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a b s t r a c t 

Hyaluronic acid is a naturally occurring biopolymer possessing numerous functions within the body including 
wound repair, cell migration, and cell signaling. Due to its versatility, hyaluronic acid has been a major component 
of biomedical research and has seen application in several fields such as tissue engineering and cancer treatments 
through a multitude of different forms. This review aims to outline hyaluronic acid’s role in the healing process 
while focusing on its myriad of forms and applications in the biomedical world. 
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. Introduction 

The healing capabilities of the human body are somewhat limited
nd often requires the aid of foriegn materials to facilitate complete re-
eneration. In certain medical emergencies such as third-degree burns,
issue may be transplanted from other parts of the patient’s body in a
rocedure known as an autograft. While this procedure may aid in the
ealing process, it often generates additional wounds and scarring at
he donor site. Scenarios such as this have prompted researchers to pur-
ue other methods of wound healing, giving rise to the field of tissue
ngineering and regenerative medicine. Tissue engineering and regen-
rative medicine (TERM) is an interdisciplinary field that combines the
rinciples of engineering and life sciences to facilitate the generation of
nd replacement of cells, tissues, or organs. 

Advanced wound healing relies on the proper use of biomaterials
hich refers to any substance that has been engineered to interact with
 specific biological system. A plethora of biomaterials exist on the mar-
et including metals, glasses, ceramics, and polymers, all of which have
nique applications in TERM. Some biomaterials are more complex than
thers and can be derived from naturally occurring materials. One such
aterial is hyaluronic acid (HA) which plays an important role in pro-

esses such as cell differentiation and has been used clinically in medical
roducts for over three decades [1] . 

Hyaluronic acid is an extremely versatile material with various
nique properties. Naturally found in the body, hyaluronic acid is a gly-
osaminoglycan containing no sulfate bonds. With the chemical struc-
ure of C 14 H 21 NO 11 per subunit, it has multiple alcohol and carboxylic
cid groups along with a single amide functional group that allows for
umerous chemical modifications [2] . Hyaluronan is usually composed
f multiple negatively charged hyaluronic acid subunits, allowing it to
ttract and retain water. The binding of water provides support to the
xtracellular matrix. Commonly excreted by cells such as fibroblasts and
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hondrocytes, hyaluronic acid is an important part of the extracellular
atrix and also functions in cell signaling and wound repair [3–5] . The
ast several years have seen the development of countless HA deriva-
ives with branching clinical applications and potential. HA’s ability to,
irectly and indirectly, affect the wound healing process makes it a key
omponent in regenerative medicine [6,7] . 

. The healing process 

The healing process can be divided into four main phases: hemostasis
hase, inflammatory phase, proliferation phase, and maturation phase
8] . Hyaluronic acid’s application in biomedical research stems primar-
ly from its role during these processes. 

.1. Hemostasis phase 

Hemostasis is the first stage of the healing process and begins im-
ediately upon the onset of injury. The objective of hemostasis is to

top any bleeding [9] . Upon injury, blood vessels constrict as a means
f restricting blood flow to the site of injury. Platelets then begin to ag-
regate at the wound site and adhere to the sub-endothelial surface to
eal the break in the blood vessel wall ( Fig. 1 ) [10] . Fibrin then begins
o adhere to the platelets, forming a mesh-like structure. As the fibrin
esh forms, coagulants and prothrombin are released to increase blood

iscosity. This forms a clot which keeps platelets and cells trapped in
he wound area [11] . 

.2. Inflammatory phase 

The second stage of the healing process is known as the inflammatory
hase. After the hemostasis phase, damaged blood vessels begin leaking
ransudate which consists of salts, water, and proteins [12] . Transudate
ober 2020 

Ai Communications Co. Ltd. This is an open access article under the CC 

https://doi.org/10.1016/j.engreg.2020.10.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/engreg
mailto:matthew.dovedytis@stonybrook.edu
https://doi.org/10.1016/j.engreg.2020.10.001
http://creativecommons.org/licenses/by-nc-nd/4.0/


M. Dovedytis, Z.J. Liu and S. Bartlett Engineered Regeneration 1 (2020) 102–113 

Fig. 1. The wound healing process as seen 
in the epidermis (E) and dermis (D). (A.) 
During the hemostasis phase, red blood cells 
are present within the injury site. Platelets 
flood to the injured area to induce clotting. 
Signal molecules are released to addition- 
ally recruit neutrophils and macrophages. (B.) 
Macrophages and neutrophils dominate the in- 
flammation phase. Their primary objective is to 
remove bacteria and other foreign constituents 
from the wound area. Fibroblasts also begin 
migration to the site to promote new tissue 
growth. (C.) During the proliferation phase, fi- 
broblasts begin secreting new tissue as vascu- 
larization returns to the tissue bed. Granula- 
tion tissue begins to form and seeds the wound 
bed with new blood vessels. Here, the wound 
bed is beginning to close. (D.) In the matura- 
tion phase, the wound is remodeled. Scar tis- 
sue begins to form as the wound bed attempts 
to return to a state before injury. Cells like 
macrophages and neutrophils vacate the site as 
they are no longer needed. The epithelium fully 
connects and the injury completely closes. 
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auses localized swelling and controls bleeding to prevent infection in
he injured area. The swelling also allows for healing and repair cells
uch as neutrophils and macrophages to enter the wound site ( Fig. 1 )
13] . These cells remove damaged tissues, pathogens, and bacteria from
he site to prevent any further infection and prepare the wound bed
or the new tissue. This phase is generally characterized by heat, pain,
edness, and functional disturbance at the site of injury [14] . 

.3. Proliferation phase 

During the proliferation phase, the wound is rebuilt as new colla-
en tissue and extracellular matrix is secreted [15] . This occurs in three
tages where the wound is filled, contracted, and covered. Even before
he inflammatory phase has ended, proliferation begins as fibroblasts
ood towards the wound site [16] . During the first phase, granulation
issue fills the wound bed with Type III collagen and new blood vessels
or oxygenation ( Fig. 1 ) [17] . As new tissue is formed, the wound begins
o contract due to the presence of myofibroblasts. Myofibroblasts grip
ound edges and bring them closer together in a mechanism similar

o how smooth muscle contracts [18] . Finally, epithelial cells migrate
cross the wound bed to form the epithelium which happens rapidly in
 moist and hydrated environment [19] . 

.4. Maturation phase 

The final phase of wound healing is known as the maturation phase
r the remodeling phase. Type III collagen that was deposited in the
roliferation phase is remodeled to type I [20] . During the proliferation
hase, the deposited collagen is considered unorganized and produces
 thick layer. In the maturation phase, the unorganized collagen be-
ins aligning along the tension lines and reabsorbing water, forming a
rosslink ( Fig. 1 ) [21] . Cross-linking of collagen is extremely important
s it reduces scarring and strengthens the skin at the wound site. How-
ver, the cross-linking that occurs does not fully recover the strength of
he wounded skin. Generally, wounded skin can only withstand about
0% of tensile strength compared to unwounded skin [22] . 

.5. Role of hyaluronic acid in healing 

It has been observed that shortly after a wound occurs, hyaluronic
cid presence increases at the site of the wound. This is due to the two vi-
al important functions that HA serves during the wound healing process
103 
23] . During the early stages of wound healing, hyaluronic acid serves
s a temporary structure primarily because of its large molecular size. Its
nique structure facilitates the diffusion of nutrients and waste products
rom the injury site. More importantly, however, is hyaluronic acid’s in-
eraction with keratinocytes. Keratinocytes are cells in the epidermis of
he skin whose role is to produce keratin and form tight junctions. HA
irectly affects the proliferation and migration of these cell types [23] . 

Several important functions associated with HA during the wound
ealing process stem from the CD44 receptor [24] . CD44, a prominent
eceptor of hyaluronic acid, is present on the cell membrane of almost
very human cell. In the wound environment, CD44 is responsible for
he internalization of HA degradation products and is an essential re-
eptor during the inflammatory response [25] . Furthermore, CD44 is
esponsible for the recruitment of fibroblasts into the wound area from
urrounding tissue. However, CD44 and HA cannot act independently.
D44 then triggers a signaling cascade which aids in the process of cell
rowth and cell motility [26] . 

Another receptor known as the receptor for hyaluronan-mediated
otility (RHAMM) aids in the healing response associated with
yaluronic acid. RHAMM can be distributed on the cell surface or in-
racellularly, in the cytoplasm or nucleus [27] . Intracellularly, RHAMM
long with cytoskeletal proteins activates several protein kinases which
ll stimulate cellular movement. These systems are essential to tissue re-
air and the inflammation processes. RHAMM is also highly expressed
n the surface of fibroblasts and has shown to directly stimulate fibrob-
ast proliferation in vivo [28] . 

An interaction also exists between CD44 and cell surface RHAMM.
ell surface RHAMM can interact with CD44 in regulating signal trans-
uction, cell movement, and wound healing [29] . RHAMM has proven
o play a pivotal part in the translocation of CD44 to the cell surface
hich is beneficial in triggering the pathways activated by HA and the
D44 receptor [30] . While both cellular receptors can act independently
f one another, it is believed that they may possess several overlapping
unctions. 

Hyaluronic acid can be found during every step of the wound healing
rocess that was described previously. The effect of HA can be deter-
ined by the molecular weight [31] . HA molecules with higher molec-
lar weight stimulate anti-inflammatory responses while lower molec-
lar weight molecules induce inflammation [32] . The inflammatory re-
ponse triggered by lower molecular weight HA fragments can be at-
ributed to their affinity for the CD44 receptor. This interaction triggers
he activation of several macrophages, pro-inflammatory cytokines, and
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hemokines [33] . In chronic wounds, HA plays a role in triggering an
xcessive inflammatory response, preventing the wound from healing
roperly. 

Hyaluronic acid also possesses antioxidative properties and it is be-
ieved that higher molecular weight hyaluronic acid can protect against
he effects of reactive oxygen species [34] . In excess, reactive oxygen
pecies can damage proteins, lipids, and DNA. Some antioxidative prop-
rties of HA include its ability to decrease ultraviolet light-induced
poptosis and acid-induced damage of DNA [34,35] . Several doctors
ave prescribed ocular HA drops to reduce oxidative stress in patients
ith chronic dry eye. While the exact mechanisms for this oxidation–

eduction are not well understood, it is speculated that the hydroxyl
unctional groups on HA can absorb reactive oxygen species which is
escribed later in the paper [36] . 

During angiogenesis, hyaluronan signaling plays an important role
n endothelial cell behavior [37] . Low molecular weight hyaluronic
cid stimulates vascular endothelial cell proliferation and migration.
ome reports also claim that low molecular weight hyaluronic acid
lso stimulates the expression of signaling molecules like ezrin, a vi-
al protein for cellular adhesion [38] . On the contrary, high molecular
eight hyaluronic acid displays antiangiogenic properties by inhibiting
ndothelial cell migration and proliferation [39] . Endothelial cell migra-
ion and proliferation is a necessary aspect of the healing process. These
pecialized cells need to proliferate and form new cell-to-cell attach-
ents as well as structures for capillary growth. Most of the data sup-
orting HA’s effect on cell growth is generated using tumor xenografts.
owever, some data conflicts with established ideas. An injection of

ow molecular weight hyaluronic acid inhibited tumor growth, rather
han stimulated it as previously believed [40] . This indicates that there
ay be more complicated pathways and interactions that require future

tudy. 
While HA helps proliferation and movement of endothelial cells, it

an have the opposite effect on leukocytes. HA has been observed to slow
he movement of leukocytes through interaction with the CD44 receptor
hich ultimately affects the adhesion of neutrophils to damaged blood
essels [41] . The CD44 receptor is located on the surface of leukocytes
s well as the endothelial lining of blood vessels. Leukocytes utilize the
eceptors on the blood vessel wall to “roll ” to the site of injury and
ecrete proteases for tissue degradation [42] . When levels of HA in the
lood are high, then HA binds to the CD44 receptor on the surface of the
eukocyte and endothelium. When the receptor is blocked, no “rolling ”
f the leukocytes on the endothelium can occur. As a result, fewer white
lood cells migrate to the site of inflammation which reduces the degree
f swelling that occurs at the wound bed [43] . HA does not completely
revent the leukocyte “rolling ” process, however, and only slows it. A
ufficient amount of white blood cells will still migrate to the wound
ite to provide healing, but excessive reactions are reduced [44] . 

.6. HA and cell behavior 

Hyaluronic acid is also a significant regulator of cell behavior af-
ecting processes such as migration, proliferation, and differentiation. .
A presence contributes to local tissue hydration and weakens cell an-
horage to the extracellular matrix. The weakening of cell anchorage
acilitates cell detachment for migration and even division. In addition,
yaluronic acid swells when trapping water, contributing to this weak-
ning by physically driving structures apart. Cell surface HA receptors
ike CD44 and RHAMM can also link with several protein kinases as-
ociated with cell locomotion [132] . Cell migration has been observed
fter the accumulation of hyaluronic acid in the extracellular environ-
ent [131] . Inhibition of cell movement can also be observed through
A receptor degradation or receptor blocking. 

Hyaluronic acid has also been observed to influence cell prolifera-
ion. During the early phases of mitosis, increased levels of hyaluronic
cid have been recorded with a steep decline in levels as the cells enter
he G -phase [133] . The elevated HA levels cause a release of mitogenic
1 

104 
timulators like growth factors and influence cell-to-cell interaction by
orming a pericellular coat, resulting in faster cell proliferation [131] .
t is worth noting, however, that hyaluronic acid has not been observed
o possess direct mitogenic activity. 

Cell differentiation can also be influenced by the presence of
yaluronic acid. Countless studies have been performed, evaluating
he effects of HA on stem cell differentiation. Mesenchymal stem cells
MSCs), embryonic stem cells (ESCs), and neural progenitor cells (NPCs)
ave all been used to determine the effectiveness of HA on differentia-
ion. Combinations of MSCs and HA scaffolds have exhibited improved
steochondrogenic differentiation in several scenarios, providing evi-
ence for applications in cartilage repair [134–136] . More specifically,
SC degradation of methacrylated-HA (MA-HA) hydrogels were seen to

ave promoted cell spreading and osteogenesis. MSC fate has also been
irected using spatially controlled MA-HA hydrogel mechanics [145–
47] . ESCs, under the influence of hyaluronic acid, actually maintain
heir undifferentiated state in vitro and in vivo [137] . This allows ESCs
o remain in a constant state of renewal. NPCs encapsulated under HA
ydrogels have been observed to differentiate into astrocytes and neu-
ons based on the mechanical property of the hydrogel. The ability to
ontrol NPC fate makes HA a valuable asset in neurodegenerative dis-
ases [138] . 

The molecular weight of hyaluronic acid also plays a role in regu-
ating cell behavior. In endothelial cells, it was observed that only low
olecular weight HA can induce cell proliferation [139,140] . Another

xample of the molecular weight of hyaluronic acid influencing cell
egulation is in macrophages. As mentioned previously, low molecu-
ar weight HA induces pro-inflammatory response while high molecular
eight induces the opposite [139] . Low molecular weight HA enhances

he expression of cd80, nos2, il12b , and TNF- 𝛼, all of which are pro-
nflammatory genes. High molecular weight HA, however, induces the
xpression of il10, mrc1 , and arg1 while producing insignificant levels
f nos2 and TNF- 𝛼 [139] . The effect of low molecular weight HA on
acrophage is related to the initial step of wound healing (inflamma-

ion) in which large amounts of reactive oxygen species are released,
hich can break hyaluronan into smaller fragments. When the inflam-
atory phase is over, macrophages also help signal for vascularization

nd remodeling of the wound which correlates with the gene expression
nfluenced by high molecular weight HA [139] . High and low molecular
eight hyaluronic acid was also observed to have an affect on astrocyte
nd glial cell formation in the central nervous system. Low molecular
eight HA induces astrocyte proliferation while high molecular weight
A stops glial cell scar formation. Low molecular weight HA also ac-

ivates COX-2 and PGE2 while high molecular weight HA suppresses
hem. In the central nervous system, hyaluronic acid plays a more com-
lex role than inducing pro or anti-inflammation however the specific
unctions of high or low molecular weight HA is not fully comprehended
141] . 

. Physical forms of hyaluronic acid 

Hyaluronic acid is seen as an attractive building block for applica-
ions in numerous medical fields. The chemical structure of the polymer
s easily modifiable and allows for the creation of various physical forms
f hyaluronic acid. Each form has its niche and biomedical application,
ontributing to the polymer’s versatility. The physical forms of HA ex-
lored in this section include viscoelastic solutions, hydrogels, electro-
pun fibers, scaffolds, flexible sheets, and nano-particulate solutions. 

.1. HA viscoelastic solutions 

Since the chemical structure of hyaluronic acid is easily modifi-
ble, high molecular weight structures can be formed. Solutions of high
olecular weight HA can be extremely viscous while also possessing
on-Newtonian flow properties [45] . Hyaluronic acid is considered to
e semi-flexible and the volume occupied by each chain is fairly large.
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n  
ost of the volume occupied in the chains is water, which is not bound
o the polymer, contributing to an ever-changing shape [46] . Viscoelas-
ic solutions of HA are excellent for mimicking the synovial fluid found
n joints. Much of the natural viscoelastic properties of synovial fluid
an be attributed to the concentration of hyaluronic acid found within
t [47] . However, viscoelastic solutions of HA do not possess long-lasting
echanical integrity. 

.2. HA-Based scaffolds 

Hyaluronic acid-based scaffolds have also been widely used within
he medical industry for various therapeutic purposes. HA scaffolds have
een applications in bone tissue, space-filling, nerve and brain tissue re-
air, as well as used in cell delivery, and muscle regeneration [64,65] .
caffolds are only temporary supporting structures that can aid in pro-
oting cell and tissue ingrowth through biodegradable structures like
ydrogels. Most scaffolds have to meet certain criteria including: 

• The surface of the scaffold should permit cell adhesion and cell
growth 

• The scaffold should be biocompatible and not produce inflammation
or an immune response. Surface degradation of the scaffold should
not produce toxic products. 

• The scaffold should possess the physical and mechanical properties
of the native tissue it is trying to mimic. 

• The porosity of the scaffold should be sufficient enough to allow cell
growth and nutrient diffusion. 

HA-based scaffolds fulfill all requirements and are considered ex-
ellent scaffolds for tissue engineering purposes [66] . Scaffolds using
A are biodegradable, biocompatible, and bioabsorbable. As discussed
reviously, HA naturally plays a role in cell signaling and cell growth.
hese properties can be attuned to the scaffold through its functional
roups and functional domains [67] . Furthermore, some researchers be-
ieve that HA-based scaffolds can be bioactive in both the full length and
egraded form. When implanted, the scaffold exhibits non-specific ad-
esion for cells and proteins while its degraded form exhibits specific
dhesion for cells [68] . This can be enhanced through the use of spe-
ific cellular receptors such as CD44 and RHAMM which interact with
ative hyaluronic acid. 

Hyaluronic acid can also be used alongside other polycations to en-
ance the scaffold’s adhesive properties [69] . Hyaluronic acid compos-
te scaffolds have been linked with collagen and chitosan as a means to
ounteract HA’s strong negative charge. A majority of these composite
caffolds are used for tissue engineering cartilage constructs as HA is
nown for its innate ability for enhanced proteoglycan synthesis [70] . 

Hyaluronic acid hydrogels, which may also be considered scaffolds,
re widely used in the biomedical industry. Hydrogels are networks of
ydrophilic polymer chains that form 3-D structures. These structures
well in response to water and other conditions like pH and temperature,
ut can still maintain their structure [48] . Most HA-based hydrogels
ave tailored mechanical properties and degradation rates which is ac-
omplished through side group modification and chemical crosslinking
49] . Despite these alterations, the hydrogel is still able to possess nat-
ral biological functions. Various modification and different molecular
eights can produce HA-based hydrogels with varying stiffness, density,
ore size, and degradation rates [49,50] . Most HA-based hydrogels also
ontain other bioactives such as cytokines and therapeutic drugs while
ther crosslinking technologies have also allowed for the encapsulation
f live cells. Gel encapsulation gives rise to three dimensional structures
hat amplify cell-matrix interactions [51] . 

Traditionally, HA-based hydrogels are considered bulk gels where
he HA chains are randomly interconnected. Compared to the natural
CM, these networks are not nearly as structurally complex and func-
ionally diverse [52] . However, covalent cross-linking can improve sta-
ility and provide improved functionality. In most cases, HA can be
rosslinked without any form of chemical modification [53] . Native HA
105 
rosslinking can produce toxic reagents and harsh conditions which may
ot be suitable for cell encapsulation. Furthermore, HA-based hydrogels
re known for creating lubricated and hydrated environments that are
onducive to cell movement [54] . This property makes HA-based hy-
rogels suitable for wound grafts in chronic wounds or in patients with
ompromised healing like diabetics [54,55] . HA-based hydrogels in tis-
ue engineering applications should not produce toxic-by-products or
ncrease enzymatic degradation of the gel. 

Researchers have also explored the idea of scaffolds with HA-based
heets which may still resemble a gel. In some applications, these sheets
erve as barriers between a wound and outside contaminants [1] . Ap-
lying HA sheets helps absorb harmful constituents within the wound
ed while also maintaining and encouraging a moisturized environment.
hese sheets have proven to also reduce the number of inflammatory
ells within the scar tissue, reducing scar tissue formation [72] . HA has
lso been combined with fibrin sheets to help aid in acute wound heal-
ng. Fibrin was used for binding to clots present at the wound site while
he hyaluronic acid was simultaneously used to promote the migration
f cells to the site of injury [73] . 

Hyaluronic acid sheets are also sold commercially as skincare prod-
cts. Again, these sheets utilize the hydration and moisture retention
roperties of hyaluronic acid [74] . Furthermore, they are advertised as
romoting new cell growth for healthier skin as the sheets also include
ther substances such as vitamins and antioxidants. 

Some biomedical scaffolds require the use of small fibers ranging
rom sizes of microns to nanometers and to form a complete scaffold.
lectrospinning is a very simple and effective technique that enables the
anufacturing of such fibers. Electrospun fibers possess several favor-

ble characteristics such as high specific surface area, high aspect ratio,
nd high porosity while maintaining very small pore size [56] . The high
orosity and pore size are extremely important properties as fine-tuning
f these characteristics can mimic the extracellular matrix and enhance
ell migration and proliferation. 

Recent research on electrospinning focuses on synthetic biopolymers
uch as polylactic acid (PLA), polycapralactone (PCL), and poly(lactic-
o-glycolic acid)PLGA [57] . Most natural biopolymers have not success-
ully been electrospun as the process is seen to be more difficult com-
ared to electrospinning synthetic biopolymers. Some natural biopoly-
ers that have been successfully electrospun, however, include colla-

en, chitin, and hyaluronic acid [57,58] . 
Although it has been accomplished, electrospinning of hyaluronic

cid is still an arduous process. especially when in aqueous form. The
igh viscosity and surface tension exhibited by HA hinders the elec-
rospinning of the solution [59] . Some efforts have already been made
o make electrospinning HA easier such as the introduction of other
olymers like collagen and gelatin [60] . An aqueous solution of HA
as successfully electrospun only after the development of a blowing-
ssisted electrospinning technique [61] . The technique added an addi-
ional pulling force within the high-temperature environments and pro-
ided another method for creating HA nanofibers for biomedical appli-
ations. 

HA nanofibers are believed to be better for wound healing than solid
A forms as the nanofibers could act as a scaffold to facilitate the migra-

ion and proliferation of cells in the wound [62] . HA nanofibers are also
reat for sources of drug delivery. Nanofibrous materials of hyaluronic
cid facilitate the release of pharmaceuticals almost immediately when
n contact with moisturized environments. The release of the drug is
ccelerated through dissolution and swelling making it a rapid method
or bulk drug release [63] . However, because of the rapid release and
egradation, HA nanofibers are not suitable for long-term drug release
mplants. 

.3. HA nanoparticles 

Hyaluronic acid can also take the form of the self-assembled
anoparticles. In particular, hyaluronic acid nanoparticles (HA-NPs)
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ave a large use in cancer treatment as a form of drug delivery [75] .
ince HA can specifically bind to various cancer cells that overexpress
he CD44 receptor, many studies have focused on the pharmaceutical
pplications of HA-NPs for anti-cancer therapeutics. Most applications
f HA in cancer treatments involve using it as a targeting moiety. Some
rugs that have been used alongside HA include paclitaxel and dox-
rubicin [76] . These combinations have exhibited enhanced targeting
bilities and higher efficacy to other anti-cancer agents. The nanoparti-
les can self assemble, containing multiple hydrophobic cores and a hy-
rophilic HA outer shell. Furthermore, the HA-NPs have demonstrated
 better accumulation at the tumor site compared to water-soluble HA
erivatives [77] . The overall efficacy of HA-NPs depends primarily on
urface chemistry, size, surface charge, and molecular weight. However,
he effect that these properties have on the efficacy in-vivo is not yet well
nderstood. 

HA-NPs have also been introduced as a means to passively restore
hoto-aged skin. HA content is decreased in skin that has been photo-
ged through ultraviolet exposure [78] . Because HA is such a large
olecule, it cannot penetrate the skin readily and most application of
A on skin occurs directly at the surface. However, through the use of
anoparticles, HA can be delivered deep into the skin and at high con-
entration without injection or physical skin penetration [79] . 

. Chemical modification of hyaluronic acid 

The chemical makeup of hyaluronic acid and hyaluronan is advanta-
eous for both its function and modification of the polymer. Single poly-
ers of hyaluronic acid can bind through simple dehydration synthesis

nd can be broken down with hydrolysis. These are common chemical
eactions in the body for the formation and breakdown of proteins. The
hemical formula for hyaluronic acid is C 14 H 21 NO 11 , and it is composed
f D -glucuronic acid bonded to N -acetyl- D -glucosamine. D-glucuronic
cid and N -acetyl- D -glucosamine are both stable carbon ring structures
ith functional groups. The stereochemistry and tertiary structure of
yaluronic acid also contribute to the stability of the polymer. [80] . 

.1. Native hyaluronan chemistry in the body 

Hyaluronan can be found in many structures of the body. Located
n the eyes, joints, synovial fluids, and extracellular matrix, the struc-
ure is usually homogeneous in every organism [81,82] . What does vary,
owever, is the size of the glycosaminoglycan polymer. In normal bio-
ogic tissues, the molecular mass of hyaluronan is in the range of 1000–
000 kDa. However, as mentioned previously, oligomers of hyaluronan
an also be found with a molecular mass of less than 200 kDa [82] . The
ifference in function between the high-molecular-mass hyaluronan and
he hyaluronan oligomers can be attributed to the three-dimensional
tructure of the two molecules stimulating different receptors or path-
ays. 

Hyaluronic acid is a linearly repeating polymer. Under biological
onditions however, it is not linear. The carboxylate group (COO 

− )
ound on D -glucuronic acid makes hyaluronic acid polyelectrolytic,
eaning it has a repeating ionic group. The linear hyaluronic acid coils
hen exposed to a counterion. Ionic bonds in the counterion-mediated
olyelectrolyte interaction keep the hyaluronic acid randomly coiled
iving it non-ideal properties such as viscoelasticity. Intrinsic viscos-
ty can be used as a measure of coiling or expansion in hyaluronic acid
s well as indicating the molecular weight and hydrodynamic proper-
ies. HA at different molecular weights demonstrates different physico-
hemical properties with high molecular weight HA exhibiting higher
iscosity. That means longer chains of hyaluronic acid are more stable
n the random coiled formation while the shorter chains are more ex-
anded. This property demonstrates macromolecular crowding in high
olecular weight hyaluronan and is also reflected in the fact that small
yaluronic acid molecules are free-draining [83] . The different signaling
106 
athways of hyaluronic acid may be attributed to the different rheolog-
cal states [81] . The difference in biological function between high and
ow molecular weight hyaluronic acid is exemplified by the difference
n gene expression when high molecular weight hyaluronan binds mul-
iple ligands on CD44 receptor in comparison to when hyaluronic acid
ragments bind TLR-4 [139] . However, the method in which cells dif-
erentiate between high and low molecular weight hyaluronic acid and
he difference in biological pathways are still unknown. 

Besides the carboxylate group, other parts of hyaluronic acid’s chem-
cal structure also provide stability for the polymer. In the coiled struc-
ure, hydrogen bonds also form between the sugar subunits, increasing
olymer stability. Unlike most other glycosaminoglycans, hyaluronic
cid does not contain a sulfate group as it is not processed by the Golgi
pparatus. Instead, it is formed near the cell membrane and extends to
he ECM. Proteoglycans bind non-covalently to hyaluronan creating an
CM complex. Using hyaluronan-binding proteins, a group of around
00 highly conserved amino acids. The hyaluronan-bind protein con-
ains a set of repeating amino acids called the proteoglycan tandem
epeat. The binding protein structure encourages ionic bonds with the
arboxylate group while also promoting hydrogen bonds with the other
ugar groups [84] . In an experiment with a link protein and HA 16 it
as observed that the link protein bound with every oligomer besides
A 4 [85] . Aggrecans are another example of proteoglycans and can pro-
ide more insight into the function of the hyaluronan-bind protein. The
ifference between the binding protein in aggrecan and other proteogly-
ans is the presence of a globular domain, G 2, in addition to the globular
omain G 1 . G 1 is a homologous binding protein to the binding protein
ound in proteoglycans containing the same tandem repeats. G 1 can be
roken into three subdomains, A, B, and B’. The B and B’ subdomains
ontain the proteoglycan tandem repeat. The G 2 domain, however, lacks
he A subdomain and is unable to bind hyaluronan. Subdomain A aids
he B and B’ subdomains in the binding of hyaluronan but the chemical
echanism behind it is still unclear [86] . 

Hyaluronic acid is an integral part of the ECM due to its ability to
etain water and act as a lubricant. The presence of the carboxylate
roup makes hyaluronan anionic, attracting water molecules through
ydrogen bonds ( Fig. 2 ). Water forms a hydrogen bond between the
arboxylate group of the glucuronic acid and the acetamido group of
he N -acetyl- D -glucosamine. The positive dipole in water is attracted to
he negatively charged carboxylate group while the negatively charged
xygen in water is attracted to the nitrogenous group in the acetamido
unctional group. Water can fit in between every hyaluronic acid subunit
hich is why hyaluronan is great at retaining water [87] . 

Native hyaluronic acid also serves the role of protecting the body and
ells from harm. One method of protection hyaluronic acid is known
o perform is neutralizing free radicals ( Fig. 2 ). Free radicals, such as
uperoxide anion radicals and nitrogen monoxide can cause great dam-
ge to tissues and cells, sometimes leading to cancer. Free radicals are
ighly reactive molecules due to their unpaired electrons. Radicals serve
 function in the mitochondria and inflammatory process and are usu-
lly kept at equilibrium with antioxidants in the body. When the balance
s broken, however, free radicals would be able to attack different struc-
ures of the cells, causing permanent damage. Species such as superox-
de anion and nitrogen monoxide have the potential to generate reactive
xygen species that can attack any biological molecule. If free radicals
ttack the DNA, it can cause changes and damage that can result in mu-
ations that stimulate cancer growth [88] . Reactive species have also
een associated with the symptoms of aging. Reactive oxygen species
ave been observed to induce apoptosis via a signaling molecule on
he surface of the mitochondria [88] . There is also significant evidence
hat osteoarthritis in elderly patients is caused by oxidative stress. Os-
eoarthritis is the wearing down of cartilage in joints causing pain and
tiffness [89] . The damage to cartilage can be linked to the damage
f hyaluronan by reactive oxygen species. Hyaluronan which is linked
ith aggrecan in cartilage acts as a lubricant and stabilizer allowing

mooth and painless movement. When attacked by a reactive oxygen
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Fig. 2. Some native chemical properties of 
hyaluronic acid. A.) Demonstrates the bonding 
of water to the carboxylate and acetamido func- 
tional groups. It also illustrates the hydropho- 
bic and hydrophilic nature of hyaluronic 
acid. Adapted from [126] B.) Demonstrates 
how hyaluronic acid accepts reactive oxygen 
species, thus protecting the body. The glyco- 
sidic bonds are broken which fragments the 
hyaluronic acid molecule. Adapted from [127] . 
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pecies, however, long chains of hyaluronan break down into HA frag-
ents, weakening the overall structure of the cartilage. 

Three types of oxidative reactions have been theorized so far us-
ng the reactive oxygen species, hydroxyl radical (OH 

∗ ), hypochlor-
us acid (HOCl), and peroxynitrite (ONOO 

− ). In the case of the hy-
roxyl radical and peroxynitrite, the reactive species oxidize the bond
etween hyaluronan subunits. Hydroxyl radicals can attack the C(3) of
he N -acetyl- D -glucosamine or C(4) of the D -glucuronic acid, introduc-
ng a random hydrogen atom abstraction. Peroxynitrite can also degrade
yaluronic acid by targeting the glycosidic bond between D -glucuronic
cid and N -acetyl- D -glucosamine. In hypochlorous acid, the target of
he reactive oxygen species is the nitrogen in the acetamido group. A
itrogenous radical forms and rearranges the radical to a carbon in the
yaluronic acid backbone. This leads to the fragmentation of hyaluro-
an chains [90] . 

All reactions between reactive oxygen species and hyaluronan re-
ulted in the fragmentation of the polymer chain. It should be noted
hat the reactive species also forms a radical at the bonds that it
leaves, changing the chemical and rheological properties of the af-
ected hyaluronan. It was observed that the viscosity and molecular
ass of hyaluronan are impacted by the oxidative reaction with a de-

reased value to both. To maintain homeostatic properties in cartilage,
yaluronan has to be replaced at the rate in which it is damaged, a time
rame of about one day [91] . In osteoarthritis, the rate for replacement
or hyaluronan is much higher, however, it might not match the rate
f damage as the hyaluronan structure still gets fragmented leading to
amaged cartilage [93] . 

Hyaluronan is essential for providing mechanical support in the ECM
nd functions in cell signaling. It can be produced by many cells in the
ody and excreted to the ECM. The structure of hyaluronan synthase is
till not well known. However, it should be noted that the hyaluronan
ynthase should have domains which aid in converting the alpha-linked
recursors, UDP- N -acetylglucosamine and UDP- D -glucuronic acid, into
eta-linked polymers. There should also be domains for binding N -
cetyl- D -glucosamine and D -glucuronic acid, as well as a domain to link
he subunits together [92] . Hyaluronidase is the enzyme that breaks
he glycosidic bond of hyaluronan. In eukaryotes, the endo- 𝛽- N -acetyl-
exosaminidases conducts substrate hydrolysis. The end product is usu-
lly tetrasaccharides [94] . 

.2. Crosslinking hyaluronic acid into hydrogels 

Native hyaluronic acid has many desirable properties such as wa-
er retention, biocompatibility, viscoelasticity, and different rheological
unctions. It is also a desirable polymer for editing due to the linear
ature and the available carboxylate, hydroxyl, and acetamido func-
ional groups [99] . However, the degradation rate of hyaluronan by
yaluronidase makes the native hyaluronan structure undesirable for
issue engineering such as replacing cartilage. The degradation rate of
yaluronan can be adjusted by modifying the chemical or physical na-
ure and crosslinking it to form a hydrogel. Injectable hydrogels are de-
irable due to its minimally invasive nature and form conforming prop-
rties [100] . 
107 
There are many methods of modifying hyaluronic acid and crosslink-
ng it. One such method is chemically modifying it by targeting the
arboxylate group. The carboxylate group can be easily targeted for
eagents which usually form amide or ester bonds. The product of the
eaction is reactive, allowing it to be targeted by a secondary reaction
rom a desired polymer such as gelatin, creating a crosslink ( Fig. 3 ).
chiff base reactions are commonly used to create reactive species. The
dvantage of a Schiff base reaction is the ability to incorporate many
ifferent ligands to hyaluronic acid via amide bonds [99] . 

Another method of crosslinking hyaluronic acid would be through
hiol modification ( Fig. 3 ). Thiols are chemical groups with SH. The
ddition of thiol groups allows the formation of disulfide bonds via ox-
dation [101] . Thiolated hyaluronic acid hydrogels are smart hydrogels
hat can gel in air [99] . There are multiple ways of incorporating a
hiol group, most of which target the carboxylate functional group in
yaluronic acid. One method is to use EDC as a reagent to form an amide
ond with an intermediate. That intermediate is then replaced through
 reaction with NHS, introducing the thiol group [99] . Another method
s to attach the carboxylate group with a hydrazide reagent linked with
 thiol group [96] . The thiol group can also form disulfide bonds or
e bound to a modified poly(ethylene glycol) called PEGDA [96] . The
rosslink between the modified hyaluronan and PEGDA creates an in-
ectable hydrogel. Thiolated hydrogels can culture cells and the proper-
ies such as degradation rate can be modified depending on the amount
f thiolated hyaluronan and overall molecular mass of the hydrogel
1] . 

The enzymatic method of inducing cross-linkage for hydrogel for-
ation is through the use of reactive oxygen species. HA-tyramine is

he target of the enzymatic reaction by reactive oxygen species, such
s horseradish peroxidase and hydrogen peroxide [143,144] . To first
orm HA-tyramine, HA can undergo an EDC/NHS reaction for the ami-
ation of the carboxylic group on HA and the amine group on tyra-
ine to link the two together. The use of DMTMM is another method

f producing HA-tyramine which also resolves the issue of the pH for
DC/NHS reaction being unsuitable for tyramine [143] . When tyramine
s attacked by a reactive oxygen species, it undergoes singlet oxygen me-
iated crosslinking. The tyramine amino acids form a di-tyramine bond,
rosslinking the hyaluronic acid [144] . This reaction with reactive oxy-
en species is nontoxic [143] . HA-tyramine can also be used to crosslink
ith aqueous silk. A substitution reaction takes place utilizing hydrogen
eroxide and horseradish peroxidase again to link silk and hyaluronic
cid. Silk hyaluronic acid shows greater mechanical properties than na-
ive hyaluronan [99] . 

Another method of creating a biocompatible hydrogel is through a
ubstitution reaction with bromoacetic anhydride ( Fig. 3 ). The group
argeted for substitution is the hydroxyl group on the C(6) of the N -
cetyl- D -glucosamine. This forms HA bromoacetate (HABA) which can
ndergo a Finkelstein reaction with NaI to form HA iodoacetate (HAIA).
oth HABA and HAIA are electrophilic and slightly cytotoxic due to
he thiol group. However, when exposed to a nucleophile, which can
onate electrons to the electrophilic polymer, HABA and HAIA stop
howing signs of cytotoxicity and instead support the proliferation of
broblast cells [97] . The nucleophile used in this example is thiolated
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Fig. 3. Possible chemical modifications for 
hyaluronic acid. A.) Amide reaction creates a 
reactive product that can then be crosslinked 
to a polymer such as gelatin. Adapted from 

[128] B.) Bromoacetic Anhydride substitute for 
the hydroxyl functional group. HABA, when 
exposed to a nucleophile, can crosslink and 
support the proliferation of fibroblast cells. 
Adapted from [129] C.) Thiol modification of 
hyaluronic acid results in an end product with - 
SH. Disulfide bonds can form between the thiol 
groups through oxidation allowing the polymer 
to gel in air. Adapted from [128] . 
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elatin which when bound to HABA or HAIA forms a hydrogel without
 crosslinker like PEGDA [1] . 

Hyaluronic acid can also be crosslinked with methacrylates, forming
 methacrylated hyaluronic acid (MA-HA) hydrogel. Before synthesis of
he hydrogel, MA-HA has to be created in solution. This can be per-
ormed using sodium hyaluronate and methacrylic anhydride in a basic
olution (pH = 8 or above) that drives the reaction forward [145] . The ad-
ition of methacrylic anhydride modifies the hydroxyl group of the HA
ackbone, resulting in MA-HA. Hydrogel formation can be performed
sing a one or two-step crosslinking process. A Michael-type addition
rosslinking can occur after introduction of dithiothreitol (DTT) to a
olution of MA-HA [146] . In these thermodynamically controlled reac-
ions, electron donors such as methylenes interact with donors such as
, 𝛽-unsaturated carbonyl compounds. DTT consumes the methacrylates
o form a gel-like network. Gels can then be exposed to UV light and
hotoinitiator to create a radical secondary crosslinking of the remain-
ng unconsumed methacrylates [146] . Free radical photopolymerization
orms radicals that propagate through the vinyl groups of MA-HA and
orm kinetic chains that are eventually enzymatically cleaved by the HA
ackbone [147] . 

Most of the methods mentioned above utilizes covalent crosslink-
ng of hyaluronic acid to polymers forming hydrogels. While covalently
rosslinked hydrogels are mechanistically stronger, it may not be ad-
antageous for minimally invasive treatment methods like injections.
njections introduce shear strain onto the hydrogel which may break
he covalent bonds, reducing the effectiveness of the hydrogel as the
ovalent bonds are not reversible [148] . This leads to an interest in
hear thinning hydrogels, which are hydrogels capable of reversible
nd dynamic interactions allowing self heal after being subjected to
hear forces [148,149] . One method of forming dynamic interactions is
hrough the use of guest-host interactions. Guest-host interactions, also
nown as molecular recognition, utilizes unique structures which form
on-covalent bonds. This is similar to receptor and ligand interactions
nd the formation of non-covalent bonds allows bonds to reform. 

One example of guest-host interaction crosslinking hyaluronic acid is
ia the use of CB [5] and DAH [150] . CB [5] is a form of cucurbit[ n ]uril,
here [n] represents the number of glycourils in the molecule. The di-
meter of cucurbit[ n ]uril is proportional to the [n] number and deter-
ines the binding affinity of the molecule [148] . CB [5] has a high

inding affinity for polyamides such as 1,6-diaminohexane (DAH) and
permine (SPM), forming 1:1 ratio interactions. One group of HA is mod-
fied with CB [5] by photocrosslinking thiolated HA with (allyloxy) 12 CB
151] . Another group of HA is crosslinked with DAH by the amino group
f the DAH attacking the carboxylate group on D -glucuronic acid. CB
5] -HA and DAH 

–HA have been shown to encapsulate cells while re-
aining cell viability. The advantage of this system is the in-situ for-
108 
ation of hydrogel by sequential injection of the two polymers. Cells
an be injected along with CB[6]-HA and encapsulated in-situ . Experi-
ental results show that the hydrogel can be enzymatically degraded

n 24 h releasing encapsulated cells which can still proliferate [150] .
nother guest-host interaction which exhibits 1:1 binding is adaman-

ane (guest) and 𝛽-cyclodextrin (host). Adamantane targets the hydroxyl
roup on the C(6) of N -acetyl- d -glucosamine forming Ad-HA, while 𝛽-
yclodextrin targets the carboxylate group of D -glucuronic acid forming
D-HA. The properties of the hydrogel formed is dependent on the den-
ity of adamantane and 𝛽-cyclodextrin modification, however the hy-
rogel was demonstrated to have near instantaneous reassembly after
eing subjected to shear forces [149] . 

CB [7] is another host molecule which can be used for guest-
ost interactions. CB [7] contains more glycourils than CB [5] result-
ng in a larger diameter. The increase in size allows CB [7] to bind
o multiple guest molecules. One such molecule is the amino acid,
henylalanine, which can bind 2:1 to CB [7,108] . This method of
rosslinking requires only one modification to hyaluronic acid unlike CB
5] which requires CB[6]-HA and DAH 

–HA. Hyaluronic acid cysteinyl-
henylalanine (HA-CF) gets crosslinked by the addition of CB[8]. HA-
F is synthesized by a triethylamine facilitated Michael addition reac-
ion between methacrylated HA and 3,3 ′ -Disulfanediylbis(2-(2-amino-
-phenylpropanamido)propanoic Acid) Dihydrochloride (CF peptide).
he disulfide bridge of the CF peptide gets cleaved and added to HA,
llowing expression of phenylalanine which binds to CB[8] [148] . HA-
F-CB[8] hydrogels demonstrate good viscoelastic properties for appli-
ation in biomechanical therapeutics. 

There are still many other methods of crosslinking hyaluronic
cid such as ionic crosslinking, thermoresponsive crosslinking, and
hoto-crosslinking [99] . There are also multiple mechanisms for each
rosslinking method. Photocrosslinking, for example, can also be done
n HA-tyramine. Light can trigger singlet oxygen mediated oxidation
hich also allows the formation of di-tyramine bonds forming HA-

yramine hydrogel [144] . Thermoresponsive crosslinking properties
an be given to HA by incorporating polymers with thermoresponsive
roperties such as dopamine with thiolated Pluronic F127 copolymer,
oly(N-isopropylacrylamide) (PNIPAm), Di(ethylene glycol) methacry-
ate (DEGMA) and oligo(ethylene glycol) methacrylate (OEGMA), to
ame a few [99] . It is important to note that the goal of crosslinking
s to change some properties of hyaluronic acid while retaining its bio-
ompatibility [1] . A scaffold made of hyaluronic acid would enable the
eplacement of cartilage tissue because it provides mechanical stability
nd allows cell proliferation and replacement. A scaffold can be made
sing a freeze-drying technique applied to hydrogels. Freeze dried hy-
rogels contain dense pockets of ice which can be sublimated to create
ores [24] . 
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. Application of hyaluronic acid in therapeutics 

Hyaluronic acid is a widely diverse glycosaminoglycan that has sig-
ificant roles in the extracellular matrix, wound repair, epithelial tissue,
nd neural tissue [103] . Due to its wide distribution throughout the hu-
an body and significance in various bodily functions, HA has been

mplemented in multiple fields of medicine such as vascular, cartilage,
one, skin tissue engineering, cancer therapy, and virulence [104] . 

A common approach in tissue regeneration is the implantation of a
caffold into the area where tissue formation is desired. A scaffold im-
lanted into native tissue should serve three purposes. M. N. Collins
nd C. Birkinshaw summarize the 3 purposes as “(1) the replacement of
nly those isolated cells or cell substitutes needed for function (Conduc-
ive approach); (2) production and delivery of tissue-induced substances
uch as growth factors and signal molecules (Inductive approach); (3)
ells placed on or within a scaffold made from synthetic materials such
s polyethylene glycol or natural materials such as hyaluronic acid (cell
eeding approach) ” [104] . In its natural form, HA isn’t very viable as
 scaffold, but it can be made useful through the addition of another
iopolymer or crosslinking agent [105] . 

HA scaffolds for regenerative medicine applications were first inves-
igated in an in-vitro experiment in 2002. The objective of the study
as to determine which scaffold had better potential in generating vi-
ble respiratory epithelium HyaffTM , a HA derivative, or Biofleece TM , an
quine collagen-based scaffold. To assess the viability of the scaffolds,
uman respiratory epithelial cells (REC) were cultured on the surfaces
f the scaffolds for 5 days. Two lectin stains, Ulex Europaeus agglutinin
UEA) and peanut agglutinin (PNA), were used to quantify cell prolifer-
tion and migration. Data indicated that the Biofleece TM scaffold pro-
uced much better results in regards to cell proliferation and migration,
hile the RECs did not adhere to the HyaffTM scaffold at all. It was

hought that the CD44 receptor was absent on the RECs, but an investi-
ation into this hypothesis revealed RECs did express the CD44 receptor.
he lack of adhesion to the HyaffTM scaffold indicated the mechanism
f attachment to HA was not simply accomplished by the expression of
D44 [106] . 

Another approach to tissue regeneration involves the implantation
f a hyaluronic acid hydrogel. Y. Liu et al. were the first to implant
n HA-based hydrogel into rabbit test subjects. The fabricated hydrogel
ad a 2:2:1 ratio of HA, gelatin, and PEGDA and was assembled through
rosslinking. The authors of the study investigated the outcome of us-
ng the HA-based hydrogel to deliver mesenchymal stem cells (MSCs)
hile also maintaining a viable environment for cells. The implant was
bserved to repair damage in the articular cartilage along the patellar
urface of the femur. The study compared the effects of MSCs only, hy-
rogel only, hydrogel + MSCs insertion, and no insertion on the articular
artilage repair over 12 weeks. From naked-eye observations and his-
ologic examination, the authors remarked that over the 12 weeks, the
ydrogel + MSCs treatment proved to be the better option as hyaline car-
ilage grew in the articular cartilage cavity at a faster rate and displayed
ealthier tissue integration [107] . 

.1. Applications of drug delivery with hyaluronic acid and cancer 

The American Cancer Society estimates that there is a fifty percent
hance of a male developing invasive cancer within his lifetime and a
hirty-three percent chance for females [123] . Currently, chemotherapy
s the predominant treatment used for cancer but has several drawbacks
124] . When a cancer drug is administered intravenously multiple times,
here’s a chance for the cancer to become resistant to the drug. Cancer
rugs are also cytotoxic which leads to off-target cell death in the patient
95] . Therefore, there’s been a rise in targeted drug delivery research.
tudies have shown that intravenous injections of HA tend to target the
D44 receptor and researchers have been developing techniques that
ould potentially exploit this process [95] . In 2001, M. B. Brown et al.
ompared the efficiency of HA and other glycosaminoglycans and phar-
109 
aceutically polysaccharides in the delivery of diclofenac, a keratosis
reatment drug. The research concluded HA to be most effective in der-
al delivery and localization of drugs [71] . 

Hyaluronic acid can be altered to deliver drugs to target cells. The
ualities that make hyaluronic acid a good hydrogel also applies to drug
elivery. In addition to being biocompatible, hyaluronic acid can also
e taken into the cell by endocytosis triggered by CD44. CD44 is a com-
on receptor found on liver, kidney, and tumor cells. Other targetable

eceptors include the RHAMM and LYVE-1 [102] . Endocytosis remedies
he common problem of low intake for the novel drug. The addition of
yaluronic acid allows controlled release of the drug and also protects
t from being degraded [24] . 

CD44 receptors are overexpressed in tumor cells. It was observed that
yaluronic acid aggregate around tumor cells and the increase in CD44
lso increases endocytosis, making hyaluronic acid a good anti-cancer
rug vector [24] . One such drug is paclitaxel, an antitumor drug, that
acks solubility in aqueous environments and has trouble entering tumor
ells. Hyaluronic acid can remedy these shortcomings as it can protect
he drug from the aqueous environment due to the hydrophobic back-
one and hydrophilic functional groups. One method of creating HA-
aclitaxel is to first use HA-ADH. The carboxylate group of hyaluronic
cid is attacked by adipic acid dihydrazide (ADH). ADH introduces an
mine group to the hyaluronic acid. Paclitaxel can be treated first with
uccinic anhydride then SDPP to introduce NHS to it. The NHS ester on
aclitaxel would couple with the amine group in HA-ADH linking the
wo chemicals with an amide bond [142] . Another method of binding
aclitaxel to hyaluronic acid is through the use of an amino acid to me-
iate the crosslinking. In this method, the paclitaxel is crosslinked to
he carboxyl group of the amino acid while the carboxylate group of
yaluronan is attacked by the amino group of the amino acid [24] . 

Another method of using hyaluronic acid as a drug carrier is as a
ationic gene carrier. One such example is the delivery of siRNA. Small
nterfering RNA can silence gene expression through mRNA cleavage.
his can be applied to cancer treatments to prevent the expression of
roteins for proliferation or tumor-host interactions [98] . siRNA how-
ver can be easily degraded before entering the cell. To increase the
ntake of siRNA, thiolated hyaluronic acid can be used to encapsulate it.
s mentioned previously, thiolated groups contain SH and are capable
f forming disulfide bonds. This gelation of thiolated hyaluronic acid
llows siRNA to be encapsulated. After endocytosis, glutathione inside
he cells can break the disulfide bonds releasing the siRNA [24] . 

.2. Vascular tissue engineering 

Cardiovascular disease is the leading cause of death in the United
tates [103] . Therefore, a considerable amount of research has been de-
oted to developing treatments to alleviate this disease. In 2001, Nor
E, Peters MC, Christensen JB, et al. showed that the regeneration of
ascular networks has the potential to amend cardiovascular disease
107] . To build on this theory, an in-vitro study was conducted on tun-
ble HA hydrogels with embedded human endothelial colony-forming
ells (ECFCs). According to the results, researchers concluded that HA
ydrogel can be used to develop microvasculature [108] . 

Another important aspect of vascular engineering is biocompatibil-
ty. To improve the biocompatibility of biomaterials that treat vascular
iseases, researchers look to the recruitment of endothelial cells as a pos-
ible solution. Endothelial cells can form monolayers on the biomaterial
urface for more efficient tissue integration [109] . To accomplish this,
 study used a HA composite scaffold with a 10:1 ratio of human-like
ollagen and HA. The researchers evaluated the hydrogel’s mechanical
roperties, cell viability, and biocompatibility using incubated endothe-
ial cells for various periods. From the data gathered, the researchers
oncluded the scaffold had mechanical properties similar to natural vas-
ular tissue and maintained excellent levels of cell viability at all time
oints. Furthermore, the ECs were able to proliferate and spread on the
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Fig. 4. The chemical structure of hyaluronan crosslinked with paclitaxel using 
an amino acid [130] . 
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caffold, thus creating the desired monolayer over the hydrogel’s surface
110] . 

.3. Cartilage tissue engineering 

HA’s dominant presence and lubricating qualities in articular car-
ilage make it the subject of consistent investigation in cartilage engi-
eering [111,112] . When seeded with multipotent stem cells, a syner-
istic effect is observed in tissue regeneration experiments. In a study
onducted recently, A. Singh et al. developed a HABpep-polymer sys-
em that was used in-vivo with rat and rabbit test subjects. This sys-
em focused on the surface of joints where HA could be non-covalently
ound for enhanced joint lubrication. The lubrication efficacy was also
nvestigated in the form of an eye-drop. Joint lubrication was exam-
ned through frictional properties in-vitro using human articular carti-
age samples. For the control, samples were treated with HA-binding
oatings and pre-incubated in HA. The results indicated that HA-binding
oatings had similar friction values to natural articular joint tissue and
ow concentrations of HA in the joint could be just as effective as native
issue. The HABpep-polymer system reduced overall friction between
oints. For the in-vivo analysis, the HABpep-polymer system was injected
long with HA into the knee joints of rats. The HABpep-polymer system
as compared to untreated rat knee joints and the data showed HA

etention in the treated group was held up to 72 h compared to the
ntreated group who retained HA for only six. For the inquiry of the
ABpep-polymer system as an effective eye drop solution, the solution
as applied to rabbit sclera, conjunctiva cornea of the eye, and con-

act lenses individually. The experiment demonstrated that the HABpep-
olymer was capable of retaining HA and reducing the rate of water
vaporation on contact lenses. The implication of the study showed the
ABpep-polymer system has the potential to be developed into a clinical

herapy treatment that could be applied to disorders where lubrication
etween joints and surfaces is needed [113] . 

In another study conducted on articular joint disorders, A. Matsiko
t al., investigated which glycosaminoglycans mesenchymal stem cells
espond to, more efficiently, when added to a collagen-based scaffold.
or this experiment, the authors used chondroitin sulfate (CS) and HA.
he scaffolds were evaluated on physical properties such as porosity,
egree of crosslinking, and compressive mechanical strength. Although
he collagen-HA scaffold had a 10% smaller average pore size, compres-
ion data showed that the average pore size did not affect the scaffold’s
echanical strength. Regarding MSCs, the scaffolds were characterized

y cell infiltration, cell density, and expression of SOX-9 collagen type
, II, and X genes. Collagen-HA scaffold proved to be better than chon-
roitin sulfate in cell infiltration and proliferation. Collagen-HA scaffold
ad a smaller pore size for MSC infiltration and also promoted early ex-
ression of SOX-9, collagen type II, and matrix production [114] . 

.4. Bone tissue engineering 

HA hydrogels have shown to be biocompatible, biodegradable, and
iable for multiple cell types while also contributing to hysteresis
104,115] . For these reasons, HA hydrogel use in bone tissue engineer-
ng has been thoroughly investigated. In 2015, a HA hydrogel was en-
ineered to mimic the ECM of bone tissue. Evaluation of the hydrogel
howed that the hydrogel can be degraded using hyaluronidase. The
egradation rate observed can be modified through various means such
s by altering pH and HA backbone modification. Sulfated HA backbones
ave exhibited significantly slower degradation rates by hyaluronidase
hen compared to wild type HA [125] . Furthermore, the degradation

ate can be altered by adjusting the pH. Cell viability assessment showed
hat not only were the cells able to survive in the environment, but pro-
iferate. The MTT assay of mitochondrial activity showed an increase of
bsorbance at 490 nm from 0.15 to 0.36 over 3 days; this result indicates
ell proliferation [116] . A more recent study demonstrated that HA hy-
rogels reduce the need for a second surgery in patients with traumatic
110 
rain injury. Today’s standard treatment for traumatic brain injury is a
wo-part surgery; the first surgery entails the removal of the calvarial
one. Followed by reintegrating the calvarial bone (usually months af-
er the first surgery) [117] . The authors proposed covering the exposed
rain tissue with crosslinked HA hydrogels encapsulated with devital-
zed tissue. The hydrogel and devitalized tissue would slowly regenerate
one tissue thus, removing the need for a second surgery. This idea was
xamined using pentanoate-functionalized hyaluronic acid (PHA) and
A as hydrogels and demineralized bone matrix (DBM), devitalized car-

ilage (DVC), devitalized meniscus (DVM), or devitalized tendon (DVT)
s encapsulated tissue. It was found that PHA led to more robust bone
ormation and the addition of devitalized tissue significantly increased
ield strength except for PHA-DVT. However, PHA-DVT and PHA groups
ere most effective in bone regeneration [118] . 

.5. Skin tissue engineering 

Skin loss of more than 4 cm in diameter is incapable of healing effi-
iently without a skin graft [119] . To further exacerbate this issue, the
vailability of skin grafts is limited by donors [120] . Therefore, medicine
as turned to tissue engineering to develop alternative solutions for pa-
ients in need of skin grafts. A team of researchers explored an in-vitro
ayer ‐by ‐layer assembly technique in which poly ‐l ‐lysine films were
prayed onto a HA scaffold. The outcome of this technique was to form
n adhering and cell viable environment for both dermal and epidermal
issue constituents. To test the structure, the authors used keratinocytes
hich are the primary cell type in the epidermis [121] . From a cell vi-
bility assay, the authors found that the keratinocytes attached to the
A/poly ‐l ‐lysine film formed colonies over a 3 day period that contin-
ally grew in size. They also observed the keratinocytes did not invade
he HA scaffold [122] . 

. Conclusion 

Hyaluronic acid and its versatile applications have been extensively
xplored over the past several years and continue to be the subject of
xtensive review. While the information on hyaluronic acid is immense,
here is still much to learn about the glycosaminoglycan. HA’s signaling
athways are complex networks that still are not fully understood. Even
hough information on hyaluronic acid’s role in the healing process
s well documented, there’s still much more to discover in terms of
ts interactions with other molecules in the process like CD44 and
HAMM. As the applications of hyaluronic acid continue to rise, so
oes the market demand for products. Hyaluronic acid research has
he potential to shift to SMART materials and nanoparticle applications
n other fields of biomedical engineering. Furthermore, more studies
an be performed on optimizing manufacturing practices for several
orms of HA. Although it can be achieved, the manufacturing of forms
ike electrospun fibers and viscoelastic solutions of HA is not easy to
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ccomplish. HA’s pivotal role in the healing process can easily market
tself as a gateway to regenerative medicine Fig. 4 . 
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