a PET scanner is shown in Figure 2.5.8.

In both modalities, SPECT and PET, a set of projections at different angular positions 
around the subject under investigation are acquired. Information on the concentration 
of radioactivity within the imaged subject is gained after reconstruction of the images. 
A full description of the mathematical principles behind image reconstruction falls 
beyond the scope of this chapter. However, it is worth mentioning that reconstruction 
algorithms can be roughly divided into analytical (e.g., filtered‐back projection [FBP]) 
and (statistical) iterative (e.g., ordered subset expectation maximization [OSEM]) 
methods. Both have advantages and disadvantages, and their use will depend on many 
factors, including the nature of the information required from the images. Typically, 
iterative reconstruction methods provide images with improved spatial resolution and 
better signal‐to‐noise ratios at the expense of increased computational time and some 
unpredictability in the final outcome [74].

Table 2.5.2 Typical positron emitters (with half‐life and Emax positron)

Isotope Half‐life β+ Energy

18F 109.8 min 0.63 MeV
11C 20.4 min 0.96 MeV
13N 9.97 min 1.20 MeV
15O 122 sec 1.73 MeV
68Ga 67.6 min 1.89 MeV

β+
β+
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γ-ray
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Figure 2.5.8 (Left) Schematic representation of the annihilation process of one positron and one 
electron, with subsequent emission of two γ‐rays. (Right) Representation of a PET camera. The two 
photons emitted after the annihilation process are detected simultaneously by two detectors on the 
ring, placed around the subject under investigation.
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2.5.3.4 Multimodal Imaging

Nuclear imaging techniques such as PET and SPECT offer information about the spati-
otemporal distribution of the radionuclide within the organism under investigation, 
although they do not provide any anatomical information. Because of this, nuclear 
imaging techniques are often combined with other imaging modalities that can provide 
accurate morphological information, which is essential to unequivocally determine the 
location of the radioactivity. Computerized tomography (CT) (3D X‐ray imaging) is the 
most commonly used. Indeed, most PET and SPECT scanners currently available exist 
only as hybrid systems (PET‐CT or SPECT‐CT) at both the clinical and preclinical 
 levels. The CT image is used for anatomical localization of the radioactive signal, but 
also to create the attenuation map for appropriate correction during image reconstruc-
tion (for more details, please refer to Ref. [75]). In recent years, hybrid PET‐MRI 
 systems have been developed. Contrary to CT, MRI provides excellent resolution and 
high contrast in soft tissue; unfortunately, determination of the attenuation map is still 
a challenge, and hence this hybrid technology is still not fully established [76].

2.5.3.5 Nuclear Imaging and the Need for Radiolabeling

As previously mentioned, nuclear imaging techniques rely on the administration of 
compounds labeled with radioactive isotopes that enable external, noninvasive detec-
tion. Nuclear imaging investigations are typically performed using a trace amount of the 
radioactive substance, namely the radiotracer or radiopharmaceutical.

In this context, it is clear that the first step in the application of nuclear imaging 
 techniques is the preparation of the radiotracer, by attachment of the radionuclide to a 
biologically active molecule. Thanks to the virtually unlimited possibilities and 
 techniques for radiolabeling and the emergence of free and open sources of scientific 
information such as Google Scholar, Wikipedia, interest groups (e.g., LinkedIn 
and  ResearchGate), and free or open‐access journals (e.g., www.intechopen.com 
and www.springeropen.com), this section encourages the reader to visit these sources. 
For the open and free references, the keyword or phrase will be held by quotation 
marks  (e.g.,  “radiolabeling”). Alternative references will be also provided here when 
appropriate.

The first step in radiolabeling is the addition of a radionuclide to a biomolecule in 
such a way that: it (1) does not alter the pharmacological properties in an adverse way, 
and (2) remains bound to the biomolecule under in vivo conditions. For the first 
 criterion, unless a stable atom of the biomolecule is exchanged for a radionuclide using, 
for example, “isotopic exchange” or by the introduction of a “leaving group” that is 
replaced by a radioactive isotope of the original atom, some evaluation of the radiop-
harmaceutical has to be performed to ensure that the biological properties are not 
 modifying as a result of the radiolabeling. If the target for the radiopharmaceutical is a 
receptor, a ligand binding assay [77] such as a Scatchard plot or Lindmo assay (also 
known as Lindmo analysis and the Lindmo method) can be performed, the first suitable 
for both small molecules and monoclonal antibodies (mAbs) and the latter to measure 
the “immunoreactive fraction” of radiolabeled mAbs. For in vivo studies of radiotracer 
binding (i.e., to study the pharmacokinetics of a radiopharmaceutical that binds, e.g., to 
an enzyme or a receptor), graphical methods such as a Logan plot [78], which is used for 
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reversibly binding, and a Patlak plot [79,80], which is used for irreversibly binding 
 radiopharmaceuticals, can be used. For receptor studies, it is also important to have a 
controlled specific activity (or amount of radioactivity per unit mass) [81] in order not 
to saturate the target with the non‐radioactive analog of the radiopharmaceutical; 
 compare carrier‐free, no carrier added, and carrier added. For nonsaturable systems 
(e.g., blood flow and metabolism), the specific activity is generally not of importance. 
For a metabolic tracer, an in vitro cell assay is a good starting point, followed by small‐
animal imaging. For the second criterion (the stability of the radiopharmaceutical), the 
ultimate answer will be given by in vivo experiments but should be initiated by some 
ex vivo experiments like incubating the radiopharmaceutical in blood plasma, blood, or 
liver homogenate at 37 °C, and taking samples for analysis at different time points to see 
the stability over the time of the radiopharmaceutical.

In certain cases, the radiopharmaceutical is metabolized in vivo, and because the 
camera cannot distinguish the different metabolites but only sees the radiation, radio-
metabolite analysis together with a compartmental model can be used to correct the 
image data for the radiometabolites.

If the radiopharmaceutical passes the in vitro and ex vivo tests but shows poor results 
in vivo, further investigation is needed. For protein‐based radiopharmaceuticals, the 
isoelectric point may be compared with the original pharmaceutical. For small‐ 
molecule radiopharmaceuticals, the distribution constant (also known as distribution 
coefficient and partition ratio) KD can be measured; this should preferably be performed 
using high‐performance liquid chromatography (HPLC), as small amounts of impuri-
ties may give significant errors when using the octanol–saline extraction method. As an 
example, if an 18F‐labeled radiopharmaceutical has a (true) KD of 4, but it contains 1% 
of free 18F‐fluoride, which has a KD of −2, the (extraction) measured KD will thus be 2 
(i.e., two orders of magnitude lower than the true KD).

The final challenge for a radiopharmaceutical is the interspecies differences. A radi-
opharmaceutical that works well in a mouse model may fail in the human – and vice 
versa. Even though there are some tools to compensate for the pharmacokinetic and 
pharmacodynamic differences between different species (allometric scaling, Dedrick 
plot, and Kleiber’s law) [82], it may be difficult to predict the outcome.

2.5.4  Radiolabeling of Boron Clusters

Boron clusters are suitable tools for the preparation of BNCT drug candidates. 
As  mentioned in this chapter, incorporation of a radiolabel to the drug candidate 
 enables  subsequent investigation of the pharmacokinetic properties, and hence the 
prediction of therapeutic efficacy and the determination of the optimal time window 
for application of neutron irradiation. Generally, boron clusters are not used as stand‐
alone chemical entities, but are attached to targeting moieties that lead to preferential 
 accumulation of the boron atoms in the tumor tissue. Obviously, in this scenario 
the radiolabel can be incorporated either in the boron cluster or somewhere else in the 
molecule (e.g., in the targeting moiety).

One important aspect of nuclear imaging techniques that needs to be taken into 
 consideration is that only the location of the radiolabel is monitored. In other words, 
if  the molecule under investigation is metabolized, the labeled metabolite will be 
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tracked. Because the determination of the location of the boron‐rich residue is the most 
relevant information when BNCT drug candidates are investigated, strategies for the 
incorporation of the radiolabel in the boron cluster are anticipated to be the preferred 
alternative and will be mainly considered in this chapter. Examples covering other 
 scenarios will be provided if appropriate.

Radiolabeling of boron clusters can be achieved mainly by radiohalogenation and 
radiometallation.

2.5.4.1 Radiohalogenation

Halogens have very well‐known chemistry, and their most commonly used radioiso-
topes cover a wide range of half‐lives, that is, from 109.8 min (18F) to almost 60 days 
(125I); additionally, radiohalogens with different emission modes (e.g., almost 100% pos-
itron emission for 18F; 100% electron capture with subsequent emission of low‐energy 
γ‐rays for 125I; and electron and γ emission for 131I) can be easily obtained either from 
accelerators or from commercial suppliers, enabling a wide variety of in vivo and in vitro 
applications. Consequently, radiohalogens are one of the first options to be considered 
when approaching the radiolabeling of molecules, and boron clusters have not been 
an exception.

2.5.4.1.1 Radioastatination of Boron Clusters
Astatine‐211 (211At) is a 7.2‐h half‐lived α‐emitter that offers potential advantages for 
targeted α‐particle therapy. However, its use is constrained by its limited availability: it 
can be produced efficiently only from natural bismuth via the 209Bi(α,2n)211At nuclear 
reaction, and there are only a few cyclotrons in the world with appropriate particle 
acceleration characteristics to achieve this nuclear reaction [83]. Additionally, as an 
α‐emitter, 211At is not suitable for in vivo imaging, and hence radiolabeling of boron 
clusters with this radionuclide will be only briefly discussed here.

As an α‐emitter, radiolabeling of monoclonal antibodies (mAbs) applicable to tar-
geted radiation therapy has been approached in several studies [84,85]. However, direct 
astatination of mAbs is often problematic. First, direct reaction of electrophilic 
211At with tyrosine moieties of mAbs does not work well [86]; and, second, the labeled 
molecules are not stable in vivo [87]. To circumvent this problem, deactivated aryl com-
pounds (e.g., benzoates) have been investigated as pendant groups for attaching 211At to 
carrier molecules [88]. Despite deastatination not being a problem for mAbs labeled 
with astatobenzoate derivatives when slowly metabolized intact mAbs and their F(ab’)2 
fragments are used [88,89], deastatination occurs rapidly when smaller mAb fragments 
are used. Hence, alternative radiolabeling routes needed to be developed.

Because boron–halogen bonds are generally stronger than carbon–halogen bonds, it 
was hypothesized that astatinated carborane derivatives might be appropriate pendant 
groups for the radiolabeling of mAbs and their fragments. To prove this hypothesis, the 
in vivo stability of a series of astatinated benzamide derivatives, astatinated nido‐carbo-
rane derivatives, and compounds containing two nido‐carboranyl moieties, also referred 
to as Venus flytrap complexes (VFCs), was compared [90]. Radioastatination was car-
ried out by reaction of the corresponding nido‐carboranyl compound with Na[211At]At 
solution in aqueous acidic media (methanol was added to improve solubility when 
needed) in the presence of Chloramine‐T. The reaction was quenched with sodium 
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metabisulfite, and the labeled compound was purified by HPLC. The in vivo studies 
demonstrated that most of the small molecules labeled with 211At were found to release 
free astatide, with the exception of astatinated VFC‐containing compounds, which were 
found to be quite stable to in vivo deastatination.

After this work, Wilbur’s group started a series of studies in the pursuit of the ideal 
211At‐labeling agent, which should fulfill the following features: high labeling efficiency, 
high in vivo stability, and does not alter the biodistribution of the labeled entity. With 
that aim, protein‐reactive derivatives containing nido‐carborane, bis‐nido‐carborane 
(VFP), and 2‐nonahydro‐closo‐decaborate(2‐) derivatives [91]; maleimido‐closo‐ 
decaborate(2‐) derivatives [92]; and closo‐decaborate moieties functionalized with 
acid‐ cleavable hydrazone linkers [93] were prepared, conjugated to mAbs, and tested. 
Biodistribution studies were conducted in rodents using the radioiodinated mAbs as 
controls. In a more recent study, the biodistribution of an intact antibody conjugated 
with a maleimido‐closo‐decaborate(2‐) reagent via sulfhydryl groups was compared to 
the same antibody conjugated with an isothiocyanato‐closo‐decaborate(2‐) reagent via 
lysine residues [94]. Considerably higher renal uptake was observed for the antibody 
conjugated via sulfhydryl groups, suggesting that further optimization in the labeling 
approach is still required.

2.5.4.1.2 Radioiodination of Boron Clusters
Radioiodination of boron clusters has been carried out following mainly two different 
approaches: (1) oxidative radioiodination in the presence of oxidizing agents, and (2) 
isotopic exchange under catalytic conditions. In isotopic exchange reactions, the final 
radiolabeled molecule and the non‐labeled precursor have exactly the same chemical 
structure. Hence, their separation is not possible, and low specific activity values 
(amount of radioactivity per unit mass) are obtained. In oxidative radioiodination, the 
labeled molecule and the non‐labeled precursor have different chemical structures; 
hence, the radiotracer can be isolated and higher specific activities can be achieved. The 
most commonly used iodine radioisotopes are 124I, 125I, and 131I. Besides having the 
advantage of a stronger bond strength, ~380 kJ/mol (B–I) versus ~210 kJ/mol (C–I) 
boron clusters can be iodinated in a wider pH range than the “classical” tyrosine iodina-
tion method [95].

The radioiodination of different neutral and anionic boron clusters with potential 
application in the biomedical arena using the methodologies discussed here has been 
reported in the literature, and an extensive review was published by Agarwal et al. [96]. 
Hence, only a few illustrative examples will be presented here, in addition to recent 
advances not covered in the review [96].

Radioiodination of simple neutral clusters has been carried out mainly by Pd‐cata-
lyzed isotope exchange. For example, the synthesis of 2‐125I‐p‐carborane could be 
achieved in >80% labeling yields by reaction of 2‐iodo‐p‐carborane with Na[125I]I 
(sodium hydroxide solution) using tris(dibenzylideneacetone)‐dipalladium (Pd2(dba)3) 
as the catalyst and tetra‐butylammonium hydrogen sulfate to quench the hydroxide 
anion [97]. A different catalyst, trans‐bis(acetato)bis[o‐(di‐o‐tolylphosphino)benzyl]
dipalladium(II) (Herrmann’s catalyst), was successfully used to conduct the same 
 reaction with similar radiochemical yields without the addition of the quencher; this 
process was extended to the preparation of other radioiodinated boron clusters, 
including o‐carborane and m‐carborane derivatives with incorporation yields of the 
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radionuclide between 65 and 98%, depending on the substituents present in the carbo-
rane cage (Figure  2.5.9) [98]. Using a similar strategy, radioiodinated dodecaborates 
were synthesized using copper sulfate as the iodine exchange catalyst in both organic 
[99] and aqueous media (Figure 2.5.9) [100].

The strategy relies on the preparation of radiolabeled decaborane using 125I and catalytic 
isotopic exchange followed by ring closure using different alkynes in a one‐pot, one step 
reaction. The methodology could be extended to the preparation of 131I‐labeled analogs.

Also very recently, a parallel strategy was applied to the radioiodination of a new 
bifunctional derivative of [3,3’‐Co(8‐I‐1,2‐C2B9H10)(1’,2’‐C2B9H11)], commonly known 
as COSAN, incorporating a polyethylene glycol (PEG) arm and one iodine atom 
(Figure  2.5.11) [102]. The radiolabeling was successful using both 125I and 124I. The 
l atter enabled the determination of the biodistribution pattern of the radiolabeled 
cobaltabisdicarbollide species using PET‐CT combined with dissection and γ counting 
(Figure 2.5.12).

Radioiodination under oxidative conditions has been conducted in a wide collection 
of boron clusters. Wilburg et al. synthesized the radioiodinated monocarbon 
 carborane derivatives (Figure 2.5.13) using N‐chlorosuccinimide as the oxidizing agent 
[103]. Valliant et al. synthesized several mono‐ and bifunctional cage‐radioiodinated 
derivatives of nido‐o‐carborane using Chloramine‐T or Iodogen® as the oxidizing 
agents  [104,105]. Boron clusters (7,8‐dicarba‐nido‐undecaborate(1‐) and closo‐ 
dodecaborate(1‐) derivatives) containing the isothiocyanate group for subsequent 
 conjugation to biomolecules via thiourea bonds have also been labeled with 125I under 
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Figure 2.5.9 Examples of radioiodinated dicarba‐closo‐dodecaboranes and dodecaborates. Labeling 
yields are included under the chemical structure.Radiolabeled o‐carborane derivatives using a 
completely different approach were recently reported by Gona et al. (see Figure 2.5.10) [101].
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oxidative conditions [106–109]. Taking advantage of the presence of the isothiocyanate 
group, the boron clusters were attached to antibodies, and some of these conjugates 
were identified as promising BNCT agents.

2.5.4.1.3 Radiofluorination of Boron Clusters
Fluorine‐18 (18F) is an attractive alternative to radioiodine. It can be produced in large 
quantities in biomedical cyclotrons, it has a reasonably long half‐life (109.7 min), and it 
has a small positron range, enabling the acquisition of high‐resolution and quantifiable 
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Figure 2.5.11 Iodinated derivatives of COSAN. (Left) [3,3’‐Co(8‐I‐1,2‐C2B9H10)(1’,2’‐C2B9H11)]; (right) 
[3,3’‐Co(8‐I‐1,2‐C2B9H10)(8’‐(OCH2CH2)2COOC6H5‐1’,2’‐C2B9H10)]−.
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PET images. Indeed, fluorine‐18 is the most widely used positron emitter in the clinical 
field, thanks to the widespread use of the well‐known glucose metabolism marker 
2‐deoxy‐2‐[18F]‐fluoro‐D‐glucose ([18F]FDG).

To date, only the radiofluorination of ortho‐carborane has been reported. The first 
methodology was based on direct reaction of cyclotron‐produced [18F]F2 with  
o‐carborane to yield 9‐fluoro‐o‐carborane in 21% radiochemical yield [110]. However, 
the production of [18F]2 is challenging. Because of this, alternative routes using 
the   labeling agent [18F]F−, which can be produced at a multi‐gigabecquerel level, are 
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Figure 2.5.12 (a) PET coronal projection (co‐registered with CT image) resulting from averaged 
images obtained after administration of [3,3’‐Co(8‐125I‐1,2‐C2B9H10)(8’‐(OCH2CH2)2COOC6H5‐1’,2’‐
C2B9H10)]−; (b) biodistribution of [3,3’‐Co(8‐125I‐1,2‐C2B9H10)(8’‐(OCH2CH2)2COOC6H5‐1’,2’‐C2B9H10)]− in 
mice tissues using the dissection method. Radioactivity is expressed as the percentage of the injected 
dose (ID) per gram of tissue. LU: Lungs; H: heart; K: kidneys; S: spleen; T: testicles; L: liver; S.I.: small 
intestine; L.I.: large intestine; BR: brain; C: cerebellum; U: urine; BL: blood; ST: stomach.
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 preferred. Recently, the mono‐[18F]fluorination of o‐carborane via nucleophilic substi-
tution using cyclotron‐produced [18F]F− as the labeling agent and a carboranyl iodo-
nium salt was reported [111]. The 9‐[18F]fluoro‐o‐carborane could be prepared in good 
radiochemical yields (44%, decay corrected). Further Cc derivatization of the 18F‐labeled 
carborane could be achieved by treatment with n‐BuLi and reaction with aldehydes 
(Figure 2.5.14).

2.5.4.1.4 Radiobromination of Boron Clusters
Bromine has several radioisotopes with good properties for in vivo imaging. Bromine‐75 
(75Br, T1/2 = 1.6 h) and Bromine‐76 (76Br, T1/2 = 16 h) are positron emitters, while 
Bromine‐77 (T1/2 = 57 h) may be used for single‐photon imaging. The versatility of the 
nuclear properties of the bromine isotopes makes radiobromine an attractive label for 
the assessment of BNCT drug candidates. As in the case of radioiodination, oxidative 
halogenations and halogen exchange strategies have been developed.

Tolmachev et al. demonstrated that closo‐dodecaborate can be radiobrominated using 
a mixture of cyclotron‐produced 77Br, 76Br, and 82Br (the latter being a β‐emitter with a 
half‐life of 35.3 h) via oxidative halogenations using Chloramine‐T as the oxidizing agent. 
Radiochemical yields close to 90% could be obtained [112]. Using the same labeling 
 strategy, [76Br]undecahydro‐bromo‐7,8‐dicarba‐nido‐undecaborate(1‐) was prepared 
by  bromination of the 7‐(p‐isothiocyanato‐phenyl)dodecahydro‐7,8‐dicarba‐nido‐ 
undecaborate(1‐) ion in almost quantitative radiochemical yields. The labeled boron 
cluster was further conjugated to the monoclonal humanized anti‐HER2 antibody 
 trastuzumab (Herceptin®) without intermediate purification in a one‐pot reaction [113].

Halogen exchange has been employed, for example, for the radiobromination 
of  iodo‐closo‐carboranes. Winberg et al. prepared the radiobrominated analogs 
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Figure 2.5.14 (Top) Synthesis of 9‐[18F]fluoro‐o‐carborane. (i) ICl–AlCl3 in CH2Cl2, reflux, 4 h; (ii) 
NaBO3–Ac2O, RT, 90 min, then toluene–H2SO4(c), RT, 16h; (iii) Kryptofix® 222–K2CO3, solvent. (Bottom) 
Syntheses of 18F‐labeled Cc‐substituted o‐carborane by reaction of 9‐[18F]fluoro‐o‐carborane with  
4‐methoxybenzaldehyde (MBA). (iv) n‐BuLi, THF, Δ; then MBA in THF. RT: Room temperature; 
THF: tetrahydrofuran.
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of  3‐iodo‐ortho‐carborane, 9‐iodo‐ortho‐carborane, 9‐iodo‐meta‐carborane, and  
2‐iodo‐para‐carborane using 76Br and palladium‐catalyzed (Herrmann’s catalyst) 
halogen exchange in toluene. Excellent radiochemical yields could be obtained when 
a reaction time of 40 min was used [114].

2.5.4.2 Radiometallation

Radiometals have been widely used to label a wide variety of biomolecules, including 
proteins and antibodies. The most commonly used approach for the incorporation of 
radiometals consists of using bifunctional chelators (BFCs), which contain one func-
tional group and a metal‐binding moiety function. The first allows for anchoring the 
BFC to the biomolecule, while the latter enables the binding of the metallic radionu-
clide via formation of a complex. To note, radiolabeling using radiometals and BFCs 
usually results in the modification of the molecule under investigation. Hence, the 
effects of radiolabeling on the biological properties of the biomolecules need careful 
 investigation. Ligand systems used for metal complexation include derivatives of 
diethylenetriaminepentaacetic acid (DTPA), ethylenediaminetetraacetic acid (EDTA), 
and cryptands [115]. Other important metal‐chelating ligands are TETA (1,4,8, 
11‐tetraazacyclo‐tetradecane‐1,4,8,11‐tetrayltetraacetic acid) [116,117], which com-
plexes copper with improved in vitro and in vivo stability, and DOTA (1,4,7,10‐tetraaza-
cyclododecane‐1,4,7,10‐tetrayltetraacetic acid) [118], which has been employed as a 
ligand system for 90Y, 67Ga/68Ga, and 111In. Stable 90Y and 67Ga complexes are formed 
with 1,4,7‐triazacyclononane‐1,4,7‐triyltriacetic acid (NOTA) [119,120].

Boron cluster derivatives have been successfully labeled using the above‐mentioned 
method. For example, mercapto‐closo‐undecahydrododecaborate (BSH) fused with a 
short arginine peptide (1R, 2R, or 3R) was prepared and fused with DOTA 
(see Figure 2.5.15) for subsequent incorporation of the positron emitter 64Cu [121].

The above‐mentioned strategy can be applied to any biomolecule, including those 
containing boron clusters. However, because the label is formally not incorporated in 
the boron cluster but in the biomolecules themselves, these will not be further 
 considered in this section.
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Figure 2.5.15 Mercapto‐closo‐undecahydrododecaborate (BSH) fused with a short arginine peptide 
(n = 1, 2, or 3) and linked to a DOTA chelator to enable complexation with the positron emitter 64Cu.
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The capacity of boron clusters to form metallacarboranes has been exploited to 
develop radiolabeled boron cluster derivatives. In one of the first examples, Hawthorne 
and coworkers described the use of a carborane derivative as a chelating agent for 
 radiometals, leading to so‐called VFCs (Figure 2.5.16) [122]. This consists of two nido‐
carboranyl ligands hinged together through a bifunctional pyrazole molecule, which 
provides an attachment point for a carboxyl group employed to bond the radioactive 
cluster to an amino group of a biomolecule.

Cobalt‐57 has a half‐life of 271.7 days and decays by electron capture with subsequent 
emission of γ‐rays. However, its long half‐life is quite inappropriate to approach in vivo 
investigations. The same complex could be prepared, for example, with Cobalt‐55, 
which has a half‐life of 17.5 h, a positron branching ratio of 77%, and an average  positron 
energy of 570 keV [123], enabling imaging using PET.

Labeled metallacarboranes have also been prepared using 99mTc. The method, 
 developed by Valliant and coworkers [124], enabled the preparation of 99mTc‐labeled 
metallocarboranes in water under mild reaction conditions, by reaction of nido‐ 
carborane ligands with [Re(CO)3Br3]2− in the presence of aqueous potassium fluoride to 
give the corresponding η5‐Re(CO)3–carborane complexes (Figure 2.5.17). The resulting 
complexes were isolated in 80% radiochemical yield following a simple solid‐phase 
(Sep‐Pak®) purification process, and showed high stability even when exposed to 
cysteine and histidine challenges.

This approach entails using fluoride ions to prevent the decomposition of the techne-
tium starting materials over the prolonged reaction times and elevated temperatures 
needed to form the desired complexes. However, only modest product yields could be 
achieved for carboranes containing sterically demanding substituents. Microwave‐
assisted heating increased the reaction rate substantially, and occasionally the yield of 
the reactions compared to those of conventional heating methods [125]. Importantly, 
targeting vectors can be incorporated to these complexes at a carbon or boron atom 
using a number of robust synthetic strategies [126,127]. Indeed, a ten‐year period of 
refining the linkers has resulted in several derivatives [124,125,128,129].
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Figure 2.5.16 Cobaltacarborane with a pyrazole 
ring substituted with a carboxylate function as 
a handle for subsequent coupling. Green 
circle: 57Co.
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2.5.4.2.1 Radiolabeling using other Radionuclides
Carbon‐11 (11C) is a very convenient PET isotope, because it enables the preparation 
of labeled species that are identical to the non‐labeled molecules by simple substitu-
tion of a stable carbon atom by an 11C atom. It decays 100% by positron emission, it has 
a reasonably low β+ energy (Eβmax = 0.96 MeV), and hence its use began to receive 
increasing attention in the 1960s due to the widespread installation of cyclotrons. 
The main drawback of 11C is its short half‐life (20.4 min), which limits its application 
especially for the investigation of molecules with slow pharmacokinetics and long 
 biological half‐lives.

Carbon‐11 (11C) has not yet been attached directly in or to a carborane vertex. A few 
[11C]methyl labeling examples of carboranes have been done via a linker on the CH 
vertex to mimic raclopride [130]. Carbon‐11 has also been incorporated to carboranes 
by attachment to the amino residue of amino‐m‐carboranes [54], to prepare two ana-
logs of 2‐(4‐aminophenyl)benzothiazole in which the phenyl ring was substituted by a 
m‐carborane cage. Both compounds were radiolabeled with carbon‐11 using [11C]
CH3OTf as the labeling agent (Figure 2.5.18).

Tritium (3H, T) is a very useful low‐energy β− emitter. Its applicability in vivo is 
rather limited, because the electrons emitted during radioactive decay lack the suffi-
cient penetration capacity to escape from the subject under investigation, and hence 
external detection is not feasible. However, it is extremely useful for both in vitro and 
ex vivo experiments, and is often used in the development of radioligands for PET 
and SPECT, as it can provide a good estimation regarding the affinity of the ligands 
for the specific targets. To date, radiolabeling of boron clusters with tritium has been 
conducted by deprotonation of one of the CH vertices with a strong base and 
 subsequent quenching of the resulting anion with T2O using tritiated water [131,132]. 
A tritiodehalogenation from a halogenated carborane has not yet been shown in the 
literature.
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Figure 2.5.17 Reaction scheme for the formation of 99mTc‐labeled metallacarboranes.
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2.5.5  The use of Radiolabeling in BNCT Drug 
Development: Illustrative Examples

Despite the promise of nuclear imaging in the process of drug development, the rela-
tively high cost of the technique and the lack of research‐dedicated installations have 
limited its use in the development of BNCT drugs, and especially in the context of 
boron clusters. Beyond boron clusters, PET has been used to estimate the accumulation 
of BPA‐fr (p‐boronophenylalanine labeled with 10B and conjugated with fructose, com-
monly used in therapeutic clinical practice) in tumors [133]. The measurement of [18F]
FBPA accumulation is made about 1 hour after [18F]FBPA administration [134–137]. 
However, there are several limitations of FBPA PET in predicting BPA‐fr accumulation 
in the tumors and normal tissues [138]. First, the chemical structure of FBPA differs 
from that of BPA‐fr, and hence different pharmacokinetic behavior might be expected; 
second, [18F]FBPA PET is performed at a tracer dose of the radiotracer, while  therapeutic 
doses of 10BPA are administered (approximately 500 mg/kg) for BNCT; and, finally, the 
administration pattern used in both cases is different (a single bolus for [18F]FBPA, and 
a slow bolus intravenous injection followed by drip infusion during neutron irradiation 
for BPA‐fr). Hence, the predictive value of FBPA PET for BPA‐fr accumulation in the 
tumor and normal tissues remains unclear.

In the context of boron clusters, BNCT drug candidates have been evaluated at the 
preclinical level using radiolabeling followed by in vivo imaging.

Conjugation of 57Co‐labeled VFCs to a mAb could be accomplished, providing an 
extraordinarily stable imaging agent rather than a therapeutic agent for BNCT [139]. 
The VFC conjugate retained >90% immunoreactivity, was stable in serum for more than 
7 days, and demonstrated excellent localization in tumor xenografts during in vivo 
 studies with nude mice.

BSH fused with a short arginine peptide (3R) was labeled with copper‐64, and the drug’s 
pharmacokinetics were evaluated using PET in U87DEGFR tumor‐bearing mice [121]. The 
results were compared to 64Cu‐labeled BSH‐DOTA as the control. BSH‐3R showed a high 
uptake in the tumor area on PET imaging (see Figure 2.5.19). It was  concluded that BSH‐3R 
is the ideal boron compound for clinical use during BNCT and that in developing this com-
pound for clinical use, the BSH‐3R PET probe is essential for pharmacokinetic imaging.

Several studies were performed with mAbs conjugated with a series of discrete, 
 precisely synthesized oligomeric reagents (trailers), each of which contains a fixed 
number of boron atoms up to 200 (Figure 2.5.20) [140]. The nido‐carborane moieties in 
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Figure 2.5.18 Reaction scheme for the preparation of 11C‐labeled carboranyl benzothiazoles.
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these trailers were radioiodinated [141]. These studies demonstrate that biospecific 
antibodies prepared with an anti‐nido‐carborane anion specificity can selectively 
 localize a nido‐carborane anion structure to a tumor cell surface. This is of particular 
importance, since the binding of a boron‐rich oligomeric phosphate diester (trailer) 
composed of 10 haptenic nido cages to an anti‐nido‐mAb could be demonstrated.

The typical biodistribution pattern for [18F]FDG was observed (Figure 2.5.22): high 
accumulation was detected in the kidneys and the bladder due to elimination mainly via 
urine, while significant uptake was also observed in the heart and the brain, organs that 
are known to consume a significant amount of glucose. For both models (PANC‐1 and 
A549), the tumors could be clearly visualized on the images. The two labeled COSAN 
analogs showed a similar biodistribution pattern, irrespective of the tumor model: long 
residence time of the labeled species in the blood pool; significant uptake in the liver, 
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Figure 2.5.19 (a,b) Brain PET images of U87DEGFR tumor‐bearing mice at 6 h, 12 h, and 24 h post 
injection of (a) 64Cu‐labeled BSH‐3R‐DOTA and (b) 64Cu‐labeled BSH‐DOTA. (c,d) Quantification analysis 
by PET images of radioactivity accumulation in the tumor, normal brain, and heart at 6 h, 12 h, and 24 h 
post injection of (c) 64Cu‐labeled BSH‐DOTA and (d) 64Cu‐labeled BSH‐3R‐DOTA. Source: Reprinted with 
permission from Ref. [121].
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the kidneys, and the lungs; and lower but detectable uptake in the tumor (approxi-
mately 1%ID/g, irrespective of the compound and the tumor model). Despite the low 
accumulation found in the tumor, radiolabeling followed by nuclear imaging proved 
efficient to determine the concentration of boron in the tumor as a function of time.

Biodistribution studies of iodinated C‐hydroxy‐nido‐carborane ligands (e.g., 
 carboranol and salborin, which are closo‐carborane analogs of phenol and salicyclic 
acid) in BALB/c mice were performed by El‐Zaria et al. (Figure  2.5.23) [144]. Low 
accumulation of the labeled compounds was observed in the liver and intestines, which 
are sites where labeled carboranes typically localize. The labeled cluster bearing 
hydroxy and carboxylic acid groups on the two carbon vertices demonstrated preferential 
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clearance through the kidneys and low thyroid uptake. This compound had substan-
tially reduced nonspecific binding compared to the deshydroxy analog, making it 
an   attractive bifunctional ligand for preparing targeted molecular imaging and 
therapy agents.

Radiolabeling at the targeting moiety has also been applied to the determination of 
the pharmacokinetic properties or drug candidates containing boron clusters. In an 
investigation on the use of an 211At‐labeled anti‐CD45 mAb as a replacement of total 
body irradiation in conditioning regimens designed to decrease the toxicity of hemat-
opoietic cell transplantation (HCT), dose‐escalation studies were conducted in dogs 
using 211At‐labeled anticanine CD45 mAb, CA12.10C12, conjugated with a maleim-
ido‐closodecaborate(2‐) derivative. Unacceptable renal toxicity was noted in the dogs 
receiving doses in the 0.27–0.62 mCi/kg range. This result was not anticipated, as no 
toxicity had been noted in prior biodistribution and toxicity studies conducted in mice. 
Studies were conducted to understand the cause of the renal toxicity and to find a way 
to circumvent it. A dog biodistribution study was conducted with 123I‐labeled 
CA12.10C12 that had been conjugated with the maleimido‐closodecaborate(2‐) 
 derivative. The biodistribution data showed that tenfold higher kidney concentrations 
were obtained with the maleimido conjugate than had been obtained in a previous 
biodistribution study with 123I‐labeled CA12.10C12 conjugated with an amine‐ 
reactive phenylisothiocyanato‐CHX‐A″ derivative. The difference in kidney concen-
trations observed in dogs for the two conjugation approaches led to an investigation of 
the reagents. Size exclusion HPLC (SE‐HPLC) analyses showed that the purity of the 
CA12.10C12 conjugated via reduced disulfides was lower than that obtained with 
amine‐reactive conjugation reagents, and nonreducing SDS‐PAGE (sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis) analyses indicated protein fragments were 
present in the disulfide reduced conjugate. Amine‐reactive decaborate (phenylisothio-
cyanate) was prepared for use in the studies. A biodistribution was conducted with 
co‐administered 125I‐ and 211At‐labeled CA12.10C10 conjugated with the amine‐ 
reactive decaborate. In that study, lower kidney concentrations were obtained for 
both radionuclides than had been obtained in the earlier study of the same antibody 
conjugated with the maleimido‐closodecaborate(2‐) derivative after reduction of 
disulfide bonds [94].

Very recently, labeled carborane–tetrazine derivatives suitable to be used in 
 pretargeting strategies involving bioorthogonal inverse electron demand Diels–Alder 
chemistry have been reported by Genady et al. [145]. The carborane derivative 1,12‐
dicarba‐closo‐dodecaborate‐1‐(4‐(1,2,4,5‐tetrazin‐3‐yl)phenyl)methanamide could 
be synthesized, converted to the corresponding nido‐cluster, and successfully 
 radiolabeled with 125I and 123I. The labeled tetrazines showed good stability in vitro 
and reacted fast with (E)‐cyclooct‐4‐enol (TCO) and TCO‐functionalized antibod-
ies. The 123I‐labeled compound was used to assess the biodistribution in healthy mice 
using SPECT‐CT. Accumulation was observed in the liver from short times up to 24 
hours after administration. Interestingly, no accumulation of radioactivity was 
observed in the thyroid gland, suggesting high radiochemical stability of the labeled 
species. Hence, the described carborane–tetrazine derivatives show promise for 
future application for pretargeting studies, using bioorthogonal coupling chemistry 
with a range of different TCO‐functionalized vectors, including tumor‐targeting 
antibodies.
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2.5.6  Conclusion and Future Perspectives

Boron neutron capture therapy has been for decades a promising technology to treat can-
cers lacking efficient alternative treatments. However, after 80 years since it was described 
for the first time, BNCT has not been established as a routine clinical  practice. This is due 
to a combination of reasons; one of them is the need to develop drugs capable to accumu-
late a sufficient number of boron atoms in the target tissue. In this context, the use of boron 
clusters is anticipated to be advantageous, because they accumulate a certain number of 
boron atoms in one single chemical structure. Besides the need of developing the appropri-
ate drugs, it is clear that gaining access to a technology capable of determining the accumu-
lation of boron atoms in the tumor, surrounding tissue, and blood in vivo, noninvasively, at 
the whole‐body level, and in real time would be a great advantage, both during the process 
of drug development and also to predict therapeutic efficacy on a patient‐by‐patient basis 
(personalized medicine) and to define the optimal time window for neutron irradiation.

Nuclear imaging techniques, based on the radiolabeling of the molecule under 
 investigation with positron or γ emitters, fulfill the conditions described here. After 
incorporation of the radionuclide in the target molecules and administration into the 
patient (or subject under investigation) using different administration routes (usually 
intravenous), 3D‐tomographic images can be obtained, enabling the quantification of 
the spatiotemporal distribution of the labeled species within the organism. Certain 
aspects have to be taken into consideration during radiolabeling and nuclear imaging: 
(1) the chemical structure of the drug and the labeled molecule should be identical, or 
at least they should present equivalent biological activity and pharmacokinetic proper-
ties; and (2) the labeled molecule should be stable in vivo: if the radionuclide detaches 
or the radiotracers undergo metabolism, only the location of the label (or the labeled 
fragment) will be tracked, leading to wrong results and misinterpretation of the data.

With the widespread installation of biomedical cyclotrons around the world and the 
continuous advances in the development of more sensitive imaging cameras, it is 
expected that nuclear imaging will play a pivotal role in the near future in the process of 
drug development, including the development of new BNCT drug candidates. 
Additionally, the combination of nuclear imaging with neutron sources as hybrid 
 systems could help in providing more efficient and personalized treatment to patients.
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3.1

3.1.1  Introduction

First efforts in the design, synthesis, and evaluation of boronated analogs of nucleic 
acids and their metabolic precursors for biomedical purposes can probably be traced 
back to 1959, when Maitlis et al. [1] synthesized a purine analog with a boron atom 
incorporated into the heterocyclic ring system for potential use in boron neutron 
 capture therapy (BNCT). Since the early work of Maitlis et al. [1], numerous other boro-
nated nucleobases, nucleosides, nucleotides, and oligonucleotides were synthesized 
and evaluated. In some cases, boron atoms were incorporated into the ring systems 
in  fashions similar to the one described by Maitlis et al. [2,3]. In other cases, boron 
 substituents, including closo‐carboranes, nido‐carboranes, metallocarboranes, dode-
caborates, borane (RBH3

−), cyanoborane, or the dihydroxyboryl group, were attached 
to the heterocyclic scaffolds [2–32]. In addition to BNCT, potential anti‐inflammatory, 
anti‐osteoporotic, general antineoplastic, antilipidemic, antiviral, purine receptor–
modulating, antisense and siRNA‐based gene‐silencing, human neutrophil activity–
modulating, electrochemical DNA‐detecting, and human blood platelet 
function–modulating functions were discussed for these agents [2–32]. The focus of 
this chapter will be exclusively on 3‐carboranyl thymidine analogs (3CTAs), a class of 
boronated nucleosides that was originally discovered by Anthony J. Lunato during his 
dissertation work under the guidance of Albert H. Soloway at The Ohio State University 
(OSU) Division of Medicinal Chemistry & Pharmacognosy in Columbus, Ohio, USA 
[33]. Subsequently, 3CTAs were further developed for BNCT of brain tumors by Werner 
Tjarks (OSU Division of Medicinal Chemistry & Pharmacognosy), Staffan Eriksson 
(Department of Anatomy, Physiology, and Biochemistry, Swedish University of 
Agricultural Sciences, Uppsala, Sweden), Rolf F. Barth (OSU Department of Pathology), 
Carol E. Cass (Department of Oncology, University of Alberta, Edmonton, Canada), 
and coworkers [4,5,34–50]. The review will begin with a short description of the basic 
BNCT concept and some characteristics of carborane clusters, as this will facilitate 
a  better understanding of 3CTAs. This will be followed by a discussion of design 
 concepts, synthetic strategies, structural aspects, enzymatic and metabolic properties, 
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cellular influx and efflux mechanisms, toxicological features, in vitro uptake, and in vivo 
biodistribution characteristics of 3CTAs. Finally, the results of preclinical BNCT  studies 
with rodents and potential non‐BNCT applications for 3CTAs will be addressed. 
Representative structures of boronated nucleoside analogs that do not belong to 
the class of the 3CTAs are shown in Figure 3.1.1. These compounds were extensively 
discussed in several recent reviews and original research papers [2–32], and will not be 
the subject of this review.

3.1.2  Boron Neutron Capture Therapy

BNCT is a method for the treatment of cancer that resembles radiation‐sensitizing 
strategies in as far as it relies on both radiation and chemical components [51–54]. 
This modality is based on the selective accumulation of boron‐10 (10B) in tumor tis-
sue, followed by irradiation with neutrons to produce high linear energy transfer 
(LET) lithium nuclei and helium nuclei (α‐particles) [51]. The cytocidal effect of these 
particles is primarily caused by DNA double‐strand breaks [51,55,56]. Approximately 
109 10B atoms per tumor cells (~20 μg 10B/g tumor cell) and tumor‐to‐normal tissue 
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ratios of 3–4 to 1 are necessary for BNCT to be effective. Clinical BNCT trials were 
performed (for, e.g., brain, head and neck, liver, and skin cancers) using sodium 
 mercaptoundecahydro‐closo‐dodecaborate (BSH) or boronophenylalanine (BPA) as 
boron delivery agents [51,54]. A pressing task of BNCT research remains the develop-
ment of further improved tumor‐selective boron delivery vehicles [51,57]. In addition 
to nucleobases, nucleosides, nucleotides, and oligonucleotides, preclinical boron 
delivery agents for BNCT include, for example, porphyrins and related structures 
[58–60], carbohydrates [61–63], amino acids [64], polyamines [65,66], monoclonal 
 antibodies [67,68], and liposomes [69].

3.1.3  Carboranes

Carborane clusters, representative structures of which are shown in Figure 3.1.2, are 
widely used in the design and synthesis of pharmacologically active boron compounds 
[10,62,70–75]. The isomeric closo‐carboranes (Figure 3.1.2a, 3.1.2b, and 3.1.2c1) are 
highly hydrophobic, whereas nido‐carboranes (Figure 3.1.2c2) are negatively charged 
[76]. The latter can be obtained by reaction of fluoride anions or bases with the 
 corresponding closo‐counterparts [76]. Carboranes are in size comparable to a rotat-
ing phenyl group or adamantane [70], chemically highly versatile, and, except for the 
closo‐to‐nido conversion, very stable [76]. In addition, methods for the computer‐
aided design of carborane‐containing agents have been developed [77]. Because of 
these  features, carboranes have been frequently used in the design and synthesis 
of  various bioactive compounds, including boron delivery vehicles for BNCT and 
pharmacologically active agents such as carbonic anhydrase inhibitors, HIV protease 
inhibitors, purinergic receptor antagonists, estrogen receptor modulators, nicotina-
mide phosphoryl transferase inhibitors, cyclooxygenase inhibitors, vitamin D  receptor 
agonists, hypoxia‐inducing factor (HIF) inhibitors, transthyretin dissociation inhibi-
tors, antifolates, thrombin inhibitors, local anesthetics, retinoid receptor modulators, 
and androgen receptor modulators [10,62,71–75]. In addition, carboranes have 
been  explored as prosthetic groups for radiohalogens in therapeutic and imaging 
applications [78].

(a) (b) (c1) (c2)
H

= BH

–

= CH

Figure 3.1.2 Structures of carboranes used in the synthesis of 3CTAs discussed in this review: (a) 
closo‐o‐carborane, (b) closo‐p‐carborane, (c1) closo‐m‐carborane, (c2) nido‐m‐carborane. Generated by 
Chem 3D, Perkin Elmer, Cambridge, MA, USA.
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3.1.4  Rational Design of 3CTAs

Lunato et  al. designed 3CTAs primarily based on the hypotheses that they are 
 substrates of human thymidine kinase‐1 (hTK1) and that binding to the enzyme leads 
to the  formation of 3CTA‐monophosphates [33]. Further conversation to the di‐ and 
triphosphates by other cellular kinases and subsequent polymerase‐facilitated incor-
poration into DNA were considered as desirable at that time. However, the initial 
monophosphorylation presumably is sufficient to cause intracellular entrapment of 
3CTAs because the acquired phosphate group is negatively charged under physiologi-
cal conditions, which should prevent efflux by passive diffusion. In addition, nucleo-
side monophosphates are apparently not substrates of nucleoside transporters located 
in cell membranes [79]. This mechanism, which has been termed kinase‐mediated 
trapping (KMT) [80], could be utilized for BNCT provided it is selective for tumor 
cells. Indeed, KMT can lead to entrapment of millimolar quantities of the phosphates 
of clinically used nucleoside analogs in tumor cells [81–86].

Since crystal structures of thymidine kinase‐1 (TK1) were not available at that time, 
the original design of 3CTAs was based on two observations made in the purification of 
kinases and dehydrogenases by affinity chromatography [87–89]: (1) binding of the 
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Figure 3.1.3 (a) Possible binding interaction of TK1 with dThd in affinity chromatography. (b) 
Affinity chromatography–based model developed for the design of 3CTAs. (c) Docking pose of N5 
(6)‐triphosphate into a homology model of TK1. Source: Adapted with permission from Ref. [47]. 
Copyright 2016 American Chemical Society. See also Figure 3.1.4 for the structure of 6 (N5), a 
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enzymes to the matrix improved when the nucleosides or nucleotides were tethered 
through a spacer to the solid support [87,88]; and (2) in the case of purifying TK1 from 
Physarum polycephalum, thymidine (dThd) was most likely bound covalently at the N3 
position to the solid support (Figure 3.1.3a) [89]. It was hypothesized that in the case of 
3CTAs, the bulky carborane cluster would take the role of the solid support and, 
 propelled outside of the dThd binding pocket of TK1 by a spacer element, would not 
interfere with the binding of the dThd scaffold to the enzyme (Figure 3.1.3b).

Since the original design of 3CTAs, several crystal structures of so‐called TK1‐like 
enzymes, which include human TK1, vaccinia virus thymidine kinase (TK), and TKs from 
both gram‐negative and gram‐positive bacteria, have become available [90–98]. Human 
TK1 has significant sequence identities with vaccinia virus TK, gram‐positive Bacillus 
anthracis (Ba) TK and Staphylococcus aureus (Sa) TK, and gram‐negative Thermotoga 
maritima (Tm) TK of 70%, 42%, 41%, and 36%, respectively [99]. These kinases play essen-
tial roles in the biosynthetic salvage pathway of nucleotide synthesis [100], complement-
ing the de novo pathway in particular in proliferating cells and bacteria [101–107]. In 
normal human cells, TK1 activity is high only in S‐phase. In cancer cells, however, TK1 
activity can remain high in other phases of the cell cycle as well [108–110]. This seems to 
contribute to the apparent selective accumulation of 3CTAs in tumor cells.

Figure 3.1.3c shows the docked structure of the triphosphate of 6 (N5), a first‐generation 
3CTA (Figure 3.1.4), in the substrate‐binding pocket of a human TK1 homology model 
[47]. Tiwari et al. used the triphosphate of 6 in this docking study because it stabilized 
the docked pose of the dThd portion within the binding pocket [47]. The homology 
model was developed from an apo form of TmTK [47,96]. The docking pose suggests 
that the carborane cluster is positioned toward the surface of TK1 and is exposed to the 
aqueous environment, thus supporting the original design concept for 3CTAs. However, 
the exact binding modes of 3CTAs to TK1 have not yet been  confirmed by X‐ray crys-
tallography, and recent results of enzyme kinetic studies with second‐generation 
3CTAs, discussed in Section 3.1.6, challenge this binding model.

3.1.5  Synthesis and Initial Screening of 3CTAs as TK1 
Substrates

3.1.5.1 First‐Generation 3CTAs

Approximately 20 first‐generation 3CTAs were synthesized and initially screened in 
phosphate transfer assays using recombinant TK1 (Figure  3.1.4) [37,48,49,111]. The 
obtained phosphorylation rates are expressed relative to dThd, the endogenous TK1 
substrate. Such relative phosphorylation rates (rPRs) can be used routinely to establish 
raw structure–activity relationship (SAR) data for substrate characteristics of larger 
quantities of 3CTAs. However, rPRs do not provide accurate information on enzyme 
kinetic and enzyme inhibitor properties. Initially, the rPRs of 6 and 7 (rac‐N5‐2OH) 
were established together with those of the corresponding ethyl, propyl, butyl, hexyl, 
and heptyl homologs. There were no marked differences in rPRs between the  compounds 
of this library. Overall, 6 and 7 appeared to be somewhat superior as TK1 substrates 
compared with their homologs, with rPRs of ~40% for both agents [111]. The presence 
of the highly lipophilic carborane cage [112] and the absence of ionizable functions 
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render 3CTAs in general fairly water‐insoluble [46]. Therefore, a dihydroxypropyl 
group was attached to the carborane cluster of 7 and its homologs in an attempt to 
increase water‐solubility. Another consideration for the attachment of this group to the 
carborane cage was the presumable location of the cluster outside of the active site of 
TK1 in aqueous environment, as this potentially could reduce the disruption of the 
aqueous hydrogen bond network and consequently improve binding of 7 to TK1 [35]. 
Byun et al. synthesized the pure epimers (8,9) and structural isomers (10,11) of 7, the 
latter containing either m‐carborane (10) or p‐carborane (11) [50]. The rPRs of 8–11 
did not differ significantly from those of 7, which was not unexpected assuming that, 
upon binding to TK1, the carborane cluster of the compounds are located outside of 
the  active site of the enzyme [47]. A small library of four cage‐halogenated and 
cage‐radiohalogenated derivatives of 6, represented by 12, was synthesized by 
Tiwari et al. for potential use in tumor imaging and radiotherapy [47]. Compounds 
such as 12 potentially could also find use in the indirect real‐time determination of 
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tumor concentrations of 3CTAs in BNCT. As in the case of the epimers (8,9) and 
structural isomers (10,11) of 7, the rPRs of cage‐halogenated derivatives of 6 were 
comparable to those of 7.

Another attempt to improve the water‐solubility of 3CTAs was reported by 
Hasabelnaby et al. [46]. A library of 12 3′‐monosubstituted‐, 5′‐monosubstituted‐, and 
3′,5′‐disubstituted L‐valine‐, L‐glutamate‐, and glycine‐ester prodrugs of 6 and/or 7 
was synthesized. The structure of the 5′‐glycine‐ester prodrug of 7, compound 13, is 
shown in Figure 3.1.4. These prodrugs were specifically designed for BNCT of brain 
tumors following intracerebral administration. Thus, they must be readily cleavable in 
brain tissue. Overall, this prodrug strategy proved to be successful, as half‐lives for 
the most promising candidates of the library in bovine cerebrospinal fluid, which has 
protein concentration similar to that of the interstitial fluid of the brain, ranged from 
0.96 to 2.11 h and aqueous solubilty improved by up to 6600 times compared with the 
parental 3CTAs. These prodrug properties are potentially suitable for intracerebral 
administration.

3.1.5.2 Second‐Generation 3CTAs

A significant limitation observed for both 6 and 7 was inadequate competition with 
endogenous dThd at the TK1–substrate binding site [41]. Similar problems were previ-
ously reported for 3′‐deoxy‐3′‐[18F]fluorothymidine ([18F]FLT) in tumor‐imaging appli-
cations and ganciclovir and zidovudine (AZT) in experimental suicide gene therapy 
[113–117]. This drawback as well as low water‐solubility and moderate capacities of 6 
and 7 to function as TK1 substrates were motivations for the design and synthesis of 
improved second‐generation 3CTAs (Figures 3.1.5 and 3.1.6).

Hydrogen bond formation between a carbonyl oxygen of the peptide backbone in TK1‐
like enzymes and the hydrogen at the N3 position of dThd is crucial for substrate binding 
[90–98]. As discussed in Section 3.1.4, when attached to N3 of dThd via an alkyl linker, the 
bulky carborane cluster may be positioned toward the surface of the enzyme. However, 
such a carboranylalkyl substitution at N3 is also accompanied by the loss of hydrogen 
bonding, and it has been hypothesized that this could prevent a complete substrate‐
dependent apo‐to‐holo conformational switch of TK1 [5,35]. This could explain the insuf-
ficient TK1‐inhibiting capacity of 3CTAs, since competing endogenous dThd may still 
have ample access to the substrate‐binding site. Overall, about 50 second‐generation 
3CTAs were synthesized [35,36,39,40,48,49]. Many of the agents were designed based on 
the hypothesis that the introduction of hydrogen bond donors, and possibly even hydrogen 
bond acceptors, into the linker between carborane and dThd could restore hydrogen bond 
interactions, resulting in improved binding of 3CTAs to TK1. In addition, the introduction 
of hydrogen donor and acceptor groups could potentially also increase water solubility.

Representative second‐generation 3CTAs with modified linker are shown in 
Figure 3.1.5. Hydrogen donor and acceptor groups include ether (14) [40], hydroxyl (15) 
[39], amidinyl (16) [36], guanidyl (17) [36], amino (18) [35], and amido (19) groups [35]. 
Unfortunately, none of the second‐generation 3CTAs represented by compounds 14–
19 had rPRs that were significantly superior to those of first‐generation 6 and 7, and 
many proved to be unstable during biological testing and also storage. The solubility of 
some of the amidinyl‐modified 3CTAs (16) in phosphate‐buffered saline (PBS) at pH 7.4 
was up to 1900 times higher than that of 7.
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Representative second‐generation 3CTAs of another type are shown in Figure 3.1.6 
[39,40,48,49]. In these structures, such as trihydroxypropyl (20) [39], ammonium (21) 
[49], or amino (22) [49], substituents were attached to the carborane cluster in an 
attempt to improve water solubility and TK1 substrate/inhibitor properties. The rPR 
values obtained for compound 22 (YB18A) in two independent experiments ranged 
from 72 to 79% [35,49]. This was about two times higher than the rPR values obtained 
for 7 in three independent experiments (~40%) [35,38,49].

3.1.6  Enzyme Kinetic and Inhibitory Studies

Studies were carried out to establish IC50 values and apparent kcat/Km values as a 
 measure of the inhibition of TK1 by 3CTAs and the apparent catalytic efficiency of TK1 
for 3CTAs, respectively. The kcat/Km values were expressed relative to those of 
dThd  (rkcat/Km values). Among first‐ and second‐generation 3CTAs represented by 
structures 1–20, compound 7 emerged initially as the agent with the most favorable 
combination of IC50 values, rkcat/Km values, and physicochemical properties 
[35,36,38,39]. However, in a recent comparative experiment with 7 and 22, IC50 values 
of 37.5 μM and 13.5 μM, respectively, and rkcat/Km values of 5.8 and 21.6%, respectively, 
were obtained, identifying 22 as a 3–4 times better inhibitor and substrate of TK1 than 
7 [35]. This finding challenges the original hypothesis that the carborane cluster  actually 
remains outside of the substrate‐binding pocket of TK1 following binding of 3CTAs. 
Based on the enzymatic data obtained for 22, it is conceivable that, depending on an 
appropriate spacer length between carborane cage and nucleoside scaffold in 3CTAs, 
the cluster is actually located within the substrate‐binding pocket. Furthermore, a  single 
amino substituent at the cluster, as in 22, appears to interact with amino acid residues 
within the substrate‐binding site, leading to markedly enhanced TK1 binding affinity 
and, thus, more effective competition with endogenous dThd.

3.1.7  Cell Culture Studies

Many of the 3CTA‐related in vitro cytotoxicity, uptake, and retention studies were car-
ried out with 6 and 7 and some of their cage‐halogenated derivatives (12) in F98 glioma 
cells, RG2 glioma cells, wild‐type TK1(+) L292 fibroblast cells, TK1(−) L929 cells, wild‐
type TK1(+) CCRF‐CEM cells (human T lymphoblast‐like cell line), and TK1(−) CCRF‐
CEM cells [41,42,45]. The TK1 levels in these cells were determined by both western 
blot analysis and/or quantifying phosphorylation of tritiated dThd, which was added to 
the cell culture medium. TK1 protein concentrations in these cell lines decreased in the 
following order: F98 > > RG2 > TK1(+) L929 >> > TK1(−) L929 [35,42,43]. The cytotox-
icities of 6 and 7 were moderate in F98, RG2, TK1(+) L929, TK1(−) L929, TK1(+) CEM, 
and TK1(−) CEM cells with IC50 values ranging from 18 to >160 μM [41,42,45]. There 
was no apparent difference in toxicity between TK1(+) and TK1(−) cell lines. The 
uptake and/or retention of 6 and 7 and some of their cage‐halogenated derivatives was 
consistently higher in L929 TK1(+) cells compared with their L929 TK1(−) counter-
parts [41,42,45,47]. On the other hand, there was no difference in uptake and reten-
tion between both cell lines for the clinical BNCT agent BPA, which is an amino acid 
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derivative [42,47]. In the case of 7, uptake of 92.0 μg B/109 cells following 24 h of incubation 
and 29% retention following subsequent incubation for 12 h in test‐compound‐free 
medium was observed in TK1(+) L929 cells [42]. The corresponding values for TK1(−) 
L929 cells were 9.3 μg uptake and 0% retention [42]. These data indicate that KMT may 
contribute to the uptake of 7 and other 3CTAs. Surprisingly, the uptake of 7 in F98 cells 
(25.7 μg) was 3.5 times lower than in TK1(+) L929 cells, although the TK1 content was 
about ~2 times higher [42,43]. This finding was supported by similar uptake ratios of 3.4 
and 2.0 observed for 6 and the established TK1 substrate 5‐bromo‐2′‐deoxyuridine (5‐
BrdUrd), respectively [42]. The retention of 7 in F98 cells was 0% [42]. These data indicated 
that other mechanisms, possibly including multidrug resistance‐associated protein (MRP)‐
mediated efflux of 3CTA‐monophosphates (Section  3.1.9), contribute to the cell‐line‐
dependent differences of 3CTA uptake and retention.

3.1.8  Metabolic Studies

Compound 7 and other 3CTAs were not substrates of thymidine kinase‐2 (TK2) [38], 
deoxycytidine kinase (dCK) [118], and catabolic dThd phosphorylase (TPase) [41]. In 
addition, the monophosphate of 7 (7‐MP) was not a substrate of catabolic deoxynucle-
otidase‐1 (dNT1) [41]. Detailed studies to explore the anabolic properties of 3CTAs 
were recently carried out with compounds 6 and 7 and their respective mono‐, di‐, and 
triphosphates [45]. For anabolic studies in cell culture, TK1(+) CEM, TK1(−) CEM, 
TK1(+) L929, and TK1(−) L929 cells were used [45]. The results are shown in Figure 3.1.7. 
The cellular anabolism of tritiated 7 was evaluated in comparison with that of tritiated 
dThd. In TK1(+) cells, high quantities of dThd monophosphate (dTMP) and moderate 
amounts of 7‐MP (monophosphate) were detected. In TK1(−) cells, monophosphates 
of both compounds were found in markedly lower concentrations. Small quantities of 
dThd diphosphate (dTDP), but not the diphosphate of 7 (7‐DP), were found in TK1(+) 
cells. TK1(−) cells did not contain diphosphate forms of either compound. Interestingly, 
high quantities of 7 were retained in both TK1(+) and TK1(−) cells, whereas the meas-
ured concentrations of dThd were only moderate in both types of cells. The obtained 
results indicate that the presence of TK1 is necessary for the production of 7‐MP in 
cells but that further conversion to 7‐DP does not occur. However, high remaining con-
centrations of 7 in both TK1(+) and TK1(−) cells indicate that mechanisms other than 
KMT contribute significantly to the cellular uptake of 3CTAs such as 7. These could 
include nonspecific binding to lipophilic cellular components, as 7 is a very lipophilic 
compound (logP: 2.09) [41].

Several phosphate transfer assays with nucleoside and nucleotide kinases were also 
carried out to explore possible anabolic pathways of 6 and 7 and to confirm the findings 
of the cell anabolism studies described in this chapter [45]. Neither uridine monophos-
phate–cytidine monophosphate kinase (UMP‐CMPK) nor dThd monophosphate kinase 
(TMPK) catalyzed the formation of diphosphates when synthetic 6‐MP or 7‐MP were 
used as substrates, confirming the lack of 7‐DP formation observed in the anabolic cell 
culture experiments. Interestingly, nucleoside diphosphate kinase (NDPK) catalyzed the 
formation of 6‐TP (triphosphate) from 6‐DP, albeit with a markedly lower efficiency 
than for the formation of dThd triphosphate (dTTP) from dTDP. No incorporation of 
6‐TP into oligonucleotide templates was observed when Klenow DNA polymerase I was 
used as the catalyzing enzyme. It was reported previously that attempts to incorporate 
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3‐methyl‐dTTP with the help of DNA polymerase into DNA failed [119], which sup-
ports the results obtained for 6‐TP. The moderate in vitro toxicities observed for 3CTAs 
(Section 3.1.7) are probably due to the lack of DNA incorporation, as this is usually the 
major mechanism of action (MOA) of clinical chemotherapeutic anticancer and antiviral 
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nucleoside analogs [79,120,121]. The results described here were corroborated by data 
from recent in vitro and in vivo metabolomic high‐resolution mass spectrometry 
(HRMS) studies with 7 and 22 using RG2 glioma cells and rats implanted with intracer-
ebral RG2 tumors [35]. Monophosphate forms of both 7 and 22 were detected both 
in cells and in tumor tissue along with the corresponding parental nucleoside analogs. 
Di‐ and triphosphates of 7 and 22 were not found. The obtained results suggest a unique 
intracellular metabolic profile of 3CTAs, which seems to be restricted to monophospho-
rylation by TK1.

3.1.9  Cellular Influx and Efflux Studies

Efficient transport through membranes into diseased cells is critical for all clinical 
chemotherapeutic nucleoside analogs [122]. Also, it is well established that MRPs, such 
as MRP4 and MRP5, can transport the monophosphates of nucleoside analogs, such as 
AZT, adefovir, ganciclovir, abacavir, and gemcitabine, out of cells [123–125]. Therefore, 
the cellular influx and efflux properties of 7 and 7‐MP were explored (Figure 3.1.7) [45]. 
Initially, Saccharomyces cerevisiae (“baker’s yeast”), genetically altered to express the 
human equilibrative and concentrative nucleoside transporter hENT1, hENT2, hCNT1, 
hCNT2, or hCNT3, was used to study the effects of 7 on cellular nucleoside transport-
ers. The result indicated that 7 only inhibited the transport of uridine (Urd) by hENT1. 
Compound 7 also inhibited the uptake of Urd into TK1(+) CCRF‐CEM cells, which 
only express hENT1 [126]. Interestingly, however, the uptake of small quantities of triti-
ated 7 into TK1(+) CCRF‐CEM cells was not significantly inhibited by either substan-
tially larger quantities of non‐tritiated (“cold”) 7 or nitrobenzylthioinosine (NBMPR), a 
potent hENT1 inhibitor. These results indicated that 7 is an inhibitor of hENT1 but that 
its cellular uptake is mediated primarily by passive diffusion.

The effects of dipyridamole, indomethacin, and verapamil on the efflux of 7‐MP from 
TK1(+) CCRF‐CEM cells were studied. Dipyridamole is an inhibitor of both MRP4 and 
MRP5, whereas indomethacin is a relatively selective inhibitor of MRP4 [123]. Verapamil 
is an inhibitor of P‐glycoprotein (P‐gp) [127]. Studies by Peng et al. have shown that 
MRP4 is a major efflux pump in (TK1+) CCRF‐CEM cells [128]. The obtained results 
showed that both dipyridamole and indomethacin strongly inhibited the efflux of 7‐MP 
from TK1(+) CCRF‐CEM cells, whereas verapamil affected the efflux only moderately. 
Thus, efflux inhibition of 7‐MP by the selective MRP4 inhibitor indomethacin impli-
cates a role for this transporter in the cellular efflux of 7‐MP.

3.1.10  In vivo Uptake and Preclinical BNCT Studies

In vivo studies were carried out with 7, 22, and the propyl homolog of 22 using the 
intracerebral (i.c.) rat F98 and RG2 glioma models and both the subcutaneous (s.c.) and 
the i.c. murine TK1(+) and TK1(−) L929 tumor models. The RG2 and the F98 glioma 
have very similar histopathological appearances, but there are apparently similarities 
and differences in their known genomic and proteomic profiles [129]. Uptake and toxic-
ity experiments were carried out with agents having normal boron distribution, whereas 
10B‐enriched forms were used for BNCT studies [42,50]. Initial experiments showed 
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that intraperitoneal (i.p.) injection of 7 into mice bearing TK1(+) L929 tumors resulted 
in undetectable quantities of boron within the tumor [42]. Therefore, direct intratu-
moral (i.t) injection and i.c. infusion were used for experiments with mice bearing s.c. 
L929 tumors and rodents implanted with i.c. L929, RG2, or F98 tumors, respectively.

Administration (i.t.) of 7 to mice bearing s.c. TK1(+) L929 and TK1(−) L929 tumors 
resulted in 22.8 and 8.4 μg B/g tumor tissue, respectively (~3:1 ratio), with a tumor‐to‐
blood ratio of 47 for animals with the TK1(+) tumors [44]. A similar uptake ratio of ~3:1 
was observed between i.c. TK1(+) L929 and TK1(−) L929 tumors (39.8 vs. 12.4 μg B/g 
tumor) following i.c. administration of 7 [42]. In another study using the s.c. murine 
TK1(+)–TK1(−) L929 tumor model, i.t. injection of the propyl homolog of 22 led to 21.7 
and 7.0 μg B/g tumor, respectively (~3:1 ratio) [49]. These data were comparable with 
those obtained for 7 in the same study (29.8 vs. 12.1 μg B/g tumor), whereas no marked 
difference in boron uptake was observed between TK1(+) and TK1(−) tumors when 
BPA was injected intravenously (i.v.) (4.0 vs. 5.8 μg B/g tumor) [49]. Neutron irradiation 
of s.c. TK1(+) L929 tumor–bearing mice that had received 7 i.t. resulted in a ninefold 
decrease in tumor growth compared with TK1(+) L929 tumor–bearing mice that were 
irradiated with neutrons but did not receive 7. Animals with TK1(−) L929 tumor that 
had received both neutron radiation and 7 showed tumor growth comparable to mice 
with TK1(+) L929 tumor that were only irradiated with neutrons without prior admin-
istration of 7 [44]. There was a marked decrease in the number of proliferating cells in 
TK1(+) L929 tumors following administration of 7 and neutron irradiation, as was 
shown by Ki67 antigen immunostaining [44].

Following i.c. administration of 7 into rats with i.c. RG2 and F98 glioma, 27.6 and 
17.3 μg B/g tumor, respectively, were found. The corresponding tumor‐to‐blood ratios 
were 55 and 35, respectively. Although 7 was administered directly into the brain in 
solutions containing high amounts of dimethyl sulfoxide (DMSO), no apparent neuro-
logic deficits and/or neuropathologic alterations could be observed [44]. Neutron irra-
diation of rats with RG2 tumors resulted in a survival time of 52.9 days, compared with 
28.1 days for neutron‐irradiated control animals that had not received 7 [44]. The cor-
responding survival times for rats with F98 tumors were 37.9 and 31.3 days, respectively 
[43]. BPA was used as a control agent in neutron irradiation experiments with both RG2 
and F98 glioma‐bearing rats, resulting in survival days of 35.9 and 36.7 days, respec-
tively [43,44]. These experiments indicated that the RG2 gliomas accumulate higher 
quantities of compound 7 and are consequently more susceptible to neutron irradiation 
than F98 gliomas. This is surprising because the TK1 content in F98 glioma cells is 
about two times higher than in RG2 cells [35,42,43]. However, the results obtained for 
the in vivo uptake and preclinical BNCT studies seem to be consistent with the data 
obtained for F98 glioma cells in vitro (Section 3.1.7). This indicates that the uptake of 
3CTAs into tumor cells and tumors does not solely depend on TK1 activity but also on 
other cell‐specific metabolic and transport protein properties. In the case of i.c. admin-
istration, it is also conceivable that the observed tumor‐selective uptake of 7 is in part 
due to simple precipitation at the injection site, which is located at the same coordinates 
as the tumor. The same could be the case for i.t. injections in s.c. tumors.

In a recent comparative in vivo biodistribution study with rats bearing i.c. RG2 glio-
mas, compounds 7 and 22 were administered i.c., resulting in concentrations of 8.9 μg 
and 32.5 μg B/g tumor, respectively [35]. This uptake ratio reflects approximately the 
difference in enzyme kinetic and inhibitory properties between both compounds, and it 
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suggests that these factors contribute to the uptake of both compounds in tumor cells. 
However, it needs to be noted that the uptake observed for 7 in i.c. RG2 gliomas in this 
study was approximately three times lower than that previously reported for 7 in the 
same tumor model (27.6 μg B/g tumor) [44], indicating the potential for significant 
experimental variations in these technically challenging experiments. Preclinical BNCT 
studies have not yet been carried out with 22.

3.1.11  Potential Non‐BNCT Applications for 3CTAs

TK1 is an established cell proliferation marker, and the level of TK1 in serum has been 
used as a diagnostic and prognostic marker in cancer in both human and veterinary 
medicine [130–136]. Stavudine (d4T) and AZT are used as HIV/AIDS prodrugs [137], 
whereas FLT and 1‐(2′‐deoxy‐2′‐fluoro‐1‐β‐D‐arabinofuranosyl)‐5‐iodouracil (FIAU) 
are being explored as imaging agents for cancer and bacterial infections, respectively 
[138–141]. All of the agents are effectively 5′‐monophosphorylated by TKs. Their 
MOAs are based on the formation of toxic triphosphate metabolites (AZT and d4T) 
or intracellular trapping of phosphate species (FLT and FIAU). Floxuridine (5‐FdUrd) 
activation via TK1 occurs in a minor metabolic pathway, whereas its major MOA is 
thymidylate synthase (TS) inhibition [142,143]. All of these agents are derivatives of 
dThd and function as TK1 substrates rather than TK1 inhibitors. Several reports indi-
cate that TK1‐mediated dThd salvage has a major role in DNA repair in vitro following 
exposure of cells to radiation, DNA alkylating agents, or combined ribonucleotide 
reductase inhibition and radiation [144–151]. Recent studies have demonstrated that 
DNA damage caused by γ‐radiation and various chemotherapeutics, including doxoru-
bicin, etoposide, and hydroxyurea, resulted in increased TK1 expression, especially in 
p53‐deficient or ‐defective HCT‐116, SW480, and H1299 cells and, to a lesser extent, in 
p53‐proficient HCT‐116 and U2OS cells. TK1 expression proved to be nonessential for 
the growth of p53‐deficient HCT‐116 cells but was important in providing sufficient 
dTTP pools for DNA repair triggered by genotoxic insult of these cells. Consequently, 
small interfering RNA (siRNA)‐facilitated TK1 knockout in p53‐deficient HCT‐116 
caused an increase in cell death following DNA damage [152,153]. In addition, simulta-
neous siRNA‐mediated silencing of TS and TK in p53‐deficient HCT‐116 cells caused 
significant increase of cell death by doxorubicin. Similar observations were made when 
TS‐knockout p53‐deficient HCT‐116 cells were cultured in dThd‐deprived medium 
[154]. Furthermore, TS inhibition in various cell lines caused increased TK1 activity 
and siRNA‐mediated silencing of TK1, and it enhanced the activity of the antifolate 
pemetrexed [155–157]. These are very important findings, since it is known that in 50% 
of all human tumors, p53 is mutated or deleted, and that such alterations can lead to 
poor prognosis and resistance to chemotherapeutic agents [158–163].

Considering the importance of TK1 for DNA repair and cancer cell proliferation, in 
particular in p53‐deficient tumors, it is surprising that TK1 has been utilized scarcely 
as  a molecular target for selective inhibitors. Indeed, no pharmaceutically relevant 
selective inhibitors have been developed as yet that could complement inhibitors of the 
de novo nucleotide pathway (e.g., antifolates, 5‐fluorouracil [5‐FU], and 5‐FdUrd) in 
anticancer chemotherapy. It should be noted that selective TK1 inhibitors per se are 
presumably nontoxic and should not contribute to undesired side effects in combination 
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with other chemotherapeutic agents while concomitantly sensitizing, for example, 
p53‐deficient tumor cells to the cytotoxic effects of the latter. Thus, there seems to be 
a need for the development of selective TK1 inhibitors.

The enzyme kinetic and inhibitory results obtained with 22 strongly indicate that the 
substrate‐binding site of TK1 around the N3 position of dThd is fairly flexible. 
Depending on an appropriate spacer length between the carborane cage and nucleoside 
scaffold in 3CTAs, the cluster is actually located within the substrate‐binding pocket. 
Furthermore, a single amino substituent at the cluster appeared to interact with amino 
acid residues within the substrate‐binding site, leading to markedly enhanced TK1 
binding affinity and, thus, more effective competition with dThd. This warrants the 
hypothesis that the identification of the detailed molecular interactions between 3CTAs 
and TK1 and the use of the carborane scaffold as a 3D platform for the introduction of 
additional or different substituents than the amino substituent in 22 can lead to third‐
generation 3CTAs with further enhanced TK1 inhibitor capacities that could eventually 
find use in the treatment of, for example, p53‐deficient or ‐defective cancers. Indeed, 
such third‐generation 3CTAs may even surpass the binding affinity of dThd to TK1.

Carborane clusters can be substituted via two basic routes: (1) reaction of C‐metallated 
(usually Li+) carboranes with appropriate reagents to introduce, for example, alkyl, aryl, 
amine, amide, nitrile, hydroxyl, sulfhydryl, carboxyl, and boronic acid substituents 
[76,164]; or (2) metal‐catalyzed (usually palladium) cross‐coupling reactions of B‐halo‐
carboranes (often iodine) resulting in substitution patterns similar to the ones described 
in (1) [76]. Among the three isomeric closo‐carboranes, B‐iodination has been explored 
most widely for o‐carborane. Various levels and combinations of iodination, including 
boron atoms 3, 4, 6–10, and 12, have been explored [47,78,165–173]. In the cases of p‐ and 
m‐carborane, 2‐monohalogenation and 9‐mono/9,10‐dihalogenation, respectively, have 
been reported widely [78].

In summary, there is ample opportunity to further improve the TK1 binding properties 
of 3CTAs, which may eventually lead to agents that can be used in BNCT but also as gen-
eral TK1 inhibitors in combination with γ‐radiation and chemotherapeutics, in particular 
inhibitors of the de novo nucleotide pathway for DNA synthesis.

3.1.12  Conclusion

3CTAs are promising boron delivery agents for BNCT, as KMT provides a solid theo-
retical, biochemical, and physiological basis for their tumor cell selective accumulation. 
Overall, about 70 3CTAs were synthesized over a period of 20 years. This is a fairly 
small number even for an academic environment. While it is, of course, possible that 
this is due to an incapability of the chemists involved in the project, it seems more likely 
that this indicates a lack of adaptability of carborane cluster–based chemistry to 
 compound library production as compared with conventional carbon‐based chemistry. 
Nevertheless, this compound library was developed following general drug design, 
 discovery, and development strategies, and a wealth of information was obtained on in 
vitro and in vivo toxicities, tumor cell and tumor tissue accumulation, metabolic prop-
erties, cell membrane transport, and the potential to function as boron delivery agents 
for BNCT. Major drawbacks of current 3CTAs are that they do not seem to be suitable 
for systemic administration and that not all aspects of their tumor selectivity are fully 
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understood. However, a second‐generation 3CTA (22) was discovered that has  markedly 
superior enzyme kinetic and inhibitory properties compared with all other 3CTAs, and 
a thorough biochemical and biological evaluation of this compound could shed more 
light on the potential of 3CTAs to serve as boron delivery agents for BNCT. Furthermore, 
the specific structural properties of 22 suggested that third‐generation 3CTAs with 
even further improved pharmacological activity could be developed and that such 
 compounds might even find applications beyond that of BNCT.

The involved investigators have terminated research on 3CTAs, and it is uncertain if 
there will be corporate, federal, or any other type of support in the USA that could move 
3CTAs into a clinical setting. The same might be true for other investigational BNCT 
agents. There are meanwhile a few US Food and Drug Administration (FDA)‐approved 
boronic acid derivatives (bortezomib, ixazomib citrate, and tavaborole) that draw activ-
ity from the fact that the boronic acid moiety in these structures forms strong tetrava-
lent complexes with critical hydroxyl groups within enzyme active sites. This is a rare 
but effective trade among approved pharmacologically active agents [174–177]. The 
situation is different for carborane clusters, which are presumably not capable of form-
ing reversible coordinative bonds with biomolecules, as in the case of boronic acids. 
Carboranes per se probably have to rely on their unique geometry, physicochemical 
properties, and synthetic versatility to become useful entities in drug design. It remains 
to be determined if these properties are indeed so unique that they can provide oppor-
tunities that conventional carbon‐based drug design cannot.
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3.2

3.2.1  Introduction

3.2.1.1 Mechanisms of BNCT

Boron neutron capture therapy (BNCT) is a promising binary anticancer therapy 
that selectively targets and destroys malignant tumor cells in the presence of healthy 
normal cells [1–5]. BNCT is based on the very high nuclear cross section of 10B nuclei 
for neutron capture (3838 barns, 1 barn = 10−24 cm2), a naturally occurring and stable 
boron isotope (19.9%). The irradiation of non‐radioactive 10B‐containing tumors with 
low‐energy thermal or epithermal neutrons produces excited 11B nuclei, which sponta-
neously fission to give cytotoxic high linear energy transfer (high‐LET) α and recoiling 
7Li particles, along with γ radiation, and approximately 2.4 MeV of kinetic energy 
(Figure 3.2.1). Low‐energy epithermal neutrons are able to penetrate up to 8 cm into 
tissues to reach deep‐located tumors. The generated high‐LET particles have short 
path lengths of about 5–9 μM in tissue (about the diameter of a single cell), restricting 
the damage to 10B‐containing tumor cells. The biologically abundant nuclei 12C (0.0034 
barn), 1H (0.33 barn), and 14N (1.8 barn) show negligible interference with the 10B 
(n,α)7Li neutron capture reaction due to their much smaller nuclear cross sections in 
comparison with 10B.

BNCT has been used clinically for several decades in the treatment of various types 
of tumors, including head and neck cancers, primary and metastatic melanomas, and 
high‐grade brain tumors (e.g., glioblastoma multiforme [GBM]) [4,6,7]. Nuclear reac-
tors available in the United States, Japan, China, Argentina, and several European coun-
tries have been used as the neutron sources in BNCT clinical trials. The first clinical 
trials took place in the United States, at the Brookhaven National Laboratory (BNL) and 
the Massachusetts Institute of Technology (MIT), approximately 50 years ago using 
thermal neutrons. However, epithermal neutrons are mainly used in current BNCT 
clinical trials around the world due to their higher tissue‐penetrating ability.

Recent Advances in Boron Delivery Agents for Boron 
Neutron Capture Therapy (BNCT)
Sunting Xuan and Maria da Graça H. Vicente*

Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana, USA
*Corresponding author: Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803, USA



Recent Advances in Boron Delivery Agents for BNCT 299

3.2.1.2 General Criteria for BNCT Agents

Generally, an effective boron delivery drug for BNCT should display the following 
 characteristics [1–5]: (1) deliver therapeutic amounts of 10B to the tumor, estimated 
to be about 20 µg/g tumor or approximately 109 atoms/tumor cell; (2) high tumor‐to–
normal tissue and tumor‐to‐blood concentration ratios (>5); (3) low systemic toxicity; 
(4) rapid clearance from blood and normal tissues while persisting in tumor during the 
irradiation treatment; and (5) ready quantification of tissue‐localized boron. In addi-
tion, for brain tumor treatment, the BNCT drugs should be able to permeate the blood–
brain barrier (BBB), either by passive transmembrane diffusion or through targeting of 
transporters and receptors that are expressed at the BBB [8]. The passive diffusion of 
compounds across cellular membranes and the BBB depends on various factors, includ-
ing the compounds’ lipophilicity, molecular weight (MW), polar surface area, electrical 
charge, degree of ionization, and hydrogen bonding ability [8–10]. In general, low‐
molecular‐weight (<500 Da) boron delivery agents with favorable lipophilicity 
(octanol − water partition coefficient, logP <5) show enhanced passive diffusion across 
cellular membranes and the BBB [9–12]. However, a major challenge in drug develop-
ment for BNCT has been the selective delivery of therapeutic amounts of boron to 
tumor cells, with minimal toxicity to normal tissues. Another challenge in the treat-
ment of brain tumors is the often‐inefficient BBB permeability of the BNCT drugs.

Over the last few decades, thousands of boron carriers for BNCT have been designed and 
synthesized, but only a few have been tested in preclinical trials. Among these, many are able 
to deliver a higher amount of boron to tumors relative to the surrounding normal tissue, due 
to the enhanced permeability and retention (EPR) effect. However, the selectivity of boron 
accumulation is often low, which can cause undesired toxic effects to healthy tissues. To 
improve the tumor selectivity of BNCT agents, their encapsulation into delivery agents such 
as liposomes and their association with tumor‐targeting moieties (e.g., peptides, folic acid, 
and antibodies) have been explored. In addition, several administration methodologies and 
combination therapies have been investigated. One very promising methodology that 
bypasses the BBB is convection‐enhanced delivery (CED), a method for local drug infusion 
directly into the brain. CED has been shown to deliver high amounts of boron (>100 µg/g 
tumor) to intracerebral tumors, with very high tumor‐to‐blood and tumor-to-normal 
brain ratios [5,13]. More recently, another tumor treatment strategy called magnetic 
drug targeting (MDT) has also been investigated [14]. MDT uses an external magnetic 
field to direct boron‐containing  magnetic nanoparticles, administrated intraarterially, 
to tumor tissues. The MTD strategy is independent from biological recognition and 
passive accumulation, and allows selective accumulation of the drug at the tumor site.

3.2.1.3 Main Categories of BNCT Agents

The two most‐used boron‐containing drugs in clinical trials are the sodium salt of 
 sulfhydryl boron hydride Na2B12H11SH (BSH) and the amino acid (L)‐4‐dihydroxybo-
rylphenylalanine (BPA) (Figure 3.2.2, 1–2) [4,6,7,15–18]. Although BSH and BPA show 

11
5B10

5B  +  10n 7Li3+ + 4He2+ +  γ  +  2.4 MeV

Figure 3.2.1 The 10B(n,α)7Li neutron capture and fission reactions [3].
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low toxicity and have recorded efficacy in clinical BNCT trials, they have only low 
 selectivity and retention time in tumor [5,18,19]. Other promising classes of boronated 
compounds, including boronated amino acids, peptides, monoclonal antibodies 
(MAbs), nucleosides, lipids, carbohydrates, liposomes, porphyrin derivatives, boron 
dipyrromethenes (BODIPYs), and nanoparticles, have been synthesized and investi-
gated as potential BNCT agents [3,5,13,20]. The preferred boron sources in these com-
pounds are the neutral isomeric carboranes ortho‐, meta‐, and para‐C2B10H12; negatively 
charged closo‐B12H12

2−; closo‐CB11H12
−; the open‐cage nido‐C2B9H12

−; and metallo‐
bis(dicarbollides) such as [3,3’‐Co(1,2‐C2B9H11)2]− (Figure 3.2.2, 3–9). This is because 
of their unique properties that include: (1) high boron content; (2) lipophilicity; (3) high 
photochemical, kinetic, and hydrolytic stabilities; and (4) ease of functionalization and 
attachment to targeting molecules [13,21]. Several reviews have been published on 
compound development for BNCT [2,3,5,13,20–30]. In this chapter, we review the 
 synthesis and properties of the most promising classes of boron delivery agents, with 
emphasis on those reported in the last decade. Among the different classes of boron 
delivery agents, some of the most promising BNCT agents are nucleosides, amino 
acids, porphyrin derivatives, and tumor‐targeted compounds that recognize a tumor‐
associated epitope, due to their generally lower toxicity and increased tumor specificity 
and uptake.

3.2.2  Amino Acids and Peptides

Considerations about the biochemical and metabolic differences between tumor and 
normal cells are important for achieving tumor selectivity with minimal damage to 
 normal tissues. Amino acids, as precursors of specific biological components and/or 
substrates of certain enzymes in tumor cells, show favorable transport across plasma 
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membranes of rapidly growing malignant cells, where they can be used for biological 
synthesis [2,5,20]. In addition, specific amino acid receptors (e.g., tyrosine receptor [31] 
and somatostatin receptor [32]) might be overexpressed in tumor cells. As a result, 
amino acids have the tendency to selectively accumulate and be temporarily retained in 
tumor cells [5,20,33]. The clinically used boronated amino acid BPA, which structurally 
resembles phenylalanine, despite its recorded low systemic toxicity, has the drawbacks 
of low water solubility and suboptimal tumor‐targeting ability [5,19]. Therefore, BPA 
derivatives (e.g., BPA‐fructose [34]) and other boronated amino acids have been devel-
oped with increased water solubility and enhanced uptake into tumor. Boronated natu-
rally occurring amino acids (e.g., L‐tyrosine and L‐dopa [35]) have been of long‐standing 
interest for selective targeting of tumor cells. The boron‐containing compounds (10–11) 
of naturally occurring L‐tyrosine and L‐dopa amino acids, which are precursors of 
 melanin and natural substrates of the tyrosinase enzyme, were shown to have higher 
selectivity toward melanin cells compared with BPA [35].

Several boronated unnatural amino acids are currently under development as poten-
tial boron delivery agents for BNCT (Figure 3.2.3). The reported BSH derivatives (12–14) 
exhibited low cytotoxicity, although slightly higher than that of BPA, toward the cell 
lines C6 (rat glioma), B16 (mouse melanoma), and SAS (human oral squamous). 
Compounds 12–14 all showed higher incorporation and higher killing effects than BPA 
in C6 cells [36,37]. More recently, boronated unnatural cyclic amino acids have received 
growing attention due to their enhanced tumor uptake and superior tumor retention 
times. Boronic acids containing cyclic amino acid moieties with cis structures (15–16), 
synthesized from hydantoin precursors, showed comparable boron uptake in B16 cells, 
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but a superior tumor‐to‐blood boron concentration ratio even as a racemic mixture 
compared to that of the trans isomer (17–18) and BPA, in both in vitro and in vivo 
 studies [38–41]. These types of unnatural amino acids have been shown to cross an 
intact BBB due to high upregulation of the L‐type amino acid transporters (LATs) in 
high‐grade gliomas [42,43]. In addition, there is evidence showing that these com-
pounds cannot be metabolized, which may further enhance their tumor retention time 
in comparison with BPA [44]. The remarkable difference in tumor‐targeting ability 
between the cis and trans isomers indicates that the pure enantiomers may provide even 
better tumor‐targeting and localizing abilities. These properties render the boronated 
cyclic amino acids very promising BNCT agents, especially for the treatment of high‐
grade brain tumors due to their ability to cross the BBB. It has also been shown that 
unnatural amino acids bearing small 2,2‐alkyl rings are selectively incorporated into 
tumor cells via LATs, and temporarily retained in tumor cells [45].

The BSH‐containing cyclic amino acids (cis/trans) (19–20) were synthesized 
by  condensation of (cis/trans)‐hydantoin bearing a halogenated cycloalkyl group with 
S‐(cyanoethyl)‐BSH, followed by deprotection and hydrolysis of the hydantoin moie-
ties in high yields. In contrast, the trans compound (20) in this study delivered a much 
larger amount of boron to C6 cells than the cis (19) analog, BPA, and the early reported 
linear derivative (12). Immunostaining microscopy indicated that 20 and 12 were 
incorporated into the C6 cell membranes and aggregated on the fringe of the cell 
nuclei, in contrast to BPA, which is evenly distributed within the cells with no particu-
lar regions of high concentration [36,46–48]. The unique cell microdistribution of 
these BSH derivatives may lead to more efficient damage to tumor cells upon neutron 
irradiation.

Peptides, composed of two or more amino acids, have the potential to selectively bind 
to receptors that are highly expressed in tumor tissues [49,50]. The neuropeptide Y 
(NPY) is a member of the pancreatic polypeptide family that binds to four Y‐receptor 
subtypes (Y1, Y2, Y4, and Y5) [51,52]. The derivative [F7,P34]‐NPY has been shown to be 
a breast cancer–selective ligand that binds to the Y1‐receptor subtype, which is found in 
90% of breast cancer tissue and in all breast‐cancer–derived metastases [51,53]. The 
[F7,P34]‐NPY conjugated to ortho‐carborane (21) exhibited nanomolar affinity and 
activity, and high uptake in MCF‐7 breast adenocarcinoma cells [53].

Arg–Gly–Asp (RGD)‐bearing peptides can bind to integrin αvβ3 specifically 
expressed on proliferating endothelial cells and tumor cells [54]. Cyclic RGD, conju-
gated to either BSH or ortho‐carborane through suitable linkers (22–27) to control dis-
tance, orientation, flexibility, and physicochemical properties, was investigated 
(Figure 3.2.4) [55]. All the conjugates showed high in vitro integrin αvβ3 affinity, and the 
RGD–dimer–boron clusters (25–27) exhibited higher tumor uptake and slower clear-
ance compared with the monomeric RGD conjugates (22–24) in an in vivo biodistribu-
tion study using mice inoculated subcutaneously with squamous cell carcinoma. In 
particular, 27 had significantly longer tumor retention time [55] and sensitized tumor 
cells more markedly [56] than BSH. As BSH has limited cell membrane permeability, a 
cell‐penetrating peptide (CPP) (e.g., polyarginine) was attached to BSH to overcome 
this disadvantage [57]. The eight BSH‐fused polyarginine (28) was shown to localize in 
the cell nucleus, and its in vivo administration to tumor‐bearing mice showed signifi-
cantly higher cancer‐killing effects compared with 100‐fold higher concentration of the 
BSH‐administrated group (Figure 3.2.5) [57].
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3.2.3  Nucleosides

Boronated nucleosides, the biochemical precursors of nucleic acids, have been devel-
oped as boron delivery agents for BNCT, and investigated in multiple in vivo and in vitro 
biological studies that have led to structure–activity relationship (SAR) studies. The 
kinase enzyme, which is predominantly active in proliferating tumor cells, can catalyze 
the monophosphorylation of the corresponding boronated nucleosides [5,20,58–60]. 
This monophosphorylation pathway causes the selective accumulation of boronated 
nucleosides in close proximity to the cell nucleus by the kinase‐mediated trapping 
(KMT) process [60–62]. The DNA‐targeting property of boron‐containing nucleosides 
could decrease the amount of boron required in cells for effective BNCT, since less boron 
is necessary when it localizes near or within the cell nucleus [5]. The recently reported 
boron‐containing nucleosides, synthesized by nucleophilic substitution [59,63–65] or 
nucleophilic ring‐opening [66] reactions of the corresponding nucleosides and boron 
compounds, are shown in Figure 3.2.6. 3‐Carboranyl thymidine analogs (3‐CTAs), such 
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as N5 (29) and N5‐2OH (30), were evaluated in preclinical cellular and in vivo studies. 
They exhibited selective in vitro uptake in TK1(+) versus TK1(−) cells, and favorable 
in vivo biodistribution and tumor uptake [60,67,68]. The major disadvantages of 3‐CTAs 
are their generally low water solubility and limited ability to compete with endogenous 
thymidine (dTHd) at the substrate‐binding site of human thymidine kinase (hTK1) [68]. 
The amino acid functionalized 3‐CTAs exhibited much higher water solubility (48–6600 
times) compared with their parental N5 and N5‐2OH (29–30) compounds [59]; 30–70% 
DMSO was used to solubilize the latter compounds for intrathecal (i.t.) and intravenous 
(i.v.) administrations [67]. The 5′‐glutamate ester and 5′‐glycine ester functionalized 
compounds (31–33) were the most sensitive to chemical and enzymatic hydrolysis. The 
rapid cleavage of the ester bond can spare the 5′‐deoxyribose for monophosphorylation 
to achieve tumor cell targeting, rendering them more promising candidates for BNCT 
compared with the valine‐functionalized analogs. The linker between the dTHd scaffold 
and the carborane cluster at the N3‐position of 3‐CTAs was tuned to increase the water 
solubility and the ability for kinase enzyme catalyzing. The boronated tetrazolyl‐type 
N3‐substituted dTHd (34–35) was shown to be a better substrate for human hTK1 
based on its enhanced water solubility (1.3–13 times) and the enzyme kinetics studies, in 
comparison with N5‐2OH [63]. Compound 36 with an amino group directly attached to 
a meta‐carborane cluster was about 3–4 times better as a substrate of hTK1 than 
N5‐2OH [65]. These substrates of hTK1 may have higher intracellular trapping ability. 
The biological studies of the boronated nucleoside have not yet been reported. The 
boronated deoxyuridine derivatives containing [B12H12]2− and [Co(C2B9H11)2]− were 
recently reported, and their cytotoxicity was evaluated in several cell lines (MRC‐5, 
A549, LLC‐MK2, L929, and Vero) [66]. The closo‐dodecaborane conjugates (37–39) 
exhibited low cytotoxicity in all examined cell lines, whereas the Co‐bisdicarbollide con-
jugates (40–41) showed relatively high toxicity (IC50 < 31 μM) in MRC‐5 and L929 cells, 
in agreement with the relatively higher toxicity of dTHd Co‐bisdicarbollide conjugates 
[69]. The deoxyuridine boronated with pinacol (42) derivative was recently shown to be 
taken up in human colorectal adenocarcinoma C85 cells and subsequently undergo 
phosphorylation, as evidenced by the presence of in vivo synthesized mono‐, di‐, and 
triphosphates of 42 [64]. Boron nucleoside (42) showed higher toxicity toward C85 cells 
(IC50 = 6.2 mM) [64] and SCC‐15 cells (IC50 = 16.4 mM) than to normal fibroblast cells 
(IC50 = 49.5 mM) [70]. Compound 42 can insert into nucleic acids as a functional nucleo-
tide derivative, as evidenced by mass spectrometry analysis of DNA from the SCC‐15 
cancer cells. The nuclear magnetic resonance (NMR) studies indicated a high degree of 
the dG–boron nucleoside pair, similar to the degree of the natural dG–dC base pair. 
These properties suggested 42 to be a very promising tumor‐targeting agent for BNCT.

3.2.4  Antibodies

High‐molecular‐weight boronated delivery agents, such as monoclonal antibodies 
(mAbs) and their fragments, are very promising boron carriers for BNCT because of 
their high specificity for the target, due to their ability to recognize a tumor‐associated 
epitope, such as the epidermal growth factor receptors (EGFRs) overexpressed 
in  tumor tissues. In some cases, although they can selectively target tumors, the 
amount that reaches the tumor can be limited as a result of their rapid clearance by the 



Boron Compounds for Boron Neutron Capture Therapy306

reticuloendothelial system. In addition, the general non‐internalizable characteristic of 
boronated mAbs limits their ability to cross capillary vascular endothelial cells, and 
might only lead to extracellular boron delivery [3]. Cetuximab (IMC‐C225), the anti‐
EGFR mAb, has been approved for the treatment of recurrent EGFR(+) squamous cell 
carcinomas of the head and neck [71]. The cetuximab chemically linked with boronated 
polyamidoamine dendrimer (BD‐C225) (Figure  3.2.7, 43), which recognizes EGFR 
overexpressed in gliomas, has shown BNCT efficacy in EGFR gene‐transfected rat gli-
oma cells (F98EGFR) [72,73]. The F98EGFR cells can rapidly take up this bioconjugate and 
showed 21% survival compared with 85% for the irradiated control. The mean tumor 
boron concentration received by combination of i.v. BPA and CED of BD‐C225 
(87.9 ± 16.5 µg B/g) was higher than that using CED of BD‐C225 alone, whereas 
the  boron concentrations in blood and normal brain (<0.5 µg B/g) only reached the 
background limit of detection. Tumor‐bearing rats that received both BD‐C225 and 
BPA had longer mean survival times (MSTs) than the tumor‐bearing rats that received 
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BD‐C225 alone after neutron irradiation. The boronated polyamidoamine dendrimer 
containing anti‐EGFRvIII mAb (L8A4) (BD‐L8A4) (Figure 3.2.7, 44) was used in com-
bination with BD‐C225 to target rat gliomas containing both mutant EGFRvIII and 
wild‐type EGFR [74]. The BNCT efficacy in rats bearing both F98npEGFR and F98EGFR 
gliomas was much higher using a combination of CED of BD‐C225 and BD‐L8A4 
(24.4 µg B/g) than using CED of BD‐C225 (13.8 µg B/g) or BD‐L8A4 (12.3 µg B/g) alone. 
For the rats bearing F98npEGFR gliomas, the best survival data were obtained using CED 
of BD‐L8A4 either alone or in combination with i.v. BPA [75]. These results show that 
due to the heterogeneity of receptor expression in brain tumors, a combination of boro-
nated mAbs with another agent or agents, rather than a stand‐alone boron delivery 
drug, should be used to achieve maximum BNCT efficacy.

3.2.5  Porphyrin Derivatives

Porphyrin derivatives, including porphyrins, chlorins, bacteriochlorins, corroles, and 
phthalocyanines, have emerged as particularly attractive boron carriers based on their 
excellent characteristics that include [5,13,21]: (1) high tumor cell uptake and retention, 
(2) the ability to deliver large amounts of boron intracellularly, (3) low dark toxicities, (4) 
high tumor‐to‐blood and tumor‐to-normal tissue boron concentration ratios, (5) 
 optical tumor detection and ease of quantification of tissue‐localized boron, and (6) the 
possibility of using photodynamic therapy (PDT) as an adjuvant treatment for BNCT 
(two porphyrin‐based macrocycles are US Food and Drug Administration [FDA]‐
approved as PDT photosensitizers) [13,21,76]. Several reviews have been published on 
the synthesis of boronated porphyrin derivatives and their application in BNCT 
[13,21,77–79]. In this section, we review the synthesis and properties of the most 
recently reported porphyrin derivatives.

3.2.5.1 Porphyrin Macrocycles

Boronated porphyrins are typically synthesized by post‐functionalization of the parent 
macrocycle, for example through nucleophilic substitution [80–83], nucleophilic addi-
tion [84], nucleophilic ring‐opening reaction [85–88], and amination [89], or by 
tetramerization of boron‐substituted precursors [13,90–92].

BOPP (45) has been intensely investigated in both in vitro and in vivo biological stud-
ies [5,93–96] that revealed high tumor uptake, good localizing properties, and retention 
ability in tumor‐bearing mice, with high tumor‐to‐blood and tumor‐to‐brain boron 
concentration ratios. The combined administration of BOPP and BPA was shown to 
significantly increase the tumor uptake compared with BOPP or BPA alone [94]. It was 
also reported that changing the delivery of BOPP from i.v. injection to CED significantly 
enhanced the boron concentration in tumor, as well as the tumor‐to‐brain and tumor‐
to‐blood ratios [93]. The high tumor cell uptake of BOPP was shown to be related to the 
low‐density lipoprotein (LDL) receptors, which are upregulated in many tumors, 
including gliomas [95,96]. The porphyrin conjugated to a peptide nuclear localization 
sequence (46) was shown to associate non‐covalently with LDL, as evidenced by 
gel electrophoresis, indicating high potential for tumor‐seeking and ‐targeting abilities 
(Figure 3.2.8) [95].
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Among the metalated porphyrins, the Zn(II) and Cu(II) complexes have been the 
most investigated in in vitro and in vivo studies [5]. The Zn(II) complexes, for example 
ZnTCPH (48), generally enhance the fluorescence and photosensitizing properties of 
the macrocycle, while the Cu(II) complexes, such as (47), could be used for tumor imag-
ing by subsequent labeling with 67Cu for single‐photon emission computed tomography 
(SPECT) or with 64Cu for positron emission tomography (PET) [5]. A recent study 
showed that CuTCPH (47) and ZuTCPH (48) generated similar microdistributions of 
boron in various tissues of tumor‐bearing mice upon intraperitoneal (i.p.) injection, 
with the liver and tumor taking up the largest amounts of boron [97].

Anionic carboranyl porphyrins are of particular interest for development as BNCT 
drugs due to their enhanced water solubility compared with the neutral analogs, and 
their normally lower toxicity and enhanced tumor uptake. Water‐soluble H2TCP (49) 
showed low dark toxicity (IC50 > 100 μM) [91] and significant photosensitizing ability 
[91,98] toward murine melanotic melanoma cells (B16F1), making it possible to enhance 
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anti‐melanoma activity by combining BNCT with PDT treatment. The fluorescence 
microscopy observations showed that the porphyrin was largely localized intracellu-
larly [91,98]. The in vivo study in mice bearing subcutaneous B16F1 tumors, via i.v. 
(~60 ppm 10B) or i.t. (intratumoral) (~6 ppm 10B) administration, indicated no detecta-
ble toxic effects, while the amount of H2TCP (49) accumulated in the melanotic 
 melanomas was sufficient to induce significant delay (5–6 days) in tumor growth after 
thermal neutron irradiation, compared with the control mice [98,99]. The H2TCP (49) 
accumulated in low amounts in the skin and was cleared at a fast rate; therefore, it was 
unlikely to cause undesirable side effects, such as the onset of persistent skin photosen-
sitivity as observed with first‐generation PDT photosensitizers (e.g., Photofrin) [98]. To 
increase the boron content, more carboranyl clusters were attached to the porphyrin 
macrocycle. The water‐soluble octa(nido‐carboranyl)porphyrin H2OCP (50) and its 
zinc(II) complex ZnOCP (51) showed low dark toxicity (IC50 > 250 μM) toward V97 
lung fibroblasts, and were readily taken up by human glioblastoma T98G cells, prefer-
entially localizing in the lysosomes (Figure 3.2.9) [90]. Their cellular uptake, however, is 
slower and lower in comparison with the tetra(nido‐carboranyl)porphyrin H2TCP (49), 
possibly as a result of their higher tendency for aggregation in solutions. In addition, the 
free‐base H2OCP (50) showed higher cellular uptake in T98G cells compared with its 
zinc counterpart (51), in part due to the higher hydrophobic character and higher 
aggregation tendency of 50.

Due to the facile synthesis of zwitterionic cobaltabis(dicarbollide) [3,3’‐Co(8‐
C4H8O2‐1,2‐C2B9H10)(1′,2′‐C2B9H11)], a series of porphyrins containing zwitterionic 
cobaltacarboranes (52–62) were synthesized by nucleophilic ring‐opening of the dioxane 
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ring. Their cellular uptake was highly dependent on the number of cobaltacarboranes on 
the porphyrin macrocycle, the charge distribution, as well as the lipophilic character and 
aggregation behavior (Figure 3.2.10) [85–88]. The cellular uptake in human HEp2 cells for 
compounds 52–56 increased as the number of cobaltacarborane moieties increased, 
with the porphyrin bearing four cobaltacarboranes (56) accumulating the most and the 
porphyrin bearing one cobaltacarborane (52) accumulating the least [85]. The position of 
the cobaltacarborane residues linked to the porphyrin macrocycle and the difference in 
charge distribution also affects the cellular uptake; compound 54 bearing two cobaltacar-
boranes on adjacent pyridyl rings accumulated to a higher extent than compound 53 with 
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two cobaltacarboranes on opposite pyridyl rings [85]. More cobaltacarboranes were 
 introduced into the porphyrin macrocycle to increase the loading of boron per molecule. 
The octa‐cobaltacarboranyl porphyrin 61, however, did not accumulate as much in HEp2 
cells as porphyrin 58, although it contained the largest amount of boron among the series 
of 57–61, due to its poor solubility in aqueous solution and high tendency for aggregation 
[88]. Compounds 58 and 60 having cobaltacarboranes on adjacent positions showed 
higher cellular uptake after 24 h than compound 59 having cobaltacarboranes on opposite 
positions, the same trend as that of compounds 53 and 54 [88]. To increase the water solu-
bility and to provide functionalization for further conjugation of the cobaltacarboranyl-
porphyrin, a polyethylene glycol (PEG) segment was introduced to the  macrocycle (62). 
The H2OCP (61) and the pegylated HCP‐PEG (62) were found to be nontoxic to human 
HEp2 cells up to concentrations of 50 μM (higher concentrations were not tested due to 
precipitation) and 400 μM, respectively [87]. Compounds 61 and 62 were also found to be 
non‐phototoxic up to concentrations of 50 μM and 100 μM, respectively, limiting their use 
as adjuvant PDT sensitizers. The in vivo investigation in BALB/c mice revealed low toxic-
ity for both compounds 61 and 62, with the determined maximum tolerated dose (MTD) 
of 160 mg/kg for 61 and of 320 mg/kg for 62. These compounds were relatively less toxic 
than other reported carboranyl porphyrins, including BOPP (45).

Fluorinated porphyrins have attracted considerable interest due to their enhanced 
biological properties (e.g., metabolism stability and cellular uptake) and potential use 
of 19F‐NMR and/or 18F‐PET in addition to porphyrin fluorescence for imaging [100–
102]. A series of fluorinated carboranylporphyrins (63–67), both in the free‐base form 
and as metal complexes, were synthesized by nucleophilic substitution of fluorinated 
porphyrins with lithiocarboranes, but their biological properties were not reported 
(Figure  3.2.11) [81]. To further increase tumor selectivity and uptake, boronated 
 porphyrins incorporating a tumor‐targeting moiety (e.g., peptides, linear and branched 
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polyamines, glucose, and arginine) were investigated (Figures  3.2.12 and 3.2.13) 
[82,83,103]. Recently, a series of fluorinated carboranylporphyrins conjugated to 
tumor‐targeting moieties (68–80) were synthesized through sequential nucleophilic 
substitution reactions on the p‐phenyl fluorides of meso‐tetra‐(pentafluorophenyl)
porphyrin (TPPF) using thiol‐terminated carborane [82,83]. The boron cluster can be 
attached either to the porphyrin macrocycle or to the tumor‐targeting moiety, which 
results in different physicochemical and biological properties. In contrast to some car-
borane‐containing derivatives of spermidine and spermine of significant toxicity 
(IC50 < 25 μM in F98 rat glioma cells) [104], all compounds (68–80), including the ones 
bearing spermidine and spermine residues, showed low dark toxicity toward T98G 
cells (IC50 > 250 μM) (Table 3.2.1), maybe as a result from the attachment of the carbo-
rane clusters to the porphyrin macrocycle rather than to the targeting molecule. All the 
compounds (68–80) preferentially localized in the ER, the Golgi, and the lysosomes of 
HEp2 cells, and their uptake into T98G glioma cells, varied significantly. The polyam-
ine  conjugates (68–74) showed faster and higher cellular uptake compared with the 
PEG conjugate (75) (Table 3.2.1), due to their positive charge (pKa of amine groups are 
in the range of 7–10) under physiological conditions that likely favor interactions with 
the negatively charged plasma membranes, and the upregulated polyamine transport 
system in tumor cells [105]. The extent of cellular uptake of polyamine conjugates 
 (68–74) generally increases with the hydrophilicity of the conjugates (73 > 72 > 69 ~ 70 
> 71 > 74 > 68) (Table  3.2.1). Among the series of 76–80, the arginine conjugate 
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 exhibited especially higher uptake in T98G tumor cells at times >4 h, probably due to 
the unique ability of the guanidinium group of arginine to form bidentate hydrogen 
bonds with plasma membrane phosphates, favoring its internalization. The branched 
polyamine conjugate (76) accumulated to a higher extent in T98G cells than  compound 
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Table 3.2.1 Cytotoxicity and uptake for porphyrin conjugates in T98G cells, 
and permeability coefficients (P) for porphyrin conjugates in hCMEC/D3 cells [82,83]

Compound
Dark toxicity 
IC50 (μM)

T98G uptake at 24 h 
(nM/cell)

P × 10−6 (cm/s) in 
hCMEC/D3 cells

68 >400 0.0052 1.31 ± 0.08
69 >400 0.065 0.82 ± 0.06
70 >400 0.055 1.21 ± 0.04
71 >400 0.042 3.29 ± 0.03
72 >400 0.071 1.10 ± 0.06
73 >400 0.083 0.87 ± 0.08
74 >400 0.025 1.47 ± 0.05
75 296 0.0045 1.18 ± 0.03
76 >400 0.0072 2.32 ± 0.02
77 >400 0.0058 0.82 ± 0.02
78 >400 0.0068 0.62 ± 0.05
79 >400 0.013 1.44 ± 0.03
80 >400 0.0051 1.71 ± 0.06
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77, likely due to its greater positive charge and more favorable charge distribution. All 
the conjugates displayed low dark toxicity and phototoxicity (IC50 > 40 μM) in T98G 
cells, limiting their use as potential adjuvant PDT photosensitizers. All the conjugates 
also showed lower BBB permeability than lucifer yellow, which is a marker for low BBB 
permeability, including the glucose (78) and YRFA (80) conjugates. The reason for 
incorporation of glucose and opioid peptide YRFA was to target the glucose transport-
ers and μ‐opioid receptors, respectively, which are highly expressed in the brain capil-
lary endothelial cells that form the BBB [106,107]. The observed low BBB permeabilities 
could be due to the high MW and high hydrophobicity of these conjugates.

3.2.5.2 Chlorin Macrocycles

Boronated chlorin and phthalocyanine derivatives are very promising to be used as dual 
BNCT and PDT sensitizers, as they absorb light in the red region of the spectrum 
(λ > 640 nm), which has deeper penetration through most tissues [5,21]. Several reviews 
have been published on the synthesis of boronated chlorins and their investigation as 
BNCT and PDT agents [5,13,21,108]. The most recently reported boronated chlorin 
derivatives are shown in Figures 3.2.14 through 3.2.18. These compounds are mainly 
synthesized by post‐functionalization of the parent chlorin macrocycle with boron‐
substituted molecules through condensation reactions [109,110], nucleophilic sub-
stitution reactions [111,112], nucleophilic ring‐opening reactions [113–116], 
Sonogashira couplings [117], and click reactions [118]. The boronated chlorins can 
also be synthesized by reduction of the corresponding boronated porphyrins [81].

TPFC (81) showed low dark toxicity toward HEp2 cells (IC50 > 100 μM) and in tumor‐
bearing mice [119]. TPFC was shown to be readily taken up by melanotic melanoma 
B16F1 cells [119] and F98 rat glioma cells [112] in significant amounts (twice those 
achieved with BPA), showing extensive phototoxicity and BNCT efficiency upon light 
and neutron irradiation, respectively. The i.v. injected TPFC showed moderate tumor 
selectivity at relatively short times (<18 h) and fast clearance from tissues. Significant 
inhibition of tumor growth was observed upon light irradiation 3 h after injection, in 
comparison with the control mice [119]. The TPFC is not able to cross the BBB and 
therefore showed little accumulation in the brain, while the in vivo concomitant admin-
istration of BPA (i.v.) and TPFC (CED) greatly enhanced the BNCT efficiency com-
pared with TPFC or BPA alone [112]. In contrast to TPFC, another two fluorinated 
carboranylchlorins (82–83) with cesium counterions showed good water solubility; 
however, their biological properties have not yet been reported [81].

The chlorin e6–based boronated derivatives (84–87), bearing BSH or cobaltacarbo-
rane, were shown to accumulate in A549 human lung adenocarcinoma cells [117,118], 
although all the chlorin e6–based boronated derivatives (84–87) had limited solubility 
in aqueous solutions. Compounds 88–90 were taken up by A549 cells efficiently, 
had relatively long retention times, and exhibited significant phototoxicity upon light 
irradiation [115,117]. The intracellular concentrations of 84 and 85, bearing aromatic 
linkers, were below the therapeutic amounts for effective BNCT treatment [118]. This 
result is consistent with studies showing that flexible polyalkyl linkers between chlorin 
e6 and the carboranyl group as in compounds (88–90) promote internalization of 
the  conjugates, presumably due to enhanced anchoring of the conjugates onto the 
 cellular membrane, while rigid aromatic linkers as in (86–87) disfavor anchoring [114]. 
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A  compound bearing two cobaltacarborane moieties (91) showed lower cellular uptake 
than compounds 88–89 bearing a single cobaltacarborane group, maybe due to the 
enhanced negative charge of 91. The in vivo biodistribution of 89–90 in tumor‐bearing 
mice indicated that they accumulate preferentially in the liver and tumor, with a tumor-
to-muscle ratio of approximately 3, 3 h after i.v. injection [115]. In contrast to 88, 89, 
and 91, the recently reported compounds 93 and 95 bearing two BPA or BSH moieties 
showed one‐fourth maximum accumulation time relative to that of their counterparts 
92 and 94 bearing a single boron‐containing moiety, in the tumor tissue of tumor‐bear-
ing mice. Furthermore, 93 and 95 showed rapid clearance from normal tissue within 
24 h after i.v. injection [110,111]. Compounds 93 and 95 also showed significant tumor 
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growth inhibition 3 h after injection, upon light irradiation (660 nm), suggesting 93 and 
95 might be candidates for dual PDT and BNCT treatment. The 10B concentration of 93 
in the tumor at the maximum accumulation and the tumor‐to‐blood ratio, however, 
were below those required for effective BNCT [110].

3.2.5.3 Phthalocyanine Macrocycles

The most recently developed boronated phthalocyanines are shown in Figures 3.2.19 
and 3.2.20. These phthalocyanines were synthesized either by cyclotetramerization of 
boronated precursors [120,121] or via nucleophilic substitution and nucleophilic ring‐
opening reactions on a preformed phthalocyanine macrocycle using boronated electro-
philes and nucleophiles [122,123]. The A3B‐type Zn(II)‐phthalocyanines (ZnPcs) 
containing one or two cobaltacarborane residues (96–97) showed good solubility in 
polar solvents, including methanol, acetone, DMF, and DMSO, and their quantum 
yields were in the range of 0.10–0.14. In addition, compounds 98 and 99 were shown to 
be efficient singlet oxygen generators [121–123]. The axially dicarborane substituted 
phthalocyanine (98) has higher singlet oxygen quantum yield (0.41 in DMSO) than its 
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unsubstituted counterpart (0.15 in DMSO), likely due to partial protection of the bulky 
substituents from intermolecular quenching. Compound 98 was also more resistant to 
photochemical degradation compared with its unsubstituted analog. However, the 
potassium salts of these ZnPcs showed limited water solubility, in agreement with pre-
vious observations of potassium salt derivatives of cobaltacarboranes [124]. The bio-
logical properties of boronated phthalocyanines (96–99) have not yet been reported. 
On the other hand, the polyanionic nido‐[ZnMCHESPc]Cs8 complex (100) showed 
relatively higher solubility in aqueous solutions, but still with significant tendency for 
aggregation [121]. The singlet oxygen quantum yield of 100 (0.24) was much lower than 
that of its neutral counterpart (0.63), but still high enough for photosensitization. The 
in vitro BNCT studies of 100 using neutron autoradiography indicated higher boron 
concentration compared with the control images.
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3.2.6  Boron Dipyrromethenes

BODIPYs, sometimes referred to as semi‐porphyrins, have attracted considerable inter-
est in recent years due to their various applications in imaging, biological labeling, drug 
delivery, sensing, and theranostics [125–129]. BODIPYs usually have very sharp 
Gaussian‐shaped absorption and emission spectra, high molar extinction coefficients 
(usually ε > 80,000 M−1 cm−1), and high fluorescence quantum yields (commonly 
ϕ > 0.50), which facilitate the detection of tissue‐localized boron in BNCT. BODIPYs 
show relatively high photostability and biocompatibility, negligible sensitivity to solu-
tion pH and solvent polarity, and generally low cytotoxicity. In addition, BODIPYs are 
easy to synthesize and functionalize, allowing the fine‐tuning of their physicochemical 
and biological properties. Despite their remarkable characteristics, studies on the 
potential use of BODIPYs as boron delivery agents are limited. Nakata et al. reported, 
for the first time, that BODIPYs (101–103) can cause destructive dynamic damage of 
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BSA during thermal neutron irradiation, suggesting high potential of BODIPYs to be 
used as dynamic drugs for BNCT (Figure 3.2.21) [130,131].

Since BODIPYs have lower MW and generally higher solubility compared with porphy-
rin derivatives, they are of interest for investigation as BNCT agents. We recently reported, 
for the first time, two series of carboranyl BODIPYs and investigated their cytotoxicity, 
uptake into human glioma cells, and BBB permeability [130,131]. BODIPYs (104–107) 
bearing one or two ortho‐ or para‐carborane clusters were synthesized by palladium(0)‐
catalyzed Suzuki cross-coupling reactions or by nucleophilic substitution reactions at the 
2,6‐ or 8‐ positions, respectively, of the corresponding halogenated BODIPY precursors. 
The in vitro BBB permeability of the BODIPYs using hCMEC/D3 brain endothelial cells 
showed that only BODIPY 106 had higher permeability (2.52 ± 0.88 × 10−5 cm/s) than 
lucifer yellow, likely due to its lower MW and hydrophobicity, as measured by the parti-
tion coefficients (logP) in 1‐octanol‐HEPES (Figure 3.2.22) [132,133]. To further investi-
gate the relationship between the BBB permeability and the MW and hydrophobicity of 
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the BODIPYs, we most recently reported a series of seven carborane‐containing BODIPYs 
(MW = 366–527 Da, logP = 1.50–2.70) with ortho‐carborane clusters at the 8‐ or 3/5‐posi-
tions (106, 108–113), synthesized via nucleophilic substitution or palladium(0)‐cata-
lyzed Suzuki or Stille cross‐coupling reactions. All the BODIPYs exhibited low dark 
toxicity and phototoxicity toward human glioma T98G cells. Their cellular uptake varied 
significantly, with 111 accumulating the most and 113 accumulating the least. All the 
BODIPYs (106, 108–113) showed higher BBB permeability than lucifer yellow, with 108 
showing the highest value, as a result of its lower and most favorable MW (366 Da) and 
hydrophobicity (logP = 1.50). The combination of amphiphilicity, high boron content, 
high tumor cellular uptake, low toxicity, and moderate BBB permeability makes BODIPYs 
promising BNCT agents for the treatment of brain tumors [133–135].

Carboranyl BODIPYs (e.g., 114; Figures  3.2.23 and 3.2.24), synthesized using 
Sonogashira coupling reactions between BODIPYs containing aryl halogen groups and 
carboranes with terminal alkynyl groups or between BODIPYs containing terminal 
alkynyl groups and carboranes with aryl halogen groups, were recently reported [136–
140]. All of those carboranyl BODIPYs, however, were investigated as fluorescent 
nanocars for single‐molecule imaging, nonlinear materials, or low‐energy photosensi-
tizers, and were not yet evaluated as boron carriers for BNCT.
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3.2.7  Liposomes

Liposomes are promising boron delivery agents for BNCT, due to their unique closed 
phospholipid bilayers that can encapsulate a large amount of boron drug(s) within the 
lipid bilayers and/or the aqueous core, depending on the lipophilicity of the drug. 
Another strategy is the incorporation of boron by using boron‐functionalized lipids [5]. 
Liposomes can reduce the cytotoxicity of some drugs (e.g., doxorubicin), increase drug 
stability, and improve drug delivery [20,141]. Different types of liposomal boron carri-
ers have been developed, including passive targeting liposomes based on the EPR effect 
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[142–147] and/or active targeting liposomes incorporating tumor‐selective moieties 
(e.g., folic acid [148], endothelial growth factor [149], and transferrin [150]). Several 
reviews have been published on the development of liposome‐based boron delivery 
agents [5,20,29,30]. Recently, the DSBL (115)–25% PEG liposomes were shown in an in 
vitro study to be rapidly taken up by colon 26 cells into the cytoplasm via endocytosis, 
without degradation of the liposomes [146]. The liposomes retained in the cells caused 
low toxicity, but significant toxicity upon neutron irradiation. The in vivo study of 
DSBL–25% PEG liposomes in tumor‐bearing mice revealed 22.7 ppm boron concentra-
tion (20 mg B/kg dose), and the tumor was significantly inhibited after neutron irradia-
tion compared with the control mice. The liposomes were readily eliminated from the 
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body without causing acute toxicity, in contrast to the nido‐carborane lipid, which 
showed acute toxicity at 14 mg B/kg dose [150]. To increase the boron content of 
liposomes, BSH was encapsulated into DSBL (115) liposomes [144]. These BSH‐
encapsulating 10% DSBL liposomes displayed significant antitumor effect in colon 
26 tumor‐bearing mice; the tumor completely disappeared three weeks after thermal 
neutron irradiation following a 15 mg B/kg dose. To investigate the biodistribution 
of the boronated liposomes, fluorescently labeled closo‐dodecaborate lipids (FL‐
SBL, 116) were synthesized [142]. The in vivo imaging study of FL‐SBL‐labeled 
DSPS liposomes using colon 26 tumor‐bearing mice showed selective delivery of 
boron liposomes to tumor tissue. Other dual MRI–BNCT probes were reported 
containing carboranyl cholesterol attached to Gd(III) (Gd‐B‐AC01, 117), as well as 
to a folate receptor overexpressed in many tumors; these lipids selectively targeted 
tumors, and quantification of the boron concentration could be achieved by MRI 
(Figure 3.2.25) [148].

Cholesterol–metallacarborane (118–120) liposomes were recently reported to 
have effective incorporation into tumor tissues [143]. Up to 43.0 ppm (15 mg B/kg 
dose) of boron was achieved using the cholesterol conjugate‐bearing cobalt (118) 
liposome, which is above the requirement for effective BNCT. In addition, liposomes 
carrying the  hydrophilic polyhedral borane TAC as aqueous core and amphiphilic 
nido‐carborane MAC in the bilayer were reported (Figure 3.2.26) [151,152]. TAC was 
shown to have long retention times in tumor as a result of covalent bond formation 
with nucleophiles present on endogenous intracellular proteins. The negative surface 
charge MAC was demonstrated to internalize via clathrin‐mediated endocytosis. 
This liposomal system containing both TAC and MAC showed a high tumor‐to‐
blood boron ratio and high boron concentration in tumor (5.68:1; 43 µg boron/g 
tumor) at 96 h after i.v. injection in mice bearing EMT6 tumors. Substantial tumor 
growth inhibition was achieved upon neutron irradiation. An important factor in the 
design and preparation of boron liposomes is the nature of the counter cation of 
negatively charged carboranes (e.g., closo‐dodecaborates) [145,153]. It has been 
shown that the counter cations of closo‐dodecaborates not only affect their encapsu-
lation amount into liposomes and the liposome yield, but also significantly affect 
boron delivery into tumors. The use of spermidinium (spd) as a counter cation of 
closo‐dodecaborates increased the yield of liposomes and favored a high boron‐load-
ing ratio in liposomes [145].

3.2.8  Nanoparticles

In recent years, nanoparticles (NPs) have attracted considerable interest for investiga-
tion as boron delivery agents for BNCT. Due to their high surface‐to‐volume ratio, a 
large amount of boron can be loaded into NPs while lowering the overall dose and toxic-
ity. In addition, NPs generally increase the blood circulation time, and rely on the EPR 
effect for tumor accumulation. Several reviews on the design of boron‐containing NPs 
and their potential as BNCT agents have been published [20,26,28,29]. Different strate-
gies, including surface adsorption, encapsulation, or direct covalent linkage, can be 
used for incorporation of boron agents into NPs. In this section, we review the most 
recent examples of NP boron delivery agents.
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The growth of BSH onto the surface of silicon nanowires (SiNWs), using an anodic 
bias process based on the negatively charged BSH, has been investigated [154]. The 
boron concentration loaded on SiNWs was shown to be six orders of magnitude higher 
than the boron concentration achieved in tumor tissue after i.v. administration of BSH 
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[155]. Multifunctionalized gold NPs containing a fluorescent dye (FITC), BPA, and folic 
acid were obtained by deposition of positively charged boronated poly‐FITC allylamine 
hydrochloride (10B‐FITC‐PAH) and negatively charged boronated polysodium 4‐styre-
nesulfonate (10B‐PSS) onto gold NPs, layer by layer, followed by electrostatic conjuga-
tion of folic acid to the outermost layer (Figure 3.2.27) [156]. The folic acid incorporated 
was used as a tumor‐targeting moiety to bind folic acid receptors overexpressed in 
tumor cells. These dual imaging–BNCT multilayer gold NPs exhibited significant 
uptake and favorable biocompatibility in human cancer cells.

Thiolate‐stabilized gold NPs have facilitated boron incorporation into NPs due to 
their facile preparation. The mercaptocarborane was shown to be capped onto gold NPs 
through Au–thiolate ligand interactions [157,158]. These hydrophilic mercaptocarbo-
rane‐capped gold NPs displayed high cellular uptake, accumulating inside membranes 
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due to the oxidation of the NPs and their subsequent inclusion into cell membranes 
(Figure 3.2.28). These NPs, however, showed pronounced toxicity toward HeLa cells. 
Carboranes and PEG moieties were incorporated onto gold NPs (Figure 3.2.29) through 
either Cu(I)‐catalyzed azide − alkyne cycloaddition CuAAC (“click”) reactions at the 
periphery of azido‐terminated AuNPs or simply stabilization of AuNPs using a tris‐car-
borane thiol dendron or a hybrid dendron containing both carborane and PEG resulting 
in water‐soluble gold NPs [159]. The stability of these physically deposited boron moie-
ties on NPs under physiological conditions, however, remains to be investigated.

Boron moieties can also be covalently incorporated into NPs to increase their stability. 
Covalently incorporated boron NPs can be achieved through a radical polymerization of 
dextran‐bounded 3‐acrylamidophenylboronic acid (APBA) (121–122) [160]. These NPs 
showed good stability in a wide pH range, high cellular uptake, and low toxicity in human 
gastric carcinoma MKN‐28 cells (IC50 > 200 µg/mL). Two biocompatible polymers, 
poly(2‐(hydroxyethyl)methacrylate) (HEMA) and poly(2‐(methacryloyloxy)ethyl succi-
nate) (MES), were introduced to the surface of Si NPs (123–124) by surface‐initiated 
atom transfer radical polymerization. The carboxylic acid and hydroxyl functional 
groups of the polymer chains were further functionalized with carboranyl clusters via 
condensation reactions to obtain covalently boronated Si NPs [161]. The NPs contained 
13 and 18% boron atoms by weight, providing high amounts of boron for BNCT. The Si 
NPs can also be functionalized in situ with silylated‐FITC via a Stӧber method, followed 
by functionalization with decaborate–triethoxysilane precursor to produce dye‐doped 
decaborate Si NPs (125) as dual imaging and BNCT agents [162]. However, the grafting 
of decaborate onto Si NPs is low (Figures 3.2.30 and 3.2.31).

The inexpensive and standard boron phosphate (BPO4) is another candidate for 
boron delivery NPs. BPO4 NPs conjugated with the tumor‐targeting folic acid (126) 
were synthesized via condensation reactions between amine‐terminated BPO4 and folic 
acid [163]. These folic acid–functionalized BPO4 NPs showed detectable cytotoxicity in 
several cell lines, although the toxicity is lower compared with the bare BPO4 NPs.

Boron nitride nanotubes (BNNTs) are currently attracting wide attention due to their 
advantages over carbon nanotubes (CNTs), including biocompatibility and high ther-
mal and chemical stabilities [164]. A dispersed solution combining BNNTs and DSPE‐
PEG2000 exhibited higher boron accumulation and higher BNCT antitumor effect in 
B16 melanoma cells compared with BSH, rendering it a promising BNCT agent [165].
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Amphiphilic copolymer NPs have been of long‐standing interest in drug delivery. 
Recently, a carborane‐containing copolymer, poly(ethyleneglycol)‐b‐poly(L‐lactide‐
co‐2‐methyl‐2(2‐dicarba‐closo‐dodecarborane)propyloxycarbonyl‐propyne carbonate 
(PLMB) (127), was synthesized via reaction between decaborane and the side alkynyl 
groups, and self‐assembled with doxorubicin (DOX) to form drug‐loaded NPs, for 
potential binary use in BNCT and chemotherapy [166]. The in vivo neutron irradiation 
study of the DOX@PLMB NPs displayed higher tumor suppression efficiency than that 
of chemotherapy or BNCT alone. As the γ‐ray emission from the boron nuclear reac-
tion can cause adverse effects such as inflammation, a reactive oxygen species (ROS)‐
scavenging moiety along with a boron cluster were incorporated into the polymeric NPs 
to increase the efficacy of BNCT [167]. The multifunctional NPs were synthesized via 
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polyion complex formation of an anionic block copolymer (PEG‐b‐poly((closo‐dode-
caboranyl)thiomethylstyrene) (PEG‐b‐PMBSH) (128)) containing BSH clusters on the 
side chains and a cationic block copolymer (PEG‐b‐poly(4‐(2,2,6,6‐tetramethylpiperi-
dine‐N‐oxyl)aminomethylstyrene) (PEG‐b‐PMNT) (129)) containing nitroxide radical 
moieties on the side chains. The resulting NPs showed low cytotoxicity in vitro toward 
cancer cells (C26), and threefold higher cellular uptake in C26 cells compared with 
 normal cells (HAECs). Significant suppression of tumor growth, metastasis, and adverse 
effects caused by ROS was observed in tumor‐bearing mice after neutron irradiation, 
although the boron accumulation in tumor was lower than the therapeutic amount. 
New boron‐containing superparamagnetic iron oxide nanoparticles (SPIONs) were 
recently reported to potentially target tumor via an external applied magnetic field after 
intraarterial administration [14].

3.2.9  Conclusions

BNCT has the potential to be used as an effective therapy for the treatment of various 
tumors, especially high‐grade gliomas and other difficult‐to‐treat malignancies for 
which chemo and radiation therapies are inefficient. Since the initial BNCT clinical tri-
als over 50 years ago that used boronic acid as the boron carrier and thermal neutrons 
of limited tissue penetration, considerable advances have been achieved in BNCT drug 
development. Two clinically approved second‐generation BNCT agents, BPA and BSH, 
have shown to be safe and efficacious in BNCT clinical trials, although the results are 
still far from ideal. Third‐generation boron delivery agents of low toxicity, with enhanced 
tumor‐seeking and tumor‐localizing properties, and able to deliver therapeutic amounts 
of boron selectively into tumors, have been the focus of research in recent years. 
Different classes of BNCT agents currently under investigation are discussed in this 
chapter. Several of these third‐generation agents have shown high tumor selectivity and 
uptake, with high tumor‐to-normal tissue and tumor‐to‐blood boron concentration 
ratios, and are highly promising BNCT agents. In some cases, the boron carriers have 
the ability to bind to DNA and localize in close proximity to the cell nucleus, which 
enhances their killing effects and decreases the amount of boron required for effective 
BNCT. Additional preclinical and clinical trials on the most promising BNCT agents 
need to be carried out before the full potential of BNCT is realized. In addition, several 
studies indicate that the combination of different boron carriers, such as BSH and BPA, 
can lead to higher BNCT efficacy, compared with the use of a single boron delivery 
agent, due to the target of multiple tumor compartments. Therefore, the investigation 
and evaluation of combined boron delivery agents should constitute a future direction 
in BNCT research. In addition, for enhancement of BNCT efficacy, alternative admin-
istration methods, such as CED, should be further explored for the delivery of large 
amounts of boron into tumors with very high selectivity. Furthermore, to facilitate 
treatment planning and maximize the tumor‐killing effect with minimal damage to 
normal tissues, the neutron irradiation treatment should be applied at the highest 
tumor‐to-normal tissue and tumor‐to‐blood ratios. To achieve this goal, BNCT agents 
containing readily detectable moieties, such as a fluorescence label, or a PET, SPECT, or 
MRI agent, may play a prominent role in tracking and quantifying tissue‐localized 
boron, treatment planning, and outcome. In addition, the combination of BNCT with 



Recent Advances in Boron Delivery Agents for BNCT 331

surgical resection, chemotherapy, and/or radiation therapy could lead to superior 
 clinical efficacy for tumor eradication, particularly for high‐grade gliomas and other 
difficult‐to‐treat tumors for which there is currently no cure.
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3.3

3.3.1  Introduction

Porphyrins, a broad class of tetrapyrrolic macrocycles, have found numerous applications 
in diverse fields ranging from catalysts [1] to electronic materials [2], biomimetic models 
for photosynthesis [3,4], and medicine [5]. Medicinal use of porphyrins is based largely on 
their ability to preferentially accumulate in metabolically active (particularly, malignant) 
cells, being a good tool for antitumor photodynamic therapy (PDT) and drug delivery [6]. 
Porphyrin‐based compounds have gained momentum in PDT of cancer. PDT employs 
the capability of a photosensitizer (PS) compound to produce reactive oxygen species 
(ROS) such as singlet oxygen (1O2) and free radicals (e.g., •OH, •HO2, and H2O2) upon 
activation with light, thereby evoking damage to proteins, nucleic acids, membranes, and 
other cell components [7,8]. Therefore, the PS is a critical factor in PDT. An ideal PS 
should demonstrate high efficacy in light‐activated ROS generation and low toxicity in the 
dark; a long‐wavelength absorption (>600 nm) is preferable for deeper tissue penetration 
[9]. The structure of the porphyrin macrocycle allows for the conjugation of a variety of 
functionally different chemical moieties. These modifications can profoundly improve 
physical, chemical, and biological properties of the molecule, including amphiphilicity, 
bioavailability, metabolic stability, and antitumor potency. In particular, the addition of 
boron polyhedra to the periphery of the tetrapyrrolic macrocycle makes the conjugates 
applicable in boron neutron capture therapy (BNCT). This therapeutic modality is based 
on selective absorption of the non‐radioactive 10B isotope in the tumor, followed by 
 irradiation with low‐energy thermal neutrons. The 10B(n,α)7Li reaction produces high‐
energy α‐particles and a residual 7Li nucleus (energy of 200 and 350 keV µm–1, 
respectively) whose trafficking at a distance comparable with one cell diameter causes 
lethal damage of 10B‐enriched tumor cells. Consequently, the dual therapeutic potential 
of boronated porphyrins is linked to their applicability as PSs for PDT and as radiosen-
sitizers for BNCT [6,10].

Some porphyrin‐containing pharmaceuticals, such as Photogem [11] or the closely 
related Photofrin [12], are used in the clinic as PSs for PDT. The second generation of 
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chlorin‐based PSs for PDT is under development [13–17]. Chlorins are more promising 
PSs because they absorb light in the red spectral region (λ = 650–660 nm). This prop-
erty provides deeper penetration of tissue photodamage compared with that achieva-
ble with porphyrins. Furthermore, light energy used for excitation of chlorins is less 
absorbable by surrounding tissues. Overall, the synthesis of boronated porphyrins and 
chlorins makes it possible to obtain compounds with properties that are advantageous 
for both BNCT and PDT: preferential accumulation in neoplasms, phototoxicity, and 
the ability to generate local radioactive reactions and cytotoxic particles generated by 
thermal neutrons.

To develop efficient compounds for PDT and BNCT, many new types of derivatives 
of the tetrapyrrole macrocycle with polyhedral boron units within one molecule have 
been prepared over the past 20 years [18–21]. These compounds have been tested in 
PDT and BNCT; in vitro and cell culture studies included (1) the ability to produce ROS, 
(2) dark toxicity, (3) tumor selectivity, (4) interaction with biomacromolecules in the 
cell (intracellular distribution), and (5) fluorescent properties.

Researchers around the world [22–24] as well as our group [25] continue to develop 
the synthetic approaches to boronated porphyrins and chlorins as candidate agents for 
PDT and BNCT. This review especially focuses on recent results on boronated analogs 
of synthetic porphyrins and chlorins with high boron content and boronated analogs of 
chlorin e6.

3.3.2  Recent Synthetic Routes to Carboranyl‐Substituted 
Derivatives of 5,10,15,20‐Tetraphenylporphyrin

The last few decades have shown considerable advances in the design and study of 
 synthetic porphyrins [26]. Reasons for this interest mainly lie in the key role played by 
the unique 18π‐electron (aromatic) macrocycle in biological systems containing hemes.

We developed a series of carboranylporphyrin congeners based on functional deriva-
tives of 5,10,15,20‐tetraphenylporphyrin and neutral and anionic derivatives of icosahe-
dral carboranes. Our choice of 5,10,15,20‐tetraphenylporphyrin as a platform for the 
preparation of boronated derivatives was dictated by: (1) availability of this compound, 
(2) suitability for introducing various functional groups, and (3) ease of obtaining final 
products with a reasonable yield and purity. Based on the available 5‐(4‐aminophe-
nyl)‐10,15,20‐triphenyl‐porphyrin (1) [27], 5,10,15,20‐tetrakis(4‐aminophenyl)porphy-
rin (2) [28], and substituted carboranes (triflates, epoxides, or isocyanates), a simple, 
one‐stage synthesis of boronated porphyrins with hydrolytically resistant spacer groups 
was developed [29].

Alkylation of amino groups in 1,2 with 1‐trifluoromethane sulfonylmethyl‐o‐carborane 
[30] and 1‐trifluoromethanesulfonylmethyl‐1‐carba‐closo‐dodecaborate cesium [15] in 
the presence of sodium acetate in acetonitrile produced monocarborane‐ and tetracar-
borane‐substituted porphyrins 3–6 in quantitative yields (Figure 3.3.1). Importantly, 4 
and 6 (which contain the anionic closo‐1‐carba‐monocarbon carborane group) were 
soluble in water, which makes these compounds prospective for practical use.

Structurally close compounds 7,8, in which three o‐carborane polyhedra are linked to 
the porphyrin macrocycle through the aminomethylene group [31], have been synthe-
sized by sequential transformations of 5,10,15‐tris(4‐nitrophenyl)‐20‐phenylporphyrin 
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into the respective amino derivative after reduction in SnCl2–HCl. Then, the amino 
derivative reacted with 1‐formyl‐o‐carborane; ultimately, the prepared imino deriva-
tive was reduced with NaBH4 to produce 5,10,15‐tris[(carboranylaminomethyl)
phenyl]‐20‐phenylporphyrin.

Using this method, structurally similar compounds can be synthesized in one step 
with high yields.

Another approach to direct introduction of boron polyhedra into aminoporphyrins is 
based on the reaction of aminolysis of 1,2‐carboranylepoxides [32,33]. Aminolysis of 
epoxides is an efficient route for preparation of β‐aminoalcohols, important intermedi-
ates in the synthesis of biologically active compounds. To functionalize the amino 
groups in 1 and 2 with carborane epoxides [34], the catalytic activity of zinc chloride 
was used in the epoxide ring opening with nucleophiles [35]. However, zinc chloride 
might react with porphyrins to form metal complexes. Therefore, first Zn and Pd com-
plexes of aminoporphyrins 1,2 [36,37] were obtained, and these metal complexes were 
put into the reactions with carborane epoxides. The catalytic opening of the epoxide 
ring in carboranes by amino groups of metal containing aminoporphyrins easily 
occurred in boiling acetonitrile or tetrahydrofuran (THF) in the presence of 1–3 mol% 
ZnCl2, resulting in boronated metal porphyrins 9–16 (Figure  3.3.2). In these com-
pounds, the aminoalcohol spacer linked the carborane polyhedron with the porphyrin 
macrocycle. All compounds were obtained in high yields.
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Demetallation of the products of aminolysis of 9,10,13,14 with trifluoroacetic acid in 
methylene chloride [38] allowed to obtain boronated β‐aminoalcohol derivatives of 
porphyrins 17–20 in good yields (Figure 3.3.2). Interestingly, only one regio‐isomer was 
formed in this reaction. It seems likely that the attack by the amine nucleophile takes 
place exclusively at the less hindered position, namely, at the methylene group of the 
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epoxyde ring. Compounds 9–20 possess an asymmetric carbon atom; presumably, two 
enantiomeres can be formed.

Also, synthesis of boronated porphyrins with amide bonds was developed [29]. 
The latter bonds (that are more resistant to hydrolysis than ester bonds) are present in 
proteins and in numerous other natural products as well as in drugs.

Reactions of 1,2 with 1‐isocyanato‐o‐carborane [39] or 9‐isocyanato‐o‐ and 9‐isocyanato‐
m‐carboranes [40] in which the isocyanate group is hydrolytically stable resulted in boron 
containing conjugates 21–26 (Figure 3.3.2). The position of the isocyanate group in the 
carborane significantly influenced the rate of the reaction and the yields of carboranylpor-
phyrins 21–26. As expected, the ability of 1‐isocyanato‐o‐carborane to react with amino 
groups in 1,2 was higher than that of 9‐isocyanato‐o‐ and 9‐isocyanato‐m‐carboranes. This 
difference can be explained by a non‐uniform distribution of electron density on skeletal 
atoms of carborane polyhedra [41]. This difference gives rise to various electronic effects of 
carboranyl groups. Therefore, the same functional groups linked to the skeletal atoms would 
show differential activity. In compound 21, the N=C=O group is linked to the electron‐
withdrawing 1‐o‐carboranyl group (σi = + 0.38); whereas in 22,23, the N=C=O groups are 
located at electron‐donating 9‐o‐ (σi = −0.23) and 9‐m‐ (σi = −0.12) carboranyl groups 
[42,43], making the nucleophilic attack of 1,2 more difficult. One may anticipate that 21–26 
will fit the requirements for BNCT, since the conjugation of boron polyhedra to dendrimers 
via the amide bonds of similar nature has been shown to produce efficient agents [44,45].

Another type of carboranylporphyrins with amide bonds was synthesized [46] 
from a precursor prepared by acylation of the amino group in 1 with succinic and 
maleic anhydrides. This procedure produced porphyrin conjugates containing sub-
stituted succinic 27 and maleic 28 acid monoamides as pharmacophore groups 
(Figure 3.3.3).

Functionalization of the carboxylic group in 27 activated by TBTU with amines in 
ethyl acetate, in particular propargylamine or 3‐amino‐o‐carborane, gave asymmetric 
porphyrin diamides 29,30. Boronation of compound 29 containing a terminal triple 
bond was performed by copper‐catalyzed 1,3‐dipolar [2+3]‐cycloaddition reaction with 
1‐azidomethyl‐o‐carborane to give porphyrin 31 with heterocyclic 1,2,3‐triazole spacer 
group (Figure 3.3.3). The reaction was carried out in a CH2Cl2–H2O system at room 
temperature using Cu(OAc)2 2H2O–sodium ascorbate as a catalyst.

The porphyrin 28 contains two reactive sites, that is, the carboxylic group and the 
activated C=C double bond, to which the carborane polyhedron can be added. The 
reaction of the carboxylic group (TBTU activation) of 28 with 3‐amino‐o‐carborane in 
ethyl acetate at 20 °C in the presence of DIPEA resulted in the formation of asymmetric 
carborane diamide 32 in 90% yield. To obtain stable compounds for biological assays, 
addition reactions to the activated double bond in 28 with functionally substituted car-
boranes were carried out. Compound 28 reacted easily with 9‐mercapto‐m‐carborane 
[47] or 1‐azidomethyl‐o‐carborane [48] to give corresponding carboranylthio‐ (33) and 
carboranyltriazoline (34) derivatives, respectively, in high yields. Note that the reaction 
with 9‐mercapto‐m‐carborane occurred as a regioselective nucleophilic addition to the 
double bond, the initial attack of the carborane S‐nucleophile being directed at the 
β‐carbon atom relative to the carboxylic group of 28. The reaction of diamide 32 with 
9‐mercapto‐m‐carborane by refluxing in chloroform yielded compound 35 with two 
carborane polyhedra (Figure 3.3.3).
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Dehydration of porphyrin 28 under the action of Ac2O resulted in the formation of 
5‐[4‐(N‐maleimido)phenyl]‐10,15,20‐triphenylporphyrin 36. Substituted maleimides 
are extensively studied due to the activated double bond prone to various chemical 
transformations. Porphyrins containing the maleimide moiety are convenient sub-
strates for introducing carborane clusters because they can behave as dipolarophiles in 
the reaction of 1,3‐dipolar cycloaddition or as dienophiles in the Diels–Alder reaction, 
as well as acceptors in the Michael reaction with S‐, N‐, and O‐nucleophiles. Porphyrin 
36 readily underwent Michael addition with 9‐mercapto‐m‐carborane, 3‐amino‐o‐car-
borane, and 3‐hydroxy‐o‐carborane to form corresponding succinimide‐substituted 
carboranylporphyrins 37–39 in high (70–85%) yields [49]. The reaction of 3‐hydroxy‐
o‐carborane with porphyrin 36 was carried out in the presence of cerium ammonium 
nitrate (CAN) catalyst. The reduced reactivity of this carborane in Michael addition 
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is likely to be caused by the electron‐withdrawing character of 3‐o‐carboranyl group 
(σi = 0.11), which decreases the nucleophilicity of the oxygen atom. It should be noted 
that the carborane nucleophiles did not cause recyclization of the maleimide ring in 
porphyrin 36 in the course of Michael addition. The reaction of the double bond in the 
maleimide moiety of 36 with 1‐azidomethyl‐o‐carborane led to the formation of carbo-
ranylporphyrin 40 containing bicyclic pyrrolidinotriazoline fragment (95% yield). The 
resulting carboranylporphyrins showed an increased affinity to tumor cells that allows 
their use as potential medicines for BNCT and PDT [46].

Cationic boronated porphyrins 41,42, potential DNA ligands, were prepared [50] by 
the reaction of mono‐substituted aminopropargyl derivatives of 1 and its zinc complex 
with 1‐azidomethyl‐o‐carborane [48], and subsequent quaternization of the amino 
group in carboranyltriazolyl aminoporphyrins with methyl iodide under reflux in 
CHCl3–MeCN (Figure 3.3.3).

Biological characteristics of porphyrins 28, 32, and 35 were assessed by measuring 
the dark toxicity and the ability to cause light‐inducible cell death (HCT116 human 
colon cancer cell line). The dark cytotoxicity was determined in the MTT test [51] after 
cell exposure to 28, 32, or 35 for 72 h. A 50% inhibition of cell growth was observed at 
rather high concentrations, the IC50 values being >12.5 μM for 37, >10 μM for 32, and 
>25 μM for 35. The low dark cytotoxicity enables the use of these compounds in anti-
cancer PDT. The experimental PDT was carried out after 30–60 min incubation of cells 
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with 1 μM of 28, 32, or 35, and removal of the compounds from the culture medium 
[52]. Illumination of cells loaded with 28 triggered necrosis of 100% cells within 5–7 
min of light exposure. Necrotic death was detected by typical morphology and the 
inclusion of propidium iodide detectable by microscopy or flow cytometry [52]. After 
illumination of cells loaded with compound 32, the rate of death was slower, and the 
morphology of damaged cells was indicative of apoptosis; the cells were rounded and 
gradually detached from the plastic. Within 24 h post illumination, ~90% of cells were 
floating; however, the morphological patterns of death differed from those of light‐
induced necrosis. Finally, illumination of cells incubated with 35 evoked a much slower 
damage: after 24–48 h, many cells changed insignificantly and remained attached to the 
substrate.

Thus, compounds 28, 32, and 35 showed no dark toxicity. In striking contrast, the 
action of light on the cells loaded with non‐boronated 28 caused rapid (within minutes) 
necrosis. In the presence of mono‐substituted carboranylporphyrin 32, cell death 
developed slower via a mechanism other than PDT‐induced necrosis. In the presence of 
dicarboranylporphyrin 35, cell damage was even less pronounced. These results showed 
that the boron polyhedra differentially modulate the properties of porphyrins in the 
cells. The addition of one single boron polyhedron to the macrocycle can switch 
the death mechanism from necrosis to apoptosis, which is important for selection of the 
therapeutic protocol. The addition of the second boron polyhedron can reduce the 
 photoactivity, probably due to retarded transport into the cells or by other reasons that 
remain to be elucidated to justify future strategies of design of boronated porphyrins as 
therapeutic agents.

3.3.3  Synthesis of Carborane Containing Porphyrins 
and Chlorins from Pentafluorophenyl‐Substituted Porphyrin

In recent years, the synthesis of fluorine‐containing products attracted considerable 
attention in medical chemistry. Indeed, ~20–25% of drug substances developed by the 
pharmaceutical industry contain fluorine atoms. Introduction of fluorine into the drug 
molecules is known to enhance metabolic stability and binding to target proteins, as 
well as to improve bioavailability [53]. Fluorinated porphyrins are suitable and well‐
known PSs with reasonable selectivity for cancer cells owing to their versatile photo-
physics, electron‐withdrawing properties, and resistance to oxidative degradation. 
Selectivity and cell death–inducing potency depend on functionalization of the porphy-
rin’s periphery. Therefore, development of selective and efficient fluorinated PSs is 
underway and remains a challenge. The use of fluorinated porphyrins and chlorins can 
provide optimal lipophilic characteristics of the reaction products. In combination with 
carborane clusters, this would furnish products suitable for both BNCT and PDT. We 
developed facile one‐step methods for synthesis of fluorine‐containing neutral and ani-
onic boronated porphyrins and chlorins [54]. Fluorine nucleophilic substitution in the 
para‐position of phenyl rings of 5,10,15,20‐tetrakis(pentafluorophenyl)porphyrin and 
its metal complexes (Cu and Pd) [55] with neutral and anionic lithiocarboranes such as 
cesium 1‐lithio‐1‐carba‐closo‐dodecaborate, 1‐lithio‐o‐carborane, and 1‐lithio‐2‐phe-
nyl‐o‐carborane [56] resulted in fluorinated carboranylporphyrins 43–47 (Figure 3.3.4).
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Reactions were carried out in THF and proceeded with retention of the closo‐struc-
ture of the carborane skeleton to produce 43–47 in 65–85% yield. To increase the pho-
totoxic effect, the boronated porphyrin 40 was transformed to water‐soluble chlorins 
48,49 by reduction with p‐toluenesulfonylhydrazide (for 48) [57] or azomethine ylide 
complex (for 49) obtained from N‐methylglycine and formaldehyde [58] (Figure 3.3.4).

Some biologically relevant properties of tetraanionic chlorin 48 were studied. This 
compound can permeate through a bilayer lipid membrane [59]. Next, being initially 
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designed as radiosensitizers for BNCT, the fluorinated porphyrins, chlorins, and their 
metal complexes appeared to be more active than their non‐boronated analogs for PDT 
in cell culture and in laboratory animals. These compounds accumulate in the cyto-
plasm and induce rapid necrosis upon light activation. The mechanism of cell death 
is  the photodamage of biomacromolecules, primarily in the plasma membrane and 
organelles [60].

The fluorinated carboranylchlorin 48 showed a significantly bigger accumulation in 
B16 mouse melanoma and C6 rat glioma cells (peak at 36 h) than non‐fluorinated car-
boranylchlorin or fluorinated chlorin (no boron). Compound 48 demonstrated favora-
ble characteristics such as low toxicity in mice (IC50 = 161 mg/kg), no significant organ 
toxicity, and a prolonged circulation in the blood. Compound 48 was negligibly cyto-
toxic in the dark; in contrast, rapid photodamage was detectable within the initial 5–10 
min of light illumination of wild‐type and drug‐resistant tumor cells loaded with low 
micromolar concentrations of 48. Cell death was associated with the entry of propid-
ium iodide into the nuclei, a hallmark of necrosis. Importantly, 48 was more potent than 
its single element modified derivatives in photodestruction of subcutaneously trans-
planted C6 xenografts in Balb/c‐nu/nu mice. Finally, 48 sensitized C6 xenografts to 
thermal neutrons (BNCT). Altogether, the simplified synthesis, good water solubility, 
favorable pharmacological properties, and high potency in cell culture and in vivo make 
the novel fluorinated carboranylchlorin 48 a prospective drug candidate [60].

Next, neutral and anionic fluorinated carboranylporphyrins 50–56 containing closo‐car-
borane polyhedra were synthesized from 5,10,15,20‐tetrakis(pentafluorophenyl)porphyrin 
and its metal complexes (Zn, Cu, and Pd) and closo‐mercaptocarboranes (9‐mercapto‐o‐
carborane, 9‐mercapto‐m‐carborane, 1‐mercapto‐7‐isopropyl‐m‐carborane, and cesium 
1‐mercapto‐1‐carba‐closo‐dodecaborate) using NaOAc as a base (Figure  3.3.5) [25]. 
Usually a nucleophilic substitution of fluorine is carried out in DMF in the presence of 
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K2CO3, leading to deboronation of the carborane polyhedron into a nido‐dicarbaunde-
caborate anion [14].

Studies of accumulation of carboranylporphyrins 53–56 in HCT116 colon carcinoma 
cells showed that maximum concentrations were reached by 120 min of cell exposure, 
followed by a slow efflux. The dark cytotoxicity was low: a 50% cell growth inhibition 
was achieved only after a continuous 72 h cell exposure with 5–10 μM of tested com-
pounds. In contrast, upon light illumination, compounds 53–56 at submicromolar con-
centrations caused a necrotic‐like cell death within 3–15 min.

Fluorinated carboranylporphyrin 57 containing three closo‐p‐carboranylmethylthio 
substituents was prepared by the reaction of 5,10,15,20‐tetrakis(pentafluorophenyl)
porphyrin with 1‐mercaptomethyl‐p‐carborane in the presence of K2CO3 in DMF at 
room temperature [22]. The subsequent conjugation of 57 with polyamines, glucose, 
and amino acids afforded the target polyamine–porphyrin conjugates 58–65, glucose–
porphyrin (66) and arginine–porphyrin (67) conjugates, and peptide Tyr‐D‐Arg‐Phe‐β‐
Ala (YRFA)–porphyrin conjugate (68) (Figure  3.3.6) investigated as boron delivery 
agents for BNCT [23]. Conjugates 58–68 were investigated for blood–brain barrier 
(BBB) permeability in human hCMEC/D3 brain endothelial cells, and their cytotoxicity 
for and uptake by human glioma T98G cells. For comparison, a symmetric tetra[(p‐car-
boranylmethylthio)tetrafluorophenyl]porphyrin was also synthesized, and its crystal 
structure was obtained. All conjugates were efficiently taken up by T98G cells, particu-
larly the cationic polyamine and arginine conjugates, and localized in various organelles 
including mitochondria and lysosomes. All compounds showed relatively low in vitro 
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BBB permeability due to their higher molecular weight, hydrophobicity, and tendency 
for aggregation in solutions. Among this series, the branched polyamine and YRFA 
 conjugates showed the highest permeability coefficients, while the glucose conjugate 
showed the least.

Fluorinated carboranylchlorin 69 containing four nido‐carborane substituents 
(Figure 3.3.7) was prepared by conversion (CH3NHCH2COOH, paraformaldehyde, and 
toluene) of 5,10,15,20‐tetrakis(pentafluorophenyl)porphyrin into chlorin [14]. The lat-
ter compound reacted with an excess of 1‐mercapto‐o‐carborane and K2CO3 in DMF at 
room temperature to produce 69 in 69% yield. This compound was nontoxic in the dark 
but showed good photosensitizing ability both in cell culture and in vivo despite its rela-
tively low quantum yield of singlet oxygen. In particular, TPFC exhibited significant PS 
activity against highly pigmented melanotic melanoma transplants in mice.

Illumination of 69 in a dimethyl sulfoxide (DMSO) solution by red light induced a 
very modest decrease in the intensity of visible absorption bands of chlorin (<10% 
decrease after 30 min illumination). The formation of new absorption bands was 
not  detected even after prolonged illumination. The high degree of photostability 
 displayed by tetrakis(p‐carboranylthio‐tetrafluorophenyl)chlorin (TPFC) is rather 
unusual since most derivatives of tetrapyrrole are known to undergo extensive pho-
tobleaching upon exposure to visible light [61]. These observations imply that the con-
centration of TPFC in the illuminated tissue remains at reasonably large levels 
throughout light exposure, thereby ensuring an efficient absorption of the incident 
light during the phototherapeutic procedure. On the other hand, the singlet oxygen 
quantum yield for TPFC was found to be 0.1, a significantly lower value compared with 
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circa 0.5 typical for most PSs [62]. The high photochemical stability and comparatively 
low quantum yield of singlet  oxygen observed for TPFC are probably consequences 
of the presence of four carborane cages, as previously observed for other carborane‐
containing molecules [63].

Compound 69 demonstrated a low dark toxicity in HEp2 human carcinoma cells at 
concentrations up to 100 μM within 24 h. In vivo studies showed that intravenously 
injected TPFC exhibited some selectivity of tumor targeting at a relatively short time 
after administration. The maximum ratio (2.5‐fold) of PS concentration in melanoma 
versus peritumoral skin was registered 3 h post injection. All mice subjected to PDT 
remained tumor‐free for 5 days, while the untreated or mock‐treated mice (illumina-
tion in the absence of PS) displayed a fairly rapid tumor growth during this time inter-
val. This compound was also studied in both PDT and BNCT [62,64], demonstrating a 
high phototoxic effect and equal or superior performance compared with boronated 
phenylalanine (BPA) upon neutron irradiation. However, in vivo TPFC did not show as 
high an antitumor effect as did BPA.

Thus, data on photo‐ and radiosensitizing activities of fluorinated carboranylporphy-
rins and chlorins obtained in animal models suggest that the modification of tetrapyr-
role compounds with fluorine atoms and boron polyhedra could be regarded as a 
novel  promising direction in organoelement chemistry of antitumor compounds. 
Modifications at the periphery of the porphyrin macrocycle using different substituents 
including boron clusters can change the properties of the entire molecule. As a result, 
modified PS with desirable lipophilic, hydrophilic, and amphiphilic properties can be 
obtained [65–69]. These characteristics are key factors that determine the mechanisms 
of tumor cell death upon photo‐ and radiotherapy.

3.3.4  Carborane Containing Derivatives of Chlorins: 
New Properties for PDT and Beyond

Currently, the PSs of various classes are used in the clinic or are at different stages of 
clinical trials [12,70]. Among them, the chlorophyll derivatives such as natural chlorins 
e6, bacteriochlorins, and cycloimides are most prospective due to their intense absorp-
tion in the red and nearest‐infrared spectral region, so their phototherapeutic “win-
dow” (660–800 nm) opens a new possibility for tumor diagnosis and treatment. 
However, chlorins and bacteriochlorins themselves have limited application as PSs due 
to high hydrophobicity, low chemical and light stability, and moderate selectivity of 
accumulation in tumor cells. This leads to unwanted side effects, including photodam-
age of surrounding healthy tissues. From a biological viewpoint, an enhancement of 
cellular uptake of PSs in malignant cells can improve the photocytotoxicity.

We have demonstrated a significantly higher efficacy of a water‐soluble boronated 
derivative of natural protohemin IX (compared with boron‐free protohemin IX) in PDT 
of sarcoma‐bearing rats [71]. This finding paved the road to the conjugation of boron 
polyhedra to the chlorin macrocycle, a modification aimed initially at compounds for 
BNCT, to obtain agents more efficient in PDT than their non‐boronated analogs. Thus, 
boronation not merely retains the PS properties of tetrapyrrole‐containing compounds. 
Rather, the porphyrin–boron conjugates can possess an enhanced therapeutic potency. 
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In particular, the design of boronated chlorophyll derivatives (pyropheophorbide a, 
pheophorbide a, chlorin e6, bacteriochlorin, and cycloimide) enables to use them as 
therapeutic agents for PDT and BNCT [72,73], using the efficiency and advantages of 
each method and minimizing disadvantages.

3.3.4.1 Carborane Containing Derivatives of Pyropheophorbide a 
and Pheophorbide a

Pyropheophorbide a 70 was functionalized [74] with carborane polyhedra via the ester-
ification of its carboxypropyl group with 1‐hydroxymethyl‐o‐carborane and 9‐hydroxy-
methyl‐m‐carborane or via amidation with 3‐amino‐o‐carborane to give compounds 
71–74 (Figure 3.3.8). Reactions were performed exploring the mixed anhydride method 
using di‐tert‐butyl pyrocarbonate in pyridine as a condensation agent. In case of 1‐
hydroxymethyl‐o‐carborane, equal amounts of two substances containing carboranes 
in closo‐ (71) and nido‐ (72) forms were obtained. From 9‐hydroxymethyl‐m‐carbo-
rane, a single closo‐carboranylated derivative (73) was obtained in 86% yield. The reac-
tion of 3‐amino‐o‐carborane with 70 yielded the corresponding amide derivative (74) 
in 56% yield. Electron absorption spectra of 70–74 were of the chlorin type, having 
identical position of bands in the visible spectral region. In the spectra of all compounds, 
the extinction coefficients were smaller than in the spectrum of the initial pyropheo-
phorbide a. Testing of 70–74 against nonmalignant cells (human skin fibroblasts) and 
tumor cells (HCT116 colon carcinoma) demonstrated little to no dark cytotoxicity. 
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Some minor toxicity was detectable for the pyropheophorbide a derivative 72 in which 
the carborane polyhedron was in the nido form. However, given limited water‐solubility 
of 71 and 72, one may expect that boronated derivatives of pyropheophorbide should 
undergo further structural optimization to be applicable in PDT and BNCT.

Thioester derivatives 75–79 of pyropheophorbide a with hydrophilic closo‐dodecab-
orate dianion have been prepared using oxalyl chloride and [Me4N]2[B12H11SH] [75]. 
The compounds were clearly water‐soluble when converted by ion exchange chroma-
tography to the sodium salts from the tetramethylammonium salts used in the synthe-
sis. Compounds 75–79 readily accumulated in V79 Chinese hamster cells (except the 
nonyl derivative), localized mainly in mitochondria, and showed a moderate dark 
cytotoxicity.

Methylpheophorbide a 80 is a promising compound for biomedical applications 
because of its reduced hydrophobicity compared to pyropheophorbide a. The carbo-
rane analogs 81–89 of methylpheophorbide a were obtained [76] via a classical organic 
chemistry reaction, trans‐esterification, which makes it possible to obtain carboxylic 
esters under mild conditions in high yields (Figure 3.3.9).

Trans‐esterification of one methoxycarbonyl group with carborane alcohols such as 1‐
hydroxymethyl‐o‐carborane, 1‐hydroxyethyl‐o‐carborane, 9‐hydroxymethyl‐o‐carborane, 
9‐hydroxymethyl‐m‐carborane, and cesium 1‐hydroxymethyl‐closo‐monocarbadode-
caborate occurred smoothly using I2 in refluxing toluene or 2‐chloro‐1‐methylpyridin-
ium iodide and DMAP to give 13(2)‐carborane esters 81–84 in 80% yield. Introduction 
of two carborane polyhedra into 80 via trans‐esterification of 13(2)‐ and 17(3)‐methoxy-
carbonyl groups was performed with the distannoxane triflate [Bu2Sn(OH)(OTf)]2; the 
conjugates 85–89 were obtained in 65–80% yield.

Using spectroscopic methods, Golovina et al. [77] demonstrated that methylpheo-
phorbide a forms complexes with serum albumin and low‐density lipoproteins (LDLs), 
whereas two diboronated derivatives, (13(2),17(3)‐[di(o‐carboran‐1‐yl)methoxycar-
bonyl] pheophorbide a) (85) and (13(2),17(3)‐[di(1‐carba‐closo‐dodecaboran‐1‐yl)
methoxycarbonyl] pheophorbide a) (89), were capable of binding to LDL but not to 
albumin. Molecular modeling showed a mode of interaction of 75 with the amino acid 
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residues in the albumin’s hemin binding site. In contrast, for diboronated derivatives 
85,89, such interactions are sterically hindered by boron polyhedra, in line with 
experimentally determined lack of complex formation with albumin. These data 
strongly  suggest that LDL might be the preferred carrier for polycarborane contain-
ing methylpheophorbide a derivatives.

3.3.4.2 Carborane Containing Derivatives of Chlorin e6

The chlorin moiety in 90 is advantageous as a pharmacophore since it is readily availa-
ble, relatively low toxic in the dark, and prone to simple conjugation chemistry. It has a 
Q‐band absorption at ~660 nm and a high quantum yield of generated singlet oxygen. 
Therefore, 90 is highly promising for modification with boron polyhedra.

For the preparation of boronated derivatives of chlorin e6 with the amide bond, the 
aminochlorin 91 was prepared by the nucleophilic opening of the exocyclic ring of meth-
ylpheophorbide a with ethylenediamine. Subsequent acylation of the free amino group 
in 91 with succinic anhydride and amidation of the resulting carboxylic group with 
3‐amino‐o‐carborane using DCC in CH2Cl2–Py mixture resulted in the boronated chlorin 
92. Hydrolysis of the ester group in 92 at the 17(3)‐position with 70% TFA and amidation 
of the carboxylic group with 3‐amino‐o‐carborane under similar conditions afforded 
chlorin 93 with two carborane clusters at the periphery of the chlorin macrocycle [78]. 
The aminochlorin 91 can be readily alkylated with 1‐trifluoromethanesulfonylmethyl‐
o‐carborane [79] or 1‐trifluoromethanesulfonylmethyl‐1‐carba‐closo‐dodecaborate 
cesium [15] in THF to give corresponding neutral 94 and anionic 95 boronated chlorins 
in 22–80% yield. Furthermore, the metal complexes 96–101 (Zn(II), Pd(II), or Sn(IV)) of 
boronated chlorins 94–95 were prepared (Figure 3.3.10) [15].

Compound 94 formed complexes with serum albumin, a major porphyrin carrier 
[79]. The binding constant of these complexes was fourfold bigger than the respective 
value for complexes of albumin with boron‐free aminochlorin 91. Compound 94 
potently sensitized rat fibroblasts to illumination with monochromatic red light: >98% 
of cells were necrotic by 24 h post illumination with 1 μM of 94. This compound dem-
onstrated a high efficacy in in vivo PDT of rat M‐1 sarcoma. After illumination with 25 
mg/kg of 94, the residual tumors were significantly smaller than in animals subjected to 
PDT with an equal concentration of boron‐free aminochlorin 91. No signs of general 
toxicity were detectable after PDT with 94. Thus, boronation can enhance the potency 
of chlorins in PDT, in part due to an increased binding to albumin. These data expand 
the therapeutic applicability of boronated chlorins beyond BNCT; the agents emerge as 
efficacious PSs and radiosensitizers.

Antimicrobial photodynamic inactivation is widely considered as an alternative to 
antibiotic chemotherapy of infective diseases, thereby attracting attention to the design 
of novel PSs. Compound 95 appeared to be much more potent than the starting com-
pound 91 against Bacillus subtilis, Staphylococcus aureus, and Mycobacterium sp. 
Confocal fluorescence spectroscopy and membrane leakage experiments indicated that 
bacterial cell death upon photodynamic treatment with 95 is caused by loss of cell 
membrane integrity. The enhanced photobactericidal activity was attributed to the 
increased accumulation of 95 by bacterial cells, as evaluated by centrifugation and fluo-
rescence correlation spectroscopy. Gram‐negative bacteria were rather resistant to 
antimicrobial photodynamic inactivation by 95. Unlike 91, compound 95 showed 
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higher (compared to the wild‐type strain) dark toxicity for Escherichia coli ΔtolC mutant 
deficient in TolC‐requiring multidrug transporters [80].

Compound 95 evoked no dark toxicity and demonstrated a significantly higher pho-
tosensitizing efficacy than chlorin e6 against transplanted aggressive tumors such as 
B16 melanoma and M‐1 sarcoma. Illumination with red light of tumor cells loaded with 
0.1 μM of 95 caused rapid (within the initial minutes) necrosis as determined by pro-
pidium iodide staining. The laser confocal microscopy–assisted analysis of cell death 
revealed the following order of events: prior to illumination, 95 accumulated in Golgi 
cysternae, in endoplasmic reticulum, and in some (but not all) lysosomes. In response 
to light, the ROS burst was concomitant with the drop of mitochondrial transmem-
brane electric potential, the dramatic changes of mitochondrial shape, and the loss of 
integrity of mitochondria and lysosomes. Within 3 min post illumination, the plasma 
membrane became permeable for propidium iodide [52].

Compounds 91 and 95 were one order of magnitude more potent than chlorin e6 in 
photodamage of artificial liposomes as monitored in a dye release assay. The latter 
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effect depended on the content of non‐saturated lipids; in liposomes consisting of 
 saturated lipids, no photodamage was detectable. The increased therapeutic efficacy of 
95 compared to 91 was attributed to a striking difference in the ability of these PSs to 
traverse the hydrophobic membrane interior, as evidenced by measurements of voltage 
jump–induced relaxation of transmembrane current on planar lipid bilayers [52].

Compound 95 is an efficient PS in PDT of rat M‐1 sarcoma [81]. At doses 2.5–10 mg/
kg intraperitoneally, laser energy density of 150 and 300 J/cm2, and power density of 
0.25 and 0.42 W/cm2, complete tumor regression was achieved.

PDT of B16 melanoma was the most efficient when 95 was administered at 10 mg/kg, 
laser radiation of 150 J/cm2, and power density of 0.42 W/cm2. With these parameters, 
PDT of B16 melanoma with 95 prevented the emergence of lung metastases in mice at 
least by day 21 post treatment.

Based on the water‐soluble chlorin derivative 102 [82], disodium mercaptoundecahy-
dro‐closo‐dodecaborate (BSH)‐conjugated chlorin derivatives 103–106 (Figure 3.3.11) as 
agents for both antitumor PDT and BNCT were synthesized [24]. The in vivo biodistribu-
tion and clearance of 103–106 were investigated in tumor‐bearing mice. Compounds 
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104,105 showed good tumor‐selective accumulation among the four derivatives. The 
time to maximum accumulation of 105 in the tumor was one‐fourth of that for 104, 
whereas clearance of 105 from normal tissues was similar to that of 104. The in vivo 
therapeutic efficacy of PDT using 105, which has twice as many boron atoms compared 
to 104, was evaluated by measuring tumor growth rates after 660 nm light‐emitting diode 
illumination 6 h post injection of 105. Tumor growth was significantly inhibited by PDT 
with 105, suggesting that 105 is a good candidate for both PDT and BNCT.

The carborane derivative of aminochlorin 91 (compound 107) was prepared by  reaction 
with p‐iodobenzoyl chloride followed by palladium‐catalyzed Sonogashira coupling reac-
tion with cobalt bis(dicarbollide) derivative containing a terminal acetylene group 
(Figure 3.3.12) [83]. Ring‐opening reactions of aminochlorin precursor with the zwitteri-
onic 1,4‐dioxane derivative of cobalt bis(dicarbollide), [3,3′‐Co(8‐C4H8O2‐1,2‐C2B9H10)
(1′,2′‐C2B9H11), resulted in formation of boronated chlorins 108–111 in 60% yield [16,84]. 
Chlorin e6 conjugated with two cobalt bis(dicarbollide) clusters (compound 109) accumu-
lated in A549 human lung adenocarcinoma cells, stained the cytoplasm  diffusely (largely 
lysosomes), and showed no discernible dark cytotoxicity. The conjugate 109 has a high 
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quantum yield of singlet oxygen generation but possesses no photoinduced cytotoxicity 
[84]. The presence of cobalt complexes in 109 is supposed to be a reason for the observed 
antioxidative effect, but an exact mechanism of this phenomenon is unclear.

The study of 110,111 showed that the boron‐containing conjugates of chlorin e6 have 
no significant differences in accumulation and biodistribution. The conjugates, to a 
 certain extent, meet the requirements imposed on BNCT agents. In particular, the 
compounds demonstrated relatively selective accumulation in the tumor, with a tumor 
versus normal tissue concentration ratio of ~3:1 [85].

Synthesis of boronated chlorins 112,113 containing the triazole spacer involved 
nucleophilic opening of the exocyclic ring in methylpheophorbide a 75 with propargyl 
amine, followed by treatment of the terminal acetylene group with closo‐dodecaborate 
and cobalt bis(dicarbollide) azide derivatives in a CuI–Et3N–MeCN system. These 
boronated conjugates accumulated in A549 human lung adenocarcinoma cells, but 
their intracellular concentration was insufficient for therapeutic efficacy [86].

3.3.4.3 Carborane Containing Derivatives of Purpurin-18 and 
Bacteriopurpurinimide

The compounds of this class strongly absorb light at the λ=700–770 nm region. This 
unique property opens new therapeutic opportunities due to deeper light penetration and 
increased tumor photodamage. Boronated ester conjugates of purpurin‐18 (114) were 
obtained by the reaction of Boc‐activated 17(3)‐carboxylic group of 114 with 1‐hydroxym-
ethyl‐o‐carborane or 1‐hydroxymethyl‐closo‐1‐monocarbadodecaborate cesium in 53% 

N HN

NNH

O

H C

H
H

O O
115

OO

N HN

NNH

O

H C

H
H

O O
116

OO

N HN

NNH

O

H C

H
H

O OH
114

OO

N HN

NNH

O

H C

H
H

O N
H

117

OO

N N

NN

O

H C

H
H

O O

OO

N N

NN

O

H C

H
H

O N
H

118 M = Zn
119 M = Ni

120 M = Zn
121 M = Ni

OO

MM

Figure 3.3.13 Boronated ester and amide conjugates of purpurin‐18.



N HN

NNH

H3C
H

H

O O

CH 1223

H
N

O

O
O

O

N HN

NNH

O

H3C
H

H

O O

CH3

2

123

NO O NO O

H

H

CH3

HN

O

O
O

N O

O

O

O

N HN

NNH

O

H3C
H

H

NO O

H

H

CH3

O

O

CH3

N HN

NNH

O

H3C
H

H

O O

CH3

NO O

H

H

CH3

HN

O

O
O

O

125124

Co

Co
Co

Co

Figure 3.3.14 Boronated conjugates of N‐aminobacteriopurpurinimide.



Boron Compounds for Boron Neutron Capture Therapy364

(115) and 63% (116) yields, respectively. Similarly, the reaction of 114 with 3‐amino‐o‐car-
borane afforded the amide derivative 117 in 68% yield [87]. Using an alternative strategy, 
the boronated Zn and Ni complexes 118–121 were prepared in 46–93% yield from the 
corresponding metallopurpurins via esterification or amidation of 17(3)‐carboxylic group 
with 3‐amino‐o‐carborane and 1‐hydroxymethyl‐closo‐1‐monocarbadodecaborate cesium 
(Figure 3.3.13). These compounds formed high‐affinity complexes with serum albumin. 
The dark toxicity of new compounds was tested against the K562 chronic myelogenous 
leukemia cell line. Compounds 114–117 did not influence cell proliferation rate or cell 
viability at concentrations <10 μM. Neutral carboranylpurpurin 115 was least toxic (IC50 
>25 μM) compared to 12 μM for the starting purpurin 114; therefore, introduction of the 
boron polyhedron decreases the dark toxicity of 114. For studying PS activity of the class 
of purpurin derivatives, compound 115 was chosen. Red light illumination of HCT116 
colon carcinoma cells loaded with 10 μM of 115 induced death after 20 min of exposure.

Synthesis of boronated conjugates of N‐aminobacteriopurpurinimide was carried out 
via the nucleophilic ring‐opening reaction of the oxonium derivative of cobalt 
bis(dicarbollide) [88,89] with the amino group of the macrocycle. As a result, the conju-
gates 122–125 containing two cobalt bis(dicarbollide) units were obtained in a high 
yield (Figure 3.3.14) [90].

3.3.5  Conclusion

We herein summarized current knowledge on simple and efficient synthetic routes 
leading to new tumor‐selective derivatives of tetrapyrrole compounds via the function-
alization of the macrocycles with various carborane clusters. Many of these compounds 
were evaluated in cell culture and in animal models for application in PDT and BNCT. 
More studies definitely are needed to evaluate important factors of therapeutic efficacy 
such as intratumoral accumulation, organ distribution, in vivo toxicity, and so on. Still, 
among an array of compounds synthesized to date, one can select the most potent and 
applicable for further in‐depth mechanistic studies and provisionally clinical trials. 
Importantly, the addition of carborane clusters can further increase the sensitizing 
potency of porphyrins and chlorins not only to thermal neutrons but to light as well. A 
special attention to a balance between dark cytotoxicity and photocytotoxicity in the 
case of agents with potential dual PDT–BNCT therapeutic applications must be taken 
into consideration, and technologies allowing for the safe treatment of patients must be 
developed. Overall, the synthetic approaches described in this chapter yield multifunc-
tional conjugates useful for diagnosis, drug delivery, and treatment in oncology.
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3.4

3.4.1  Introduction

Nanomaterials have emerged as one of the most fruitful areas in cancer treatment 
and are considered as a medical boon for the diagnosis, treatment, and prevention of 
cancer [1]. Also, paralleled by advances in chemistry, biology, pharmacy, nanotechnology, 
medicine, and imaging, several different systems have been developed in the last decade 
in which disease diagnosis and therapy are combined (Figure 3.4.1a) [2,3]. This is stimu-
lating the development of a diverse range of nanometer‐sized objects that can recognize 
cancer tissue, enabling visualization of tumors, delivery of anticancer drugs, and/or the 
destruction of tumors by different therapeutic techniques. By choosing the right size, 
shape, coating, and charge as well as targeting moiety (Figure 3.4.1b), the fate of the 
particles in the body can be well predicted [4]. Newer nanomaterials are garnering 
increasing interest as potential multifunctional therapeutic agents; these drugs are 
 conferred novel properties, by virtue of their size and shape [5].

Emerging inorganic nanomaterials such as mesoporous silica, magnetic and gold 
nanoparticles, carbon nanotubes, quantum dots, and polymeric nanoparticles have 
been widely used in biomedical research, with great optimism, for cancer diagnosis and 
therapy. Such nanoparticles possess unique optical, electrical, magnetic, and/or 
 electrochemical properties. With such properties along with their impressive nanosize, 
these particles can be targeted to cancer cells, tissues, and ligands efficiently and 
 monitored with extreme precision in real time [7].

Over the past decade, a variety of emerging nanomaterials and technology, including 
magnetic nanomaterials, quantum dots, surface‐enhanced Raman scattering (SERS) 
technology, carbon nanomaterials, lipopolyplex nanoparticles, nano‐ and microbub-
bles, protein‐based nanomaterials, mesoporous silica nanoparticles, and neutron 
 capture therapy (NCT), have been developed for tumor imaging and therapy. 
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Such nanomaterials possess unique optical, electrical, magnetic, and/or electrochemi-
cal properties. In addition, the enhanced permeability and retention (EPR) is signifi-
cantly contributing to selective (or preferential) accumulation of nanoparticles in 
tumor. Such accumulation can be even improved by attachment of specific targeting 
moieties to the surface of the nanoparticles [8]. Tumor cells have an increased vascular 
permeability and a decrease in their lymphatic drainage system, which leads to the 
 passive accumulation of macromolecular drugs in these neoplastic cells.

3.4.2  Boron Neutron Capture Therapy (BNCT)

Many people consider NCT to be a new and innovative approach to the treatment of 
cancer that is still in its formative stage. However, the basic idea behind this approach 
has been around for 80 years, almost as long as the idea of the existence of the neutron. 
The basic approach in NCT was outlined in 1936 by Gordon L. Locher [9], when he 
formulated his binary concept of treating cancer: “In particular, there exist the possibili-
ties of introducing small quantities of strong neutron absorbers into the regions where 
it is desired.” Three isotopes, 10B, 155Gd, and 157Gd, are the ones that have been most 
studied in applications of NCT [10].

At present, nuclear reactors are the most appropriate source of nuclear beams of 
 sufficient intensity for NCT use, and there are only a limited number of nuclear 
reactors that produce the high‐quality neutron beams that can be used in medical 
treatment [11]. Accelerator‐based neutron sources are based on neutrons produced 
when a charged particle, usually a proton, strikes a suitable target [12].

3.4.2.1 Principles of BNCT

The first developments of NCT were based on molecular boron compounds such as 
boronphenylalanine (BPA) [13], carborane derivatives [14], and macrocycles 
( porphyrins or phthalocyanins) functionalized with organic derivatives of boron [15]. 
However, the induced cytotoxicity of these NCT agents is limited by their molecular 
structure, which prevents a sufficient accumulation in cancerous cells. Since their resi-
dence time in the blood is expected to be longer than for molecular boron compounds, 
the use of boron‐based dendrimers and nanoparticles has recently been proposed [16].

It is generally accepted that BNCT is a useful binary cancer treatment, in which the 
delivery agents containing 10B are selectively transported into tumor cells and then irra-
diated with thermal neutrons of appropriate energy. As detailed in Equation 3.4.1, the 
10B nucleus adsorbs a neutron to form an excited 11B nucleus that decays, emitting an 
α‐particle (4He2+) and a 7Li3+ ion with high energy. The linear energy transfer of these 
heavily charged particles has a range of approximately one cell diameter (5–9 µm) [17], 
which confines radiation damage to the cell from which they arise, hence minimizing 
cytotoxic effects on the surrounding tissue.

 
10 11 4 2 3 2 31B B Li MeV+ n He +1 7 .  (3.4.1)

Advantages of BNCT therapy include: (1) boron‐10 has a nuclear capture cross 
 section of 3838 barn, which is more than three orders of magnitude higher than those 
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of other nuclei commonly found in living tissue; (2) unlike other natural radioactive 
 elements used in radiotherapy [18], the 10B employed in BNCT treatment is nonradio-
active; and (3) due to its high electrophilicity, boron can be easily incorporated into 
compounds containing a hydrolytically stable linkage [19].

In theory, BNCT treatment should cause only minimal damage to the boron‐free 
region, provided the 10B atoms are delivered to a targeted region with high selectivity 
and dosed with a sizeable neutron flux. However, under neutron irradiation, damage 
caused by the reactions within normal tissue by nitrogen and hydrogen needs to be 
considered in order to define the dose‐limiting toxicity. To be effective in BNCT, the 
necessary boron concentration has been estimated at 109 10B atoms (natural abundance: 
19.9%) per cell, or approximately 35 µg 10B/g of tissue [20]. To date, it remains a big chal-
lenge to selectively deliver the 10B agents into a tumor cell so as to reach the required 
high 10B concentration. Under these conditions, it has been estimated that approxi-
mately 85% of the radiation damage arises from the neutron capture reaction. To avoid 
unnecessary damage to healthy tissue in the path of the neutron beam, the surrounding 
tissues should contain less than 5 µg 10B/g of tissue.

It is well recognized that glioblastoma multiforme is one of the most malignant brain 
tumors [13,21]. It may aggressively infiltrate the brain and, thus, is rarely able to be 
removed completely by a surgical procedure. Up to the present, the lethal glioblastoma 
multiforme has been practically incurable [13,21]. Unlike other tumors, it was observed 
that the brain tumors tend not to metastasize to other organs in the body. Therefore, it is 
reasonable to expect that the patient’s life could be significantly increased through suc-
cessfully eradicating the malignant tumors in the brain. Principally, BNCT is employed 
to treat brain tumors because the effective technology maximizes the  therapeutic effect 
in the tumor, while minimizing neurotoxicity in adjacent brain parenchyma [22]. Very 
recent reports demonstrate that BNCT may also be effective in other cancer therapies, 
such as treating neck tumors [23]. To conduct a successful BNCT treatment, it is crucial 
to harvest both sufficient neutron flux and boron concentration in tumors. To meet the 
requirement of boron concentration, researchers have examined both small‐molecule‐
based and macromolecule‐based boron agents in recent decades [24–27]. Unfortunately, 
none of these agents have been examined in clinical treatment owing to their low 
 selectivity and/or toxicity. To date, two small molecules, Na2B12H11SH (BSH) and 
boronophenylalanine (BPA; Figure  3.4.2), remain the only clinically used agents. 
Nevertheless, clinical results from the two compounds are not universally attractive 
because of their low tumor‐to‐brain tissue and tumor‐to‐blood 10B ratios [28–32].

Nanotechnology has been highlighted to be of great interest in various research 
areas. Currently, advanced nanoscaled materials are well developed with many 
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Figure 3.4.2 p‐Borono‐l‐phenylalanine (BPA) and sodium mercaptododecaborate (BSH). Source: Ref. [19].
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 pharmaceutical applications, including acting as a drug carrier [33–35]. In BNCT, in 
contrast to the classical small agents that contain fewer boron atoms, highly boron‐
enriched nanocomposites allow the selective delivery of the required amounts of boron 
to tumors. Therefore, various nanoscaled boron‐enriched delivery agents have been 
synthesized and explored as boron carriers [36–40]. Research in this specific area is 
developing rapidly.

3.4.2.2 Liposome‐Based BNCT Agents

Liposomes are small, spherical vesicles composed of membranes of phospholipids. 
The  phospholipids are molecules with a hydrophilic head and a hydrophobic tail. 
Cell membranes are composed of such molecules arranged in two layers. When these 
membranes are disrupted, they can reassemble as extremely small spheres, usually as 
bilayers (liposomes). Liposomes have the potential of delivering large amounts of 
boron to cancer cells [37]. In addition, modification of the liposome surface by reacting 
with NH2‐terminated polyethylene glycol (PEGylation) or attachment of antibodies or 
receptor groups can enhance the delivery of therapeutic molecules [37].

Another, similar vesicle is low‐density lipoprotein (LDL), which is a major carrier of 
cholesterol. Cancer cells avidly absorb LDL as a source of cholesterol for their rapidly 
dividing cells. The LDL can be isolated and their cholesterol core replaced by hydropho-
bic carboranes [41]. In vitro studies of hamster V‐79 cancer cells have found that use of 
such boronated LDLs resulted in intercellular concentrations of ~240 µg 10B/cell, which 
is about 10× the amount needed for effective BNCT [41]. The use of drug‐laden vesi-
cles, such as liposomes or LDLs, also takes advantage of a general phenomenon of the 
EPR effect [8]. The macromolecules may also contain groups that are preferentially 
taken up by cancer cells. For example, the presence of folate ions on the surface of 
boron‐containing liposomes greatly enhances the boron uptake in human KB squa-
mous epithelial cancer cells, which have overexpressed foliate acceptors [42]. Other 
examples are the reconstituted LDLs, which still retain their ability to bond to LDL‐ 
specific sites on the tumor cells. These liposomes and modified LDLs have the ability to 
deliver massive amounts of 10B to cancer cells and have been termed “supertankers” for 
boron delivery [43].

Owing to their enormous flexibility and diversity, liposomes have been considered 
among the most outstanding drug carriers for the selective delivery of multifarious 
loads to tumors. Liposomes can be conveniently functionalized with antibodies, pep-
tides, and so forth. Therefore, drugs encapsulated in the vehicles can be selectively 
taken up and highly accumulated in tumor cells [44,45]. Similar to other drugs, BNCT 
agents can also be encapsulated inside liposomes that circulate throughout the 
 bloodstream, where the drug is then released via diffusion through the liposome or by 
liposomal degradation. In recent decades, liposomes have been evaluated in vivo as 
BNCT delivery agents [37,39,40]. These new delivery systems could reduce the amount 
of boron required for successful BNCT treatment and circulate in the blood for longer 
periods by avoiding the reticulo‐endothelial system, which causes phagocytosis. 
Additionally, magnetic liposomes loaded with both drugs, and ferromagnetic materials 
have been investigated as BNCT agents [46,47]. Magnetic liposomes have been designed 
that demonstrate a selectivity for carrying doxorubicin to the tumor cells [48]. 
Interestingly, liposomes involving fluorescence‐labeled closo‐dodecaborane lipids 
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(Figure 3.4.3) have been prepared and then selectively delivered to the tumor tissue, 
rather than hypoxic regions, in the colons of 26 tumor‐bearing mice. It was also 
 demonstrated that dodecaborate and fatty‐acid species in fluorescence‐labeled 
closo‐ dodecaborane lipid (FL‐SBL), as represented in Figure  3.4.3a, can be readily 
cleaved under biological conditions, with the boron concentrations in various organs 
decreasing sufficiently to be undetectable [49]. It is possible to encapsulate both BSH 
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and magnescope inside the distearoyl boron lipid liposomes [50]. The BSH‐encapsulating 
distearoyl boron lipid liposomes displayed improved boron delivery capability and 
 significant in vivo antitumor effects after thermal NCT [50].

In conclusion, liposomes have demonstrated their potential as BNCT agents, 
although as yet no products are commercially available for use in clinical treatment. 
Issues related to liposome stability, large‐scale production, and uptake by the reticulo‐
endothelial  system have to be resolved before liposome‐based BNCT delivery systems 
can be meaningfully involved in future study. Basically, liposomes are both physically 
and chemically unstable; the phospholipid‐based components are prone to hydrolysis 
and/or oxidation. Considering the complicated synthetic processes in which, for exam-
ple, the sonication method and reduced‐pressure evaporation method are employed, it 
is difficult to scale up liposome production. After systemic administration, liposome‐
based carriers could be endocytosed by cells of the mononuclear phagocyte systems. 
Therefore, it is important to develop “smart” liposomes and prolong their blood 
 circulation times.

3.4.2.3 Carbon Nanotubes

Carbon nanotubes (CNTs), which were discovered by Sumio Ijima in 1991 [51], are 
 currently attracting wide attention in both academia and industry because of their 
unique properties, such as nanoscaled size, cylindrical arrangement of carbon atoms, 
low mass density, high thermal stability, excellent conductivity, and superb mechanical 
properties, as well as their potential for applications [52,53]. It is well recognized that 
there are two major types of CNTs: single‐walled CNTs (SWCNTs) and multiwalled 
CNTs, which differ according to the number of layers of graphene sheet that encapsu-
late the tubes [54]. The stability and flexibility of CNTs are likely to prolong the 
 circulation time and the bioavailability of these macromolecules, thus enabling highly 
effective gene and drug therapies.

Our earlier research in this area has led to designing the nido‐carborane units‐
appended water‐soluble SWCNTs for BNCT application (Figure 3.4.4). For compari-
son, tumor, blood, lung, liver, and spleen samples were collected and analyzed. The 
nanocomposites provide a favorable tumor‐to‐blood ratio of 3.12:1.00 and a boron con-
centration of 21.5 µg/g of tumor in the 48 h period after administration [55]. Furthermore, 
it was observed that retention in tumor tissue was higher than in the blood and other 
tissues. Similar to other CNT‐based drug carriers, it is crucial for CNT‐based BNCT 
delivery agents to further improve their water solubility and biocompatibility.

3.4.2.4 Boron and Boron Nitride Nanotubes

Another suggested nanomaterial for use as a BNCT agent is the boron nanotube (BNT). 
The first successful synthesis of a single‐wall BNT was achieved by the reaction of BCl3 
and H2 over an Mg‐MCM‐41 catalyst [56]. The nanotubes had diameters of ~3 nm and 
lengths of ~16 nm. Unfortunately, the materials were quite sensitive to high‐energy 
electron beams, and hence detailed structural characteristics could not be obtained. 
However, if the nanotubes can be functionalized to make them water‐soluble, such 
structures should prove to be powerful BNCT carriers.
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In contrast to BNTs, boron–nitride nanotubes (BNNTs) have been demonstrated to 
be useful drug delivery agents. Boron–nitride is isoelectronic with carbon; thus, BNNTs 
are isosteres of CNTs. In comparison to CNTs, BNNTs have been shown to be nontoxic 
to HEK293 cells [57], and they can be functionalized to promote water solubility. 
A  number of methods of functionalizing BNNTs include interacting them noncova-
lently with glycodendrimers [57], coating them with polyethyleneimine (PEI) [58] or 
poly‐l‐lysine (PLL), or reacting them with substituted quinuclidine bases [59]. The PLL‐
coated BNNT could be further reacted with folic acid to give the foliate‐conjugated 
nanomaterial F‐PLL‐BNNT. In vitro studies showed that the F‐PLL‐BNNT bioconju-
gant is  selectively localized in human glioblastoma multiforme T98G cells compared 
with the healthy human primary fibroblasts as controls [60].

Ciofani and coworkers reported that transferrin can be successfully grafted with 
BNNTs as represented in Figure 3.4.5. The nanocomposites demonstrated enhanced 
and targeted cellular uptake of BNNTs on primary human endothelial cells [61]. 
Considering the transferrin receptor is highly expressed by brain capillaries to mediate 
the delivery of iron to the brain, the transferrin–BNNT delivery agent is expected to 
access the brain via the blood–brain barrier (BBB).

Although BNTs have the potential to be ideal BNCT agents, there remain many issues 
that need to be resolved before BNTs can be applied to drug delivery. The major 
 challenges are in the large‐scale fabrication of BNTs and in the development of 
 strategies to make BNTs water‐soluble.

3.4.2.5 Magnetic Nanoparticles‐Based BNCT Carriers

One of the major problems in any type of cancer chemotherapy is that of directing the 
drug to the tumor and avoiding healthy tissue. Since all chemotherapeutic drugs are by 
nature cytotoxic, localization of these drugs in the close vicinity of the tumor could 
result in the use of lower drug concentrations. This can be done by attaching the drug 
to a biomolecule that is overused in the malignant cell or to some receptor molecule 
that is overexpressed in the cancer cells. Another potential way to increase the efficacy 
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of a cancer drug is to physically direct it to the tumor by some external means. This is 
the basic approach in magnetically targeted therapy. In this approach, the drug of choice 
is attached to a biocompatible magnetic nanoparticle carrier, usually in the form of a 
ferrofluid, and is injected into the patient via the circulatory system. When these 
 particles enter the bloodstream, external, high‐gradient magnetic fields can be used to 
concentrate the complex at a specific target site within the body. Once the drug or 
 carrier is correctly concentrated, the drug can be released, via either enzymatic activity 
or changes in physiological conditions, and be taken up by the tumor cells [62]. 
The advantage of this methodology is that decreased amounts of cytotoxic drugs would 
be required, thereby decreasing unwanted side effects.

It has been shown that particles as large as 1–2 µm could be concentrated at the site 
of intracerebral rat glioma‐2 (RG2) tumors [62], and a later study demonstrated that 
10–20 nm magnetic particles were even more effective in targeting these tumors in rats 
[63]. Accordingly, magnetic targeting in humans demonstrated that the infusion of 
 ferrofluids was well tolerated in most patients, and the ferrofluid could be successfully 
directed to advanced sarcomas without associated organ toxicity. Therefore, applica-
tion of this technique can be considered appropriate vectors for the use of BNCT 
 treatment [63].

Our recent work has demonstrated that encapsulated magnetic nanocomposites with 
a high load of carborane cages can be synthesized and their biodistribution patterns in 
cancer cell lines can be evaluated [64]. In this work, commercially available MNPs of 
iron oxides, covered by starch, have been enriched with the carborane cages, 1‐R‐2‐
butyl‐ortho‐C2B10H10 (R = Me, 3; Ph, 4), by catalytic azide–alkyne cycloaddition reac-
tions (Figure 3.4.6) [64]. Boron concentrations in tissue have been examined, and the 
results are demonstrated in Figure 3.4.7a and 3.4.7b [64]. It was shown (Figure 3.4.7a) 
that boron concentrations at different time intervals in the tumor are less than 14.7 µg/g 
of tumor, with a slow elimination after 30 h in the absence of an external magnetic field. 
However, as Figure 3.4.7b demonstrates, in the presence of an external magnetic field, 
the boron concentration in the tumor reached a high value of 51.4 µg/g of tumor with 
tumor‐to‐normal tissue ratios of approximately 10:1. According to transmission 
 electron microscopic (TEM) images (Figure 3.4.8) [64], the entrapped magnetic nano-
composites aggregated inside the tumor. The exact mechanism of the accumulation of 
magnetic nanocomposite carriers within tumor cells has not yet been determined. 
Compared to the results without the external magnetic field, it appears that 
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 introduction of an external magnetic field plays a key role in an enhanced accumula-
tion, with approximately a threefold increase in nanoparticle concentrations entrapped 
within the tumor. In this regard, it should be pointed out that even aggregated boron 
nanoparticles should be therapeutically effective for BNCT. The preliminary results 
provide new hope for a successful NCT and for the useful combination of the drugs 
with BNCT, magnetic resonance imaging (MRI), or thermotherapy characteristics.
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3.4.2.6 Other Boron‐Enriched Nanoparticles

Other boron‐containing nanoparticles derived from boron carbides [65,66], block‐
copolymers [67,68], boron powder [69], borosilicates [70], and mercaptocarborane‐
capped gold nanoparticles [71,72] have also been reported. Commercially available 
boron carbide has been successfully functionalized with a synthetic dye called lissamine 
and the transacting transcriptional activator peptide; the resulting nanocomposites 
(<100 nm) can be translocated into B16 F10 malignant melanoma cells in a high amount 
of 1 wt% [65]. The particles have been reported to show significant proliferative 
 inhibition for both particle‐loaded and unloaded closely neighboring cells after neutron 
irradiation [65]. The functionalized boron carbide nanoparticles also show positive 
effects to the in vivo growth inhibition of an aggressive solid tumor, B16‐OVA mela-
noma, by neutron capture [66]. However, no information is available regarding in vivo 
selectivity of this type of delivery agent.

Polymer‐based boron‐containing nanoparticles were prepared by radical copolym-
erization of acetal‐poly(ethyleneglycol)‐block‐poly(lactide)‐methacrylate with 4‐vinylb-
enzyl substituted closo‐carborane (Figure  3.4.9) [67,68]. Compared with particles 
obtained from self‐assembly (non‐cross‐linked) rather than copolymerization, the par-
ticles from copolymerization of 1,2‐bis(4‐vinylbenzyl)‐closo‐carboranes demonstrated 
the following advantages [67]: improved stability in the presence of serum proteins 
without notable leakage in 50 h, extended blood circulation time, and increased tumor 
accumulation of up to 5.4% injection dose/g. Similar results are reported from the 
same  group for particles produced from self‐assembly and copolymerization of 
mono‐4‐vinylbenzyl‐substituted closo‐carborane [68].

More straightforward methods of using commercially available elemental boron pow-
der to prepare boron nanoparticles have been reported [69]. After milling and dopamine 
coating, the boron nanoparticles, with a size of approximately 40 nm, were prepared. The 
particles did not demonstrate toxicity to murine macrophage cells as claimed [69]. 
Borosilicate nanoparticles with a size range of between 100 and 200 nm were prepared 
by milling a xerogel of 2SiO2–B2O3 [70]. After functionalization with folic acid, the 
resulting particles demonstrated increased incorporation in the tumor cells and hemo-
compatibility [70]. Cioran et al. prepared 2 nm gold nanoparticles capped with mercap-
tocarborane ligands. These monolayer‐protected clusters (MPCs) qualitatively showed 
significant toxicity and the ability to penetrate into most cell compartments, with a 
strong tendency of finally residing inside membranes [71]. Uptake of the particles by a 
human cancer cell line has been demonstrated, and their intracellular fate shows the 
preferential location of the particles in vesicles within membranes and in the nucleus. 

MA group
PLA In

water

PEG

Acetal group NCL micelles CL micelles

Polymerization

VB-caborane

Figure 3.4.9 Preparation of carborane‐containing polymer nanoparticles. Source: Reproduced from 
Ref. [67] with permission of Kluwer Academic Publishers.
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New electrochemical sensors and diagnostic tools may arise from such nanoparticles. 
The material should also be attractive as a boron‐rich agent for BNCT. Ciani et  al. 
obtained new boron carriers built with ortho‐carborane functionalized gold nanoparti-
cles (GNPs). The interaction between carboranes and the gold surface was assured by 
one or two SH‐groups directly linked to the boron atoms of the B10C2 cage. To improve 
cell uptake, the hydrophilic character of carborane functionalized GNPs was enhanced 
by further coverage with an appropriately tailored diblock copolymer (PEO‐b‐PCL). 
This polymer also contained pendant carboranes to provide anchoring to the pre‐func-
tionalized GNPs. In vitro tests, carried out on osteosarcoma cells, showed that the final 
vectors possessed excellent biocompatibility joint to the capacity of concentrating boron 
atoms in the target, which is encouraging evidence to pursue applications in vivo. 
Biological trials, performed in vitro on rat osteosarcoma cells, showed that these 
 engineered gold nanoparticles had no appreciable toxicity and were able to accumulate 
boron atoms inside the cells, which is very promising for their application in BNCT [72].

3.4.3  Summary and Outlook

Nanomaterial‐based drug systems provide the advantage of being able to penetrate cell 
membranes through minuscule capillaries in the cell wall of rapidly dividing tumor cells, 
while at the same time having low cytotoxicity toward normal cells. Nanomaterials have 
been found to have favorable interaction with the brain blood vessel endothelial cells of 
mice, and thus they might have the possibility of being transported to other brain tissues, 
making them potential NCT agents. In recent years, nanomaterial‐based BNCT agents 
were initially employed for untreatable brain cancers, glioblastoma multiforme, but, to 
date, it has not been conclusively demonstrated that BNCT is superior to standard treat-
ments for glioblastoma multiforme. At best, BNCT treatment might extend the time 
before regrowth, but it does not provide a true cure. Thus, efforts should also be made to 
treat cancers other than glioblastoma multiforme. Much effort has been directed toward 
developing nanomaterial‐based BNCT agents in recent decades. Lipidic, polymeric, and 
magnetic nanoparticles; carbon nanotubes; boron and boron–nitride nanotubes; boron 
carbides; boron powder; borosilicates; and mercaptocarborane‐capped gold nanoparti-
cles have been widely studied. However, among all of the new boron carriers developed 
in the past 50 years, none have, as yet, made it to clinical trials. It will be necessary to 
carry out further in vivo studies and clinical trails. For boron‐enriched magnetic nano-
composites, strategies are required to counter their tendency for embolization, and also 
their unclear cytotoxicity must be resolved. More advanced forms of BNTs can be antici-
pated as being of high interest in terms of their synthesis technology and water‐ solubility, 
and future applications should be significantly improved.
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3.5

3.5.1  General Introduction on BNCT: Rationale 
and Application

Boron neutron capture therapy (BNCT) is an experimental form of binary radiotherapy 
that selectively targets and damages tumor cells, even in the very challenging scenario 
in which the malignancy is infiltrating into the surrounding normal tissue or is spread-
ing in the whole organ. The physical principle of BNCT is very elegant and pretty old 
(dated back to 1936, in the publication by Gordon Locher [1]), but the therapy is still 
facing important critical issues to be solved before being exploited in its whole potential 
within clinical practice.

The rationale of the treatment relies on the nuclear capture reaction induced by 
thermal neutrons (energy <0.5 eV) in the less abundant stable isotope of boron, 10B, 
which produces a couple of highly energetic, short‐range secondary particles (see 
Figure 3.5.1).

The probability of such reaction is estimated by the nuclear physics quantity called 
microscopic cross section (σ), which for 10B equals 3840 barn when neutrons of energy 
equal to 25 meV (thermal energy) interact with 10B. The selectivity of BNCT is mainly 
due to the high linear energy transfer (LET) particles, an α‐particle and a recoil nucleus 
of lithium‐7, emitted after 10B capture reaction. In fact, these particles have the right 
energy (total maximum kinetic energy = 2.79 MeV) to induce lethal effects in the cell 
loaded by 10B [2], while their short ranges (the maximum path a charged particle can 
cross in a fixed material) are less than or comparable to the mean cell diameter (3.5 and 
8.5 µm in water for lithium and α‐particles, respectively). Thus, it allows a cell‐level‐
selective radiation treatment, driven mainly by 10B microscopic distribution before 
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 neutron  irradiation. Besides, low‐energy neutrons taken alone are practically unable to 
induce serious biological effects in cells and tissues.

Therefore, BNCT is a binary radiotherapy theoretically capable of administering a 
unique form of tumor‐cell‐selective treatment, almost impossible to gain by all the 
other available radiotherapy modalities. Practically, the effectiveness of BNCT is 
deeply connected to the optimized accumulation of selective 10B‐containing agent(s) 
in malignant cells as well as to the delivery of a suitable thermal neutron flux even at 
the deepest regions of the mass to be treated. Furthermore, the recent initiation of 
clinical trials employing hospital‐based accelerators will favor new and more numer-
ous BNCT‐treated patients. Simultaneously, huge amounts of innovative 10B‐vectors 
are continuously proposed to gain an improved selective targeting of cancer cells 
[3,4]. The first clinical trials investigating BNCT efficacy against malignant gliomas 
started in the early 1950s at the Brookhaven Graphite Research Reactor facility [5], 
using several nonselective 10B vectors (borax, sodium‐pentaborate, etc.). Around the 
beginning of the 1960s, a second BNCT facility at the Massachusetts Institute of 
Technology started its own  clinical trials on brain tumor patients [6]. The median 
survival and prognostic outcomes of these trials were largely comparable to those 
obtained at that time using  conventional radiotherapy. Unfortunately, acute side 
effects were reported due to 10 B‐vector toxicity or irradiation procedures, and in 
1961 these trials were stopped.

BNCT clinical application restarted in 1968 in Japan thanks to Professor Hatanaka, 
who introduced a new 10B‐vector, sodium borocaptate Na2B12H11SH (BSH, 
Figure 3.5.2b), which selectively targets brain tumor cells by a passive loading mecha-
nism that exploits the damaged blood–brain barrier at the tumor site. BNCT was used 
as an intraoperative radiotherapy, thus improving the dose distribution and reducing 
the thermal neutron attenuation in the first slabs of tissues. Professor Hatanaka reported 
a five‐year survival rate of 58% in patients affected by grade 3 and 4 malignant glioma, 
leading to a worldwide new interest in BNCT [7]. In 1987, the second milestone was 
delivered by Professor Mishima, who treated superficial malignant melanomas (thus 

α(1.47 MeV) + 7Li (0.84 MeV) + γ(0.48 MeV) 94%
10B + n

α(1.78 MeV) + 7Li (1.01 MeV) 6%

Figure 3.5.1 10B capture reaction induced by thermal neutrons.
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starting BNCT application to non‐brain tumors) using the other most important drug 
in BNCT, p‐boronophenylalanine (BPA, Figure 3.5.2a) [8].

On the basis of these efforts, several BNCT facilities were opened in the USA, Latin 
America, Europe, and East Asia during the 1990s, exploiting epithermal neutron beams 
extracted from research nuclear reactors to treat deep‐seated tumors [9]. At the end of 
this exponential phase, the clinical indications for the therapy went far beyond merely 
central nervous system malignancies and included skin melanomas, head and neck 
tumors, pleural mesothelioma, and hepatocellular carcinoma.

Nowadays, very few centers offer BNCT as an alternative cancer treatment, pro-
posing the therapy as phase I/II clinical trials to highly selected patients often 
affected by high‐grade malignancies and generally suffering from very poor progno-
sis. This clearly implies significant challenges in getting a proved and consolidated 
demonstration of BNCT as cancer treatment among the whole clinicians’ commu-
nity. It is likely connected to the intrinsic high complexity of the BNCT modality and 
to the obstacles connected with the construction and managing of nuclear reactors. 
Although they are presently the only available sources of stable epithermal neutron 
beams with the required high intensity to perform patient irradiation in reasonable 
times, the BNCT community is approaching a completely new phase thanks to the 
effort of several research teams involved in the development of next‐generation 
BNCT neutron sources, based on low‐energy particle accelerators [10–15]. 
Undoubtedly, the availability of accelerator‐driven facilities will improve BNCT clin-
ical trial diffusion because: (1)  accelerator technology is suitable for installation 
inside hospitals, and clinicians working in a standard radiotherapy department are 
skilled in this technology; (2) costs of low‐energy accelerator construction and main-
tenance are modest if compared to other conventional radiotherapy medical devices, 
and they are greatly lower than those of nuclear reactors; (3) properly designed 
accelerator‐based facilities are affected by very low levels of radioactivity once the 
beam is turned off, making the installation and subsequent maintenance of the 
machine much easier than that of research reactors; and (4) by changing the physical 
reactions from which neutrons are produced, the beam energy spectrum can be eas-
ily peaked at intermediate energies (typically, for clinical use, in the epithermal 
range) perfectly suitable for treating deep‐seated tumors and able to significantly 
spare superficial tissues, thus improving the quality of patient treatment.

Finally, the diffusion of BNCT as a prominent therapy is prevented by two further 
main reasons: (1) the lack of properly tumor‐selective boron carriers and (2) the 
absence of noninvasive methods for the evaluation of boron concentration in dis-
eased and healthy tissues of patients undergoing neutron irradiation. In fact, BPA 
and BSH, the commonly investigated clinical agents, do not have sufficient tumor 
selectivity, and new targeted agents are desperately needed. Furthermore, since the 
measurement of local boron concentration is crucial to determine the optimal neu-
tron irradiation time and calculate the delivered radiation dose in a personalized 
manner, new BNCT agents that are detectable with recently developed imaging 
techniques are also needed. Two problems are that boron distribution varies from 
patient to patient, and large uncertainties exist in the tumor‐to‐blood boron con-
centration ratio. This chapter will describe different strategies that greatly enhance 
the chance of success with this potentially ideal form of treatment for many types of 
cancers.
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3.5.2  Imaging‐Guided NCT: Personalization of the Neutron 
Irradiation Protocol

The effectiveness of BNCT strongly depends on the amount of energy locally 
deposited by the 10B neutron capture reaction. This energy is proportional to the 
product of 10B concentration and thermal neutron flux inside the tumor volume at 
the irradiation time. Currently, the local real‐time measurement of these quanti-
ties is a big challenge that is hardly being addressed by the BNCT researchers’ 
community.

Several techniques and methods have been developed and refined to precisely meas-
ure 10B concentration in healthy and pathological tissues [16,17]. The main drawback is 
the lack of a clinically available real‐time technique to measure 10B and neutron flux 
spatial distributions.

Nowadays, the approach used in clinical trials to prescribe a therapeutic dose to 
the tumor is an indirect method based on pharmacokinetics models, which predict 
the 10B concentration in the tumor, surrounding tissues, and peripheral blood as a 
function of time and initial injected 10B doses. Blood samples are taken immediately 
after starting boron infusion and after regular time intervals up to the end of the 
treatment. 10B concentration is usually measured by inductively coupled plasma–
mass spectrometry (ICP‐MS). Combining the blood ICP‐MS result with the mathe-
matical model of 10B uptake and wash‐out, the current 10B concentration in the 
tumor is inferred [18]. Once the 10B concentration is known, it is used within BNCT‐
dedicated treatment planning systems (TPSs) to calculate doses. Limitations and 
drawbacks of such indirect approaches are quite clear. Several clinical experiences 
reported that the follow‐up did not show the expected outcomes and also that differ-
ent posttreatment results were observed even after application of the same BNCT 
protocols. These differences can be explained by a lack of precision in dosimetry 
assessment that could be improved by a deeper knowledge of boron concentration 
during irradiation.

In this section, attention will be devoted mainly to the exploitation of high‐sensitivity 
imaging techniques, namely positron emission spectroscopy (PET), single‐photon 
emission computed tomography (SPECT), and magnetic resonance imaging (MRI) and 
spectroscopy (MRS), to overcome this fundamental limitation. Examples of optical 
imaging applications also will be described.

3.5.2.1 Positron Emission Tomography

PET represents a significant advance in cancer imaging and has improved the man-
agement of patients. In PET imaging, positrons are emitted by a radionuclide, and 
they interact with an electron in an annihilation process. This process produces two 
coincident 511 keV photons, which are detected simultaneously in a detector ring 
[19]. During the last decade, several PET radiopharmaceuticals entered the clinic, and 
PET became an important tool for the staging of cancer patients and assessing 
response to therapy. The physical integration of PET and computed tomography (CT) 
in hybrid PET‐CT scanners allows combined anatomical and functional imaging. 
PET can be used for tumor staging and to predict tumor response to the therapy, 
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detect early recurrence, and monitor the therapeutic treat-
ment. PET scans necessitate the injection of a small amount 
of biologically significant material like glucose or oxygen 
that has been labeled with  radionuclides such as carbon‐11, 
nitrogen‐13, oxygen‐15, and fluoride‐18. The most com-
monly used isotope in PET scans is fluorine‐18 because of 
its long half‐life of approximately 110 min and the low 
energy of its emitting positrons, which contributes to high‐
resolution image acquisition [20]. FDG (fluorine‐18 com-
bined with deoxy‐glucose) is the most used radiotracer in 
clinical practice. When a PET tracer, such as fluorine‐18, is 
coupled to a BNCT agent, it yields an interesting route for 
its localization and quantification before and after the ther-
apeutic treatment. In this context, a fluorine‐18 boronophenylalanine analog 
(18F‐FBPA) (Figure 3.5.3) was first proposed for in vivo evaluations of BPA biodistri-
bution in brain tumors [21].

In 18F‐FBPA, the radiolabeled fluorine atom is embedded into BPA in place of a 
hydrogen atom, and this may slightly increase the lipophilicity in comparison to the 
parent unmodified compound. Most of the papers of the last ten years on PET‐guided 
BNCT applications concern the determination of the boron concentration in tumor 
and normal tissues based on 18F‐BPA molecular imaging [22]. One of the most impor-
tant BNCT application fields regards the treatment of recurrent head and neck malig-
nancies, as it avoids severe impairment of orofacial structures and functions. In this 
context, a successful application of PET‐guided BNCT on a patient bearing a recurrent 
submandibular gland cancer was reported by Aihara and coworkers [23]. A complete 
regression in the tumor, and no acute or chronic complications for 1.5 years, was 
observed. The BPA‐accumulating capacity of the tumor by 18F‐BPA was determined 
before BNCT. The tumor–normal tissue boron concentration ratio was 2.9, superior to 
2.5 and expected to respond well to BNCT. The same method was then applied four 
years later on four patients with local recurrence or metastasis to the regional lymph 
nodes after completion of initial treatments, including surgery, chemotherapy, and radi-
otherapy [24]. All patients showed at least a tentative partial response, while a marked 
improvement in  quality of life was seen in one patient.

Recently, a comparison of the accumulation of 18F‐BPA with that of 18F‐fluorodeoxy-
glucose (18F‐FDG) in head and neck cancers has been reported to assess the usefulness 
of 18F‐FDG PET for screening candidates for BNCT [25] 18F‐FDG is the most popular 
PET tracer and is available in many hospitals. Twenty patients with pathologically 
proven malignant tumors of the head and neck underwent both whole‐body 18F‐BPA 
PET–CT and 18F‐FDG PET–CT within two weeks of each other. The accumulation of 
18F‐FDG was significantly correlated with that of 18F‐BPA, demonstrating that 18F‐FDG 
PET might be an effective screening method for selecting patients with head and neck 
cancer for BNCT treatment.

Like head and neck tumors, meningiomas and schwannomas associated with neurofi-
bromatosis‐2 (NF2) also are malignancies that cannot be completely controlled by con-
ventional surgery, radiotherapy, and chemotherapy. Clearly, novel treatment modalities, 
such as BNCT, should be considered in severe NF2, where multiple tumors cause early 
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morbidity and mortality. As a first test, the uptake of 18F‐BPA was studied in ten patients 
with sporadic or NF2‐associated meningiomas and schwannomas [26]. All tumors 
accumulated 18F‐BPA and could be visualized. A model including three parameters – K1 
(transport), k2 (reverse transport), and k3 (intracellular metabolism) – was applied to 
better illustrate 18F‐FBPA uptake kinetics. Tracer input function and cerebral blood 
 volume were measured (Figure  3.5.4). 18F‐BPA uptake in tumor and brain was 
assessed with a three‐compartmental model and graphical analysis. Not necessarily all 

(a) (b)

(c) (d)

Figure 3.5.4 (a) Cerebral blood volume and (b–d) 18F‐BPA PET images of a patient with a sporadic right 
vestibular schwannoma. In spite of the small volume of the tumor, which measured 16 mm in diameter, 
the schwannoma is well visualized with 18F‐BPA in (b), whereas the blood volume image obtained with 
inhaled [15O]CO shows only major cranial vessels. In (c), increased tracer uptake is seen in nasal mucosa 
and the parotid glands, while (d) indicates that the scalp has a higher uptake than the brain. This is in line 
with skin and mucosal toxicity seen in BNCT, where BPA is found to accumulate in these normal tissues. 
Source: Havu‐Auren et al. (2007), fig. 3, p. 90. Reproduced with permission of Springer‐Verlag.
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schwannomas and meningiomas continue to metabolize 18F‐BPA beyond transport 
more than the normal brain does. Therefore, the authors outlined the need for PET 
imaging to individually assess the applicability of BNCT using BPA and suggested that 
some but not all schwannomas and meningiomas may be suitable for BNCT in spite of 
similar presentation in morphological imaging (Figure 3.5.4). Finally, they hypothesized 
that meningiomas and schwannomas can be therapeutically affected by BNCT at lower 
BPA gradients than those needed for malignant gliomas, suggesting the use of low‐dose 
BNCT, possibly fractionated, as a totally new concept based on the increased vascular-
ity and proliferative capacity of meningioma vessels.

The application of this closed three‐compartment model (Figure  3.5.5), based on 
dynamic 18F‐BPA–PET studies to estimate the BPA concentrations in the tumor and the 
normal brain with time, was extended to a total of 98 patients with glioma treated with 
BPA‐F‐mediated BNCT in Finland from 1999 to 2011 [27].

The authors concluded that constant tissue‐to‐blood boron concentration ratios 
might not be valid approximations at the time of neutron irradiation. Its validity remains 
to be verified for 2‐h BPA infusions delivering clinically useful BPA doses (290 mg/kg or 
higher). The same model was then adopted by Menichetti et al. [28].

In alternative, Michiue and coworkers [29] recently proposed a mercapto‐
closo‐undecahydrododecaborate fused with a short arginine peptide (BSH‐3R) that 
allows the penetration of glioma cell membranes. To monitor the pharmacokinetic 
properties of these agents in vivo, BSH and BSH‐3R were linked to 64Cu‐DOTA as a PET 
probe. BSH‐3R appeared to be the ideal boron compound for clinical use during BNCT, 
and its development is essential for pharmacokinetic imaging.

3.5.2.2 Single‐Photon Emission Computed Tomography

To solve the problem of real‐time measurement of 10B distribution, a useful tool is the 
478 keV photon emitted after 10B capture reaction by the excited 7Li recoil nucleus (see 
Figure 3.5.1). The possibility to perform a real‐time counting of the reaction rate on 10B 
through the detection of this photon represents an attractive strategy to solve the 
described challenge of monitoring the therapeutic dose, and it would allow the  
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Figure 3.5.5 A 3‐compartment model for 18F‐BPA uptake. The rate constants K1, k2, k3, and k4 define 
the transport between the central compartment Cp (plasma); the tissue compartment C1 represents 
nonspecifically bound 18F‐BPA; and the deeper tissue compartment C2 represents 18F‐BPA bound in 
the tissue (cell). K1 and k2 are the rate constants for forward and reverse transport of 10B BPA across the 
blood–brain barrier, respectively. k3 and k4 are the anabolic and the reverse process rate constants. 
Source: Koivunoro et al. (2015), fig. 1, p. 190. Reproduced with permission of Elsevier.
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 real‐time optimization of the irradiation plan, thus improving the effectiveness of 
BNCT and the therapy personalization for each patient.

Considering the following relationship:

 D n dVB~  (3.5.1)

where D = the dose; nB = the density of 10B nuclei; σ = the microscopic cross section of 
the 10B capture reaction; Φ = the neutron flux; and V = the volume where the dose must 
be measured. It follows that the counting of 478 keV γ‐rays means a direct estimation of 
the product nBΦ and consequently of the dose D. Due to the emission of a single  photon, 
the development of a BNCT‐dedicated SPECT is the logic consequence. Presently, a 
few groups worldwide are investigating the possibility to develop such a SPECT  system 
[30–32], using mainly solid‐state detectors.

The main advantage of this technique is that the probe required for the imaging is 
exactly the same molecule used for therapy, thus avoiding further radioactivity 
delivered to the patient and the development of a specific tracer.

3.5.2.3 Magnetic Resonance Imaging and Spectroscopy

Nuclear magnetic resonance (NMR) detection of BNCT agents can be pursued by both 
imaging (MRI) and spectroscopy (MRS) modalities. Nuclei used for these applications 
are 1H, 19F, and 10B/11B.

3.5.2.3.1 1H‐MRI
1H‐MRI has been proposed to assess the biodistribution of BNCT compounds. 
Although its sensitivity is lower in comparison to nuclear and optical modalities, the 
high spatial resolution (<100 µm) of 1H‐MRI can provide detailed morphological and 
functional information, and the absence of radiation makes it safer than techniques 
based on the use of radioisotopes. Furthermore, as MRI does not use decaying isotopes, 
the observation time window is significantly larger and the scan can be repeated with-
out any toxic effect detected. An MRI signal is dependent on the longitudinal (T1) and 
transverse (T2) relaxation times of water protons, and therefore the contrast in an MR 
image arises mainly from differences in the relaxation times of tissue water protons as a 
consequence of the interaction with biological macromolecules and membranes. In 
both clinical and experimental applications, the endogenous contrast can be altered by 
the use of contrast agents (CAs) that are able to decrease T1 and T2 of water protons in 
the tissues where they distribute. Most of the contrast agents used in clinical settings 
are polyaminocarboxylate complexes of Gd3+. The ligands are multidentate (seven or 
eight donor atoms), forming complexes with very high thermodynamic and kinetic 
 stabilities, thus limiting the release of the highly toxic free metal ions. Thus, these agents 
can be used to carry out an indirect boron quantification upon their linking to the neu-
tron capture compound by measuring the MRI signal intensity enhancement, which is 
directly proportional to the local concentration of the Gd‐containing probe. Interestingly, 
a given cell can be visualized by MRI when the number of Gd3+ complexes is of the 
order of 108–109 per cell (i.e., the same concentration of 10B atoms needed to provide an 
effective BNCT treatment). Different types of dual probes, containing both a paramag-
netic ion for MRI detection and 10B atoms for BNCT, have been reported in the last ten 
years. Unfortunately, the presence of the MRI probe caused a dramatic change in their 
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biodistribution. For example, the intratumor boron concentration of BPA conjugated to 
the Gd‐DTPA complex (Figure 3.5.6a) was significantly reduced with respect to BPA 
alone, as a consequence of its decreased affinity for BPA receptors [33]. This problem 
can be overcome by using nanosized delivery agents (i.e., liposomes, micelles, polymers, 
proteins, etc.) able to simultaneously deliver both BNCT and MRI agents without any 
alteration of the nanoparticle biodistribution and interaction with specific receptors. In 
this context, a dual MRI–BNCT probe, containing a carborane linked to a Gd‐DOTA 
monoamide complex for MRI and an aliphatic chain (AT101, Figure  3.5.6b) for the 
binding to a biological nanocarrier represented by low‐density lipoproteins (LDLs), has 
been recently reported [34].

LDLs were exploited as nanosized carriers for highly proliferating tumor cells that 
overexpress LDL receptors, namely human hepatoma (HepG2), murine melanoma 
(B16), and human glioblastoma (U87). Cellular labeling experiments were performed, 
and the MRI assessment of the amount of boron taken up by tumor cells was validated 
by ICP‐MS measurements (Figure 3.5.7).

BNCT was performed inside the thermal column of the TRIGA Mark II reactor at the 
University of Pavia on B16 melanoma tumor‐bearing mice after administration of the 
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B/Gd‐containing agent. An intratumor boron concentration of more than 30 ppm was 
measured by MRI 3–4 h after boron administration (Figure  3.5.8). BNCT treatment 
resulted in a dramatic reduction in tumor growth over that observed in untreated 
 animals [35].

The same adduct, LDL/AT101, was then used for the MRI‐guided treatment of lung 
metastases generated by intravenous (i.v.) injection of a Her2+ breast cancer cell line 
(i.e., TUBO) in BALB/c mice (Figure 3.5.8) and transgenic EML4‐ALK mice that were 
used as the primary tumor model [36]. Tumor masses of boron‐treated mice increased 
markedly slower than those of the control group. Other synthetic strategies have been 
accomplished to insert a cholesterol moiety, shorten the preparation by using the 
 hydroboration reaction, or introduce a triazole unit via a Huisgen reaction [37–39].

3.5.2.3.2 MRS Spectroscopy
19F MRI is a useful method to investigate the pharmacokinetics of fluorinated drugs. 
The 19F nucleus has a 100% abundance, and its NMR sensitivity is 83% of that of 1H 
(with constant noise). There is a negligible endogenous 19F MRI signal from the body, as 
the physiological concentration of detectable mobile fluorine is below the detection 
limit (usually, less than 10−3 µmol/g wet tissue weight). This lack of background signal 
provides 19F MRI with a potentially extremely high contrast‐to‐noise ratio and specificity, 
if a fluorinated compound can be introduced as an exogenous contrast agent [40]. 
In  vivo experiments using the C6 rat glioma model demonstrated that 19F MRI in 
 combination with 1H MRI can selectively map the biodistribution of BPA labeled with a 
19F atom (19F‐BPA). Furthermore, correlation between the results obtained by 19F MRI 
on rat brain and 19F MRS on blood samples showed the maximum 19F‐BPA uptake 
in  the C6 glioma model at 2.5 h after infusion, determining the optimal irradiation 
time. The improved 19F‐BPA–fructose complex uptake in C6 tumor‐bearing rats after 
L‐DOPA pretreatment was also observed using 19F MRI [41].

3.5.2.3.3 10B and 11B NMR
Both natural boron isotopes 11B (80% natural abundance) and 10B (20% natural abundance) 
are detectable by NMR. 11B has spin 3/2, a quadrupole moment of 4.06 fm2, and a rela-
tive gyromagnetic ratio of 0.32, whereas 10B has spin 3, a quadrupole moment of 
8.46 fm2, and a relative gyromagnetic ratio of 0.107. Since 10B is the isotope active for 
BNCT, the molecules used for the therapy are 10B enriched, but in consideration of the 
11B natural abundance in comparison to 10B isotopes, higher sensitivity and better spec-
tral resolution of 11B should be expected. Otherwise, the unique relaxation properties of 
spin 3 might cause the T2 of 10B to be longer than 11B T2 at the same molecular site. For 
this reason, both boron isotopes have been proposed in MRI–BNCT applications. One 
recent study reports the study of metabolism of a BPA–fructose complex or BSH solu-
tions in a clinical trial by 10B NMR [42]. Two patients, who suffered from squamous cell 
carcinoma of head and neck, were infused with 10B‐enriched BNCT agents. Urine 
 samples were periodically collected and analyzed by 10B NMR spectroscopy. The results 
revealed time‐dependent metabolic changes of the administered compounds. BPA–
fructose dissociated to the constituents BPA and fructose, and the borate group was 
partly cleaved from BPA. BSH was partly aggregated to a dimer form, BSSB. These 
observations were previously reported for cultured cells and animal models and were 
confirmed in Ref. [43] in human cancer patients. Also, 10B and 11B NMR‐based 
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Figure 3.5.8 (a,b) Representative T1‐weighted MR images of C57BL/6 mice grafted subcutaneously with B16 melanoma cells. (d,e) 
BALB/c mice with pulmonary metastases generated by the injection of breast cancer cells (TUBO). Images were acquired (a,d) before, 
(b) 4 h after, and (e) 3 h after the administration of AT101/LDL particles. The arrows indicate tumor regions. The graphs show the 
percentage of tumor volume increase, measured by MRI on (c) B16 tumors and (f ) lung metastasis. Error bars indicate the SD. Source: 
(a,b) Adapted from Geninatti Crich et al. (2011), fig. 3, p. 8483. (c) Adapted from Geninatti Crich et al. (2011), fig. 4, p. 8484. (d,e) 
Adapted from Alberti et al. (2015), fig. 3, p. 746. (f ) Adapted from Alberti et al. (2015), fig. 5, p. 748.
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 spectroscopic methods have the advantage of not requiring any boron carrier chemical 
modification; however, their sensitivity is significantly lower than that of PET, SPECT, 
and MRI and currently does not allow the quantification of the boron amount accumu-
lated at the tumor site in vivo during standard BNCT treatments.

3.5.2.4 Optical Imaging

Optical imaging (OI) uses non‐ionizing radiation ranging from ultraviolet to infrared 
light. In preclinical cancer research, it is primarily exploited for localizing tumors and 
metastases as well as for monitoring disease progression. One of the fundamental 
advantages of OI use in biomedical research is the accessibility to interactions between 
light and tissue and the corresponding photophysical and photochemical processes at 
the molecular level. Generally, in vivo OI is based on the illumination of a target tissue 
with a light source of a specific wavelength or wavelength range that is able to excite 
fluorophores. The excitation light has to penetrate through several tissue layers to reach 
the fluorophores and is, therefore, partially reflected and scattered. Photons are also 
absorbed by various types of molecules and tissue components [44]. Some examples of 
fluorescent‐labeled potential BNCT agents have been recently described, but few of 
them have then been used in preclinical or clinical studies. Figure  3.5.9a shows a 
benzo[b]acridin‐12(7H)‐one fluorophore bearing a carboranyl moiety, and its biologi-
cal effectiveness as a BNCT agent in cancer treatment has been reported [45].

The cellular uptake of these novel compounds into U87 human glioblastoma cells was 
evaluated by boron analysis (ICP‐MS) and confocal microscopy. The compound entered 
the cells and deposited a sufficient amount of boron atoms (2.8 × 1010 10B atoms per cell) 
by fulfilling the requirement of low cytotoxicity in the absence of neutron irradiation. 
Its cellular trafficking was studied by time‐lapse confocal fluorescence microscopy in 
live cells by taking advantage of its fluorescence properties (Figure 3.5.10). Remarkably, 
carboranylmethylbenzo[b]acridin‐12(7H)‐one presented considerably high activity in 
the U87 cells when combined with neutron irradiation.

Another interesting example is represented by the fluorescence‐labeled closo‐
dodecaborane lipid (FL‐SBL; Figure 3.5.9b) synthesized from (S)‐(+)‐1,2‐isopropylidene-
glycerol [46] and loaded into highly sensitive DSPC liposomes. No BNCT experiments 
were accomplished, but a preliminary in vivo imaging study of tumor‐bearing mice 
revealed that the FL‐SBL‐labeled DSPC liposomes were delivered to the tumor tissue 

(a)

R1

R2

O2N

C17H35

N N
O

O

O

O

O

O

O
S

R2

R1

BH
C

a R1= H, R2= H
b R1= OMe, R2= H
c R1= OMe, R2= Br

(b)
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Boronated Compounds for Neutron Capture Therapy 401

but not distributed to hypoxic regions. Very recently, Bregadze and coworkers reported 
the synthesis and in vitro studies of boronated Zn(II) phthalocyanine. A multistep 
reaction sequence starting with cyclotetramerization of 4‐(3,5‐dimethoxyphenoxy)
phthalonitrile in the presence of zinc(II) acetate was exploited; its detailed intracellular 
distribution and localization were studied using confocal laser scanning. The boronated 
phthalocyanine was found to accumulate in A549 human lung adenocarcinoma cells. 
Its maximal cytoplasmic concentration was achieved at an extracellular concentration 
of 32 ± 3 μM [47].

3.5.2.5 Boron Microdistribution

Knowledge concerning 10B microdistribution in normal and tumor tissues is of critical 
importance for BNCT’s success. Many analytical approaches, such as prompt γ‐ray 
spectroscopy and atomic emission spectroscopy, yield average boron concentrations 
from gross tissue specimens and, therefore, have limited utility for studying the 
microdistribution of boron delivery agents. Conversely, the double‐focusing magnetic 
 sector‐dynamic secondary ion mass spectrometer (SIMS‐based ion microscopy) is 

(A)

(B)

Figure 3.5.10 Fluorescent live‐cell imaging of the carboranylmethylbenzo[b]‐acridones: (Panel A) 
Figure 3.5.9a compound a and (Panel B) Figure 3.5.9a compound c in the U87 cells visualized by 
time‐lapse confocal microscopy. The whole cell or cell nuclei were stained with (Panel A) DHE shown 
in red or (Panel B) Hoechst 33342 shown in blue. After incubation with the dyes for 10 min, the cells 
were washed with phosphate‐buffered saline (PBS), and the compounds were added at 200 μM. 
Images in (Panel A) blue or (Panel B) green channels were acquired after a 30‐min time period. 
Source: Da Silva et al. (2014), fig. 5, p. 5205. Reproduced with permission of The Royal Society of 
Chemistry.
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 particularly well suited for boron microlocalization studies [48]. The technique 
 maintains the  spatial integrity of the analyte sputtered from the surface of the sample, 
producing images of isotopic distribution, which can be related to tissue histology with a 
resolution comparable to that of a high‐quality light microscope. The boron analysis by 
the ion microscope is not affected by elemental speciation (the free or bound chemical 
form of boron) within the biological matrix. In this context can be placed the interesting 
approach of Chandra and coworkers [49], where SIMS was used for the assessment of 
different boron pools in the nucleus and cytoplasm of human GBM (glioblastoma mul-
tiforme) cells following exposure to BPA and to the new agent, cis‐ABCPC (1‐amino‐3‐
boronocyclopentanecarboxylic acid). Moreover, α‐autoradiography has generally been 
used to detect 10B intracellular microdistribution. In fact, autoradiography images gen-
erated by the individual tracks of the α‐ and lithium particles provide fundamental 
information on the spatial distribution and localized dosimetry of boron in tissues. 
Using this technique, Portu et al. [50] explored potential changes in boron microdistri-
bution in a hamster cheek pouch oral cancer model, using neutron capture autoradiog-
raphy, to evaluate if the distribution of GB‐10 (decahydrodecaborate) was altered by 
prior application of BPA–BNCT in sequential BNCT protocols.

3.5.3  Targeted BNCT: Personalization of in vivo  
Boron‐Selective Distribution

The development of new, more selective boron delivery agents is the other fundamental 
need for the future progress of BNCT [51]. In fact, although the currently clinically 
used boron delivery agents (BSH and BPA) have shown good therapeutic results, they 
lack specificity for tumors with respect to healthy cells. This is one of the limiting 
 factors that prevent the diffusion of this therapy in mainstream medicine. Thus, one 
of the most effective ways to optimize BNCT is to increase the tumor–normal tissue 
ratio achieved with BPA and BSH. In the past decade, much progress has been made 
in phenotyping human tumors. Knowledge of cancer at the molecular level has greatly 
increased, and this has prompted new targeted therapies for cancer. Precise therapeu-
tic protocols exploit changing cell membrane receptor and transporter expression, 
enzymatic activity, and increased cell metabolism (Figure 3.5.11) [52]. This section 
will describe different strategies used in the last ten years to improve tumor boron‐
selective delivery, dividing the different boron carriers into small and nanosized, 
respectively, and highlighting advantages and disadvantages of their use.

3.5.3.1 Small‐Sized Boron Carriers

There are many examples reported in the literature of small boron carriers targeted to 
specific receptors or transporters expressed on tumor cells. The use of delivery agents 
with a size <10 nm has the advantage of a more accurate molecular characterization of 
the carrier and an easier extravasation and perfusion of the tumor mass. However, it is 
obvious that the smaller size prevents them from carrying huge amounts of boron, thus 
reducing their efficiency and requiring the exploitation of high‐capacity transporters 
and receptors for their cell internalization.
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Boron carriers (summarized in Table 3.5.1) are functionalized with groups recogniz-
ing specifically the target epitope, such as peptides [53,54], nucleosides [55,56], car-
bohydrates [57], unnatural amino acids [58,59], or other molecules of biological 
interest [60]. Unfortunately, only a few of them have been used for in vivo tumor 
irradiation [55,56].

The use of peptides is particularly suitable for these applications as a consequence of 
their high selectivity for transmembrane receptors overexpressed on tumor cells. Due 
to their specific expression on proliferating endothelial and tumor cells of various ori-
gins, integrins αvβ3 are one of the most attractive targets for antitumor drug delivery 
and tumor imaging [61]. Integrins regulate a diverse array of cellular functions related 
to progression, angiogenesis, and metastasis in the tumor microenvironment. On this 
basis, Dubey and coworkers [53] developed a promising trifunctional theranostic agent, 
DC‐1 (Figure 3.5.12), comprising a nonpeptidic integrin ligand, a monomethine  cyanine 
dye, and a carborane dendritic wedge for BNCT, allowing a very high boron content 
(60 boron atoms/molecule).

A scaffold‐based L‐lysine was used to combine all three modalities in one construct. 
Another promising approach exploited by Ahrens et al. [54] is represented by peptide 
ligands selectively targeting distinct G protein‐coupled receptors that are highly 
expressed in tumor tissue. Analogs of neuropeptide Y (NPY) bind and activate the 
human Y1 receptor subtype (hY1 receptor), which is found in 90% of breast cancer 
 tissue and in all breast‐cancer‐derived metastases. Each peptide carries 30 boron atoms. 
The boron uptake in human Y1R‐expressing cells was more than tenfold higher than 
the threshold limit value of 109 boron atoms per cell, which is necessary for successful 
BNCT treatments.

An alternative molecular target is thymidine kinase‐1 (TK1), a cytosolic deoxynu-
cleoside kinase whose activity is only found in proliferating cells; it is distributed and 
expressed in a wide variety of malignant tumors [62]. Barth and coworkers [55,56] 
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Figure 3.5.11 Schematic representation of tumor cell destruction by BNCT using targeted boron 
carriers.



  Table 3.5.1    Summary of novel small‐sized boron delivery systems for BNCT 

Boron carrier Receptor Tumor model Boron ppm in tumor Tumor–organ ratio BNCT Ref.    

Peptide: RGD‐mimetic  α v β 3 integrins WM115 and MCF7 cells ND  Tumor/liver = 3 
 Tumor/lung = 6 

No 53  

Neuropeptide hY1 and hY2 HEK293_hY1R_EYFP; HEK293_
HA_hY2R_EYFP cells

 17.8 × 10 9  and 11.3 × 10 9  boron 
atoms per cell 

ND No 54  

Carboranyl nucleoside Thymidine kinase F98 glioma‐bearing rats 27.6 Tumor/brain = 10.6 Yes 55 
56  

5‐thio‐D‐glucopyranose Glucose transporters SK‐Hep1 human hepatocellular 
carcinoma

1 × 10 11  boron atoms per cell ND No 57  

Unnatural amino acids 
(AA)

AA transporters B16 melanoma F98 rat glioma 31.7 Tumor/brain = 15.1 No 58 
59
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exploited TK1 substrates, which are selectively trapped in tumor cells after selective 
phosphorylation, as boron delivery agents for brain tumors (Figure 3.5.13). BNCT 
has been performed on mice bearing L929 TK1(+) tumors, which had received thymidine 
targeted compound (by intratumor injection). They showed an average 15‐fold 
reduction in mean tumor volume on day 30 after implantation. In contrast, animals 
bearing L929 tumors not expressing TK1 showed modest reductions in tumor vol-
umes, which were not significantly different from those of irradiated animals bearing 
TK1(+) tumors without boron treatment. The reduction in tumor volumes corre-
lated with a marked decrease in the number of proliferating cells. The last example 
is a new class of boronated unnatural cyclic amino acids [58,59] showing a good 
selectivity toward tumors in animal and cell culture models, higher than that of 
 currently used agents in clinical BNCT. One of these amino acids, ABCPC, has 
shown a tumor‐to‐blood ratio of 8 and a tumor‐to–normal brain ratio of nearly 21 in 
a melanoma‐bearing mouse model.
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Figure 3.5.12 Schematic representation of the trifunctional agent DC‐1.
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Figure 3.5.13 Schematic representation of  
3‐[5‐{2‐(2,3‐dihydroxyprop‐1‐yl)‐o‐carboran‐1‐yl}
pentan‐1‐yl] thymidine (N5–2OH).
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3.5.3.2 Nanosized Boron Carriers

Nanosized carriers, with a diameter ranging from 50 to 200 nm, can be loaded with a 
large amount of boron atoms to be specifically delivered into tumors, thus avoiding 
intratumor injection, which has many disadvantages. In fact, the most appropriate Gd 
administration is i.v., because it allows the accumulation in tumors through active 
(receptor‐mediated endocytosis) or passive (enhanced permeation and retention [EPR]) 
targeting while avoiding systemic distribution in normal tissues. The literature on the 
use of nanoparticles to selectively deliver drugs, vaccines, and imaging agents has 
 exponentially increased in recent years, and they appear to be good candidates for the 
specific delivery of boron agents to tumor cells.

Liposomes are the most‐used nanosized boron carriers [63]. They are spherical 
 vesicles composed of a unilamellar lipid bilayer and are able to transport their contents 
encapsulated in their internal aqueous cavity and/or intercalated in the phospholipid 
bilayer, thus allowing the transport of both hydrophilic and hydrophobic boron‐
containing compounds to tumors (Figure 3.5.14).

A nonspecific class of liposomes, long‐time circulating polyethylene glycol (PEG)‐
coated liposomes, is able to accumulate in solid tumors as a consequence of microvas-
cular permeability and defective lymphatic drainage. The extent of passive 
extravasation directly depends on the prolonged residence time of liposomes in the 
bloodstream. In the absence of liposome active targeting, the boron‐containing mol-
ecule must first be released in the tumor extracellular matrix in order to allow its 
diffusion into cells. Alternatively, the active liposomes’ targeting to tumor cells is 
obviously a promising strategy to improve drug delivery to tumors. Table 3.5.2 shows 
some examples of liposomes functionalized with specific ligands that are able to bind 
and be internalized through receptors expressed on tumor vasculature or on tumor 
cells [38,64–67]. In all the formulations herein reported, a significant increase of 
tumor‐to–healthy tissue boron ratio was observed. Alternatively, a widely used 
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Figure 3.5.14 Schematic representation of a liposome loaded with drugs and imaging agents.
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 natural boron nanocarrier is made up of LDLs that accumulate in tumor cells character-
ized by an upregulation of LDL receptors together with a good selectivity between 
tumor and healthy tissues [35,36]. LDLs have been loaded with a Boron–Gd probe to 
perform imaging‐guided BNCT. In vivo MR image acquisition showed that the 
amount of boron taken up in the tumor region was 30.5 and 41 ppm for mouse mela-
noma and lung metastasis generated by mammary adenocarcinoma, respectively. 
After neutron irradiation, tumor growth was followed for 30–40 days by MRI. Tumor 
masses of boron‐treated mice increased markedly slower than those of the control 
group. Finally, a recent paper by Tietze et al. [68] describes a promising strategy to 
deliver boron in tumor tissues based on the use of magnetically directed nanoparti-
cles. This implies the use of i.v.‐administered  superparamagnetic iron‐oxide nano-
particles (SPIONs) coated with boron‐containing  molecules, which are attracted by 
an external magnetic field that is directed to the tumor tissue. This leads to an 
enhanced local enrichment of particles in the area of interest due to bypassing the 
metabolic barriers, RES uptake, and dilution effects.

3.5.4  Combination of BNCT with Other Conventional 
and Nonconventional Therapies

In recent years, much attention has been devoted to combinations of different therapeutic 
modalities, as possible strategies to treat cancer. This relies on the evidence that 
although a large majority of chemotherapeutic protocols and radiotherapies can con-
siderably reduce tumor masses, they often fail in causing their complete regression as 
shown by a high number of tumor recurrence cases. Moreover, the time‐dependent 
development of chemoresistance and radioresistance by a minor cell population within 
the tumor and the nonspecific toxicity toward normal cells are the other major limitations 
of standard therapies.

Table 3.5.2 Summary of novel nanosized boron delivery systems for BNCT

Boron carrier Receptor Tumor model
Boron ppm 
in tumor BNCT Ref.

Hyaluronan‐targeted 
liposomes

CD44 AB22 mesothelioma‐
bearing mice

10 Yes 64

Transferrin‐targeted 
liposomes

TfR1 Colon 26 tumor‐
bearing mice
F98 glioma tumor‐
bearing rats

35/82 Yes/no 65,66

Nontargeted 
liposomes

Passive targeting Hamster cheek pouch 
oral cancer model

67 Yes 67

Folate‐targeted 
liposomes

Folate receptor Human ovarian cancer 
cells (IGROV‐1)

38 Yes 38

Low‐density 
lipoproteins (LDLs)

LDL receptor B16 melanoma and 
lung metastasis

30.5/41 Yes 35,36
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3.5.4.1 Chemotherapy

Although the concurrent administration of chemotherapy and radiotherapy is a stand-
ard protocol for the treatment of many cancers, few examples about the combination of 
BNCT with chemotherapy have been reported until now. Carborane‐loaded nanoparti-
cles are good candidates to achieve this goal, because the formed hydrophobic core can 
be efficiently loaded with hydrophobic drugs. Also, owing to the presence of hydridic 
B − H units, carboranes are involved in particular kinds of interactions, such as dihydro-
gen bonding [69,70]. As a result, carboranes are able to interact with anticancer drugs 
to increase loading contents and provide synergistic effect through the bond of 
B − H‐ · · · H − X, where X is N, O, or S. In this context, Xiong et  al. [71] proposed 
poly(ethylene glycol)‐b‐poly(L‐lactide‐co‐2‐methyl‐2(2‐dicarba‐closo‐dodecarborane)
propyloxycarbonylpropyne carbonate) (PLMB) that self‐assembled into nanoparticles 
in water as a consequence of the carborane hydrophobicity. PLMB nanoparticles 
showed prolonged blood circulation time and enhanced accumulation of boron species 
at the tumor site. Owing to the dihydrogen bonds between carborane and DOX, DOX 
was readily encapsulated, and DOX@PLMB nanoparticles exhibited a pH‐dependent 
release behavior in vitro. Neutron irradiation showed the highest therapeutic efficacy 
compared to individual chemotherapy or BNCT in vivo.

3.5.4.2 Photodynamic Therapy (PDT)

Other promising results have been obtained by the combination of PDT and BNCT to 
eliminate unresectable glioblastoma cells that invade adjacent normal brain tissue. PDT, 
similarly to BNCT, is a binary modality for tumor treatment that relies on the selective 
accumulation of a sensitizer within tumor tissue, followed by its activation upon irra-
diation with red light [72–74]. A PDT and BNCT combination using a single drug has 
several advantages, including increased therapeutic effect due to the targeting of differ-
ent cellular components and/or mechanisms of tumor cell destruction. Conjugation of 
porphyrins with boron polyhedra results in compounds comprising the photosensitiz-
ing porphyrin moiety and the boron cluster capable of capturing neutrons. This type of 
compound is promising not only for PDT, but also for BNCT.

3.5.4.3 Standard Radiotherapy

To the authors’ knowledge, all the reported studies about the combination of BNCT 
with X‐ray external beam radiotherapy (XRT) are regarding brain tumors, in particular 
GBM. This is due to the still very poor prognosis of GBM patients despite the continu-
ous improvements in available treatments, primarily based on adjuvant radiotherapy 
and adjuvant chemotherapy following initial surgery. For GBM patients, postoperative 
fractionated XRT is often considered. In fact, prolonged overall survival in selected 
patients has been reported when radiosurgery, stereotactic radiotherapy, proton beam 
radiation, or other conformal radiotherapies, or the addition of a radiosurgical boost 
prior to external radiotherapy, have been administered in combination with the primary 
resection [75,76]. Regardless, fractionated radiotherapy cannot control GBM because 
of the limitations in dose delivery due to normal brain tolerance. In this context, BNCT 
may improve local control and survival after the initial treatment of the malignancy 
thanks to its cell‐selective feature.
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The first experimental study of subsequent administration of BNCT and a boost of 
X‐ray irradiation was reported by Barth and coworkers [77]. The study was based on the 
premise that the high‐LET radiations associated with BNCT would kill both hypoxic 
and oxygenated cells, thus reducing the tumor burden and improving the cytotoxic 
effect of the following X‐ray irradiation. The F98 glioma model and MRA 27 human 
melanoma model of metastatic brain tumor were induced in nude rats. The 10B‐carriers 
were a combination of BSH and BPA or BPA alone, respectively. Two routes of 10B 
administration were tested, i.v. and intracarotid (i.c.) injection, the latter being more 
effective and bringing almost 50% higher values of 10B concentrations. Neutron irradia-
tions were performed at the Brookhaven National Laboratory Medical Research Reactor 
14 days after tumor cells implantation and 2.5 h after the end of 10B infusion. Then, 
approximately 7–10 days later, subsets of rats treated with BNCT were irradiated with 
a total dose of 15 Gy delivered in 5 Gy daily fractions using 6 MV photons from a con-
ventional linear accelerator. The outcomes reported a significant therapeutic gain 
obtained by the combination of BNCT with the X‐ray boost in comparison with control 
groups of untreated, photon‐alone, or neutron‐alone irradiated animals. On the base of 
this preclinical work, the trial conducted at Osaka Medical College [78] was designed, 
involving a cohort of 21 patients affected by newly diagnosed GBM who underwent 
either BNCT alone (protocol 1) or BNCT followed by fractionated XRT of 20 to 30 Gy 
(protocol 2). The study exploited the epithermal neutron beam at the Kyoto University 
Research Reactor to improve the distribution of thermal neutrons in deep‐seated 
tumors without craniotomy. To deliver 10B in the malignant cells, both BSH and BPA 
were used to improve 10B accumulation in all the tumor cells thanks to the different 
accumulation mechanisms. In protocol 2, XRT was started 2 weeks after neutron irra-
diation (single‐dose BNCT), using a 2 Gy daily fraction regimen for a total of 20 to 
30 Gy. The goal of this radiotherapy boost was to reduce the chances of local recurrence, 
by compensating the possible heterogeneous distribution of boron compounds (in par-
ticular, in microscopic nodules infiltrating the healthy tissue surrounding the tumor 
bulk) as well as the limited penetration of low‐energy neutrons, especially in the deep-
est part of the malignancy. The whole cohort of patients treated with BNCT (n = 21) had 
a median survival time (MST) of 15.6 months after diagnosis. This number must be 
compared with the MST of the control group (n = 27), equal to 10.3 months. After care-
ful statistical analysis and comparisons among risk groups, the authors concluded that 
the BNCT group actually shows a longer survival rate at the cost of limited toxicities 
(the most notable one being radio‐induced brain necrosis). Also, the second study about 
the combination of BNCT with external beam X‐ray irradiation addressed newly diag-
nosed GBM tumors, and was carried out at the University of Tsukuba and Tokushima 
University, using the reactor‐based neutron beams of Japanese Research Reactor‐4 
(JRR‐4) of the Japanese Atomic Energy Agency (JAEA) [79]. The aim of the study was 
to investigate the survival benefits, safety, and dose distribution in tumor and normal 
tissue of GBM patients who underwent either an intraoperative NCT (IO‐NCT, proto-
col 1, n = 7) or an external beam NCT (EB‐NCT, protocol 2, n = 8). The boron vectors 
were: BSH alone for protocol 1, and the same administration of BSH for protocol 2 in 
combination with BPA. In both protocols, BNCT was administered in a single fraction, 
using an epithermal or an epithermal‐thermal mixed beam. Due to a deeper location at 
the time of irradiation of the tumors enrolled in protocol 2, additional conventional 
photon irradiation (at a total dose of 30 Gy in 15 fractions or 30.6 Gy in 17 fractions) was 
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delivered to high‐intensity areas of T2‐weighted MR images to compensate for the dif-
ferences in dose distributions between the two protocols. The results indicated a median 
overall survival (OS) and a median time to tumor progression (TTP) of 25.7 and 
11.9 months, respectively, considering the whole cohort of patients. The one‐ and 
 two‐year survival rates were 80 and 53.3%, respectively. No serious toxicity related to 
the boron vector was recorded as well as no serious adverse events. Comparing the 
two‐year survival rate of IO‐NCT (42.9%) to that of a highly improved (two boron 
drugs, post‐neutron XRT boost) but far less invasive EB‐NCT protocol (62.5%), the 
authors concluded that their results suggest that postoperative EB‐NCT combined with 
XRT boost is effective for newly diagnosed glioblastoma, with the further advantage of 
almost null invasiveness.

3.5.5  Conclusions

In this chapter, different approaches to further develop B‐containing agents have been 
described, with the final goal of increasing BNCT competitiveness with respect to other 
routine tumor treatment protocols. The optimization of neutron irradiation time and 
the estimation of the delivered radiation dose can be performed by measuring local B 
concentration in the tumor and in the surrounding tissues by high‐resolution imaging 
techniques in real time just before and during the neutron irradiation. The personaliza-
tion of neutron therapy obtained by the combination of imaging and therapy and the 
development of more specifically targeted B carriers open new routes to bridge the gap 
between the research and the clinical use of this alternative radiotherapy. Finally, the 
combination of BNCT with other conventional and nonconventional therapies can 
increase the probability of reducing tumor recurrence.
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3.6

3.6.1  BNCT Radiobiology

Boron neutron capture therapy (BNCT) is a binary treatment modality for cancer that 
involves the selective accumulation of boron carriers in tumors, followed by irradiation 
with a thermal or epithermal neutron beam. The high linear energy transfer (LET) 
α‐particles and recoiling 7Li nuclei resulting from the capture of a thermal neutron by 
a  [10B] nucleus have a high relative biological effectiveness (RBE). Their short range 
in tissue (6–10 µm) would limit the damage largely to cells containing [10B]. In this 
way, BNCT would potentially target neoplastic tissue selectively, sparing healthy tissue 
[1–3]. Although there are a number of nuclides that have a high propensity for absorb-
ing low‐energy or thermal neutrons (high neutron capture cross‐sections), [10B] is the 
most attractive because it is non‐radioactive and readily available, comprising approxi-
mately 19.9% of naturally occurring boron, and the particles emitted by the capture 
reaction are largely high LET with combined path lengths of approximately one cell 
diameter. Also, the well‐understood chemistry of boron allows it to be readily incorpo-
rated into a wide variety of different chemical structures (e.g., [4]).

Since BNCT involves biochemical rather than geometric targeting, relying on the 
preferential incorporation of boron carriers to tumor cells, it is ideally suited to treat 
undetectable micrometastases [5], infiltrating malignant cells and foci of malignant 
transformation in field‐cancerized tissue, with minimum damage to healthy tissues in 
the treatment volume [6]. The planning target volume (PTV) can be enlarged to include 
potential undetectable target cells in the organ to be treated, relying on the preferential 
incorporation of boron to transformed cells.

BNCT is a mixed‐field irradiation. The radiation doses delivered to tumor and 
 normal tissue during BNCT originate in the energy deposition from ionizing radiation 
with different LET characteristics. Although the neutron capture cross‐sections for the 
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elements in normal tissue are several orders of magnitude lower than for [10B], two of 
these, hydrogen and nitrogen, are present in such high concentrations that their 
 neutron capture contributes significantly to the total absorbed dose. In addition to the 
α and 7Li high‐LET products that give rise to the tumor‐specific boron dose compo-
nent, a nonspecific background dose results from: (1) low‐LET γ‐rays in the neutron 
beam, (2) low‐LET γ‐rays resulting from the capture of thermal neutrons by hydrogen 
atoms [1H(n,γ)2H], (3) high‐LET protons produced by the scattering of fast neutrons 
when a hardened epithermal neutron beam spectrum is employed, and (4) high‐LET 
protons resulting from the capture of thermal neutrons by nitrogen atoms [14N(n,p)14C]. 
The biologically effective dose will depend on the RBE for the different dose 
 components that contribute to the total irradiation dose. RBE depends on the LET of 
radiation. High‐LET, densely ionizing particles induce direct damage to DNA (i.e., 
mainly double‐strand breaks that are largely irreparable and lethal for the cell). Direct 
damage is not influenced by the oxygenation level of the tissue or its proliferative status. 
Conversely, low‐LET radiation induces mainly indirect damage via the action of free 
radicals on DNA. This effect is largely reparable and causes sublethal damage to the cell. 
Indirect damage is enhanced by the presence of oxygen and is greater in proliferating 
cells with unwinding, exposed DNA strands. In the particular case of the boron dose 
component, RBE is termed the compound biological effectiveness (CBE) factor and 
depends on the RBE of α‐particles and 7Li ions and the microdistribution of [10B] in a 
particular tissue [2,3]. BNCT protocols should ideally maximize the tumor‐selective 
boron radiation component and minimize the nonselective background dose to improve 
the therapeutic ratio [2]. Maximizing and optimizing the delivery of boron to tumor 
are the most effective ways to do this.

3.6.2  An Ideal Boron Compound

An ideal boron compound will be nontoxic at therapeutic dose levels, will accumulate 
selectively in tumor cells, will target all tumor cells homogeneously, and will deliver 
[10B] to tumor efficiently. Preferential accumulation of boron in tumor contributes to 
the therapeutic advantage of BNCT for tumor versus normal tissue. The importance of 
homogeneous targeting of boron to tumor lies in the fact that the tumor cells poorly 
loaded with boron will be less responsive or altogether refractory to treatment and will 
lead to therapeutic failure (e.g., [7]). Absolute boron content in tumor tissue must be 
high enough (109 atoms [10B]/cell) to allow sufficient [10B](n,α)7Li capture reactions to 
occur for the effect to be lethal. Also, at a given tumor–healthy tissue boron concentra-
tion ratio, high absolute [10B] concentrations are an asset because they allow for shorter 
irradiation times and the concomitant reduction in background dose that affects tumor 
and healthy tissue alike [2]. An ideal boron carrier will clear rapidly from blood and 
normal tissue but will persist in tumor long enough to allow for neutron irradiation. 
Finally, the microdistribution of the ideal [10B] carrier will place the [10B] atoms close to 
a therapeutically useful target such as DNA. The short ranges of α and lithium particles 
make the microdistribution of the boron relative to the subcellular target of critical 
radiobiological significance [8–10]. Since the [10B] isotope only has a natural abundance 
of 19.9%, BNCT agents must be enriched with [10B] during synthetic preparation to be 
maximally effective [11].
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Developing an ideal boron compound that fulfills all these requirements is a huge 
challenge. Within this context, the international community has devoted (and contin-
ues to do so) much effort and resources to search for the “ideal” boron compound that 
would potentially replace the three “imperfect” compounds currently authorized for 
use in humans: boronophenylalanine (BPA), sodium borocaptate (BSH), and decahy-
drodecaborate (GB‐10). Although these compounds delivered as single agents in the 
traditional way (as a single intravenous injection or infusion prior to a single neutron 
irradiation) have shown therapeutic potential for different pathologies [12–18], there is 
clearly opportunity and need for improvement. To date, no other boron compounds 
have reached the stage for evaluation in a clinical biodistribution study. Once a new 
[10B] carrier is identified as promising from cell culture studies, it still faces many hur-
dles, beginning with biodistribution studies in appropriate experimental tumor models 
and in vivo evaluation of toxicity, followed by experimental in vivo radiobiological stud-
ies. If the results warrant evaluation in a clinical scenario, clinical biodistribution stud-
ies will follow. They are extremely costly, are of no direct benefit to participants, and 
must comply with the stringent requirements of regulatory agencies [19]. Only if this 
sequence of studies affords encouraging data will the corresponding authorizations be 
sought to enter the boron compound in a clinical trial. Typically, in the United States for 
example, of 10,000 general medicinal compounds that are developed, only five enter 
clinical trials and only one is finally approved by the US Food and Drug Administration 
(FDA) for treatment. The process “from bench to bedside” typically takes ten years and 
costs over US$1000 million [20].

Optimizing the delivery of [10B] compounds currently authorized for use in humans 
is an excellent short‐ and medium‐term strategy. It will help to bridge the gap between 
research and clinical application. The knowledge gained will also be applicable to 
 potentially better [10B] compounds if and when they are developed.

3.6.3  Clinical Trials, Clinical Investigations, 
and Translational Research

Clinical studies of BNCT for glioblastoma multiforme, melanoma, head and neck 
tumors, and liver metastases have been performed or are underway in the United States, 
Japan, Europe, Argentina, and Taiwan (e.g., [16,21–24]), employing nuclear reactors as 
the neutron source. More recently, clinical investigations have been performed in Japan 
on BNCT for recurrent hepatic and gastrointestinal cancer [25], locally recurrent lung 
cancer [26], and extramammary Paget’s disease [27]. Ongoing clinical trials in Japan 
include BNCT for lung cancer. To date, the clinical results have shown a therapeutic 
advantage, with identified opportunities for improvement. The more recent develop-
ment of accelerators (e.g., [28,29]), to be used as the neutron source for BNCT, paves the 
way for more widespread clinical trials for different tumors.

The need to optimize BNCT for different pathologies requires translational research 
in adequate experimental models. In particular, experimental models are employed to 
test novel boron compounds and explore different strategies to optimize the delivery of 
boron compounds approved for use in humans. The first stage in the in vivo evaluation 
of the therapeutic potential of a boron carrier is to perform boron biodistribution  studies 
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in an appropriate experimental model. Boron biodistribution studies are  essential to 
design and plan useful BNCT preclinical and, ultimately, clinical research protocols. 
In  particular, they identify potentially useful boron compounds and administration 
 protocols and enable the choice of the optimum time post administration for the boron 
carrier to perform neutron irradiation, seeking to maximize tumor boron levels while 
minimizing boron concentration in healthy tissue and blood. To date, there is no  clinically 
practical, online, noninvasive way to evaluate boron concentration during irradiation for 
BNCT. Thus, dose calculations are based on boron content values in blood, tumor, and 
normal tissue obtained from biodistribution studies performed beforehand [8]. At most, 
blood samples can be taken just before irradiation to measure blood boron concentration 
and infer tissue boron concentration, assuming the tumor–blood boron concentration 
ratios established in previously performed biodistribution studies hold true [21]. In the 
specific case of experimental models, dose calculations are based on the mean values 
obtained from biodistribution studies in separate sets of animals (e.g., [30]). In this sense, 
it is important to bear in mind that large intratumor, intertumor, and intersubject varia-
tions in gross boron content values have been reported (e.g., [31,32]). These variations 
must be accounted for in dose calculation and dose  prescription, to avoid exceeding the 
radiotolerance of the healthy tissues within the treatment volume and/or underdosing 
the tumor. We face the challenge of performing a reliable determination of the time of 
maximal boron accumulation in tumor in a patient to establish the optimum timeframe 
and exposure time for neutron irradiation for that particular patient. This challenge 
could be potentially overcome by positron emission tomography (PET)‐guided BNCT 
using a dual‐modality agent that would allow for monitoring of the real‐time boron 
 accumulation within the patient’s tumor. One example of a dual‐modality BNCT agent is 
4‐borono‐2‐18F‐fluoro‐phenylalanine (18F‐BPA) [11].

Although boron biodistribution studies are essential and orientative, we cannot stress 
enough the importance of actual radiobiological studies in appropriate experimental 
models to determine the efficacy of boron carriers and administration protocols. The 
combined biological effects of a heterogeneous distribution of [10B] and a mixed‐field 
irradiation with high‐ and low‐LET components can only be investigated in studies 
involving irradiation [33,34]. As exemplified in Section 3.6.4, a boron carrier that might 
be ruled out based solely on biodistribution studies might prove successful in actual 
BNCT studies [10].

3.6.4  Boron Carriers

In the 1950s and early 1960s, boric acid and its derivatives were used in clinical trials for 
malignant gliomas [35,36]. However, the outcome of these trials was disappointing 
because these chemical compounds failed to target tumor selectively and exhibited poor 
tumor retention [37], high blood boron concentration resulted in excessive damage to 
normal brain vasculature and the scalp [4], and the penetration of thermal neutron 
beams was insufficient to treat deep‐seated brain tumors [2]. Since the late 1950s, efforts 
began to synthesize tumor‐selective boronated agents. At that time, the focus was 
on boronated agents that would accumulate in brain tumors surrounded by a disrupted 
blood–brain barrier (BBB) and not cross the intact BBB into the normal brain.
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BPA (C9H12
10BNO4), a low‐molecular‐weight boron carrier, was synthesized in the 

late 1950s. Taking advantage of its structural similarity with melanin precursors, a 
BNCT research program for melanoma was initiated with BPA with encouraging 
results  [38]. BPA was first used clinically to treat patients with cutaneous malignant 
melanomas in 1988 [39,40]. Later studies showed that BPA is in fact taken up by active 
transport, making use of the L‐amino‐acid cell transporter system [41]. Multiple exper-
imental and clinical studies went on to show that BPA targets different types of tumors 
selectively, including brain tumors (e.g., [2,16,30,42]), conceivably due to the increased 
metabolic activity of tumor cells and upregulation of L‐type amino acid transport 
expression at the cell membrane [43]. In this way, BPA would target tumor selectively on 
a “cell‐by‐cell” basis. The downside to this advantage for BNCT is that BPA targets differ-
ent tumor cell populations with varying metabolic activity relatively heterogeneously. 
Subpopulations of quiescent cancer cells may have reduced BPA uptake [44]. Tumor 
cells insufficiently loaded with boron will fail to respond to BNCT (e.g., [45,46]). 
Conversely, the initial notion that BPA could not be used for BNCT of brain tumors 
because it traverses the intact brain barrier was later challenged by the fact that this 
ability (coupled to preferential targeting of tumor cells) may well be essential for  effective 
BNCT of highly infiltrative brain tumors such as glioblastoma multiforme [2]. The 
BPA‐fructose complex (designed to improve BPA solubility) for BNCT of patients was 
first used in 1994 to treat glioblastoma [47]. Since then, BPA‐fructose has become the 
more commonly used clinical boron delivery agent for both intra‐ and extracranial 
tumors, with some very good results [34].

BSH (Na2
10B12H11SH), also a low‐molecular‐weight boron carrier, was first used in 

the 1960s for the treatment of high‐grade gliomas with BNCT [48]. BSH does not cross 
the intact BBB in the normal brain but accumulates in brain tumors due to the fact that 
the blood vessels in intracranial tumors lack a properly functioning BBB. The relatively 
low tumor‐to‐blood boron concentration ratios in patients with malignant brain tumors 
[49] suggest that passive diffusion is the primary mode of accumulation of BSH in 
tumors. BSH has also been reported to be carried in the blood as a disulfide complex 
with serum albumin [50]. Some studies suggest that BSH would accumulate more in 
mostly necrotic areas [51]. Handling and storage procedures for BSH should avoid the 
formation of oxidation products that might be toxic. BSH was initially proposed to treat 
brain tumors as a stand‐alone boron agent [52] because its capacity to target tumors 
selectively would rely on a disrupted BBB around tumor [53]. However, it has also been 
used to treat recurrent head and neck tumors in combination with BPA, with good 
results [54,55]. The advantages of the combined administration of [10B] compounds 
with different properties and uptake mechanisms are discussed further here.

The simple sodium salt of closo‐B10H10
2−(GB‐10) is a largely diffusive low‐molecular‐

weight agent that, like BSH, does not traverse the intact BBB (e.g., [31]). Due to this 
property, GB‐10 was initially proposed as a boron agent for the treatment of brain 
tumors with BNCT and for BNCT‐enhanced fast neutron therapy (BNCT/FNT) of 
extracranial tumors such as non‐small‐cell lung cancer [56]. Although GB‐10 is 
approved for its use in humans, it has only been used clinically in two patients within 
the context of a clinical trial for brain tumors in 1961 [57] and in a pharmacokinetic trial 
based on the measurement of boron concentration in blood samples only, performed in 
volunteer subjects with glioblastoma multiforme or non‐small‐cell lung cancer [58]. 
GB‐10 is readily soluble, easy to handle, and nontoxic at high concentrations. 
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As described further here, more recently our group has explored the value of GB‐10 as 
a boron carrier for BNCT, both administered as a stand‐alone agent and administered 
jointly with BPA, in experimental tumor models that do not involve the BBB.

While all three boron compounds – BPA, BSH, and GB‐10 – have been proved to be 
nontoxic at therapeutic doses and are approved for use in humans, only BPA and BSH 
have been used clinically to a significant extent. Currently, BPA and BSH are the only 
two boron compounds used in clinical trials. The results of these clinical trials indicate 
that BNCT mediated by these boron carriers is safe and can play an important role in 
cancer therapy in certain cases. Although clinical trials with BPA and BSH have shown 
encouraging results [34], there is undoubtedly room for improvement. BPA and BSH 
are far from “ideal” boron compounds, mainly due to their modest tumor selectivity.

The development of new, more selective boron delivery agents has been, and still is, 
at the center of the efforts of the BNCT international community. While more penetrat-
ing reactor epithermal neutron beams have been developed and optimized, and 
although accelerator technology for BNCT is up and running, the boron compounds 
approved for use in humans fall short of fulfilling the requirements of an ideal boron 
compound. Over the past 30 years, several classes of boron‐containing compounds 
have been designed and synthesized in attempts to fulfill these requirements. Recent 
efforts have involved incorporating boron delivery agents into tumor‐targeting mole-
cules such as peptides, proteins, antibodies, nucleosides, sugars, porphyrins, liposomes, 
and nanoparticles. The low‐molecular‐weight boron delivery agents explored include 
boronated natural and unnatural amino acids [59] and boron‐containing linear and 
cyclic peptides with high tissue‐penetrating properties [15]. Boron‐containing purines, 
pyrimidines, thymidines, nucleosides, and nucleotides have also been investigated 
(e.g., [60]). Porphyrin derivatives containing boron have been explored due to their low 
toxicity and natural affinity for tumors [61]. Boron‐containing chlorins, bacteriochlor-
ins, and phthalocyanines are promising dual agents for both BNCT and photodynamic 
therapy of tumors [15]. Other boron‐containing DNA‐binding molecules, including 
alkylating agents, DNA intercalators, minor‐groove binders and polyamines [62], and 
boron‐containing sugars [63], have also been studied. Among the high‐molecular‐
weight boron delivery agents, monoclonal antibodies for overexpressed receptors on 
tumor cells such as vascular endothelial growth factor (VEGFR), somatostatin 
 receptors, and the epidermal growth factor receptor (EGFR) have been extensively 
studied by Barth and coworkers (e.g., [64,65]).

One of the more promising routes would seem to be nanoscale drug delivery systems 
using liposomes and nanoparticles. Liposomes are efficient drug delivery vehicles that 
are able to deliver large quantities of a wide range of encapsulated agents selectively to 
tumor tissue [66]. Tumor blood vessels resulting from angiogenesis and vasculogenesis 
are structurally and functionally abnormal [67]. These aberrant blood vessels allow 
small liposomes (<100 nm) to pass through, allowing for selective tumor targeting. 
Furthermore, the lymphatic drainage of solid tumors is generally deficient. The sub-
stances that diffuse into tumor tissue persist in the interstitial space [68] for prolonged 
periods due to the known enhanced permeability and retention (EPR) effect [69]. 
Because liposomes are appropriately sized, they may take advantage of the EPR effect, 
and the incorporated agent(s) need not necessarily exhibit tumor affinity. Additionally, 
the fact that the serum half‐life of an encapsulated drug is longer than that of the free drug 
makes it possible to use a lower dose. Because the liposome preserves the structural 
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integrity of the drug, toxicity is often reduced [70]. Small unilamellar liposomes in 
 particular are potentially useful boron delivery vehicles for BNCT and have been 
 extensively studied by Hawthorne and coworkers [70–74] and other groups [75–82]. 
They can encapsulate aqueous solutions of sodium salts of polyhedral borane anions 
and/or incorporate lipophilic boron‐containing moieties embedded within the bilayer 
membrane [83]. Additional classes of boron‐containing nanoparticles have been 
 investigated as boron carriers for BNCT [84,85].

As stated above, despite their potential value, none of these compounds have got 
beyond the laboratory bench. Admittedly, the procedures to bring a new drug into 
 clinical practice are extremely costly and lengthy. Improvement in the delivery of boron 
compounds approved for their use in humans and therapeutic strategies devised to 
optimize BNCT using these same compounds would be the best way to move forward 
in the short and medium term [10,34,86]. Concomitant international efforts to develop 
and identify novel boron carriers will also benefit from the knowledge derived from 
these studies.

3.6.5  Optimizing Boron Targeting of Tumors by Employing 
Boron Carriers Approved for Use in Humans

Different groups have explored different ways in which to improve the delivery and 
distribution of BPA and BSH in experimental models and human subjects with varying 
success. One example involves the combined administration of BPA and BSH [87]. The 
combined administration of [10B] compounds with different properties and uptake 
mechanisms contributes to more homogeneous tumor targeting and helps to overcome 
the potential toxicity of higher doses of each of the compounds given alone. Combinations 
of agents may be superior to any single agent [32,87,88]. Additional techniques used to 
improve boron accumulation in brain tumors are BBB disruption by a hyperosmotic 
agent such as mannitol, intracarotid administration of the boron compound, and con-
vection‐enhanced delivery [11,89]. Slow infusions of BPA would improve boron target-
ing of infiltrating tumor cells in the brain [19]. Pre‐loading with an amino acid analog 
such as L‐3,4‐dihydroxyphenylalanine (L‐DOPA), which is structurally similar to BPA 
and enters the cell through the L‐type amino acid transport system, would improve the 
subsequent accumulation of BPA via an antiport (exchange) mechanism [90]. Mild tem-
perature hyperthermia would improve delivery by increasing blood flow [91].

3.6.6  BNCT Studies in the Hamster Cheek  
Pouch Oral Cancer Model

3.6.6.1 The Hamster Cheek Pouch Oral Cancer Model

Efforts by our group have shown the pivotal importance of in vivo studies in appropriate 
experimental models to contribute to the knowledge of BNCT radiobiology and the 
optimization of BNCT for different pathologies. Much of our work has been performed 
in the hamster cheek pouch oral cancer model. The relatively poor overall five‐year 
survival rate for malignancies of the oral cavity [92] and the fact that radical surgery 
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often results in large tissue defect [93] pose the need for more effective and selective 
therapies. Studies in appropriate experimental models are pivotal to progress in this 
field. The hamster cheek pouch model of oral cancer was proposed by our group to 
explore, for the first time, the feasibility of applying BNCT to the treatment of head and 
neck cancer [30,94]. Our first experimental studies preceded the first clinical trial 
of BNCT for head and neck malignancies [54] and provided evidence, for the first time, 
of the efficacy of BNCT to treat oral cancer at an experimental level.

The hamster cheek pouch oral cancer model is the most widely accepted model of 
oral cancer [95–97]. The hamster cheek pouch anatomically resembles a pocket that is 
easily accessible to local tumor induction by topical application of the carcinogen 
dimethyl‐1,2‐benzanthracene (DMBA) 0.5% in mineral oil 2–3 times a week for three 
months (e.g., [12,46]). The pouch can be readily everted for local treatment such as 
irradiation and macroscopic follow‐up (Figure 3.6.1). Carcinogenesis protocols induce 
precancerous changes and squamous cell carcinomas that closely resemble human 
lesions [98]. This model poses an advantage in that tumors are induced by a process 
that mimics the process of malignant transformation, giving rise to tumors surrounded 
by precancerous tissue. Precancerous tissue is not available in animal models based on 
tumor growth from transformed cells implanted in healthy tissue. The possibility to 
study precancerous tissue is essential in head and neck cancer studies. Multiple 
 primary tumors that arise from field‐cancerized tissue are a known phenomenon in 
head and neck cancer [98–101]. Once the primary tumors have been treated, second 
primary tumors often develop from field‐cancerized tissue, contributing to local‐
regional recurrence and therapeutic failure [102]. The possibility of studying precan-
cerous tissue is also clinically relevant given its role as a potentially dose‐limiting 
tissue. Precancerous tissue is more radiosensitive than normal tissue [103,104] and can 
develop dose‐limiting mucositis. Oral mucositis refers to inflammatory, erosive/ 
ulcerative oral mucosal lesions and necrosis [88,105]. In a clinical scenario, oral 
mucositis limits the dose that can be administered with BNCT to head and neck and 
brain tumors [16,23] and is a frequent dose‐limiting side effect during conventional 
radiotherapy for advanced head and neck tumors, affecting approximately 80% of the 
patients [106,107]. Also, oral mucositis could enhance tumorigenesis (e.g., [88,108]). 
Despite its incidence and  clinical relevance, no effective way to prevent or treat 
 mucositis is currently available [107,109].

(a) (b) (c)

Figure 3.6.1 (a) Topical application of the carcinogen DMBA 0.5% in mineral oil in the hamster cheek 
pouch. The pouch can be readily everted for local treatment, such as irradiation (b) and macroscopic 
follow‐up (c).



  Table 3.6.1    Summary of experimental conditions and outcomes corresponding to the protocols as indicated 

 Protocol or 
 tumor response 

 BPA–BNCT 
  1  

 BPA–BNCT 
  2  

 GB10–BNCT 
  3  

 (GB10 + BPA)–BNCT 
  4  

 Seq–BNCT 
  5  

BPA–BNCT

 Th + Seq–BNCT 
  8  

GB10–BNCT MAC–TAC–BNCT  

 Th+ 
  6  

 Th− 
  7  

 No EP 
  9  

 EP 
  10  

 Single: 
 4 w 
  11  

 Double: 
 16 w 
  12      

Nuclear reactor RA‐6 RA‐3 RA‐6 RA‐6 RA‐3 RA‐3 RA‐3 RA‐3 RA‐3  
Tumor dose (Gy) 5.2 5.6 7 8.5 10 4 4.3 10 2.4 4 21 21 × 2  
Precancerous tissue 
dose (Gy)

3.9 3.7 7 4.2 9 3 2.7 9 2.7 2.3 5 5 × 2  

Complete response 78% 46% 41% 66% 76% 56% 43% 87% 6% 46% 33% 38%  
Partial response 13% 27% 30% 27% 19% 28% 24% 13% 42% 46% 37% 50%  
Overall response 91% 73% 70% 93% 95% 84% 67% 100% 48% 92% 71% 88%  
Mucositis in 
precancerous tissue

 80% 
 ≥G3 

 100% 
 G3/G4 

 0% 
 ≥G3 

 0% 
 ≥G3 

 35% 
 G3/G4 
 22% 
 G4 

 0% 
 ≥G3 

 80% 
 G3/G4 

 38% G3 
 0% G4 

 0% 
 ≥G3 

11% 
G3

 0% 
 ≥G3 

 0% 
 ≥G3 

   Note : In all cases, the data correspond to 28 days post treatment, except in the case of MAC–TAC–BNCT, for which follow‐up data correspond to 4 weeks post treatment in the case 
of a single treatment (column 11) and 16 weeks in the case of a double treatment (column 12).  
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3.6.6.2 BNCT Mediated by BPA

Our initial studies validated the hamster cheek pouch model for BNCT studies, and 
showed that BPA was taken up selectively by tumor tissue and, to a lesser degree, by 
precancerous tissue. Mean boron concentration was 37 ± 18 ppm for tumor tissue and 
20 ± 6 ppm for precancerous tissue at 3.5 h post intraperitoneal (i.p.) or intravenous (i.v.) 
administration of BPA (15.5 mg [10B]/kg), and the mean boron concentration ratios 
were 2.4:1 for tumor–normal pouch and 3.2:1 for tumor–blood [30]. These absolute and 
relative boron concentration values would be therapeutically useful. They comply with 
the guidelines for potential therapeutic efficacy we previously established based on 
international data and our own studies (e.g., [8]). For a boron compound administration 
protocol to be potentially useful and worthy of evaluation in in vivo radiobiological 
studies, the boron compound(s) should not be toxic at the administered dose, absolute 
boron concentration in tumor should be higher than 20 ppm, and boron concentration 
ratios of tumor–normal tissue and tumor–blood should be equal to or higher than 1.

We then went on to report the first evidence of the usefulness of BNCT for the 
 treatment of head and neck cancer in an experimental model. We assessed the response 
of hamster cheek pouch tumors, precancerous tissue, and normal pouch tissue to 
BNCT mediated by BPA (BPA‐BNCT) using the previously assessed BPA adminis-
tration  protocol [30] and neutron irradiation with the hyperthermal or mixed 
beam  ( thermal + epithermal) of the RA‐6 Nuclear Reactor at the Bariloche Atomic 
Center [110]. BPA–BNCT at 5.2 Gy absorbed dose to tumor induced complete tumor 
 remission by 15 days post treatment in 78% of the tumors and partial remission in an 
additional 13% of tumors. No toxicity in normal tissue and moderate/severe, albeit 
reversible, mucositis in precancerous tissue were observed [94]. The data are 
 summarized in Table  3.6.1 (column 1), and a representative example is shown in 
Figure 3.6.2. The influence of beam spectrum on outcome is exemplified by performing 
a similar experiment at the thermal facility of the RA‐3 Nuclear Reactor. As summa-
rized in Table 3.6.1, tumor response at RA‐3 (column 2) [111] was lower than at RA‐6 
(column 1) [94], at similar dose levels.

3.6.6.3 BNCT Mediated by GB‐10 or by GB‐10 + BPA

Within the context of optimizing the use of boron compounds approved for use in 
humans to yield an improved therapeutic advantage, we performed a biodistribution 
study with the boron compound GB‐10 in the hamster cheek pouch oral cancer model 
[31]. As described in this chapter, GB‐10 is a largely diffusive agent that has been pro-
posed for BNCT of brain tumors. It has also been proposed for BNCT‐enhanced fast 
neutron therapy (BNCT/FNT). Capture of the thermal neutron component within a 
predominantly fast neutron beam could selectively enhance cytotoxicity in deeply 
located tumors such as lung cancer. In this way, this treatment could be applicable to a 
wider scope of patients [112]. Because of the steep nature of the dose–response curve 
for fast neutrons, a selective increase in dose to tumor with high‐LET radiation has the 
potential for a substantial increase in the probability of tumor control [113].

Although a priori we did not expect GB‐10 to be a selective stand‐alone boron 
 delivery agent in tumors other than brain tumors, our initial rationale was to evaluate 
its biodistribution to explore its potential value as one component of a combined 
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administration protocol (GB‐10 and BPA administered jointly), aimed at targeting 
 different cell populations of a heterogeneous tumor. GB‐10 alone (50 mg [10B]/kg 
administered intravenously), as expected, failed to target oral tumors selectively. 
However, it achieved therapeutically useful boron concentration levels in tumor at 3 h 
post intravenous administration (i.e., 32 ± 21 ppm). At the same timepoint, the boron 
concentration value was 34 ± 17 ppm in precancerous tissue, 22 ± 7 ppm in normal 
pouch tissue, and 32 ± 6 ppm in blood [31]. We concluded that despite the fact that 
GB‐10 uptake is not selective in tumors other than brain tumors, homogeneous 
 deposition of GB‐10 [32] in different tumor populations and high absolute tumor boron 
concentration values may render this compound useful for BNCT treatment of 
head and neck tumors. The consistently low brain and spinal cord values would con-
tribute to  reducing toxicity in these organs when they are included in the planning 
target volume.

We then went on to explore biodistribution values for different combinations of BPA 
and GB‐10 administered jointly. The rationale for the joint administration of these com-
pounds would be to profit from the selective, albeit heterogeneous [30,32], uptake of 
BPA by tumor tissue and the homogeneous distribution of GB‐10 in different tumor 
areas. The best results were obtained with the protocol that involved intravenous 
administration of GB‐10 as a bolus injection at a dose of 34.5 mg [10B]/kg coupled to 
BPA administered at a total dose of 31 mg [10B]/kg as fractionated i.p. injections over a 
3‐h period to simulate an infusion. Three hours post administration of GB‐10 and 1.5 h 
after the last i.p. injection of BPA, the selected times for neutron irradiation based on 
pharmacokinetic data [31], boron concentration was 63 ± 21 ppm in tumor, 41 ± 14 ppm 
in precancerous tissue, 38 ± 18 ppm in normal pouch tissue, and 30 ± 14 ppm in blood. 
The combined (GB‐10 + BPA) administration protocol delivered boron to tumor 
3.3‐fold more homogeneously than BPA alone, and the GB‐10 protocol targeted tumor 
1.8‐fold more homogeneously than the BPA protocol. However, the degree of 

(a) (b)

Figure 3.6.2 An example of BNCT therapeutic effect on tumors: (a) Cancerized cheek pouch bearing 
tumors before BPA–BNCT at the RA‐6 Nuclear Reactor. (b) Cancerized cheek pouch of the same animal 
28 days after BNCT, exhibiting tumor remission with slight mucositis in precancerous tissue.
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 homogeneity in the deposition of boron in precancerous and normal tissue was similar 
for all three administration protocols, suggesting that the gross boron distribution 
in these relatively homogeneous tissues was relatively homogeneous for BPA, GB‐10, 
and GB‐10 + BPA [32].

As described here, we reported the first evidence of success of BNCT for the treat-
ment of oral cancer in the hamster cheek pouch model using BPA as the boron carrier. 
Although no damage to normal tissue was observed, dose‐limiting reversible mucositis 
in precancerous tissue was an unwanted side effect associated with therapeutic success. 
In addition, complete remissions in the larger tumors were not observed, conceivably 
due to heterogeneous tumor targeting by BPA [30,32,94]. Within this context, we per-
formed a low‐dose in vivo BNCT study in the hamster cheek pouch oral cancer model 
at the hyperthermal RA‐6 neutron beam to explore the therapeutic potential of GB‐10 
combined with BPA.

Low‐dose BNCT mediated by GB‐10 alone at 5.3 Gy absorbed dose to tumor pro-
duced significant tumor control without radiotoxic effects in normal tissue and precan-
cerous tissue around tumor. This was a surprising finding that did not seem to correlate 
with the classical notion that tumor lethality is associated with unacceptable normal 
tissue radiotoxicity if boron is not delivered selectively to tumor. Low‐dose BNCT at 
4.3 Gy absorbed dose to tumor using GB‐10 and BPA administered jointly also induced 
significant tumor control with no radiotoxic effects on normal tissue and precancerous 
tissue [114]. As described, the combined administration of GB‐10 and BPA achieved 
high boron concentration values in tumor, thus allowing for a reduction in irradiation 
time for the same tumor dose, with the concomitant reduction in the background dose 
that affects tumor and normal tissues similarly. The reduction of dose to normal and 
precancerous tissue relative to tumor and the absence of radiotoxic effects suggested 
the possibility of significantly escalating dose to tumor.

A follow‐on study was performed at RA‐6 at higher dose levels. Overall tumor 
response expressed as partial remission + complete remission 28 days post treatment 
was 70% for GB‐10–BNCT at 8 Gy absorbed dose to tumor, 93% for (GB‐10 + BPA)–
BNCT at 8.5 Gy absorbed dose to tumor [12], and 91% for BPA–BNCT at 5.2 Gy 
absorbed dose to tumor (dose‐limiting mucositis in precancerous tissue precluded dose 
escalation with BPA–BNCT) [94]. (GB‐10 + BPA)–BNCT and GB‐10–BNCT were able 
to achieve complete remission in the larger tumors (>100 mm3), while BPA–BNCT 
failed to induce complete remission in this tumor volume range. This would conceiva-
bly be due to more homogeneous tumor boron targeting by GB‐10 and to the benefits 
afforded by the combined administration of GB‐10 and BPA [12]. Only transient, slight 
mucositis was observed in precancerous tissue in the case of (GB‐10 + BPA)–BNCT and 
GB‐10–BNCT protocols. As described in this chapter, in the case of the BPA–BNCT 
protocol (at a lower absorbed tumor dose), mucositis in precancerous tissue was mod-
erate/severe. No mucositis was observed in normal tissue for any of the three protocols. 
The data are summarized in Table 3.6.1 (columns 1, 3, and 4).

The most surprising finding was that despite the fact that GB‐10 does not target ham-
ster cheek pouch tumors selectively, GB‐10–BNCT induced 70% tumor response with 
virtually no precancerous or normal tissue radiotoxicity. Light microscopy analysis 
showed that GB‐10–BNCT selectively damages aberrant tumor blood vessels, sparing 
precancerous and normal tissue blood vessels. The radiosensitivity of aberrant tumor 
blood vessels would be greater than that of precancerous and normal tissue blood 
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 vessels. In terms of biological considerations, the tumor blood vessel structure and 
function are altered. Tumor vessels are tortuous and dilated, and their walls exhibit 
fenestrae, vesicles, and transcellular holes; widened interendothelial junctions; and a 
discontinuous or absent basement membrane [115]. These features would render tumor 
vessels more sensitive to radiation‐induced damage than precancerous and normal tis-
sue blood vessels, thus providing a selective mechanism of tissue damage for a chemi-
cally nonselective boron compound. These findings suggested a new paradigm in BNCT 
radiobiology. In the case of GB‐10–BNCT, selective tumor lethality would result from 
selective blood vessel damage (and ensuing tissue damage) rather than from the selec-
tive uptake of the boron compound in tumor. In the case of (GB‐10 + BPA)–BNCT, in 
addition to achieving more homogeneous tumor boron targeting by the combined 
administration of GB‐10 and BPA [32], this protocol would optimize therapeutic 
 efficacy by combining the vascular targeting mechanisms of GB‐10–BNCT [12] and the 
cellular targeting mechanisms of BPA–BNCT [30,94].

These findings stress the pivotal importance of actual radiobiological studies to assess 
the therapeutic efficacy of BNCT mediated by a boron compound under study. Based 
on biodistribution studies alone, GB‐10 would have been ruled out as a stand‐alone 
boron agent for BNCT of head and neck tumors. It took an actual in vivo radiobiological 
study to reveal its potential value as a boron carrier for BNCT of head and neck tumors.

3.6.6.4 Sequential BNCT

As described, we demonstrated that BPA–BNCT, (GB‐10 + BPA)–BNCT, and GB‐10–
BNCT induced good tumor response (expressed as complete remission + partial remis-
sion) in the hamster cheek pouch oral cancer model employing the RA‐6 hyperthermal 
neutron beam [12,94,110] and the RA‐3 thermal neutron facility [111,116]. Attempting 
to improve therapeutic efficacy, in particular complete tumor remission, at no extra 
cost in terms of toxicity in dose‐limiting precancerous tissue, we devised and explored 
a novel approach to BNCT termed Sequential BNCT (Seq‐BNCT). Irradiations were 
performed at the RA‐3 thermal facility employing a lithium‐6 carbonate shielding to 
protect the body of the animal while the cheek pouch is everted out of the enclosure 
[111]. Seq‐BNCT involves the sequential application of BPA–BNCT (BPA at a dose of 
15.5 mg [10B]/kg), followed by GB‐10–BNCT (GB‐10 at a dose of 50 mg [10B]/kg) with 
an interval of 24 (Seq‐24 h‐BNCT) or 48 h (Seq‐48 h‐BNCT) between the two applica-
tions. Thus, Seq‐BNCT is a new way of combining the contributions of BPA and GB‐10. 
The Sequential modality was devised based on notions of BNCT radiobiology contrib-
uted by studies by our group and others (e.g., [2,12,114]). Seq‐BNCT involves the use of 
two boron agents with different properties and complementary mechanisms of action, 
conceivably contributing to a more homogeneous, therapeutically successful targeting 
of heterogeneous tumor cell populations. The brief interval between applications would 
favor targeting with GB‐10 in the second application. It is known that interstitial fluid 
pressure (IFP) is elevated in most human and experimental tumors [117] mainly as the 
result of unregulated angiogenesis, and is partly responsible for the distribution of 
blood‐borne therapeutic agents [118]. A decrease in IFP has been reported to occur 
shortly after irradiation [119] and improves the uptake of therapeutic agents [120]. 
In  addition, the induction of void space by cancer cell death would also enhance 
 intratumoral delivery [121]. Seq‐BNCT would profit from this effect in terms of 
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 improving GB‐10 tumor targeting 24 or 48 h after BPA–BNCT. Thus, GB‐10 would 
have a better chance of targeting a tumor when it is administered as part of the Sequential 
protocol than when it is administered with BPA in the joint GB‐10 + BPA protocol. The 
24 or 48 h interval between applications is short enough to preclude tumor cell repopu-
lation [122] and could favor targeting of the tumor cells that were refractory to the first 
application. Regarding dose‐limiting mucositis in precancerous tissue, Seq‐BNCT 
would favor a reduction in the severity of mucositis or, at least, would not exacerbate 
mucositis compared to a single application at the same total dose employing 
(GB‐10 + BPA)–BNCT. Because mucositis is a multistage process initiated by mucosal 
injury and associated with an increased production of inflammatory cytokines that 
cause direct mucosal damage and initiate positive feedback loops [123], the 24 or 48 h 
interval between BNCT applications might conceivably allow the inflammatory process 
to partially subside before the second dose is delivered, precluding the exacerbation 
of mucositis.

A comparison of tumor control and mucositis in dose‐limiting precancerous tissue 
was performed for Seq‐BNCT (Seq‐24 h‐BNCT and Seq‐48 h‐BNCT) versus 
(GB‐10 + BPA)–BNCT. The single application of BNCT was for the same total tumor 
absorbed dose (9.9 ± 2 Gy) as Seq‐BNCT (BPA–BNCT at 3.9 ± 1.8 Gy to tumor, followed 
by GB‐10–BNCT at 6.0 ± 3.4 Gy to tumor) [124]. Here, we must point out that the neu-
tron irradiations in this case were performed at the RA‐3 thermal nuclear facility and 
cannot be compared with our earlier studies at the hyperthermal neutron beam at RA‐6 
due to the differences in neutron spectrum and γ components that influence biological 
response [3,110,116].

At 28 days post treatment, Seq‐24 h‐BNCT and Seq‐48 h‐BNCT induced, respectively, 
overall tumor responses (partial remission + complete remission) of 95 and 91%, while 
overall tumor response for (GB‐10 + BPA)–BNCT was significantly lower at 
75%. Complete remission was higher for Seq‐24 h‐BNCT and Seq‐48 h‐BNCT (76 and 
68%, respectively) than for (GB‐10 + BPA)–BNCT (50%). No statistically significant 
 differences were observed between Sequential protocols. The data for Seq‐24 h‐BNCT 
are summarized in Table 3.6.1 (column 5). The incidence of complete remissions was 
higher in small (<10 mm3) tumors than in medium (10–100 mm3) and large (>100 mm3) 
tumors for both Seq‐BNCT protocols and (GB‐10 + BPA)–BNCT, a characteristic fea-
ture in this model and in cancer therapy generally. However, this effect was exacerbated 
in the case of the Sequential protocols. This finding could be attributed to the fact that 
IFP increases with the size of tumor, conceivably impairing the distribution of boron 
compounds more in the larger tumors. The comparative therapeutic benefit of Seq‐
BNCT might be less robust for the larger tumors. Fluence matched beam‐only groups 
(no boron compound administration) were studied for each of the protocols to assess the 
effect of background dose. Overall tumor response for the beam‐only protocols ranged 
from 3 to 14%, with no complete remissions. These values were within the same range as 
the spontaneous partial remissions observed in the cancerized, nontreated group (16%).

The severity of mucositis was evaluated semiquantitatively according to an oral 
mucositis scale [6] based on macroscopic features adapted for the carcinogen‐treated 
hamster cheek pouch from the World Health Organization (WHO) classification for 
oral mucositis in human subjects [125] and the six‐point grading system for normal 
hamster cheek pouches of Ref. [126]. The Sequential protocols and (GB‐10 + BPA)–
BNCT induced reversible mucositis in the dose‐limiting precancerous tissue that 
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peaked at 14 days post treatment and had resolved by 21–28 days post treatment. 
The incidence of Grade 3/4 mucositis (moderate/severe) at 14 days post treatment was 
35% for the Sequential protocols taken together (no statistically significant differences 
were  observed between the two Sequential protocols) compared to 60% for the 
(GB‐10 + BPA)–BNCT protocol. No toxicity was observed in normal tissue with any of 
the protocols. In terms of toxicity to precancerous tissue, there were no adverse effects 
associated with the improved tumor response induced by the Sequential protocols.

Within the context of recent and ongoing BNCT trials for head and neck malignan-
cies that showed encouraging tumor control associated with dose‐limiting mucositis 
[16,23], the search for novel BNCT strategies that improve tumor control at no extra 
cost in terms of mucositis is particularly relevant. Sequential BNCT would be a clini-
cally promising BNCT modality for head and neck cancer that uses boron carriers 
approved for their use in humans and enhances tumor response at no extra cost in 
terms of toxicity in dose‐limiting precancerous tissue [124].

3.6.6.5 Tumor Blood Vessel Normalization to Improve  
Boron Targeting for BNCT

As described in this chapter, it is well known that tumor blood vessels are characteris-
tically hyperpermeable, leading to an elevation in IFP. In addition, proliferating tumor 
cells exert compressive forces on blood vessels [127]. The abnormal structure and 
function of tumor blood vessels impair blood flow and effective convective fluid trans-
port, leading to defective distribution of blood‐borne therapeutic agents [67]. Tumor 
blood vessel normalization by tailored administration of anti‐angiogenic agents that 
downregulate vascular endothelial growth factor (VEGF), overexpressed in the major-
ity of solid tumors, would lead to less leaky, less dilated, and less tortuous vessels; 
decreased IFP; increased tumor oxygenation; and improved penetration of drugs in 
tumors [67]. Within this context, reversible tumor blood vessel normalization prior to 
boron  compound administration would conceivably improve boron targeting and 
BNCT therapeutic efficacy. Given that the anti‐angiogenic monoclonal antibodies 
employed to induce blood vessel normalization in human subjects, rats, and mice 
(e.g., [67]) cannot be used in hamsters due to lack of cross‐antigenicity, we developed 
a technique to transiently normalize aberrant tumor blood vessels in the hamster 
cheek pouch oral cancer model by employing thalidomide as an anti‐angiogenic drug 
[45]. We assessed, for the first time, the effect of tumor blood vessel normalization 
prior to the administration of BPA on the therapeutic efficacy and potential toxicity of 
BNCT mediated by BPA in the hamster cheek pouch oral cancer model at the RA‐3 
Nuclear Reactor [46].

Blood vessel normalization was induced by two doses of thalidomide in tumor‐ 
bearing hamsters on two consecutive days. All studies in the thalidomide‐treated ani-
mals were performed 48 h after the first dose of thalidomide, previously established as 
the window of normalization [45]. It is known from chemotherapy studies that no ther-
apeutic benefit is obtained when the drug is administered outside the time window of 
normalization in each case [128]. One group of animals was treated with BPA–BNCT 
after treatment with thalidomide (Th + BPA–BNCT) and compared with a group 
treated with BPA–BNCT alone (Th − BPA–BNCT), both at an absorbed tumor dose of 
4 ± 1 Gy. Overall tumor response (complete remission + partial remission) at 28 days 
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post treatment was significantly higher for Th + BPA–BNCT than for Th − BPA–BNCT 
(i.e., 84% vs. 67%). The data are summarized in Table 3.6.1 (columns 6 and 7). Complete 
tumor response for small tumors (<10 mm3) was significantly higher in thalidomide‐
pretreated animals than in animals treated with BPA–BNCT alone (73% vs. 49%). 
Enhanced tumor control could be attributed to transient normalization of aberrant 
blood vessels and temporary restoration of adequate blood flow, enough to deliver BPA 
at therapeutically useful levels to otherwise inaccessible tumor areas. It has been shown 
that the short‐term administration of an anti‐angiogenic agent can prune inefficient 
vascular sprouts [129], yielding more efficient flow paths.

Pretreatment with thalidomide did not induce statistically significant changes in 
overall tumor control induced by beam only, confirming that the primary therapeutic 
benefit of blood vessel normalization would be associated with improved tumor boron 
targeting.

Our working hypothesis – that transient restoration of vascular function in tumors 
would improve drug (BPA) delivery – led us to expect an increase in absolute boron 
concentration in tumors of animals treated with thalidomide prior to the administra-
tion of BPA. However, gross boron measurements by inductively coupled plasma mass 
spectrometry (ICP‐MS) failed to reveal statistically significant differences in gross 
boron content between Th + and Th − animals (20 ± 8 ppm and 24 ± 6 ppm, respectively). 
Although this finding seemed initially counterintuitive, it is known that vascular 
 hyperpermeability and leakiness in aberrant tumor blood vessels lead to interstitial 
hypertension and temporally and spatially heterogeneous blood flow. In this way, drugs 
will accumulate in areas that already have a sufficient amount, while inaccessible regions 
will continue to be inaccessible [130]. In this sense, values of gross boron concentration 
tell us little about the adequacy and therapeutic usefulness of boron distribution, 
although, admittedly, gross boron values are used for dosimetric calculations. In fact, 
the primary aim of blood vessel normalization is not to increase total drug uptake. 
Instead, it seeks to distribute drugs effectively to a larger proportion of tumor cells by 
fixing the flawed delivery system [67]. Within this context, it is not surprising that 
tumor gross boron values did not exhibit statistically significant differences induced by 
blood vessel normalization. α‐Particle spectrometry and neutron autoradiography 
studies in hamster cheek pouch tumors of Th + and Th − animals showed that pretreat-
ment with thalidomide did not increase the absolute boron content in oral tumors but 
improved BPA boron‐targeting homogeneity [131]. BPA distribution was heterogene-
ous, with preferential accumulation in parenchyma, while pretreatment with thalido-
mide induced a more homogeneous distribution of the boron compound [9]. These 
findings suggest that the improvement in tumor response elicited by aberrant blood 
vessel normalization prior to administration of BPA could be ascribed to an improve-
ment in BPA distribution in tumors [46].

Regarding potential radiotoxicity, pretreatment with thalidomide reduced the 
 incidence of Grade 3/4 mucositis in dose‐limiting precancerous tissue from 80% in 
the Th − BPA–BNCT group to 0% in the Th + BPA–BNCT group. Given that cytokines 
are involved in the pathogenesis of oral mucositis [132], this protective effect can 
be  ascribed to the cytokine inhibitor activity of thalidomide [133]. The fact that 
 thalidomide was approved by the FDA in 1997 to combat a series of conditions (e.g., [134]) 
fits in well with our efforts to optimize boron targeting with compounds approved 
for  their use in humans. However, blood vessel normalization techniques in general 
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(not amenable to be used in hamsters but approved for their use in humans) merit inves-
tigation as a way of optimizing the therapeutic advantage of BNCT in patients.

3.6.6.6 Tumor Blood Vessel Normalization + Seq‐BNCT

As described in this chapter, we demonstrated that Seq‐BNCT (BPA–BNCT followed by 
GB‐10–BNCT 24 or 48 h later) improves the tumor control achieved with (GB‐10 + BPA)–
BNCT without increasing radiotoxicity in precancerous tissue, and that blood vessel 
normalization prior to BPA administration for BNCT improves tumor control. We 
decided to combine both modalities in an attempt to improve efficacy in the hamster 
cheek pouch oral cancer model without enhancing mucositis in dose‐limiting precancer-
ous tissue. The working hypothesis was that by combining both treatment modalities, we 
would favor homogeneous distribution of the boron compounds in tumor and improve 
tumor response without additional radiotoxicity in precancerous tissue. One group of 
hamsters was treated with thalidomide as previously described [45,46]. In the window of 
normalization, the animals were treated with Seq‐BNCT (i.e., BPA–BNCT followed by 
GB‐10–BNCT with a 48 h interval at a total prescribed dose to tumor of 9.9 Gy at RA‐3) 
[124]. Although overall tumor response was already  remarkably high for Seq‐BNCT 
(91%), pretreatment with thalidomide to normalize blood vessels increased overall tumor 
response at 28 days post irradiation to 100% for Th + Seq‐BNCT. Likewise, pretreatment 
with thalidomide significantly increased  complete tumor remission from 68% for 
Seq‐BNCT to 87% for Th + Seq‐BNCT [9]. The combined administration of blood 
 vessel normalization and Seq‐BNCT further reduced mucositis in precancerous tissue 
(22% Grade 4 mucositis in Seq‐BNCT vs. 0% Grade 4 mucositis in Th + Seq‐BNCT). 
The  data are  summarized in Table  3.6.1 (columns 5 and 8). This effect on mucositis 
would be the result of the combined protective effects of thalidomide and Seq‐BNCT as 
described here. The combined application of blood  vessel normalization and Seq‐BNCT 
would profit from the benefits of both modalities.

No changes were detected in tumor BPA gross boron concentration as measured by 
ICP‐MS after blood vessel normalization [46] or in tumor GB‐10 gross boron content 
after blood vessel normalization followed by BPA–BNCT (the first step in Seq‐BNCT) 
[9]. However, an advantage of the synergism between both modalities would be the 
increase in GB‐10 boron targeting homogeneity induced by pretreatment for aberrant 
blood vessel normalization followed by BPA–BNCT, as revealed by our neutron autora-
diography studies [9]. This effect would be coupled to the previously described increase 
in BPA boron homogeneity following blood vessel normalization [46]. These findings 
would further stress the direct association between tumor response and the degree of 
boron targeting homogeneity.

3.6.6.7 Electroporation + BNCT

As described above, a critical aspect of the therapeutic efficacy of BNCT is the biodis-
tribution and microdistribution of [10B] in tumor and in the dose‐limiting normal and 
precancerous tissues in the target volume. Electroporation (or electropermeabilization) 
involves the localized application of pulsed electric fields and can act as a nonspecific 
system to administer therapeutic agents and improve their delivery. In particular, 
 electrochemotherapy, devised to improve tumor delivery of chemotherapeutic agents, 
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was approved by the European Community to treat cutaneous and subcutaneous 
tumors [135,136]. Within this context, electroporation was proposed as a way of 
improving tumor boron targeting for BNCT. For example, electroporation has been 
used in vitro to improve BSH uptake in SCCVII tumor cells [137].

Continuing our efforts to improve boron targeting with boron compounds approved 
for their use in humans, we evaluated if electroporation could improve the targeting 
of [10B] in BNCT mediated by the boron compound GB‐10 administered intrave-
nously, thus increasing tumor response in vivo in the hamster cheek pouch oral 
 cancer model. The GB‐10–BNCT protocol was particularly interesting to work on 
because it induces only mild mucositis in precancerous tissue with moderate tumor 
control. The idea of improving tumor control of a protocol that is virtually “cost‐free” 
in terms of toxicity was particularly compelling. BNCT mediated by GB‐10 (50 mg 
[10B]/kg), at an absorbed dose of 4 Gy to tumor at RA‐3, induced 48% overall tumor 
control (complete  remission +  partial remission) at 28 days post treatment with only 
mild mucositis in precancerous tissue. When electroporation was performed 
 individually in each pouch tumor available for study 10 mins after administration of 
GB‐10, and irradiation was performed 2 h 50 mins later at the same neutron fluence 
as for GB‐10–BNCT, tumor control increased significantly to 92% at virtually no 
additional cost in terms of precancerous tissue mucositis. The data are summarized 
in Table 3.6.1 (columns 9 and 10). Furthermore, electroporation significantly improved 
complete remission of small tumors (<10 mm3) from 7 to 65%. Seeking to understand 
the mechanisms involved in this robust improvement in tumor response, we per-
formed boron biodistribution  studies. The results of these studies revealed that 
 electroporation increased GB‐10 tumor gross boron concentration from 10 ± 2 ppm 
to 20 ± 10 ppm. While this increase is remarkable in and of itself, ongoing neutron 
autoradiography studies at our lab would suggest that changes in the parenchyma/
stroma microdistribution of GB‐10 in tumor would be at the root of electroporation‐
enhanced tumor control. The fact that no changes in gross boron content or boron 
microdistribution were observed in precancerous tissue would explain how the 
enhancement in tumor control induced by  electroporation would bear no cost in 
terms of toxicity in dose‐limiting precancerous tissue [138].

3.6.6.8 Assessing Novel Boron Compounds

Different groups worldwide have devoted (and continue to do so) considerable efforts 
and resources to the design and synthesis of boron compounds for BNCT. These com-
pounds are typically tested first in vitro in terms of uptake and toxicity. While in vitro 
studies are contributory, it is mandatory to perform in vivo biodistribution studies in 
appropriate animal models followed by actual radiobiological studies. Biodistribution 
studies are orientative but are far from conclusive regarding actual biological effect, as 
exemplified above.

While a large proportion of our efforts have been devoted to optimizing the delivery 
of boron compounds authorized for use in humans to facilitate extrapolation to a 
 clinical scenario, we have also assessed the value of novel boron compounds in collabo-
ration with the international groups that synthesize them. Perhaps the most eloquent 
example of these studies is our assessment of boronated liposomes for BNCT in the 
hamster cheek pouch oral cancer model.
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As described in this chapter, liposomes are efficient drug delivery vehicles that can 
selectively deliver large quantities of a wide variety of [10B] agents to tumor tissue. Small 
liposomes (<100 nm) pass through aberrant tumor vessels [67] and passively accumu-
late by the EPR effect [139]. Hawthorne and coworkers recently demonstrated the ther-
apeutic efficacy of a boron‐rich liposomal system, MAC–TAC liposomes, incorporating 
K[nido‐7‐CH3(CH2)15‐7,8‐C2B9H11] (MAC) in the lipid bilayer and encapsulating a con-
centrated aqueous solution of the hydrophilic species Na3[ae‐B20H17NH3] (TAC) in the 
aqueous core for treating BALB/c mice bearing EMT6 mammary adenocarcinomas 
[140]. With the aim of exploring the feasibility, safety, and efficacy of BNCT mediated 
by MAC–TAC liposomes to treat head and neck cancer, our first step was to perform a 
biodistribution study with MAC–TAC liposomes in the hamster cheek pouch oral 
 cancer model. Absolute tumor boron values for MAC–TAC liposomes administered 
intravenously at 18 mg [10B]/kg peaked to 67 ± 16 ppm at 48 h post administration with 
very favorable ratios of tumor boron concentration relative to precancerous and normal 
tissue (approximately 13:1 and 6:1, respectively) [83]. In vivo BNCT studies were per-
formed at RA‐3, prescribing 5 Gy absorbed dose to precancerous tissue (which resulted 
in an absorbed dose to tumor of 21 Gy). In these studies, dose was prescribed to precan-
cerous tissue as the “organ at risk” in the treatment volume, based on previously reported 
data on mucositis in dose‐limiting precancerous tissue (e.g., [12,94]). MAC–TAC–
BNCT yielded an overall tumor response of 70% after 28 days. In contrast, the beam‐
only protocol (no boron compound administration) showed that the background dose 
induced an overall tumor response of only 28%. A second application of BNCT with 
re‐administration of liposomes at an interval of 4, 6, or 8 weeks resulted in sustained 
tumor response rates of 70–88%, of which the complete remission ranged from 37 to 
52%. The data are summarized in Table 3.6.1 (columns 11 and 12). Because of the good 
therapeutic outcome, it was possible to extend the follow‐up period of the BNCT 
treated groups to 16 weeks after the first treatment.

Our working hypothesis to test the double application of BNCT was that the interval 
between treatments would allow the inflammatory process associated with mucositis to 
partially subside before the second application is delivered, thus avoiding unacceptable 
levels of mucositis that might be observed in precancerous tissue exposed to two full 
BNCT applications. In addition, it is known that inflammation associated with mucosi-
tis can induce tumor promotion, activating precancerous lesions [108,141]. Within this 
context, the fact that BNCT can be applied twice without enhancing mucositis is an 
asset not only in terms of sustaining tumor control and preventing toxicity but also in 
terms of inhibiting the development of novel tumors that would model the develop-
ment of second primary tumors in field‐cancerized oral mucosa, a frequent cause of 
therapeutic failure. In terms of therapeutic efficacy, lengthening overall treatment time 
in conventional (i.e., low‐LET) radiotherapy is known to reduce toxicity at the expense 
of reducing tumor control probability [142]. However, in the case of BNCT that involves 
a mixed radiation field of high‐ and low‐LET radiation, a repeat treatment would allow 
for boron retargeting of cell populations originated in cells that were refractory to the 
first treatment and subsequently proliferated (e.g., [88]). The intervals between 
 treatments would minimize tumor cell repopulation.

A remarkable finding was that only mild mucositis was observed in dose‐ 
limiting precancerous tissue associated with a robust and sustained 70–88% tumor 
response [143].
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3.6.7  BNCT Studies in a Model of Oral Precancer 
in the Hamster Cheek Pouch for Long‐Term Follow‐up

While many of our studies had proved the efficacy of BNCT to treat existing tumors, 
we still faced the challenge to achieve and demonstrate a long‐term inhibitory effect on 
the development of tumors from precancerous tissue without exceeding the radiotoler-
ance of this tissue. The clinical relevance of addressing this issue lies in the fact that 
second primary tumor locoregional recurrences that arise in field‐cancerized tissue are 
a frequent cause of therapeutic failure [102]. In head and neck cancer, there is a risk of 
approximately 20% for second primary tumors [144]. Furthermore, the constraints 
imposed on therapeutic protocols by the dose‐limiting nature of precancerous tissue 
must be assessed. Within this context, the hamster cheek pouch oral cancer model 
poses a unique advantage in that it allows for the study of tumors and field‐cancerized 
tissue, unlike tumor models based on the growth of implanted tumor cells in healthy 
tissue. However, the aggressiveness of this model as employed in short‐term tumor con-
trol studies (e.g., [12,46,94,124]) precludes long‐term follow‐up. Repeated application 
of DMBA induces hepatotoxicity [145] and causes animal decline. Given the need for 
long‐term follow‐up to better evaluate the effect of BNCT on precancerous tissue in 
terms of the development of secondary primary tumors from precancerous tissue, we 
developed a less aggressive model of precancerous tissue in the hamster cheek pouch 
that allows for long‐term studies and mimics the kinetics of the phenomenon of field 
cancerization in humans more closely [146]. The hamster cheek pouch oral precancer 
model is induced similarly to the oral cancer model, but topical application of the 
 carcinogen DMBA, 0.5% in mineral oil, is performed twice a week for six weeks to com-
plete a total of 12 applications, compared to 36 applications to induce the oral cancer 
model for short‐term tumor control studies. This less aggressive carcinogenesis 
 protocol guarantees tumor development in ≥80% of the animals by three months after 
the end of the induction protocol but allows for eight‐month follow‐up.

Using this model, we first performed boron biodistribution studies employing GB‐10 
(50 mg [10B]/kg), BPA (15.5 mg [10B]/kg), and the combined administration of GB‐10 
(34.5 [10B]/kg) and BPA (31 [10B]/kg), and revealed that there were no statistically 
 significant differences in boron concentration with the oral cancer model used for short‐
term tumor control studies that have been described in this chapter [103]. The first 
in vivo studies with this model were performed at RA‐6 and were designed to assess the 
long‐term potential inhibitory effect of BNCT on the development of new tumors (not 
present at the time of irradiation) and evaluate mucositis in precancerous tissue. We pre-
scribed the following absorbed doses to precancerous tissue: 7.2 ± 1.8 Gy for GB‐10–
BNCT, 4.3 ± 1.8 Gy for BPA–BNCT, and 4.4 ± 1.5 Gy for (GB‐10 + BPA)–BNCT. Once 
more, we were evaluating protocols that employed boron carriers approved for their use 
in humans and attempting to profit from the benefits of combining boron compounds as 
outlined in this chapter. All three protocols induced a statistically significant reduction 
in tumor development from precancerous tissue, reaching a maximum inhibition of 
77–100%. The inhibitory effect of BPA–BNCT and (GB‐10 + BPA)–BNCT persisted at 
51% at the end of the follow‐up period of eight months, whereas for GB‐10–BNCT 
it  faded after two months. Beam only (background dose) elicited a significant but 
 transient (two months) reduction in tumor development [103]. While GB‐10–BNCT 
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was effective to control tumors in the oral cancer model [12], its inhibitory effect on 
tumor development from precancerous tissue in the oral precancer model was poor. The 
overall more conserved structure and function of precancerous tissue blood vessels com-
pared to aberrant tumor blood vessels [147] would reduce biological efficacy of 
GB‐10–BNCT in precancerous tissue compared to its known efficacy in tumor based on 
a selective effect on aberrant tumor blood vessels [12]. At eight months post treatment 
with BPA–BNCT or (GB‐10 + BPA)–BNCT, the precancerous pouches that did not 
develop tumors had regained the macroscopic and histological appearance of normal 
(non‐cancerized) pouches. The inhibitory effect on precancerous tissue would be due to 
cellular and/or vascular targeting of foci of precancerous tissue at a high risk of malig-
nant transformation [148], the effect on the microenvironment of these foci [149], or 
both. In addition, vascular targeting by GB‐10–BNCT in the (GB‐10 + BPA)–BNCT pro-
tocol might affect the process of angiogenesis, pivotal to malignant transformation.

While a therapeutic effect was observed in precancerous tissue associated with early, 
slight/moderate reversible mucositis, normal tissue did not exhibit any effect whatsoever 
at the same neutron fluence. This differential effect cannot be attributed to differences in 
gross boron concentration between precancerous and normal tissue as revealed by bio-
distribution studies [103]. However, preferential microlocalization (undetectable in 
terms of gross boron concentration measurements) in foci of precancerous tissue at a 
higher risk of malignant transformation could contribute to this differential response. 
Our observations would suggest that the difference in response between normal tissue 
and precancerous tissue, at the same neutron fluence and the same gross boron concen-
tration, would be largely due to their differences in CBE for GB‐10, BPA, and GB‐10 + BPA.

This study provided evidence, for the first time, that BNCT induces a long‐term 
partial inhibitory effect on tumor development from precancerous tissue with no 
normal tissue radiotoxicity and without exceeding precancerous tissue tolerance. 
Furthermore, we showed that BNCT is capable of reverting at least the histological 
hallmarks of premalignancy. Thus, the BNCT protocols that were previously proved 
effective to control established tumors would also inhibit locoregional recurrences 
caused by the development of tumors in precancerous tissue, suggesting a novel 
application of BNCT [103].

We then went on to explore the long‐term effect of a double application of BNCT 
(full‐dose re‐irradiation) mediated by BPA or GB‐10 + BPA with a six‐week interval 
between applications. A double application or re‐treatment must not be confused with 
a fractionated treatment. In the case of a double application, dose is prescribed not to 
exceed the maximum tolerated dose to the “organ at risk” (or dose‐limiting tissue) for 
each application. In the case of a fractionated treatment, dose is prescribed not 
to exceed the maximum tolerated dose to the organ at risk (or dose‐limiting tissue) 
for the fractionated treatment as a whole. Following this line of thought, if standard 
radiotherapy is applied prescribing dose to the maximum tolerated dose to the organ 
at risk (or dose‐limiting tissue), a re‐treatment in the case of tumor recurrence would 
not be possible.

In a clinical scenario, a double application of BNCT (full‐dose re‐treatment) would 
potentially serve several purposes: to improve tumor control, treat a local recurrence, 
inhibit the development of second primary tumors from field‐cancerized tissue, and/or 
treat second primary tumors that developed after the first BNCT treatment. The poten-
tial benefits of a double application of BNCT must be weighed against the cost in terms 
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of mucositis in dose‐limiting precancerous tissue given that oral mucositis is a dose‐
limiting consideration in BNCT of brain tumors (e.g., [42,150]) and head and neck 
 cancer [16,94].

Of these clinically relevant aspects, we employed the hamster model of precancer to 
study the potential inhibitory effect of double BNCT on the development of new 
tumors (not present at the time of irradiation) from precancerous tissue and potentially 
dose‐limiting mucositis in this tissue [104]. We performed double applications of 
BPA–BNCT and (GB‐10 + BPA)–BNCT at 4 ± 1 Gy absorbed dose to precancerous 
 tissue at RA‐3 with a six‐week interval. Here, we must point out that this study was 
performed at RA‐3, while the single BNCT study [103] described above was performed 
at RA‐6. Differences in irradiation components between reactors preclude a direct 
comparison between these studies.

We followed these groups for eight months, comparing them to a control cancer-
ized, time‐matched group left untreated. An early 100% maximum inhibition was 
observed for both double BNCT protocols versus control two weeks post treatment. 
The inhibitory effect of double BNCT on tumor development from precancerous 
 tissue against control persisted for eight months for double BPA–BNCT and for three 
months for double (GB‐10 + BPA)–BNCT. Double beam only (background dose) 
exerted a transient inhibitory effect for two months. The cancerized pouches in the 
double BNCT groups that had not developed tumors after eight months post double 
BNCT were macroscopically and histologically similar to the pouches that had never 
been cancerized, and differed from the cancerized pouches after eight months. The 
precancerous tissue treated with double BPA–BNCT or double (GB‐10 + BPA)–
BNCT only exhibited mild reversible mucositis that peaked one week after the first 
and second applications and resolved to Grade 0/1 by three weeks after each applica-
tion. While none of the animals in the double (GB‐10 + BPA)–BNCT group reached 
Grade 2 mucositis (slight), 33% and 25% of the animals in the double BPA–BNCT 
groups reached Grade 2 mucositis after the first and second applications, respectively. 
Grade 3 mucositis is considered an acceptable degree of toxicity in clinical trials [16]. 
An extremely valuable finding was that the second application of BNCT did not 
 exacerbate the mucositis observed after the first treatment. It must be noted that 
re‐treatment was performed after mucositis induced by the first application had 
resolved to Grade 0/1.

In the conditions of this study, we noted a slight therapeutic advantage for double 
BPA–BNCT versus double (GB‐10 + BPA)–BNCT, associated with a slightly higher (but 
still low) degree of mucositis in precancerous tissue. However, the data for both proto-
cols are encouraging and worthy of assessment in a clinical scenario [104]. Shortening 
the interval between applications from six to two weeks in an attempt to minimize 
repopulation in the target tissue (precancerous tissue) did not exacerbate mucositis but 
failed to improve therapeutic effect [88]. Our working hypothesis was that the shortest 
interval that did not result in severe mucositis would be the most therapeutically effec-
tive option because it would avoid repopulation as much as  possible. However, our find-
ings did not confirm our hypothesis. It is known that  inflammation‐induced tumor 
promotion can lead to the activation of precancerous lesions [108,141,151], and that 
chronic inflammation has been described as one of the hallmarks of cancer, acting on 
any stage of tumorigenesis (e.g., [152]). Within this  context, the fact that the second 
application was applied earlier, before the moderate mucositis that developed after the 
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first application had resolved, could promote tumor development. Hence, a pivotal 
aspect of double applications of BNCT is the interval between applications.

The best therapeutic effect was afforded by a double application of (GB‐10 + BPA)–
BNCT at an absorbed dose to precancerous tissue of 5 Gy in each of two applications 
administered four weeks apart. Inhibition of tumor development versus control was 
100% up to two months post treatment and persisted at 63% eight months post 
 treatment. Mucositis was slight in the dose‐limiting field‐cancerized tissue in 67% 
of the cases. Our studies suggest that the interval must not be shorter than 3–4 weeks, 
the minimum time period necessary to allow mucositis to resolve after the first 
 application. Given that mucositis is dose‐limiting, the use of radioprotectors such as 
histamine (a compound also approved for use in humans) coupled to BNCT was 
explored with good results in this model, showing a reduction in BNCT‐induced 
mucositis in precancerous tissue without jeopardizing therapeutic efficacy [6].

The salient finding of these studies [88,104] was that retreatment with BPA–BNCT 
and (GB‐10 + BPA)–BNCT is possible and therapeutically useful at no additional cost 
in  terms of radiotoxicity. Thus, a double application of BNCT would be a treatment 
option as a pre‐established protocol or scheduled as a single application followed by 
re‐treatment in the case of recurrence.

3.6.8  BNCT Studies in a Model of Liver Metastases  
in BDIX Rats

Patients with multifocal, nonresectable, bilobar liver metastases from colorectal cancer 
who do not respond to chemotherapy can only be offered palliative treatment. This 
lack of therapeutic option is particularly disappointing considering that in most cases, 
the primary tumor in the colon can be excised and liver is the only site of metastatic 
spread [153]. Normal liver radiosensitivity jeopardizes the possibility of effectively 
treating liver metastases without exceeding normal liver radiotolerance (e.g., [154]). 
Furthermore, liver poorly tolerates the large treatment volumes involved in conven-
tional radiotherapy using photons or electrons [155]. Recent interest in BNCT for the 
treatment of liver metastases has risen. Because this technique is based on biological 
targeting rather than geometric conformation, it would be adequate to treat undetect-
able micrometastases, a major challenge in oncological therapy [156]. Ex‐situ BNCT 
mediated by BPA (systemic administration of the boron carrier, removal and neutron 
irradiation of the isolated organ, followed by autograft) controlled metastatic liver nod-
ules in two patients [13]. Some biodistribution studies have been performed in liver 
tumor experimental models (e.g., [157–160]) and in liver metastases patients [161–
163]. Some attempts have also been made to perform BNCT studies in experimental 
models employing endpoints indirectly related to liver control [153,155]. Studies in an 
experimental liver metastases model contribute to the understanding of BNCT radio-
biology for this pathology and to the optimization and design of therapeutically safe 
and useful BNCT protocols.

We adapted a liver metastases model from Refs. [158,164]. Subcapsular inoculations 
of syngeneic colon cancer cells (DHD/K12/TRb) were performed by laparotomy in 
BDIX rats to induce the development of subcapsular tumor nodules that simulate 
metastases but are more amenable to follow‐up [165]. Two weeks post inoculation, 
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100% of the animals developed localized, measurable, vascularized tumor nodules, with 
no peritoneal or pulmonary dissemination [8]. This model was used for biodistribution 
and in vivo BNCT studies.

Our first step was to perform boron biodistribution studies in this model. We evalu-
ated a total of 11 administration protocols for BPA and GB‐10 alone or combined at 
different dose levels and employing different administration routes, in keeping with the 
radiobiological notions contributed by our studies in the hamster cheek pouch oral 
 cancer model. We assessed gross boron content in blood, tumor tissue, and a wide 
 variety of potentially dose‐limiting healthy tissues. This study revealed that six of the 
protocols assessed were potentially therapeutic, according to the established guidelines 
described here (no manifest toxicity, absolute boron concentration in tumor >20 ppm, 
and boron concentration ratios of tumor–normal tissue and tumor–blood ≥1): the sin-
gle‐administration protocols BPA (31.0 mg [10B]/kg) i.p. administration, BPA (46.5 mg 
[10B]/kg) i.p., and BPA (46.5 mg [10B]/kg) i.p. + i.v.; and the combined boron compound 
administration protocols BPA (15.5 mg [10B]/kg) i.v. + GB‐10 (50 mg [10B]/kg) i.v., BPA 
(31.0 mg [10B]/kg) i.p. + GB‐10 (34.5 mg [10B]/kg) i.v., and BPA (46.5 mg [10B]/kg) i.p. + 
GB‐10 (20 mg [10B]/kg) i.v. [8].

We then went on to assess the therapeutic efficacy and potential toxicity of BNCT in 
the liver metastases model in BDIX rats by employing one of the protocols that proved 
potentially therapeutic in our biodistribution studies (BPA at 46.5 mg [10B]/kg i.p. + i.v.). 
Irradiations were performed at the RA‐3 thermal facility employing a lithium‐6 
 carbonate shield to protect the body of the animal while exposing the liver area through 
a collimated aperture. Due to the high boron content of the kidney at the time of 
 irradiation (3 h post administration of BPA) [8], acrylic tabs were used to artificially 
distance the kidneys from the collimator aperture during irradiation and thus minimize 
kidney radiotoxicity. Given the presence of boron in the intraperitoneal liquid as a result 
of i.p. administration, the peritoneal cavity was flushed with warm saline solution prior 
to irradiation to remove residual BPA and minimize intestinal toxicity. The total 
absorbed dose administered with BPA–BNCT was 13 ± 3 Gy in tumor and 9 ± 2 Gy in 
healthy liver. We demonstrated an unequivocal response at 3 weeks post BNCT, with 
tumor remission in 100% of the animals compared to 0% remission in animals treated 
with beam only (background dose) or left untreated (but submitted to the same manip-
ulation). Three weeks post BNCT, the tumor surface area posttreatment/pretreatment 
ratio was 0.46 ± 0.20 for BPA–BNCT, 2.7 ± 1.8 for beam only, and 4.5 ± 3.1 for the 
untreated group. The pretreatment tumor nodule mass of 48 ± 19 mg fell significantly to 
19 ± 16 mg for BPA–BNCT but rose significantly to 140 ± 106 mg for beam only and to 
346 ± 302 mg for the untreated group. A representative example is shown in Figure 3.6.3. 
No clinical, macroscopic, or histological liver toxicity was observed [5].

In a follow‐on study [166], at 5 weeks post treatment at similar dose levels, we 
showed  that the tumor surface posttreatment/pretreatment ratio was 0.45 ± 0.20 for 
BPA–BNCT, 7.8 ± 4.1 for beam only, and 12.2 ± 6.6 for the untreated group, and that the 
tumor nodule weight was 7.3 ± 5.9 mg for BPA–BNCT, 960 ± 620 mg for beam only, and 
750 ± 480 mg for the untreated group. At this dose level, BPA–BNCT achieved a 99% 
reduction in tumor mass compared to the untreated group, with no associated liver 
toxicity. Histological grading correlated with the macroscopic endpoints evaluated.

A dose–response analysis was performed to establish threshold doses for an effective 
treatment [166]. In view of potential differences between prescribed and administered 
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doses, retrospective dose assessment was performed in each animal. Our working 
hypothesis was that these differences would be due to the well‐known spread in boron 
concentration values (e.g., [8]), lack of reproducibility in intraperitoneal drug 
 administration, and variations in tumor neutron flux resulting mainly from differences 
in positioning the animal within the shielding device. Tumor neutron flux was meas-
ured in situ, and pre‐irradiation blood boron concentration was evaluated in each 
 animal for retrospective dose estimation. Potential threshold doses for some degree of 
tumor response and significant tumor control were established at 6.1 Gy (1.8 Gy boron 
dose) and 9.2 Gy (5.6 Gy boron dose) absorbed dose, respectively.

We can conclude that BPA–BNCT is therapeutically effective to treat liver metastases 
with no liver toxicity within the study period. BNCT would offer two potential advan-
tages over external photon radiotherapy. First, BNCT can treat both visible and unde-
tectable liver tumors, whereas conformal radiotherapy can only treat visible liver tumors 
that are delineated by the physician in the treatment plan. Second, BNCT can treat 
multiple liver tumors without exceeding normal liver tolerance. In contrast, when 3D 
conformal radiotherapy is applied to the treatment of more than three liver nodules, the 
risk of liver failure is a significant concern [167].

(b)

(c) (d)

(a)

Figure 3.6.3 (a) Subcapsular inoculation of syngeneic colon cancer cells (DHD/K12/TRb) in the liver 
of BDIX rats. (b) Tumor nodule, 2 weeks post inoculation (pretreatment). (c) Untreated tumor  
(time‐matched with BNCT‐treated tumor). (d) Tumor, 3 weeks post BNCT.
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3.6.9  BNCT Studies in a Model of Diffuse Lung Metastases 
in BDIX Rats

Metastatic lung disease is still a leading cause of death. Surgery, radio, and chemother-
apy have failed to improve survival satisfactorily, and the overall prognosis for patients 
is poor. In conventional external radiotherapy, it is difficult to deliver therapeutic doses 
to malignant cells without causing radiation pneumonitis in the healthy lung [168]. 
Within this context, the search for more selective and less toxic treatment strategies is 
warranted, particularly in view of the marked radiosensitivity of the healthy lung [169]. 
BNCT has been proposed for the treatment of diffuse, nonresectable tumors in the 
lung. BNCT can offer a dose gradient between tumor and normal cells if [10B] atoms 
accumulate preferentially in tumor cells. Furthermore, due to the fact that BNCT is 
based on biological rather than geometric targeting, it would be well suited to treat 
 diffuse micrometastases. In addition, with BNCT it is unnecessary to adjust for 
 breathing motions [170].

The effects of BNCT mediated by BPA on the normal lung of Fischer 344 rats have 
been assessed to establish RBE and CBE factors [171]. In addition, functional and 
 histological changes in the normal lung of Fischer 344 rats after BNCT mediated by 
BPA were assessed [172]. BPA biodistribution studies were performed in an experimen-
tal model of lung metastases of colon carcinoma DHD/K12/TRb cells in syngeneic 
BDIX rats using neutron autoradiography and α‐spectrometry to assess boron concen-
tration and boron microdistribution, respectively [170,173]. In the same model, Bakeine 
et al. [169] established the feasibility of using BNCT mediated by BPA in an in vitro/in 
vivo system. Suzuki et  al. [168] studied the effect of BNCT mediated by BPA in an 
experimental model of ectopic tumors, implanted in the thoracic cavity of mice to 
mimic pleural mesothelioma.

Suzuki et  al. [174] went on to treat two patients with diffuse or multiple pleural 
tumors. The same group then treated a patient with recurrent lung cancer in the previ-
ously irradiated chest wall with two fractions of BNCT [26]. All of these studies have 
afforded encouraging results but undoubtedly leave room for improvement.

Within this context, based on the work of Bortolussi et  al. [170], we tailored the 
model of colon carcinoma diffuse lung metastases in BDIX rats to perform biodistribu-
tion studies with five different administration protocols employing the boron com-
pounds BPA and GB‐10, administered alone or in combination [175]. DHD/K12/TRb 
colon carcinoma cells were injected in the jugular vein of syngeneic BDIX rats. Three 
weeks was the time post‐injection selected for biodistribution studies, because it guar-
anteed reproducible development of abundant vascularized lung metastases while pre-
serving enough healthy lung tissue for evaluation. Based on these biodistribution 
studies, we identified two administration protocols worthy of evaluation in in vivo 
BNCT studies: BPA (46.5 mg [10B]/kg) i.p. and the combined administration of BPA 
(31 mg [10B]/kg) i.p. + GB‐10 (34.5 mg [10B]/kg) i.v. The boron concentration values for 
the BPA protocol, 3 h post administration, were 23 ± 7 ppm for metastases, 12 ± 7 ppm 
for lung, and 14 ± 2 ppm for blood, and the boron concentration values for the 
BPA + GB‐10 protocol were 33 ± 9 ppm for metastases, 28 ± 6 ppm for lung, and 
32 ± 6 ppm for blood.

To date, only BPA has been explored as a boron carrier for BNCT of diffuse lung 
metastases. We went on to perform in vivo BNCT studies in the diffuse lung metastases 
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model at RA‐3 employing the BPA and combined BPA + GB‐10 administration proto-
cols. We designed and built a lithium‐6 carbonate shielding device to protect the body 
of the rat from thermal neutrons while allowing the delivery of a therapeutically useful 
and uniform dose to the lungs [176]. The effect of two dose levels (minimum absorbed 
dose to tumor 4 Gy and 8 Gy) was assessed two weeks after treatment, employing the 
endpoints of: percentage surface of lung lobes occupied by metastases at a macroscopic 
level, percentage area occupied by metastases in histological sections of lung lobes, and 
percentage lung weight/body weight. All three endpoints revealed that both BNCT 
 protocols at both dose levels induced a halt in tumor growth. The beam‐only 
( background dose) protocol failed to induce any effect in comparison with untreated 
animals with lung metastases. Survival studies showed that BNCT extended the life of 
the animals by 35% compared to untreated animals bearing lung metastases. No osten-
sible clinical, macroscopic, or histological toxicity was observed in the lung of BNCT‐
treated animals [177], suggesting that it would be possible to escalate the dose to 
optimize efficacy. At these dose levels, it was not possible to detect differences in 
 efficacy between the BPA–BNCT protocol and the (GB‐10 + BPA)–BNCT protocol.

3.6.10  BNCT Studies in a Model of Arthritis in Rabbits

Rheumatoid arthritis (RA) is an autoimmune disease that is characterized by the accu-
mulation and proliferation of inflammatory cells in the synovial joint lining, resulting 
in the formation of pannus tissue that invades and destroys adjacent articular cartilage, 
ligaments, and bone [178]. In this way, the normal synovial lining is replaced by a 
highly vascularized mass of inflammatory tissue. The first line of treatment for RA 
consists of reducing synovial inflammation with drugs. However, several joints are 
often refractive to this type of treatment. Surgical removal of excess inflamed tissue is 
considered the most effective treatment for persistent synovitis in RA patients. 
Although both open and arthroscopic synovectomy allow for 80% removal of the 
inflamed synovial membrane and grant alleviation of the symptoms for 2–5 years, the 
synovial membrane is replenished within six months after surgery and inflammation 
recurs [179]. A less invasive option is radiation synovectomy using β‐emitting radionu-
clides injected directly into the joint space. Success rates of up to 80% have been 
reported for 2–5 years. However, this procedure is not widely used due to potential 
healthy tissue irradiation caused by leakage of the β‐emitter away from the joint [180]. 
Pathological synovium is the target in RA. Because this tissue and local malignancies 
share common features (e.g., [181–183]), BNCT has been proposed as an alternative 
approach to synovectomy [74,180] and termed boron neutron capture synovectomy 
(BNCS). The application of BNCS to the treatment of arthritis has been investigated in 
the antigen‐induced arthritis (AIA) rabbit stifle joint 72 h post treatment employing 
potassium dodecahydrodecaborate as the boron carrier [179]. Van Lent et  al. [184] 
demonstrated selective depletion of macrophages in the synovial lining of normal 
murine knee joints five days post treatment with BNCS mediated by boronated 
liposomes. BNCS would avoid the problems associated with the leakage of β‐emitters 
from the joint while still profiting from the advantages of radiation synovectomy 
 relative to surgery: increased potential to destroy all the inflamed tissue, reduced risk 
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of blood clots and infection, the need for only local anesthesia, and the fact that the 
treatment is carried out on an outpatient basis with no associated pain or discomfort 
and would require no rehabilitation [180,185].

Three different boron carriers administered directly in the joint have been explored 
experimentally for BNCS, namely K2B12H12 [180] and two boronated liposomes 
[74,184]. Each of these compounds has advantages and disadvantages for BNCS. 
However, importantly, none of these boron carriers have been approved for their use in 
humans. An ideal boron compound for BNCS should be nontoxic and biochemically 
stable. Residence time in the synovium should be enough to allow for irradiation to be 
completed. Boron uptake in target tissue (pathological synovium) and healthy tissues 
(e.g. cartilage, muscle, tendon, and skin) should be such that a therapeutic radiation 
dose can be delivered to the target tissue without exceeding the radiotolerance of the 
healthy tissues.

We performed biodistribution studies for the first time with boron compounds 
authorized for their use in humans (GB‐10 and BPA) in a model of AIA in New Zealand 
rabbits. The diameter of a human finger is approximately the same as the diameter of 
the arthritic rabbit knee. In this sense, the rabbit experimental model is better suited for 
BNCS studies than the murine models. The animals were submitted to induction of 
AIA in the knee joints in keeping with a modification of a standard protocol [186]. 
Briefly, AIA was induced by two successive intradermal immunizations, 15 days apart, 
with ovoalbumin emulsion, 1:1 in complete Freund’s adjuvant. Ten days later, two suc-
cessive injections, 10 days apart, were performed in the knee articulation of both hind 
legs of each rabbit. Approximately 50–60 days after the first immunization, the onset of 
the disease was verified by clinical examination (swelling, and pain or tenderness on 
palpation) and magnetic resonance imaging (MRI) studies as described in Refs. 
[187,188]. Histopathological studies revealed that the clinical and MRI signs of disease 
were associated with the presence of inflammatory infiltrate, synovial hyperplasia, 
fibrosis, and/or pannus.

We tested intra‐articular (i.a.) administration protocols employing BPA (0.7 mg [10B]) 
i.a. or GB‐10 (5 mg [10B] or 50 mg [10B]) i.a. in a time range of 13–85 min post adminis-
tration, and i.v. (systemic) administration protocols employing BPA (15.5 mg [10B]/kg) 
i.v., GB‐10 (50 mg [10B]/kg) i.v., or the combined administration of BPA (15.5 mg [10B]/kg)  
+ GB‐10 (50 [[10B]]/kg) 3 h post administration [185]. The i.a. administration protocols 
at <40 min post administration for BPA and GB‐10 and the i.v. administration protocols 
for GB‐10 and GB‐10 + BPA at 3 h post administration exhibited therapeutically useful 
boron concentrations (>20 ppm) in pathological synovium.

Having evidenced that both i.a. and systemic administration protocols exhibited 
potentially useful boron biodistribution values, we decided to focus on the i.a. adminis-
tration protocols. Fifteen minutes post administration, the boron concentration values 
for the BPA i.a. protocol were 159 ± 65 ppm for synovium, 128 ppm for cartilage, 
2 ± 1 ppm for muscle, 3 ± 1 ppm for skin, and 0.5 ± 0.03 ppm for blood. At the same time-
point, the boron concentration values for the GB‐10 i.a. protocol were 378 ± 256 ppm 
for synovium, 206 ppm for cartilage, 7 ± 3 ppm for muscle, 157 ± 62 ppm for skin, and 
3.6 ± 0.5 ppm for blood. The low blood boron values for the i.a. protocols revealed scarce 
release of the boron carrier from the articulation into the bloodstream. With the i.a. 
protocols, boron uptake is maximized in the target volume, reducing the shielding 
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requirements for neutron irradiation. An additional advantage is that the majority of 
articular joints are located far from the body’s radiation‐sensitive organs. The fact that 
therapeutically useful boron concentrations are retained in the synovium up to 40 min 
post injection guarantees that the residence time of boron in the joint would be suffi-
cient for the irradiation times (approximately 10 min) needed to reach therapeutically 
useful doses. The administration of the boron compounds to a site immediately adja-
cent to the diseased tissue results in extremely high uptake levels. Synovium boron 
concentration achieved with the i.a. protocols was 5–10 times the “ideal” target tissue 
boron concentration of 30 ppm established for the treatment of target tissue with BNCT 
(e.g., [2,12]). As previously mentioned, high absolute boron concentration in target 
 tissue allows for shorter irradiation times to reach the desired dose in target tissue. 
A  reduction in irradiation time reduces background dose and maximizes the boron 
component of the dose. Admittedly, the spread in boron concentration values was large. 
This is an issue of concern in BNCT in general because it precludes adequate treatment 
planning, imposes constraints on the analysis of biological responses as a function of 
dose, and can cause underdosing or overdosing (e.g., [3]). Within this context, dose 
prescription to healthy tissues must be conservative to ensure that their radiotolerance 
is not exceeded. In the case of the i.a. administration, the spread in values is particularly 
high, perhaps due to potential variations in the local injection procedure. Nevertheless, 
the advantages of an i.a. administration protocol would conceivably outweigh the disad-
vantages of a larger spread in boron concentration values. If an in vivo, noninvasive, 
online method to measure boron concentration in tissues was available in the future, 
the characteristic spread in boron concentration values would be less of a concern.

Since an important objective of a synovectomy procedure is to spare articular 
 cartilage from permanent damage, cartilage was considered as the dose‐limiting tissue 
in dosimetric analysis. The biodistribution data posed a considerable concern in that 
synovium boron‐targeting selectivity versus cartilage was marginal. Based on the bio-
distribution data alone, an actual in vivo BNCS study might have been dismissed on the 
basis of potential damage to cartilage. It must be stressed that, whereas in the treatment 
of a malignant disease moderate/severe side effects might be acceptable, in the case of 
a disease that is not life‐threatening, the safety requirements are more stringent. 
Extensive research has shown that articular cartilage is one of the least sensitive struc-
tures to radiation damage [189]. Detailed dosimetric calculations suggested that it 
would be possible to deliver therapeutically useful doses to synovium without signifi-
cant damage to cartilage despite the very slight differences in boron concentration 
between synovium and cartilage [185].

Within this context, we performed low‐dose BNCS studies mediated by BPA or 
GB‐10 administered i.a. in AIA rabbits [190], in keeping with the administration 
protocols selected from the biodistribution studies described above [185]. Fifteen 
minutes post administration of the boron compounds, irradiations were performed 
with the thermal beam of the RA‐1 Reactor (Buenos Aires, Argentina) at a thermal 
neutron flux of approximately 1.6 × 108 n/cm2sec to the target area (knee joint). The 
geometric setup involves no body shielding, and we relied on boron retention in the 
joint to exert a selective effect in the pathological articulation. The animals were 
placed face‐up on a device designed ad hoc to transport the rabbit to the irradiation 
position, with their hind legs toward the core of the Reactor. Irradiations lasted 
10 min, resulting in an approximate neutron fluence of 2.9 × 1011 n/cm2 to deliver 
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2.4 Gy or 3.9 Gy to synovium for BPA and GB‐10, respectively. Untreated AIA  animals 
and healthy animals were used as controls.

Throughout the follow‐up period of two months, the rabbits did not exhibit any clini-
cal signs of toxicity. A follow‐up accomplished two months after BNCS showed that the 
hind leg knee joints of all the rabbits treated with BPA–BNCS or GB‐10–BNCS were no 
longer swollen or painful on palpation. Serum levels of the pro‐inflammatory cytokines 
tumor necrosis factor‐α and interferon‐γ decreased post BNCS in 67 and 83% of the 
rabbits, respectively. However, the difference between mean pre‐ and posttreatment 
values did not reach statistical significance, conceivably because BNCS is a local treat-
ment and a robust systemic effect might take longer to achieve. A follow‐up accom-
plished after two months showed that the MRI images of the AIA knee joints treated 
with BNCS were similar to those of control healthy joints in 100% of the cases (i.e., with 
no areas of necrosis or peri‐articular effusion) but markedly different from untreated 
AIA joints that exhibited hydroarthrosis in the joint space, alterations in subchondral 
bone, and alterations in the peri‐articular soft tissue. The histological analysis of the 
synovial membranes obtained postmortem, two months after treatment, revealed that 
in 70–100% of the fields corresponding to cases of AIA joints treated with BNCS, the 
histological features were similar to those of healthy joints (i.e., no synovial hyperplasia, 
scarce or no lymphoplasmocytic infiltrate, and no alterations in vascularization) but 
very different from those of untreated AIA joints, which exhibited synovial hyperplasia, 
angiogenesis, edema, and abundant inflammatory infiltrate, as previously described in 
Sanchez‐Pernaute et al. [186].

The follow‐up in this study was enough to show reversal of clinical symptoms, MRI 
and histological features of AIA, with no evidence of toxicity. Both BPA–BNCS and 
GB‐10–BNCS, even at these very low dose levels, were therapeutically effective with no 
ostensible differences between the protocols. While BPA–BNCT would target malig-
nant tissue on a cell‐by‐cell basis, GB‐10–BNCT would mainly target aberrant blood 
vessels while preserving normal blood vessels in healthy tissue [12]. It is well known that 
neovascularization of the rheumatoid synovium is essential to perpetuate an angiogenic 
disease such as RA [191,192]. Within this context, GB‐10 as a boron carrier for BNCS, 
alone or in combination with BPA, would be particularly suited to treat RA. It would be 
particularly contributory to explore the therapeutic efficacy of the combined i.a. admin-
istration of GB‐10 + BPA.

This study [190] suggests that considerably lower doses to target tissue than antici-
pated from radiation synovectomy studies would be necessary to achieve a therapeutic 
effect with BNCS mediated by i.a. administration of BPA or GB‐10. This is an asset and 
minimizes (or altogether prevents) associated toxicity to healthy tissues, such as carti-
lage, and would allow for re‐treatment if necessary.

3.6.11  Preclinical BNCT Studies in Cats and Dogs 
with Head and Neck Cancer with no Treatment Option

Preclinical trials in animals with spontaneous tumors and clinical trials in humans are 
performed on the patients that are most difficult to treat. A clinical trial is designed to 
explore the feasibility, safety, and potential toxicity of a new treatment modality and, 
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if possible, to monitor therapeutic efficacy, improve the clinical condition of the patient, 
and prolong survival. The patients included in a clinical trial are those that have no 
treatment option and/or have been refractory to standard treatments. Hence, the 
chances of showing efficacy are smaller than when a treatment modality is used as a first 
line of therapy. This issue must be considered when we compare the outcome of a 
standard treatment with that of an experimental treatment.

An experimental treatment that can be applied safely to patients that have already 
been treated with standard therapy will be advantageous. BNCT offers a dose gradient 
between tumor (or target tissue in general) and dose‐limiting tissues in terms of selec-
tive boron targeting, and higher RBE and CBE values for target tissue than for healthy 
tissue. This feature is an asset in terms of minimizing the radiation dose that is delivered 
to healthy tissues that have already been exposed to standard radiotherapy.

Earlier and ongoing BPA–BNCT preclinical trials, in terminal cats and dogs with 
head and neck cancer that do not have a treatment option, seek to contribute clinically 
representative data to the knowledge of BNCT for head and neck cancer. Our data to 
date on boron biodistribution studies and BNCT studies in three cats treated with low‐
dose BPA–BNCT at RA‐1 [193], three cats treated at a higher dose level of BPA–BNCT 
at RA‐6 [194], and one dog treated at RA‐6 reveal the efficacy of BPA–BNCT to improve 
the clinical condition of the animals and partially control tumors with only slight associ-
ated toxicity in healthy tissues. Very importantly, these studies showed that an animal 
patient whose tumor recurred locally several months after BNCT can be re‐treated with 
a second full dose of BNCT with excellent results in terms of tumor control with only 
mild associated toxicity. Full‐dose re‐treatment with standard radiotherapy would not 
be an option due to toxicity constraints. However, our translational work in the hamster 
cheek pouch oral cancer and oral precancer models (described in this chapter) encour-
aged us to assess retreatment with BNCT, leading us to demonstrate its feasibility, 
safety, and efficacy.

3.6.12  Future Perspectives

The recent initiation of BNCT clinical trials employing hospital‐based accelerators 
rather than nuclear reactors as the neutron source will allow for new and more numer-
ous trials for different pathologies. In vivo translational research in adequate experi-
mental animal models will continue to contribute to the optimization of BNCT for 
different pathologies and the design of safe and effective treatment protocols. Research 
into novel, potentially “closer to ideal” boron carriers and studies performed to optimize 
boron targeting with boron carriers approved for use in humans are complementary 
strategies to optimize BNCT. The combined application of BNCT and other treatment 
modalities is a promising approach.
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