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Abstract: Carotenoids and coenzyme Q10 are naturally occurring antioxidant compounds that are
also found in human skin. These bioactive compounds have been the focus of considerable research
due to their antioxidant, anti-inflammatory, and photoprotective properties. In this review, the
current state of the art in the encapsulation of carotenoids and coenzyme Q10 in lipid nanoparticles
to improve their bioavailability, chemical stability, and skin absorption is discussed. Additionally,
the main findings are highlighted on the cytotoxic and photoprotective effects of these systems in
the skin.
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1. Introduction

It is well-recognized that prolonged exposure to ultraviolet (UV) radiation has harmful
effects on human skin, which can cause physiological and biological changes on this tissue,
such as DNA damage, premature aging, and cancer, among other effects [1-3]. The skin
is equipped with an antioxidant network that plays a vital role in its protection from
exogenous stressors, e.g., pollution and UV radiation [4]. As the skin is constantly exposed
to UV radiation, the endogenous antioxidants present on the outermost stratum corneum
layer neutralize reactive oxygen species and free radicals keeping the balance between the
formation and neutralization of the reactive species [4,5]. The protective network contains
various lipophilic and hydrophilic low molecular-weight antioxidants, like carotenoids
(beta-carotene, lycopene, lutein, zeaxanthin, and their isomers), vitamins (A, C, D, and
E), enzymes (superoxide dismutase, catalase, and glutathione peroxidase), and other
compounds (melanin, flavonoids, lipoic acid, selenium, and coenzyme Q10) [4,6]. These
antioxidants act as a protective network and possess a synergistic effect. That is, the
antioxidants protect one another from direct degradation during the neutralization process
of free radicals and other reactive species [6]. Over time, the antioxidant compounds
become depleted and lose their protective effect on the skin. Topical administration can be
an alternative to either restore this loss or protect the skin from photodamage [4,6-8].

Different types of antioxidant compounds have been topically administered in the
skin, such as carotenoids [9-13], coenzyme Q10 [14-18], essential oils [19-21], polyphe-
nols [22-26], and vitamins [27-31]. Since only a few active ingredients are effective after
topical application due to the barrier function of the skin, lipid nanoparticles have been
explored as carriers to enhance bioavailability, skin penetration, and retention of the active
ingredients [32-34].
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Our review aims to provide an outline about the current state of the art of carotenoids
and coenzyme Q10 encapsulation in lipid nanoparticles for topical administration. Par-
ticularly, the discussion relies on the antioxidant, anti-inflammatory, and photoprotective
activities of these bioactives as a strategy to protect skin from UV radiation. In the first
section, the two types of lipid nanoparticles, namely solid lipid nanoparticles (SLN) and
nanostructured lipid carriers (NLC), are described. Aspects of lipid nanoparticles prop-
erties, including stability, loading capacity, and released mechanism, are discussed. The
second section discusses the techniques used to produce lipid nanoparticles. Additionally,
the advantages and disadvantages of each technique are highlighted. In the third section,
the main outcomes of the studies reported in the literature are reviewed and, the last section,
summarizes the challenges, future perspectives, and findings on topical administration of
carotenoids and coenzyme Q10.

2. Solid Lipid Nanoparticles

In the early 1990s, the research groups of Gasco, Miiller, and Westesen developed a
new type of colloidal system, the solid lipid nanoparticles (SLN), as an alternative to the tra-
ditional drug delivery systems, emulsions, liposomes, and polymeric nanoparticles [34-38].
Soon after the SLN discovery, in 1991, this innovative colloidal system was introduced to
the scientific community, and the first studies were reported, which immediately attracted
attention due to its advantages over other colloidal systems [34]. The number of papers
published on this topic increased, and the first review was published in 1995 [39], followed
by other important contributions [37,38,40-42].

The SLN system consists of spherical particles in the nanometer range, 50-1000 nm,
whose shells are made up of solid lipid or a mixture of solid lipids that are dispersed
in an aqueous surfactant solution [34,36,38,43,44]. The SLN are prepared from highly
purified triglycerides, complex glyceride mixtures, fatty acids, steroids and waxes, which
are solid at body and room temperature [34,36,40,44]. The solid lipid content of the colloidal
system ranges from 0.1-30.0% (w/w) and it is stabilized in aqueous media by 0.5-5.0%
(w/w) of surfactants [42,45-47]. A wide variety of surfactants are used in the production
of SLN, such as bile salts, ethoxylated alcohols, fatty acids, phospholipids, poloxamers,
polyethylene glycols, polysorbates, polyvinyl alcohols, quaternary ammonium compounds,
sorbitan esters, and tyloxapol [35,45,47-49].

Lipophilic and hydrophilic active ingredients can be entrapped in the SLN [45]. This
delivery system offers some advantages, such as protection of labile compounds against degra-
dation, high biocompatibility, and controlled release of the active ingredient [36,40,42,43,45].
Furthermore, when applied to the skin, the SLN increase the active ingredient bioavail-
ability due to the small size of the lipid nanoparticles that forms a thin film over the skin,
ensuring a closer contact with the stratum corneum, which, consequently, enhances the
amount of the active ingredient that could penetrate the skin. In addition, the film formed
can develop an occlusive effect that could reduce water loss. Studies demonstrated that the
occlusion increases with a decrease in the lipid melting point and the particle size and an
increase in the particle crystallinity [21,42,43]. Another SLN interesting property is its sun
protective effect, i.e., SLN could act as a physical UV filter, which would offer an additional
benefit for topical applications [42,44,47].

The structure and morphology of the nanoparticles are affected by the system con-
stituents. The type of lipids, their physicochemical and self-emulsifying properties, and
crystallization velocities affect the shape, size, and stability of the SLN. For instance,
nanoparticles prepared with highly pure lipids, such as tristearin or cetyl palmitate, have a
more cubic shape since the lipid structure reorganizes in a way that is similar to a brick
wall. On the other hand, the use of crude mixtures leads to nanoparticles with a spherical
shape due to the different chain lengths of the lipid molecules [40,50,51]. In addition, the
choice of the constitutive lipids impacts the loading capacity and the release profile of the
active(s) and the skin penetration/permeation. In a similar manner, the surfactant type
and concentration play an important role in SLN formation. High surfactant concentration
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reduces the surface tension and facilitates the particle partition during the homogenization
process. Furthermore, SLN dispersions containing surfactant mixtures have smaller sizes
and higher storage stability compared to samples with only one surfactant [40,50]. Besides
the lipids and surfactants, SLN formation is influenced by the solubility and concentration
of the active ingredient in the lipid matrix and by the production method [47].

The incorporation of an active ingredient in SLN depends on its chemical nature,
the constituents of the lipid matrix, and the production parameters. Three incorporation
models have been proposed in the literature based on the location and distribution of the
active ingredient within the lipid core [51,52]. In the SLN type I or homogenous matrix
model, the active ingredient is molecularly dispersed in the lipid core or is present as
amorphous clusters. This SLN type allows for a sustained release of the active ingredient.
The SLN type II or drug-enriched shell model is obtained when the active ingredient
solubility in the lipid phase is lower than in the water phase. Owing to this limited
solubility, a drug-free or drug-reduced lipid core is formed as the nanoemulsion is cooled
down to room temperature leading to the formation of a drug-enriched shell. For this SLN
model, as the active ingredient is mainly located on the nanoparticle surface, the short
distance of diffusion results in a fast-initial release. The SLN type III or drug-enriched core
is formed when the concentration of the active ingredient is close to or at its saturation
solubility in the melted lipid. During cooling, the active ingredient precipitates before the
lipid recrystallizes, which leads to supersaturation of the active ingredient in the melted
lipid—further cooling results in the formation of a lipid shell covering the active ingredient.
A fast-initial release followed by a more gradual release is observed for this SLN type,
whose mechanism is controlled by the mobility of the active ingredient in the solid lipid
matrix [51-56].

Besides the location of the active ingredient in the SLN matrix, the release mechanism
is dependent on other parameters such as the polymorphic state of the lipid matrix, the
type and concentration of the surfactant, and the production conditions [45,52,54]. Poly-
morphism is the ability of a molecule to crystallize in more than one crystalline species
that possess different internal lattice structures [51]. The internal structure of the lipid
matrix mainly occurs in three specific types of sub-shells, the polymorphs «, 3, and {.
The o-form is metastable and possesses hexagonal sub-shell packing in which the fatty
acid chains are perpendicular to the methyl group plane. The 3’-form has intermediate
stability and possesses orthorhombic sub-shell packing where the fatty acid chains are
tilted with respect to the methyl group plane, while the 3-form has greater stability and
possesses triclinic parallel packing [45,51,57]. In the nanoparticles, the lipid recrystallizes at
least partially in the x-form and undergoes a polymorphic transition to more stable forms
during storage [45,51]. This phenomenon is dependent on the degree of homogeneity of
the triglycerides. For instance, short-chain saturated monoacid triglycerides undergo more
quickly from the «-form to the 3-form than triglycerides with long chains [45,55].

As mentioned previously, the release mechanism is also dependent on the surfactant
type and concentration. The interaction between the surfactant and the outer shell of
the nanoparticles affects the SLN structure and its concentration the extent of the initial
burst release, e.g., low surfactant concentration leads to minimal burst while higher sur-
factant concentration increases the burst effect. The initial burst can be modulated by the
production conditions, a minimal burst can be obtained by employing low temperature,
which minimizes the partition of the active ingredient between the lipid and aqueous
phases and results in a homogenous distribution of the active ingredient in the lipid matrix
before homogenization. As the nanoparticles are formed, this homogeneous distribution is
retained and, therefore, reduces the burst effect [38,52,54].

Even though SLN has demonstrated several advantages as a colloidal carrier, this
delivery system has some limitations. For instance, a low loading capacity due to a
densely packed crystal network that allows little room for molecule accommodation, active
ingredient expulsion during storage as a consequence of the polymorphic transformation to
a more stable crystal form, presence of alternative colloidal structures (micelles, liposomes,
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mixed micelles, and drug nanocrystals), and high-water content (70-99.9%), which requires
its incorporation into semisolid formulations, like hydrogels or creams. In addition to those,
SLN dispersion may undergo a gelation phenomenon where its viscosity increases during
the cooling process resulting in a viscous gel, which consequently leads to an increase in
particle size and particle agglomeration. Owing to these limitations, the second generation
of lipid nanoparticles was developed to resolve these challenges [40,52,56,58,59].

3. Nanostructured Lipid Carriers

In 1999, the second generation of lipid nanoparticles, the nanostructured lipid carriers
(NLC), were developed to overcome some of the drawbacks encountered in SLN [34,36,41].
NLC differs from the first generation of lipid nanoparticles by the solid matrix composition,
which comprises a mixture of solid and liquid (oil) lipids that are solid at room temperature.
Structurally, the particle size of this colloidal system ranges from 10 to 1000 nm [36,42,46,47].
The constituents of the lipid matrix are biocompatible and biodegradable lipids that exhibit
excellent tolerability and are blended in a ratio ranging from 70:30 up to 99.9:0.1 of solid
lipid to oil [36,42,46,47]. The solid lipids that comprise the NLC matrix are the same used
in SLN, while the oils may be fatty alcohols, medium-chain triglycerides, paraffin oil,
and squalene. Additionally, fatty acids, such as oleic, linoleic, and decanoic acid may
be employed due to their properties as penetration enhancers. Hydrophilic, lipophilic,
and amphiphilic surfactants are used to stabilize the NLC dispersions, such as poloxam-
ers, sorbitan esters, and phosphatidylcholines that may be combined to prevent particle
aggregation [60].

In contrast to the relatively perfect crystal lattice of the SLN system, the addition
of oil in the lipid phase of the NLC results in imperfections in the solid matrix, i.e., the
oil distorts the formation of perfect lipid crystals, which increases the loading capacity
of the lipid nanoparticles and minimizes active ingredient expulsion during storage [41].
Another advantage of the NLC is that this colloidal system allows highly concentrated
dispersions of lipid nanoparticles (>30-95%). These advantages make NLC a biocompatible
carrier for several types of active ingredients intended for pharmaceutical and cosmetic
applications [36,50,56,61].

Similar to SLN, incorporation of the active ingredient in the NLC is influenced by
its solubility in the melted lipids and the physicochemical properties of the solid matrix.
The active ingredient distribution in the lipid matrix can be described by three models
that differ by the type of lipids used in NLC production [51,56]. The NLC type I or the
imperfect crystal model is formed by mixing spatially different lipids, e.g., the mixture
of mono-, di-, triacylglycerols that create imperfections in the crystal order due to the
different chain lengths of the fatty acids. The imperfections and voids in the matrix are
able to accommodate the active ingredient in molecular form and amorphous clusters,
which increases the active payload. The NLC type I is obtained when solid lipids are
mixed with small amounts of oils, which results in a less order matrix with more available
spaces to accommodate the active ingredient. The NLC type II or the amorphous model is
obtained when oils that do not recrystallize after homogenization or cooling are employed,
such as medium-chain triglycerides, isopropyl myristate, hydroxy octacosanyl hydroxy
stearate, and dibutyl adipate. By using these oils, recrystallization to the beta-form is
prevented by maintaining the solid lipid matrix in an amorphous state, which consequently
minimizes expulsion of the active ingredient during storage. The NLC type III or multiple
models are characterized by the presence of small 0il nanocompartments in the solid lipid
matrix. This NLC structure is formed by mixing solid lipids with oils in a ratio that exceeds
the oil solubility resulting in the formation of tiny oil droplets in the solid lipid matrix.
Medium and long-chain triacylglycerols and oleic acid are used as the liquid lipids for
the production of this type of NLC, which is advantageous for incorporation of active
ingredient that exhibits higher solubility in oils than in solid lipids [21,37,51,52,55,56].

Analogous to SLN, the release mechanism from NLC is governed by several parame-
ters. In addition to those mentioned in the SLN section, the release of the active ingredient
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is also dependent on the liquid lipid content as its addition reduces the crystallization
process of the lipid matrix providing much more flexibility to achieve a desired prolonged-
release [56,60,62]. NLC imparts many advantages over SLN (Figure 1). For instance, the
potential issues associated with SLN, such as limited loading capacity and expulsion of
the active ingredient during storage, are avoided or minimized by the NLC system [63].
Furthermore, ease of production and feasibility of scale-up has led to the fast development
of this colloidal system [64,65].
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Figure 1. Comparative structure of SLN and NLC.

4. Production Techniques

Several techniques have been reported in the specialized literature that can be used in
the production of both SLN and NLC, such as high-pressure homogenization
(HPH) [37,38,40,45,53,66], 0/w microemulsion [67-69], microemulsion cooling [67-70], sol-
vent emulsification/evaporation [34,35,40,71,72], emulsification/diffusion [34,35,45,71,72],
solvent injection or solvent displacement [45,52,54,56,73], membrane contactor [45,55,74,75],
phase-inversion temperature [51,76-78], double emulsion (w/o/w) [45,56],
coacervation [53,73,79,80], spray-drying [53,81], electrospray [53,81], and supercritical
fluid [53,73,81,82]. Among these techniques, the most used are the HPH developed by
Miiller and Lucks [37] and the microemulsion introduced by Gasco [34,38,40,45].

In the HPH method, the active ingredient is dispersed into the lipids melted at 5-10 °C
above their melting temperatures and then mixed with an aqueous surfactant solution at
the same temperature. This pre-emulsion is prepared in a high shear mixing device (Ultra
Turrax, for example). Then, the obtained pre-emulsion is homogenized in a piston-gap
homogenizer; the pre-emulsion is pushed under high pressure (100-2000 bar) through
a narrow gap (in the range of few microns) for 3-5 times. The high-shear stress and the
cavitation forces break down the particles to the submicron range. The particle sizes are
influenced by the operating parameters, pressure and number of cycles; an increase on
these parameters result in an increase in the particle sizes. The homogenization process
can be performed at high or low temperatures, and it is called hot-HPH and cold-HPH,
respectively [37,38,40,45,66].

Hot-HPH is carried out at temperatures above the melting points of the lipids, which
results in small particle sizes due to a decrease in the pre-emulsion viscosity. Lipid nanopar-
ticles are formed after cooling the sample to room temperature or below room temperature.
Cold-HPH is usually used for thermo-labile active ingredients and also for hydrophilic
active ingredients that would partition into the lipophilic and hydrophilic phases during
the hot-HPH method. The first step in the cold-HPH method is similar to the hot-HPH,;
the active ingredient is dispersed in the melted lipids followed by a fast cooling that can
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employ dry ice or liquid nitrogen. Next, the solid is milled in a ball or mortar milling to
obtain particles in the 50-100 micron range. The powder is dissolved in a chilled aqueous
surfactant solution, and the obtained pre-emulsion is submitted to the HPH method at
or below room temperature. In the homogenizer, the microparticles are broken down
into nanoparticles. To avoid melting of the lipids in the equipment, a large temperature
difference between the melting points of the lipids and the homogenizer temperature is
required, since during the homogenization process, the temperature increases 10-20 °C
per cycle. Large particle sizes and broad size distributions are obtained when cold-HPH is
employed [37,38,40,45].

Another method employed in the production of lipid nanoparticles is the one devel-
oped by Gasco [83], the o/w microemulsion method. In this method, the active ingredient
is dissolved in the melted lipids; the surfactant and co-surfactant are dispersed in water
heated at the same temperature as the lipid phase. The two phases are mixed, and the
obtained microemulsion is dispersed in cold water at 2-10 °C under mild stirring to ensure
that the resulting particle sizes are due to precipitation and not mechanically induced
by the stirring process. In these conditions, the microemulsion is broken, and the lipid
nanoparticles precipitate. The volume ratio of the hot microemulsion to cold water may
vary from 1:25 to 1:50. In contrast to the HPH technique, a low lipid content is obtained
by the microemulsion procedure due to the dilution step in cold water. This method is
inexpensive, fast, and no special equipment is required. However, the dilution step could
hamper a potential industrial use since an excessive amount of water should be removed
from the final product [34,38,40,45,84,85]. A variant of the microemulsion method, the mi-
croemulsion cooling, has been reported by Koziara et al. [67]. In this method, constituents
of the lipid and aqueous phases are added to the same vessel and heated at mild temper-
atures. The nanoparticles are obtained by cooling the undiluted o/w microemulsion to
room temperature while stirring. Moderate operating temperature and easy manufacturing
process are the main advantages of this method [67-70].

Other important techniques are based on the use of organic solvents, and the pro-
duction of lipid nanoparticles is carried out at mild operating temperatures, which are
particularly useful for thermosensitive compounds [34,53]. In the solvent emulsifica-
tion/evaporation method, the active ingredient and the lipids are dissolved in a water-
immiscible solvent, e.g., chloroform, dichloromethane, or cyclohexane, emulsified in an
aqueous solution, followed by solvent evaporation under reduced pressure, which results
in precipitation of the lipid phase in the aqueous medium. In this method, the concentration
of the lipids in the organic phase affects the particle size, and an increase in their concentra-
tion may influence the homogenization efficiency due to an increase in the organic phase
viscosity. An advantage of this method is the avoidance of thermal stress, while a disad-
vantage is the toxicological issues that may arise from solvent residues [34,35,40,71,86].

In the solvent emulsification/diffusion or solvent displacement method, a water-
miscible solvent, acetone, dimethyl sulfoxide, or ethanol, is added to the molten lipids.
Then, the organic phase is dispersed in an aqueous surfactant solution kept at the same
temperature. The organic phase diffuses to the water phase, and subsequent cooling
results in nanoparticle precipitation [34,35,45,71,72]. Alternatively, the molten lipids can be
injected through an injection needle into the stirring aqueous phase. Then, the resulting
dispersion is filtered through a paper filter to remove any lipid excess [45,52,54,56,73,87].

The double emulsion (w/o/w) method is mainly used for the production of lipid
nanoparticles loaded with hydrophilic active ingredients. First, a w/o emulsion is prepared
to employ the solvent emulsification/diffusion method without the cooling step. Then,
the w/o0 emulsion is dispersed in a surfactant solution at 2-3 °C under stirring, which
results in the diffusion of the organic solvent to the aqueous phase and the nanoparticle
precipitation [45,54,56,85,88].

Other alternative approaches have been reported in the literature [55,75,76,78]. In the
membrane contactor method, the lipid phase is heated at a temperature above the melting
point of the lipids and then pressed through membranes. The small droplets formed are



Antioxidants 2021, 10, 1034

7 of 25

swept away from the membrane pore outlets by a continuous aqueous phase that circulates
inside the membrane module. The nanoparticles are formed by cooling the dispersion to
room temperature. The operating parameters, the temperature of the lipid and the aqueous
phases, pressure, size of the membrane pores, and cross-flow velocity of the circulating
water affect the flux of the lipid phase and the size of the nanoparticles. An increase in the
lipid phase flux is obtained with a decrease in lipid content, an increase in temperature
(above the melting point of the lipids), an increase in pressure and use of membranes with
large pore size. Regarding the size of the nanoparticles, it can be decreased by reducing the
lipid content, increasing the temperature of the lipid phase, decreasing the temperature
of the water phase, and increasing the cross-flow velocity. The feasible production and
scaling-up are some advantages of this method [45,55,74,75].

The phase-inversion temperature (PIT) method was proposed to minimize the use
of organic solvents and surfactants. This method involves two steps, in the first step, all
components, lipophilic and hydrophilic constituents, salt and water, are mixed together
and heated above the melting point of the lipids. Then, progressive cooling is carried
out 3 times to determine the cooling-dilution temperature. This temperature indicates
the beginning of the phase-inversion zone in which an inversion from an o/w to a w/o
emulsion occurs. The thermal range of the phase-inversion zone varies with the salinity
of the medium and is adjusted according to the formulation. In the second step, the
emulsion is diluted with cold water to break the system, and the fast cooling process leads
to nanoparticle formation [51,77]. A variant of the PIT method has been reported in other
studies [76,78]. In those studies, the lipid and aqueous phases are heated separately, and
the excess of surfactants is removed by centrifugation.

In the high-shear homogenization and/or ultrasonication method, lipids are heated
above their melting point and dispersed in a surfactant solution at the same temperature
under high-speed stirring. Then, the emulsion is ultrasonicated to reduce the droplet sizes
and allowed to cool to room temperature. Concentrated nanoparticle dispersion can be
obtained by ultracentrifugation. Low dispersion quality, presence of microparticles, and
metal contamination are some of the disadvantages of this method [40,52,56,89-91].

Another method for the production of lipid nanoparticles is the coacervation method
patented by Battaglia et al. [80], which is based on a slow interaction between a fatty
acid salt and an acid solution (coacervating solution) in the presence of a polymeric non-
ionic surfactant. First, the surfactant solution is prepared by heating the polymer in
water followed by its cooling to room temperature. Then, the fatty acid salt is dispersed
in the surfactant solution and heated under stirring just above its Krafft point, that is,
above the temperature in which the last crystal of the fatty acid salt dissolves and the
solution becomes clear. An acidifying solution is added drop wisely up to pH 4.0, which
results in nanoparticle precipitation. In the subsequent step, the dispersion is cooled in a
water bath under stirring. Sodium salts of fatty acids, such as, sodium stearate, sodium
palmitate, sodium myristate, sodium arachidate, and sodium behenate, are used with
concentration that varies from 1 to 5% w/w. Poly vynil acetate/poly vynil alcohol and
polyoxyethilene/polyoxypropylene copolymers, dextrans, hydroxypropylmethylcellulose,
and non-ionic gums are normally selected to compose these systems. This method allows
the incorporation of the active ingredient without using complex equipment and harmful
solvents. Additionally, particle size can be modulated by the lipid concentration and the
surfactant type [53,73,79,92].

In the microwave-assisted microemulsion technique, the constituents of the lipid
and aqueous phases are mixed in a single vessel, kept under stirring, and subjected to
controlled microwave heating at a temperature above the melting point of the lipids. The
microemulsion is dispersed in cold water, 2—4 °C, to generate the nanoparticles [93-95].

Techniques to produce lipid nanoparticles in a solid powdered state have been re-
ported in the literature. An extensive review on this topic was published by Berton
et al. [81], which included spray-drying, electrospray, and supercritical fluid techniques.
In the spray-drying method, a liquid feed is converted into a dried particulate form by
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a one-step process. The liquid feed is comprised of an organic solvent solution that is
atomized to a spray form and subsequently put into thermal contact with hot gas to remove
the solvent. Following the solvent removal, the formed nanoparticles are separated from
the gas by a cyclone, an electrostatic precipitator, or a bag filter. Small and homogenous
particle sizes are obtained by this method, which is particularly useful for thermo-labile
active ingredients and compounds with a low melting point or glass transition temper-
ature [53,81]. In the electrospray method, lipids are dissolved in an organic solvent and
introduced in a syringe with a metal capillary connected to a high-voltage power supply
as one electrode and a metal foil collector at the opposite side as a counter electrode. The
lipid solution travels through the applied electric field, emerges from the nozzle, and forms
droplets due to the surface tension. By selecting suitable conditions, voltage, and liquid
flow rate, droplets with a narrow size distribution can be generated [53,81,96].

Different methods employing supercritical fluid have been developed for nanoparticle
production [53,81,82]. In the supercritical fluid extraction of emulsion (SFEE) method,
an w/o emulsion is prepared by solubilizing the lipid phase in an organic solvent (for
example, chloroform) with the addition of a surfactant. In a subsequent step, the lipid
phase is dispersed in an aqueous surfactant solution, which is passed through a high-
pressure homogenizer to form an o/w emulsion. Then, the o/w emulsion is introduced
in an extraction column from the top, and a supercritical fluid, usually CO,, is intro-
duced from the bottom. In contact with a supercritical fluid, the organic solvent is ex-
tracted from the o/w emulsion resulting in nanoparticle precipitation. This method en-
ables effective removal of the solvent and produces nanoparticles with a uniform size
distribution [52,53,73,82]. In the gas-assisted melting atomization (GAMA) method, lipids
are introduced in a mixing chamber and kept in contact with a supercritical fluid. The
mixture is forced through a nozzle, and the fast decompression drives the solution to
a supersaturated state resulting in nanoparticle precipitation. In a subsequent step, the
nanoparticles are collected and dispersed in water [53,97,98]. Similar to the GAMA method,
the particle from gas saturated solution (PGSS), the rapid expansion of supercritical so-
lution (RESS), the aerosol solvent extraction system (ASES), and the solution enhanced
dispersion by supercritical fluid (SEDS) methods employ decompression through a nozzle
to produce the lipid nanoparticles [52,81].

5. Carotenoid Encapsulation in Lipid Nanoparticles

Carotenoids are natural pigments synthesized by plants, animals, and microorganisms
that are widely spread in nature. There are more than 600 carotenoids with structural
variants, which are divided into two groups, namely carotenes and xanthophylls. Carotenes
are oxygen-free molecules whose structure contains only a hydrocarbon chain without
any functional group with a general formula C49Hsg. Carotenes occur in several isomeric
forms, such as alpha, beta, gamma, delta, epsilon, and zeta forms. Xanthophylls are the
oxidized derivatives of carotenes with a general formula C49Hs540,. The oxygen group in
the xanthophyll structures can be found as alcohol, ketone, or alcohol esters. Owing to
these groups, xanthophylls are more polar than carotenes [5,48,99-101].

Carotenoids can also be classified as pro-vitamin A compounds, that is, those that
can be converted into vitamin A in the human body, such as alpha-carotene, beta-carotene,
and beta-cryptoxanthin, and non-pro-vitamin A compounds like lutein and lycopene.
Carotenoids are not produced by the human body and, therefore, must be consumed in the
diet [5,48,99]. Approximately 40 carotenoids are present in a typical human diet, and about
20 carotenoids have been identified in human blood and tissues. Among the 20 carotenoids
found in the human body, almost 90% is represented by beta-carotene, alpha-carotene,
lycopene, lutein, and cryptoxanthin [101,102]. A diet rich in carotenoids has been related
to a lower incidence of cancer, cardiovascular diseases, and diabetes [101,103].

Carotenoid ability to reduce the risk of several ailments and age-related biologi-
cal transformations has been attributed to its antioxidant and anti-inflammatory proper-
ties [104]. In the skin, they act as a protective barrier to UV radiation and accumulate
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mostly in the epidermis, whose amount depends on dietary intake and supplementa-
tion [105-108]. Likewise, topical administration of carotenoids to the skin and their role
in photoprotection has been investigated [106,109]. However, the effective use of these
lipophilic compounds is limited by their low solubility in water and degradation upon
exposure to heat and oxygen. To overcome these limitations, carotenoid encapsulation in
lipid nanoparticles has been used as a successful strategy to enhance their solubility and
protect them from degradation [48,110]. Tables 1-4 present studies reported in the scientific
literature on carotenoid encapsulation in SLN and NLC for topical administration. The
main experiments and outcomes on the physicochemical characterization of these colloidal
carriers are highlighted. Additionally, in vitro studies on carotenoid release mechanism
and in vitro and in vivo evaluation of antioxidant and cytotoxic effects of the investigated

systems are discussed.

Table 1. Studies on carotenoid encapsulation in solid lipid nanoparticles (SLN) employing high-pressure homogenization

as the preparation method.

Formulation Ingredients Parameters Outcomes Reference
1. Beta-carotene 0.1% (w/w) 1. Polymorphism was affected by
2. Lipid phase: canola stearin 1. Surfactant effect surfactant type [10]
3. Aqueous phase: Poloxamer 2. Beta-carotene stability 2. Beta-carotene degradation was
188 or Tween 20 and water minimized

1. Chemical and short-term (1 month) 1. Lutein prepared with carnauba

stability wax showed the highest
1. Lutein 1% (w/w) 2. In vitro release (Franz diffusion cells, thermostability. Significant
2. Lipid phase: cetyl palmitate, =~ membrane-free model) changes were observed in particle
glyceryl tripalmitate or 3. In vitro penetration study (Franz size at high temperature [9] 2
carnauba wax diffusion cells, synthetic cellulose 2. It was observed lower release
3. Aqueous phase: Plantacare nitrate membrane, or fresh dermis of 3. SLN remained in the upper
810 and water pig ear skin) layers of the skin (pig ear skin)

4. Photostability studies using a solar 4. SLN showed good

simulator photostability
L L}'lc’opene > mg . . 1. Addition of rice bran
2. Lipid phase: orange wax 1. Comparison of the internal structure -modified th tallin [11]2
3. Aqueous phase: Eumulgin of SLN and NLC nanocarriers or-modined e crystatine
SG and water characteristics of orange wax
; ]ig;ﬂcigf;a(;zr;ze?g?:r(;éuxi) 1. Comparison of the internal structure 1. Addition of cholesterol to the

lipid phase [111]2

3. Aqueous phase: Eumulgin
SG and water

of SLN and NLC nanocarriers

decreased particle sizes

2 The studies also evaluated NLC system.

Table 2. Studies on carotenoid encapsulation in solid lipid nanoparticles (SLN) employing other preparation methods.

Ingredients and Method Parameters Outcomes Reference
1. Beta-carotene 0.055 and 0.086 g o . L BOH} SLN showeq high

. 1. Antioxidant properties antioxidant properties
2. Lipid phase: stearyl ferulate or . . i o

. (rat-liver microsomal membranes) 2. Entrapment efficiency was > 48%
stearic acid o
. 2. Entrapment efficiency for stearyl ferulate-based SLN
3. Aqueous phase: sodium o S . . . [112]
3. Stability assay (3 months) 3. A slight increase in particle size

taurocholate, butanol, Tween 20, .
and water 4. Cytotoxic effect (MTT assay, was observed

. . RAT-1 cells) 4. High doses of SLN exerted a
4. Microemulsion .

cytotoxic effect
1. Beta-carotene 1 mg/g total lipid
2. Lipid phase: eicosane . .. 1. Beta-carotene entrapment
3. Aqueous phase: lecithin, bile salts 1. Loading efficiency increased as oil content increased
) ' ’ ’ 2. Beta-carotene stability (radical [113]2

and water

4. High shear homogenization and

ultrasound

mediated, AAPH)

2. Beta-carotene stability improved
as oil content increased
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Table 2. Cont.

Ingredients and Method Parameters Outcomes Reference
1. Crocin 0.1 g and crocetin 0.064 g
(C)lo(:?ilged from the hydrolysis of 1. Entrapment efficiency was > 80%
2. Lipid phase (crocin): Softisan 100, 1. Entrapment efficiency 2 Incorporation of aFtlve 1ngr?d1ent
o : increased SLN physical stability

ethanol, and water 2. Stability assay (Turbiscan Lab) L

. . . . 3. Fast release observed at the initial
3. Aqueous phase (crocin): Pluronic 3. In vitro release (glass vials) stage followed by a prolonged
F68 and water 4. Oxygen radical absorbance relegase yap &
4. Lipid phase (crocetin): Softisan 100  assay [12]

and ethanol

5. Aqueous phase (crocetin):
hydroxypropyl methyl cellulose,
Pluronic F68, soy lecithin, and
water

6. Quasi-emulsion solvent diffusion
and solvent diffusion method

5. In vitro cytotoxic effect
(Human melanoma A375 and
malignant Schwann sNF96.2 cell
lines, MTT assay)

4. Crocetin showed higher
antioxidant activity than crocin

5. SLN-based formulations showed
different antiproliferative effect
against the A375 and sNF96.2 cell
lines

2 Comparative study between SLN and NLC systems.

Table 3. Studies on carotenoid encapsulation in nanostructured lipid carriers (NLC) employing high-pressure homogeniza-

tion as the preparation method.

Formulation Ingredients Parameters Outcomes Reference
1. Carotenoid mixture 147-350 mg 1. Entrapment efficienc
carotenoids/100 g oil (Carrot ' ap Y e 1. Entrapment efficiency was > 78%
2. In vitro release (Franz diffusion .
extract) 2. Fast release at the initial stage
o cells, Tuffryn membrane)
2. Lipid phase: glycerol . .. . followed by a prolonged release
3. In vitro antioxidant activity . . ..
monostearate, cetyl alcohol, and (chemiluminescence) 3. High antioxidant activity was [114]
beeswax 4. In vitro cell viability (mouse observed
3. Aqueous phase: Tween 20, . . ty 4. NLC demonstrated low
. . fibroblast cell line NCTC clone ..
phosphatidylcholine and 1,929, MTT assay) cytotoxicity
Synperonic PE/F68 ! y
1. Carotenoid mixture 0.037-0.11% ;E{;ﬁjﬁ?ﬂlﬁ;‘?&Egiffeded by
(zw/sz) ; dMZZIS%'Oﬁii:iZC(E £ solid lipids 1. Stability and entrapment 2. NLC containing mixtures of the
( '1 f eroﬁ molnos tearate and cet Fi efficiency vegetable oils showed better
gyee e 2. In vitro antioxidant activity entrapment efficiency a
palmitate) and vegetable oils . . . [115]
(amaranth and hempseed) (chemiluminescence) 3. Carotenoid-NLC demonstrated
3. Adueous phase: Twpeen 20 3. In vitro release (Franz diffusion  high antioxidant activity
<44 ) P L s . cells, cellulose nitrate membrane) 4. Gradual release was observed for
phosphatidylcholine, Synperonic NLC containing vegetable oil
PE/F68, and water mixtures
1. Carotenoid mixture 0.86% (w/w), 1. Entrapment efficiency
gﬁfﬁﬁ de;);[izf)t W;itlh zfigcrt?c;gn and 2. In vitro cell viability (fibroblast 1. Entrapment efficiency was > 90%
azelaic acid 1% & oty / L929 cell line, MTT assay) 2. High biocompatibility was
. ° 3. In vitro anti-inflammatory observed
2. Lipid phase: glycerol monostearate [116]

and cetyl palmitate

3. Aqueous phase: Tween 20,
phosphatidylcholine, Poloxamer
188, and water

activity (human monocytic
leukemia cell line THP-1)

4. In vivo anti-inflammatory
action (Male Wistar rats)

3. Reduced expression of
inflammatory cytokines
4. Edema was significantly reduced
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Table 3. Cont.

Formulation Ingredients Parameters Outcomes Reference
1. Carotenoid mixture 6%, Marigold
and carrot extracts with 210 mg . .
. . . 1. Topical formulations
carotenoids/100 g oily fraction and - . o
. . demonstrated high biocompatibility,
azelaic acid 2% . . s .2 .
iy 1. In vitro and In vivo assessment  significant antimicrobial and
2. Lipid phase: glycerol monostearate . . S . [117]
. of the topical formulations antioxidant activities, and
and cetyl palmitate . i
. improved anti-inflammatory and
3. Aqueous phase: Tween 20, antiacne actions
phosphatidylcholine, Poloxamer
188, and water
1. Chemical and short-term (1 1. Lutein prepared with carnauba
month) stability wax showed the highest
1. Lutein 1% (w/w) 2. In vitro release (Franz diffusion  thermostability. Significant changes
2. Lipid phase: glyceryl cells, membrane-free model) were observed on particle size at
tripalmitate /Miglyol 812 or 3. In vitro penetration study high temperature [o]®
carnauba wax/Miglyol 812 (Franz diffusion cells, synthetic 2. Higher penetration was obtained
3. Aqueous phase: Plantacare 810 and  cellulose nitrate membrane or for NLC (membrane)
water fresh dermis of pig ear skin) 3. NLC remained in the upper
4. Photostability studies using layers of the skin (pig ear skin)
solar simulator 4. NLC showed good photostability
1. Lycopene 5 mg
2. Lipid phase: orange wax and rice 1. Comparison of the internal 1. Addition of rice bran oil
bran oil structure of SLN and NLC modified the crystalline [11]P
3. Aqueous phase: Eumulgin SG and  nanocarriers characteristics of orange wax
water
1. Lycopene 0.005% (w/w) 1. Addition of cholesterol to the
2. Lipid phase: orange wax/rice oil lipid phase decreased particle sizes
and orange wax/rice 1. Effect of the lipid mixture 2. NLC without cholesterol and [111]°
oil/cholesterol 2. Stability assay (45 days) storage below room temperature
3. Aqueous phase: Eumulgin SG and protected lycopene from
water degradation
1. Entrapment efficiency was close
to 100%
1. Lycopene 5, 25 and 50 mg 1. Entrapment efficiency 2. Fast release observed at the initial
2. Lipid phase: orange wax and rice 2. In vitro release (glass tube) stage followed by a prolonged
bran oil 3. Antioxidant activity (ABTSand  release [118]
3. Aqueous phase: Eumulgin SG DPPH methods) 3. NLC formulations showed free
and water 4. Stability assay (4 months) radical scavenging activities
4. NLC minimized lycopene
degradation
1. The surfactants exhibited
1. Lycopene 10% (w,/w) dlfferen.t spreading and wetting
L 1. Contact angle measurement properties
2. Lipid phase: orange wax and - . . .
rosemary oil (goniometry) 2. Particle size was influenced by
Y 2. Particle size the surfactant type [119]

3. Aqueous phase: surfactant
(Plantacare 1200, C-1216, C-1816,
C-1616 or C-1815) and water

3. Stability assay (1 month)
4. Chemical stability

3. Plantacare 1200 was the most
suitable surfactant for NLC

4. Lycopene stability was
significantly enhanced

2 The study also employed high shear homogenization as a preparation method. ® The studies also evaluated the SLN system.
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Table 4. Studies on carotenoid encapsulation in nanostructured lipid carriers (NLC) employing other preparation methods.

Ingredients and Method Parameters Outcomes Reference
1. Astaxanthin 103 mg
2. Lipid phase: Precirol ATO 5 and Tween 1. Astaxanthin content 1. Astaxanthin content remained at 90%
80 2. Antioxidant activity after 30 days [13]
3. Aqueous phase: Poloxamer 407 and (alpha-tocopherol equivalent 2. Astaxanthin antioxidant activity was )
water antioxidant capacity) enhanced
4. Hot homogenization
1. Beta-carotene 1 mg/g total lipid
2. Lipid phase: glyceryl trioctanoate and 1. Beta-carotene entrapment increased
eicosane 1. Loading efficiency a.s oil content increased
3. Aqueous phase: lecithin, bile salts, and 2. Beta-carotene stability (radical 2. Beta-carotene stability improved as [113]@
watgr . mediated, AAPH) oil content increased
4. High shear homogenization and
ultrasound
1. High production temperature lead to
~ an increase in particle size
1. Beta-carotene 34.56, 51.13 and . . 2. Low beta-carotene content was
53.97 ppm 1. Modification of the heating determined when high temperature was
2. Lipid phase: hydrogenated palm kernel  temperature of the lipid and aqueous emploved
glycerides, isopropyl palmitate, and phases 3 I?hag]e separation was observed for [120]
Span 40 2. Beta-carotene content : .
3. Aqueous phase: Tween 80 and water 3. Accelerated stability test (3 months) g;%ﬁ:}?g?éifgaeta}llig OteCmIp\}(;rature after
4. Hot homogenization crystallization or gel formation was
observed after 3-month storage at 5 °C
. 011%
gzb%r(;\t/le;?lilrgt;(;;fc’?.%7 0-11% 1. NLC stability was unaffected by
2. Lipid phaser mixture of solid lipids carotenoid incorporation
( ’1 cpero’; mor.mstearate and ce {) 1. Stability and entrapment efficiency 2. NLC containing mixtures of the
§yee | cety 2. In vitro antioxidant activity vegetable oils showed better entrapment
palmitate) and vegetable oils (amaranth (chemiluminescence) efficiency [115]
and hempseed) . 3. In vitro release (Franz diffusion cells, 3. Carotenoid-NLC demonstrated high
3. Aqueous phase: Tween 20, . . .
hosphatidvicholi . cellulose nitrate membrane) antioxidant activity
IIZE(;SFpéSahdZ{ choline, Synperonic 4. Gradual release was observed for
, and water .. . .
4. High shear homogenization NLC containing vegetable oil mixtures
L. Fucoxanthin 0.05% (/) 1. Entrapment efficiency 1 Enrapment efficiency close to 100%
2. Lipid phase: bacuri butter, tucuma oil, 2. Bioadhesion properties h.i her adhesion
and sorbitan monooleate 3. In vitro cellular uptake (fibroblasts) 3 gCellular uptake was observed [121]
3. Aqueous phase: polysorbate 80 and 4. Pharmacological activity in the 4' Fucoxanthl:i)n loaded in NLC reduced
water psoriatic-like cellular model (human sl.<in hyperproliferation and
4. High shear homogenization keratinocyte, HaCaT) inﬂam}r,II:atiI; 0
1. Fucoxanthin 0.05% (w/w) B 1. NLC p.rotected fucoxanthin against
2. Lipid phase: bacuri butter, tucuma oil 1. Photostability assay degradation
) o ’ " 2. Accelerated stability (45 days) 2. Stability was observed in all
and sorbitan monooleate itro dissoluti ) b
3. Aqueous phase: polysorbate 80 and 3. In vitro dissolution (glass tube) temperatures [122]
V\;ater ’ 4. In vitro skin permeation (Franz 3. NLC promoted a controlled release
. o diffusion cells, porcine ears) 4. Fucoxanthin was retained in the
4. High shear homogenization epidermis and dermis
1. Stability assay (Turbiscan Lab) 1. NLC containing a great amount of
. 2. In vivo anti-inflammatory activity lutein showed high stability over time
L Lptgm% 10’. ancli 1.5 me oo (human volunteers) 2. NLC containing a low amount of
2. Lipid phase: palmitic acid, Lipoid 3. In vivo tolerability (human lutein protected the skin against
5100, and ethanol ’ [123]

3. Aqueous phase: water
4. Solvent injection method

volunteers)

4. In vitro percutaneous absorption
(Franz diffusion cells, human stratum
corneum, and viable epidermis)

induced erythema

3. All formulations were well tolerated
4. Similar permeation profile was
observed

2 The studies also evaluated SLN. ° The study also employed high-pressure homogenization as a preparation method.

For most of the studies, high percentages for the entrapment efficiency were obtained.

Investigation on the short and long-term stability showed that the colloidal systems were
more stable at room temperature or below. Moreover, the formulations showed good
photostability. The studies demonstrated that SLN and NLC are good vehicles to protect
carotenoids from degradation. Other important findings were the effect of the system
constituents, solid, and liquid lipids and surfactants, on the physicochemical properties



Antioxidants 2021, 10, 1034

13 of 25

of the nanoparticles. The in vitro release studies revealed that the release mechanism was
characterized by an initial burst followed by a prolonged release. Carotenoid antioxidant
properties were enhanced upon encapsulation, while the cytotoxic studies suggested that
the investigated systems were well tolerated. Furthermore, SLN and NLC improved
carotenoid penetration into the upper layers of the skin.

6. Coenzyme Q10 Encapsulation in Lipid Nanoparticles

Coenzyme Q10 (CoQ10), also known as ubiquinone or ubidecarenone, is a liposoluble
vitamin-like compound that plays a relevant role in several biochemical processes, such as
the production of cellular energy in the form of adenosine triphosphate, the mitochondrial
electron transport chain, and the inhibition of cell membrane peroxidation [23,124-127].
CoQ10 is part of a homologous series of substances that share a common benzoquinone
ring structure, differing in the length of the isoprenoid side chain. The Q in CoQ10 name
refers to the quinone group and, the number, the isoprene units in the side chain; each
isoprene unit contains 5 carbons [126-130]. In humans and a few other mammalian species,
the side chain contains 10 isoprene units [129,131].

CoQ10 is the only lipid-soluble antioxidant produced within the body. Its level in
human tissues is higher in organs with high metabolism rates like the heart, kidney, and
liver, where it functions as an energy transfer molecule. In the skin, the CoQ10 level is
10-fold higher in the epidermis than in the dermis. CoQ10 has demonstrated positive effects
in the treatment of cardiovascular, neuromuscular, and infertility diseases. Regarding its
cosmetic application, CoQ10 has shown the ability to reduce photoaging and wrinkle
depth, whose effects could be related to its ability to increase the production of basal
membrane components, fibroblast proliferation and to protect the cell against oxidative
damage [15,132,133]. However, its level decreases with age and after exposure to UV
radiation [134-136].

CoQ10 exists in two redox forms, the oxidized and reduced forms. The oxidized form,
ubiquinone, is synthesized within cells and is a component in the mitochondrial electron
transport chain, while the reduced form, ubiquinol, acts as a potent antioxidant outside the
mitochondrial membrane, which can inhibit both the initiation and propagation steps of
lipid peroxidation and regenerate other antioxidants like vitamin C and E [126,136-138].

CoQ10 is almost insoluble in water, chemically instable, and easy to degrade when
exposed to light [124,138]. Encapsulation of CoQ10 in lipid nanoparticles is one of the
approaches used to improve its bioavailability and enhance its chemical and physical stabil-
ity [14,16]. Tables 5-7 report the studies found in the literature on encapsulation of CoQ10
in SLN and NLC for topical application. Regarding the physicochemical characterization,
it was demonstrated that high CoQ10 concentration prevented nanoparticle formation. The
long-term stability studies (1 year) indicated a slight change in particle size, zeta potential,
and polydispersity index, whereas a significant decrease in CoQ10 loading was observed.
It is interesting to highlight that the structural characterization of the CoQ10-SLN system
showed that a large portion of CoQ10 integrated homogenously with the solid lipid matrix.

The in vitro permeation studies showed an increase in CoQ10 concentration in the
epidermis. Additionally, the results indicated that the amount of CoQ10 in the skin was
affected by the lipid matrix composition and the occlusive properties of the nanoparticles.
The studies showed that CoQ10 loaded in lipid nanoparticles exhibited antioxidant and
photoprotective activities. Moreover, evaluation of skin hydration and viscoelasticity
indicated an increase in these skin features after administration of CoQ10 loaded in lipid
nanoparticles. The ability of CoQ10 to improve skin hydration and elasticity have been
explored in several commercial products containing CoQ10-NLC [60,61,139].
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Table 5. An overview of CoQ10 encapsulation in solid lipid nanoparticles (SLN).

Ingredients and Method Parameters Outcomes Reference
1. CoQ10 2-90% 1. CoQ10 concentration affected the
2. Lipid phase: triglyceride, Lipoid S melting and crystallization
100, sodium glycocholate or behavior of the lipid. Higher CoQ10
triglyceride, Lipoid S100, tyloxapol 1. Physicochemical characterization —concentration prevented [16]
3. Aqueous phase: thiomersal, nanoparticle formation.
glycerol, and water Slow-release was obtained at a low
4. High-pressure homogenization CoQ10 concentration
1. CoQ10 0.01% (w/w)
2. Lipid phase: beeszax, cetyl . 1. Stability (6 months) 1. Stability was affecfced by lipid
alcohol, cetyl palmitate, Compritol . . and surfactant combination
. 2. In vitro release (continuous flow
888 ATO, stearic acid, stearyl . . . 2. Fast release was observed at the
. diffusion cells, cellulose nitrate .
alcohol, or spermaceti initial stage followed by a [134]
membrane)
3. Aqueous phase: surfactants (Tego . . . prolonged release
3. In vitro skin hydration and . S -
Care 450, Tween 20 or Tween 80) . .. 3. An increase in skin humidity and
viscoelasticity (25 females) ..
and water elasticity was observed
4. High-pressure homogenization
1. Entrapment efficiency was > 89%
1. CoQ10 5 mg 1. Entrapment efficiency 2. CoQ10-SLN showed
2. Lipid phase: Compritol 888 ATO 2. Cytotoxicity (MTT assay, human  biocompatibility towards
3. Aqueous phase: Poloxamer 188, dermal fibroblasts) fibroblasts up to 50 uM [140]
Tween 80 and water 3. Intracellular reactive oxygen 3. CoQ10-SLN showed no
4. High-shear homogenization species (ROS) accumulation protective effect against ROS
accumulation
1. Entrapment efficiency was 89%
1. Entrapment efficiency 2. Production yield was 94%
1. CoQ10 0.02% (m/V) 2. Production yield 3. SLN protected CoQ10 from
2. Lipid phase: Compritol 888 ATO 3. Antioxidant activity (TEAC degradation
3. Aqueous phase: Poloxamer 188, method) 4. No changes in the gel rheological [141]
Tween 80 and water 4. Rheological studies features was observed after SLN
4. High-shear homogenization 5. Ex vivo diffusion (Wistar-albino incorporation
rat) 5. CoQ10 penetration into the skin
increased
1. CoQ10 5, 10 and 50% (w/w)
2. Lipid ;.Jha.se: ]?yngsan 114 and soy 1. Influence of the SLN crystalline 1. SLN was stable at all
bean lecithin Lipoid S100 . . . -
. state on loading capacity and concentrations. Mobility of CoQ10 [142]
3. Aqueous phase: sodium o
mobility of CoQ10 molecules was observed
glycocholate and water
4. High-pressure homogenization
1. CoQ10 4.8%
2. Lipid phase: cetyl palmitate . S 1. Large portion of CoQ10 occurred
3. Aqueous phase: Tego Care 450 and 1. Internal structure investigation in a homogenous mixture with [143]

water
4. High-pressure homogenization

(Solid-state NMR)

solid lipid
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Table 6. Studies on CoQ10 encapsulation in nanostructured lipid carriers (NLC) employing high-pressure homogenization.

Formulation Ingredients Parameters Outcomes Reference
1. Entrapment efficiency > 96%
2. No significant change was observed in
1. Entrapment efficiency particle size, zeta potential, and
2. Long-term stability (1 year) polydispersity index -
: K : 3. Fast release observed at the initial stage
3. In vitro release (dialysis bag) followed by a prolonged release
1. CoQ10 0.07% (w/w) 4. Rheological study y 8 prolong
gy ) . Lo -7 4. CoQ10-NLC viscosity was greater than
2. Lipid phase: cetyl palmitate and 5. Antioxidant activity (DPPH assay) /o cream [14]
coconut oil 6. Ex vivo skin permeation (tape w/o crear ..
. . 5. Antioxidant activity of NLC loaded
3. Aqueous phase: Tween 80 and water  stripping, female Wistar rats) 1 .
L . with high CoQ10 content was higher than
7. Anti-inflammatory activity free CoQ10
Egggr;;éee“a“'mduwd ratpaw edema " 1) NILC exhibited lower
penetration than w/o cream
7. CoQ10-NLC showed the most potent
anti-inflammatory effect
1. Production line enabled particle size
1. CoQ10 1% (w/w) below 210 nm
2. Lipid phase: glycerin monostearate . 2. Particle size was influenced by
and caprylic capric triglyceride L Larg'e—scalle production (25 kg/h) pre-emulsification temperature,
: 2. Particle size .. [17]
3. Aqueous phase: Cremophor A25, 3. Stability (6 months) homogenization pressure, and
dipolyhydroxystearate (P135), and - bty onths homogenization cycles
water 3. All batches at room temperature and
below were stable
. 1. CoQ10-NLC degradation was lower
1. CoQ10 2-5% ;()Cnczl?sl)()-NLC photo-stability (5 than free CoQ10
2. Lipid phase: glycerin monostearate, . 2. CoQ10-NLC exhibited non-spherical
. 2. Nanoparticle morphology . [127]
glyceride, and ethanol 3. Cell cytotoxicity (MTT Hel shaped nanoparticles
3. Aqueous phase: Span 20 and water ct.ellsj cytotoxiatty assay, Heka 3. Cell viability decreased with an increase
in CoQ10-NLC concentration
1. Spatial arrangement of lipid molecules
was observed after NLC incorporation
1. CoQ10 2.4 and 4.8% (w/w) 1. Rheological studies 12ntz hyclir;)gteli% tability showed
2. Lipid phase: cetyl palmitate and 2. Accelerated (exposure to day light, 28 - Aceererated stabiity showed a
. ) 8. significant decreased in CoQ10 content
Miglyol 812 days) and long-term (1 year) stability while long-term stability had a slightl [144]
3. Aqueous phase: Tego Care 450 and 3. In vitro skin permeation (Franz decrease 8 y shty
water diffusion cells, human epidermis) 3. Amount of CoQ10 in the skin was
affected by the oil content and the
occlusive effect
1. CoQ10 5% (w/w)
inﬁlﬁd plhasle éi\;LC): cetyl palmitate 1. In vitro release (Franz diffusion cells,
3 A u;%u}s,o hase (NLC): Tego Care 450 cellulose acetate membrane) 1. Ultra-small NLC showed higher release
o p F o8 2. In vitro antioxidant activity (DPPH 2. Higher antioxidant activity was
and water bserved for ul 11 NLC in both [145]
4. Lipid phase (Ultra-small NLC): cetyl assay) observed for ultra-sma in bot
T . ' 3. In vivo antioxidant activity (Kirial in vitro and In vivo studies
palmitate and Miglyol 812 test)
5. Aqueous phase (Ultra-small NLC):
Tween 80, Span 20, and water
1. CoQ10 5%
inﬁl%ﬁ plhaosle B(i\;LC): cetyl palmitate 1. Cellular uptake (human keratinocytes 1. Distribution of NLC within the
3 A uet%u}s, hase (NLC): Tego Care 450 HaCaT cells) cytoplasm was observed
o P -8 2. Cell viability assay (XTT assay, 2. Low CoQ10 content showed to be )
and water [146]

4. Lipid phase (Ultra-small NLC): cetyl
palmitate and Cetiol OE

5. Aqueous phase (Ultra-small NLC):
Span 20, Tween 80 and water

human keratinocytes HaCaT cells)
3. Radical formation after irradiation
with UVA /UVB light

non-toxic
3. Strong reduction on radical formation
was observed with ultra-small NLC
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Table 6. Cont.

Formulation Ingredients Parameters Outcomes Reference
L C.O QlO 4.5% (w/w) . . 1. Physical stability of the NLC
2. Lipid phase: cetyl palmitate, Miglyol . . . . -
1. Selection of preservatives dispersions was affected at different levels [147]
812, and Tego Care 450 by the type of the preservatives
3. Aqueous phase: water y yP P
1. CoQ10 5% (w/w)
2. Lipid phase (NLC): cetyl palmitate
and Miglyol 812 . e B . .
3. Aqueous phase (NLC): Tego Care 450 1.. In vitro skin dlffulswn (franz 1. Ultra §mall NLC improved CoQ10 skin
diffusion cells, porcine skin) permeation
and water . . . . . . [148]
Iy 2. In vitro skin permeation (tape 2. Deeper penetration was obtained with
4. Lipid phase (Ultra-small NLC): cetyl stripping, porcine ear skin) ultra-small NLC
palmitate, cetiol OE and Span 20 pping, p
5. Aqueous phase (Ultra-small NLC):
Tween 80 and water
1. CoQ10 2.4 and 4.8% (w/w)
2. Lipid phase: cetyl palmitate and 1. Entrapment efficiency 1. Entrapment efficiency was 100%
Miglyol 812 2. In vitro release (Franz diffusion cells, 2. Fast release observed at the initial stage [149]
3. Aqueous phase: Tego Care 450 and cellulose acetate membrane) followed by a prolonged release
water
1. CoQ10 2-5% 1. Centrifugal stability 1. No stratification phenomena were
2. Lipid phase: glycerin monostearate, 2. Radical scavenging assay (hydroxyl observed [150]
glyceride, and ethanol radical, superoxide anions, and DPPH 2. Scavenging activity was enhanced with
3. Aqueous phase: Span 20 and water ~ radical) increasing CoQ10 loading
1. CoQ10 2-5% 1. Comparison between CoQ10-NLC
2. Lipid phase: glycerin monostearate, =~ and CoQ10 cosmetic on radical 1. CoQ10-NLC exhibited higher [151]
glyceride and ethanol scavenging (hydroxyl radical, antioxidant activity than CoQ10 cosmetic
3. Aqueous phase: Span 20 and water superoxide anions, and DPPH radical)
. S 1. Prolonged-release was observed
1. In vitro release (dialysis bag) 2. CoQ10-NLC exhibited good
2. In vitro cell viability (MTT assay, N tibilit
1. CoQ10 2-5% HaCaT cells) cytocompatiotity -
Py . 3. Cells exhibited a typical morphology
2. Lipid phase: glycerin monostearate, 3. Cell morphology (HaCaT cells, . L
. : : . confirming cell viability study
octyl and decyl glycerate, glyceride, hematoxylin-eosin staining) . . [152]
4. Changes in structure, size, and
and ethanol 4. Cell nucleus morphology (HaCaT morphol £ cell nucleus were not
3. Aqueous phase: Span 20 and water cells, Hoechst33342 staining) de(;elzte(élogy of cell ucleus were no
5. Cell behavior (time-lapse imaging, . . . .
5. Time-lapse imaging confirmed cell
HaCaT cells) -
viability results
1. In vitro skin penetration (Franz
diffusion cells, rabbit skin) 1. NLC increased CoQ10 deposition into
2. Cell viability (MTT assay, human skin
1. CoQ10 (not reported) keratinocytes HaCaT cells) 2. Cell viability and morphology assays
2. Lipid phase: glycerin monostearate, 3. Cell morphology (time-lapse imaging  showed protective activity of CoQ10-NLC
octyl, and decyl glycerate, glyceryl assay) against oxidative damage [153]
triacetate, and glyceride 4. Levels of oxidative stress markers 3. CoQ10-NLC attenuated generation of
3. Aqueous phase: Span 20 and water (reactive oxygen species (ROS), ROS, reestablished SOD and GSH-PX
superoxide dismutase (SOD), activities, and diminished lipid
glutathione peroxidase (GSH-PX), and peroxidation via MDA inhibition
malondialdehyde (MDA))
1. UVA irradiation (human embryo skin
fibroblasts)
2. Cell viability (MTT assay, human 1. CoQ10-NLC demonstrated a protective
embryo skin fibroblasts) effect
1. CoQ10 5% (w/w) 3. Levels of oxidative stress markers 2. Cell viability increased after treatment
2. Lipid phase: octyl decyl acid (reactive oxygen species (ROS), with CoQ10-NLC
glyceride malondialdehyde (MDA), superoxide 3. ROS and MDA levels decreased, and [154]

3. Aqueous phase: soybean lecithin,
glycerol, and water

dismutase (SOD), and glutathione
peroxidase (GSH-PX))

4. Cell morphology and apoptosis or
necrosis

5. In vivo skin penetration
(Sprague-Dawley, Nile Red)

SOD and GSH-PX activities increased

4. CoQ10-NLC decreased apoptosis and
necrosis

5. Skin penetration was improved
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Table 7. An overview of CoQ10 encapsulation in nanostructured lipid carriers (NLC) employing other preparation methods.

Ingredients and Method Parameters Outcomes Reference
1. CoQ10 recovery was > 84%
1. CoQ10 loading 2. Reduced CoQ10-NLC prevented the loss in
1. €oQI0 500 mg . . 2. Cell cytotoxicity (MTT assay, human cell viability
2. Lipid phase: Precirol ATO 5 and Miglyol 812 d 1 fibrobl 3. ROS f . db
3. Aqueous phase: Lutrol F68, Tween 80 and ermal fibroblasts) . . ) ormation was counteracted by [15]
’ 3. Intracellular reactive oxygen species (ROS)  reduced CoQ10-NLC
water
4 Ultrasonication assay 4. Reduced CoQ10-NLC counteracted
: 4. Mitochondrial membrane potential assay UVA-associated mitochondrial
depolarization
1. Entrapment efficiency 1. Entrapment efficiency was > 80%
2. Rheological studies 2. Slight decrease in spreadability
3. Stability study (3 months) 3. No significant change was observed in
4. In vitro release (dialysis membrane) CoQ10 content
5. Cellular uptake (human keratinocytes 4. Fast release observed at the initial stage
HaCaT cells) followed by a prolonged release
1. CoQ10 (4%) and retinaldehyde (0.05%) 6. Cell cytotoxicity (MTT assay, HaCaT cells) 5. Cell uptake was observed
2. Lipid phase: Compritol 888 ATO and 7. Ex vivo skin permeation (Franz diffusion 6. NLC were well tolerated by skin cells
isopropyl myristate cells, pig ear skin) 7. Negligible permeation was observed [18]
3. Aqueous phase: Poloxamer F68 and water 8. Dermal pharmacokinetics (tape stripping, 8. NLC demonstrated appreciable
4. High-shear homogenization pig ear skin) penetration
9. Skin distribution (confocal laser scanning 9. NLC distribution into the skin layer was
microscopy) observed
10. In vivo skin irritation (female Sprague 10. CoQ10 and retinaldehyde loaded into
Dawley rats) NLC were less irritant
11. Therapeutic efficacy (female Swiss albino 11. Significant decrease in wrinkles were
mice) observed
1. CoQ10 loading was 2.51% and entrapment
efficiency 100%
1. CoQ10 2.8% 1. CoQ10 loading and entrapment efficiency 2. Physical parameters slightly changed
2. Lipid phase: cetyl palmitate and Labrafac 2. Long-term stability (1 year) during storage, but CoQ10 loading decreased
Lipophile WL1349 3. In vitro release (dialysis bag) 40% [124]
3. Aqueous phase: Tego Care 450 and water 4. In vitro skin permeation (Franz diffusion 3. Fast release observed at the initial stage
4. High-pressure microfluidics cells, abdomen skin SD rats) followed by a prolonged release
4. An increase in CoQ10 concentration in the
epidermis was observed
1. CoQ10 2.4%
2. Lipid phase: cetyl palmitate and alpha . 1. Entrapment efficiency was >70%
tocopheryl acetate 1. Entrapment efficiency . .
. . . ? . 2. Penetration depth was influenced by the [126]
3. Aqueous phase: propylene glycol, Tween 2. In vivo skin penetration (Male Wistar rats) composition of the linid phase
80, pH phosphate buffer and water P piap
4. High-shear homogenization
. . o 1. High lipid content and low surfactant
L C,O.Qlo/ Myrzca e.sculentg extract (1'.1)’ 1[.) % 1. Optimization of the NLC composition concentration resulted in small particles
2. Lipid phase: Precirol ATO 5 and oleic acid - - o =
. 2. Entrapment efficiency 2. Entrapment efficiency was > 80% [155]
3. Aqueous phase: Poloxamer 407 and water s - a. .
S 3. Stability study (28 days) 3. Formulations exhibited good physical
4. Solvent injection s
stability
1. CoQ10/Myrica esculenta extract (1:1), 10% 1. In vitro permeation study (Franz diffusion 1. An enhance in skin permeation was
2. Lipid phase: Precirol ATO 5 and oleic acid cells, skin of albino Wistar rat) : p
. . . . . observed [156]
3. Aqueous phase: Poloxamer 407 and water 2. In vitro photoprotective activity (albino o . -
S " 2. NLC gel exhibited photoprotective activity
4. Solvent injection Wistar rats)
1. CoQ10 5% . .
2. Lipid phase: solid lipid (Precirol ATO 5 or - L Er}trapment efflglency was > 62%
. 1. Entrapment efficiency 2. Slightly change in particle size was
Compritol 888 ATO), Captex 500, and e
. 2. Stability study (90 days) observed
polyvinyl alcohol . s [157]
3. In vitro release (USP apparatus) 3. Fast release observed at the initial stage
3. Aqueous phase: water or Poloxamer 188, L .
. 4. Antioxidant activity (DPPH assay) followed by a prolonged release
mannitol, and water L. ..
e 4. CoQ10-NLC showed antioxidant activity
4. Solvent diffusion
1. CoQ10 1%
;' Iqup;i OF; flsﬂsiz:uzst(}g )P%lvr;:é;tz()a I;ié)lswee\:go 1. In vivo skin fibroblast and collagen density 1. NLC improved the number of fibroblast
-4 P : P (Mus musculus) cells and collagen density [158]

4. Aqueous phase (B): ethanol and acetate
buffer pH 4.2
5. High-shear homogenization

2. In vivo skin irritability (Mus musculus)

2. No irritability effect was observed

7. Challenges on the Encapsulation of Carotenoids and Coenzyme Q10 in
Lipid Nanoparticles

The occlusive effect of lipid nanocarriers over the skin, especially for reduced par-

ticle sizes, is an important feature to enhance bioactive permeation through the stratum
corneum [159]. However, for cosmetic applications, deep permeation could be a drawback
since systemic effects are not allowed for this class of products. Size and permeation tests
are necessary to support cosmetic claims. Regarding stability, most studies evaluate the
SLN/NLC dispersions itself over a short period of time. However, colloidal systems are
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sensible with the surrounding compounds, especially for other lipophilic molecules. Preser-
vatives showed a great impact over nanocarriers agglomeration. However, the presence of
stabilizers acting as anchors in the nanocarrier’s surface may help prevent the impairment
of stability [147]. The behavior of SLN/NLC in more complex matrices (such as emul-
sions) may represent a limitation for commercial applications. In addition, for carotene
nanocarriers, the intense color could also represent a drawback in consumer’s opinion.

8. Future Perspectives

The association of antioxidants with complementary mechanisms is a frequent strategy
in dermatology to widen the neutralizing effect on oxidative stress. A mixture of vitamin
E, vitamin C, plant extracts, and carotenes applied topically showed good outcomes
in extrinsic skin aging [160]. However, the mixture of several molecules with different
physical-chemical characteristics entrapped inside SLN/NLC nanocarriers would represent
a technical challenge. The association of CoQ10 and vitamin E in nanocapsules showed
anti-edematogenic, anti-inflammatory, and antioxidant effects in animal models against
UVB radiation [161]. Since both molecules are lipophilic, their use in SLN and NLC could
be developed to enhance skin delivery. In fact, NLC co-loading of idebenone (an analog
of CoQ10) and vitamin E protected fibroblast cells from oxidative stress, reduced skin
pigmentation, and increased skin hydration [78].

Kinetics studies regarding drug release of SLN/NLC mimicking real usage could
bring important data on the safety of those nanocarriers, especially to treat impaired skin.
The faster release was observed in studies with impaired animal skin models [162]. The
release profile is information to design nanocarrier for specific treatments, such as atopic
dermatitis and other skin disorders that would beneficiate from the moisturizing effects
of SLN/NLC.

The use of green surfactants to reduce environmental impact could also be addressed
in further investigations regarding SLN and NLC development, along with the reduc-
tion of solvent usage and high energy methods. The biosurfactant sophorolipid showed
promising results for lipid nanocarriers [163]. Surfactants are also used to functionalize the
nanocarrier’s surface, along with small molecules, polymers, and biomolecules, depending
on the application [164]. For topical use, there is an opportunity to investigate the impact
of functionalization since there is scarce literature addressing this issue.

9. Concluding Remarks

Topical administration of carotenoids and CoQ10 can offer several benefits, although
the skin barrier makes it difficult for these molecules to penetrate and permeate through
the skin. From the studies described in this review, it was demonstrated that loading
carotenoids and CoQ10 into lipid nanoparticles is an attractive strategy to increase the
topical effectiveness of these bioactive compounds by improving their bioavailability,
chemical stability, and skin absorption. Overall, an increase in these parameters was
observed. Incorporation into lipid nanoparticles protected carotenoids and CoQ10 from
degradation. It is important to note that carotenoid stability was affected by NLC oil
content and process temperature. CoQ10 was stable in the short-term (3 months) while
long-term (1 year) studies resulted in different outcomes. Studies on skin absorption were
mainly performed in animal skin models, whereas few experiments were conducted in
human skin. The studies demonstrated that carotenoids and CoQ10 penetrated the skin
and were retained in the epidermis and dermis. Additionally, it was shown that the lipid
matrix (composition and oil content) affected skin absorption.

Regarding the antioxidant and photoprotective properties, most systems demon-
strated high antioxidant capacity under several oxidative conditions. Similarly, the majority
of the systems showed good photoprotective activity. Other important findings were the
low cytotoxic effect, high biocompatibility, and good anti-inflammatory activity demon-
strated by the systems. Owing to these results, topical administration of carotenoids and
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coenzyme Q10 encapsulated into lipid nanoparticles could be considered an appealing
strategy to protect skin from photodamages.

Author Contributions: Conceptualization, L.d.S.G. and A.R.B.; methodology, L.d.S.G.; formal anal-
ysis, L.d.5.G., AR.B., M.V.R.V, CR. and N.A.B.-C.; investigation, L.d.S.G. and A.R.B.; resources,
M.VR.V,, C.R, N.AB.-C. and A.R.B.; writing—original draft preparation, L.d.5.G., RM.M. and
A.R.B.; writing—review and editing, A.R.B., C.R.,, RM.M. and N.A.B.-C.; supervision, A.R.B.; fund-
ing acquisition, M.V.R.V. and A.R.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Fundagao de Amparo a Pesquisa do Estado de Sao Paulo
(FAPESP), grant number 2019/16169-0; Conselho Nacional de Desenvolvimento Cientifico e Tec-
nolégico (CNPq), process 305250/2019-1; and Coordenagao de Aperfeicoamento de Pessoal de Nivel
Superior-Brasil (CAPES) Finance Code 001. Also, this work was financed by the Foundation for
Science and Technology (FCT, Portugal) through projects UIDB/04567 /2020 and UIDP /04567 /2020
to CBIOS.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cefali, L.C; Ataide, J.A.; Moriel, P; Foglio, M.A.; Mazzola, P.G. Plant-based active photoprotectants for sunscreens.
Int. J. Cosmet. Sci. 2016, 38, 346-353. [CrossRef]

2. Freitas, ].V,; Lopes, N.P,; Gaspar, L.R. Photostability evaluation of five UV-filters, trans-resveratrol and beta-carotene in sunscreens.
Eur. J. Pharm. Sci. 2015, 78, 79-89. [CrossRef]

3. Tampucdi, S.; Burgalassi, S.; Chetoni, P.; Monti, D. Cutaneous Permeation and Penetration of Sunscreens: Formulation Strategies
and In Vitro Methods. Cosmetics 2017, 5, 1. [CrossRef]

4. Abla, M.J; Banga, A.K. Quantification of skin penetration of antioxidants of varying lipophilicity. Int. J. Cosmet. Sci. 2012, 35,
19-26. [CrossRef]

5. Roberts, R.L.; Green, J.; Lewis, B. Lutein and zeaxanthin in eye and skin health. Clin. Dermatol. 2009, 27, 195-201. [CrossRef]

6.  Darvin, M.E,; Fluhr, ].W.; Meinke, M.C.; Zastrow, L.; Sterry, W.; Lademann, J. Topical beta-carotene protects against infra-red-
light-induced free radicals. Exp. Dermatol. 2011, 20, 125-129. [CrossRef]

7. Ascenso, A.; Ribeiro, HM.; Marques, H.C.; Simoes, S. Topical delivery of antioxidants. Curr. Drug Deliv. 2011, 8, 640-660.
[CrossRef]

8.  Lopes, L.B.; VanDeWall, H.; Li, H.T.; Venugopal, V.; Naydin, S.; Hosmer, J.; Levendusky, M.; Zheng, H.; Bentley, M.V.; Levin,
R.; et al. Topical Delivery of Lycopene using Microemulsions: Enhanced Skin Penetration and Tissue Antioxidant Activity.
J. Pharm. Sci. 2010, 99, 1346-1357. [CrossRef]

9. Mitri, K.; Shegokar, R.; Gohla, S.; Anselmi, C.; Miiller, R.H. Lipid nanocarriers for dermal delivery of lutein: Preparation,
characterization, stability and performance. Int. J. Pharm. 2011, 414, 267-275. [CrossRef]

10. Nik, A.M.; Langmaid, S.; Wright, A.J. Nonionic Surfactant and Interfacial Structure Impact Crystallinity and Stability of (3-
Carotene Loaded Lipid Nanodispersions. J. Agric. Food Chem. 2012, 60, 4126-4135. [CrossRef]

11. Okonogi, S.; Riangjanapatee, P. Potential technique for tiny crystalline detection in lycopene-loaded SLN and NLC development.
Drug Dev. Ind. Pharm. 2013, 40, 1378-1385. [CrossRef]

12.  Puglia, C.; Santonocito, D.; Musumeci, T.; Cardile, V.; Graziano, A.C.E.; Salerno, L.; Raciti, G.; Crasci, L.; Panico, A.M.; Puglisi, G.
Nanotechnological Approach to Increase the Antioxidant and Cytotoxic Efficacy of Crocin and Crocetin. Planta Med. 2018, 85,
258-265. [CrossRef]

13.  Rodriguez-Ruiz, V.; Salatti-Dorado, A.]. ; Barzegari, A.; Nicolas-Boluda, A.; Houaoui, A.; Caballo, C.; Caballero-Casero, N.; Sicilia,
D.; Venegas, ].B.; Pauthe, E.; et al. Astaxanthin-Loaded Nanostructured Lipid Carriers for Preservation of Antioxidant Activity.
Molecules 2018, 23, 2601. [CrossRef]

14. Ahmadi, N.; Rostamizadeh, K.; Modarresi-Alam, A R. Therapeutic Anti-Inflammatory Potential of Different Formulations Based
on Coenzyme Q10-Loaded Nanostructured Lipid Carrier: In Vitro, Ex Vivo, and In Vivo Evaluations. Eur. J. Lipid Sci. Technol.
2018, 120, 1800232. [CrossRef]

15. Bruge, E; Damiani, E.; Puglia, C.; Offerta, A.; Armeni, T.; Littarru, G.P.; Tiano, L. Nanostructured lipid carriers loaded with
CoQ10: Effect on human dermal fibroblasts under normal and UVA-mediated oxidative conditions. Int. J. Pharm. 2013, 455,
348-356. [CrossRef]

16. Bunjes, H.; Drechsler, M.; Koch, M.H.J.; Westesen, K. Incorporation of the Model Drug Ubidecarenone into Solid Lipid Nanoparti-
cles. Pharm. Res. 2001, 18, 287-293. [CrossRef] [PubMed]

17. Hu, C; Qian, A.; Wang, Q.; Xu, F; He, Y.; Xu, J.; Xia, Y.; Xia, Q. Industrialization of lipid nanoparticles: From laboratory-scale to
large-scale production line. Eur. J. Pharm. Biopharm. 2016, 109, 206-213. [CrossRef] [PubMed]

18. Nayak, K,; Katiyar, S.S.; Kushwah, V,; Jain, S. Coenzyme Q10 and retinaldehyde co-loaded nanostructured lipid carriers for

efficacy evaluation in wrinkles. J. Drug Target. 2017, 26, 333-344. [CrossRef]


http://doi.org/10.1111/ics.12316
http://doi.org/10.1016/j.ejps.2015.07.004
http://doi.org/10.3390/cosmetics5010001
http://doi.org/10.1111/j.1468-2494.2012.00728.x
http://doi.org/10.1016/j.clindermatol.2008.01.011
http://doi.org/10.1111/j.1600-0625.2010.01191.x
http://doi.org/10.2174/156720111797635487
http://doi.org/10.1002/jps.21929
http://doi.org/10.1016/j.ijpharm.2011.05.008
http://doi.org/10.1021/jf204810m
http://doi.org/10.3109/03639045.2013.828215
http://doi.org/10.1055/a-0732-5757
http://doi.org/10.3390/molecules23102601
http://doi.org/10.1002/ejlt.201800232
http://doi.org/10.1016/j.ijpharm.2013.06.075
http://doi.org/10.1023/A:1011042627714
http://www.ncbi.nlm.nih.gov/pubmed/11442266
http://doi.org/10.1016/j.ejpb.2016.10.018
http://www.ncbi.nlm.nih.gov/pubmed/27793754
http://doi.org/10.1080/1061186X.2017.1379527

Antioxidants 2021, 10, 1034 20 of 25

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

Ghodrati, M.; Farahpour, M.R.; Hamishehkar, H. Encapsulation of Peppermint essential oil in nanostructured lipid carriers:
In-vitro antibacterial activity and accelerative effect on infected wound healing. Colloids Surfaces A: Physicochem. Eng. Asp. 2019,
564, 161-169. [CrossRef]

Lai, F,; Sinico, C.; De Logu, A.; Zaru, M.; Miiller, R H.; Fadda, A.M. SLN as a topical delivery system for Artemisia arborescens
essential oil: In vitro antiviral activity and skin permeation study. Int. J. Nanomed. 2007, 2, 419-425.

Montenegro, L.; Pasquinucci, L.; Zappala, A.; Chiechio, S.; Turnaturi, R.; Parenti, C. Rosemary Essential Oil-Loaded Lipid
Nanoparticles: In Vivo Topical Activity from Gel Vehicles. Pharmaceutics 2017, 9, 48. [CrossRef]

Carlotti, M.E.; Sapino, S.; Ugazio, E.; Gallarate, M.; Morel, S. Resveratrol in Solid Lipid Nanoparticles. J. Dispers. Sci. Technol.
2012, 33, 465-471. [CrossRef]

Ozer, O.; Gokce, E.H.; Tanriverdi, T.-; Korkmaz, E.; Sandri, G.; Bonferoni, M.C.; Dellera, E. A comparative evaluation of coenzyme
Q10-loaded liposomes and solid lipid nanoparticles as dermal antioxidant carriers. Int. |. Nanomed. 2012, 7, 5109-5117. [CrossRef]
Kamel, R.; Mostafa, D. Rutin nanostructured lipid cosmeceutical preparation with sun protective potential. J. Photochem. Photobiol.
B Biol. 2015, 153, 59-66. [CrossRef]

Scalia, S.; Franceschinis, E.; Bertelli, D.; lannuccelli, V. Comparative Evaluation of the Effect of Permeation Enhancers, Lipid
Nanoparticles and Colloidal Silica on in vivo Human Skin Penetration of Quercetin. Ski. Pharmacol. Physiol. 2013, 26, 57-67.
[CrossRef]

Teska¢, K.; Kristl, J. The evidence for solid lipid nanoparticles mediated cell uptake of resveratrol. Int. |. Pharm. 2010, 390, 61-69.
[CrossRef]

Abla, M.].; Banga, A.K. Formulation of tocopherol nanocarriers andin vitrodelivery into human skin. Int. J. Cosmet. Sci. 2014, 36,
239-246. [CrossRef]

Dingler, R.P.B.A. Solid lipid nanoparticles (SLNTM/LipopearlsTM) a pharmaceutical and cosmetic carrier for the application of
vitamin E in dermal products. J. Microencapsul. 1999, 16, 751-767. [CrossRef]

Jain, A.; Garg, N.K; Jain, A.; Kesharwani, P.; Jain, A.K; Nirbhavane, P.; Tyagi, R.K. A synergistic approach of adapalene-loaded
nanostructured lipid carriers, and vitamin C co-administration for treating acne. Drug Dev. Ind. Pharm. 2016, 42, 897-905.
[CrossRef]

Kristl, J.; Volk, B.; Gasperlin, M.; éentjurc, M.; Jurkovi, P. Effect of colloidal carriers on ascorbyl palmitate stability. Eur. J. Pharm.
Sci. 2003, 19, 181-189. [CrossRef]

Uumlner, M.; Wissing, S.A.; Yener, G.; Miiller, R.H. Skin moisturizing effect and skin penetration of ascorbyl palmitate entrapped
in solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) incorporated into hydrogel. Die Pharm. 2005, 60,
751-755.

Beloqui, A.; Solinis, AM,; Rodriguez-Gascoén, A.; Almeida, A.J.; Préat, V. Nanostructured lipid carriers: Promising drug delivery
systems for future clinics. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 143-161. [CrossRef]

Garcés, A.; Amaral, M.; Lobo, ] M.S,; Silva, A. Formulations based on solid lipid nanoparticles (SLN) and nanostructured lipid
carriers (NLC) for cutaneous use: A review. Eur. J. Pharm. Sci. 2018, 112, 159-167. [CrossRef]

Montenegro, L.; Lai, F,; Offerta, A.; Sarpietro, M.G.; Micicche, L.; Maccioni, A.M.; Valenti, D.; Fadda, A.M. From nanoemulsions
to nanostructured lipid carriers: A relevant development in dermal delivery of drugs and cosmetics. J. Drug Deliv. Sci. Technol.
2016, 32, 100-112. [CrossRef]

Geszke-Moritz, M.; Moritz, M. Solid lipid nanoparticles as attractive drug vehicles: Composition, properties and therapeutic
strategies. Mater. Sci. Eng. C 2016, 68, 982-994. [CrossRef]

Kaul, S.; Gulati, N.; Verma, D.; Mukherjee, S.; Nagaich, U. Role of Nanotechnology in Cosmeceuticals: A Review of Recent
Advances. . Pharm. 2018, 2018, 1-19. [CrossRef]

Miiller, R.; Radtke, M.; Wissing, S. Solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) in cosmetic and
dermatological preparations. Adv. Drug Deliv. Rev. 2002, 54, S131-5155. [CrossRef]

Solid lipid nanoparticles (SLN) for controlled drug delivery: A review of the state of the art. Eur. . Pharm. Biopharm. 2000, 50,
161-177. [CrossRef]

Miiller, R H.; Mehnert, W.; Lucks, ].S.; Schwarz, C.; Miihlen, A.Z.; Weyhers, H.; Freitas, C.; Riihl, D. Solid lipid nanoparticles
(SLN) —An alternative colloidal carrier system for controlled drug delivery. Eur. J. Pharm. Biopharm. 1995, 41, 62—69.

Mehnert, W.; Méder, K. Solid lipid nanoparticles. Adv. Drug Deliv. Rev. 2012, 64, 83-101. [CrossRef]

Shegokar, R.; Keck, C.M. 20 Years of Lipid Nanoparticles (SLN & NLC): Present State of Development & Industrial Applications.
Curr. Drug Discov. Technol. 2011, 8, 207-227. [CrossRef]

Pardeike, J.; Hommoss, A.; Miiller, R.H. Lipid nanoparticles (SLN, NLC) in cosmetic and pharmaceutical dermal products.
Int. ]. Pharm. 2009, 366, 170-184. [CrossRef] [PubMed]

Kaur, I.P; Kapila, M.; Agrawal, R. Role of novel delivery systems in developing topical antioxidants as therapeutics to combat
photoageing. Ageing Res. Rev. 2007, 6, 271-288. [CrossRef]

Gupta, S.; Gupta, S.; Jindal, N.; Jindal, A.; Bansal, R. Nanocarriers and nanoparticles for skin care and dermatological treatments.
Indian Dermatol. Online J. 2013, 4, 267-272. [CrossRef] [PubMed]

Kumar, S.; Randhawa, ].K. High melting lipid based approach for drug delivery: Solid lipid nanoparticles. Mater. Sci. Eng. C
2013, 33, 1842-1852. [CrossRef]


http://doi.org/10.1016/j.colsurfa.2018.12.043
http://doi.org/10.3390/pharmaceutics9040048
http://doi.org/10.1080/01932691.2010.548274
http://doi.org/10.2147/IJN.S34921
http://doi.org/10.1016/j.jphotobiol.2015.09.002
http://doi.org/10.1159/000345210
http://doi.org/10.1016/j.ijpharm.2009.10.011
http://doi.org/10.1111/ics.12119
http://doi.org/10.1080/026520499288690
http://doi.org/10.3109/03639045.2015.1104343
http://doi.org/10.1016/S0928-0987(03)00104-0
http://doi.org/10.1016/j.nano.2015.09.004
http://doi.org/10.1016/j.ejps.2017.11.023
http://doi.org/10.1016/j.jddst.2015.10.003
http://doi.org/10.1016/j.msec.2016.05.119
http://doi.org/10.1155/2018/3420204
http://doi.org/10.1016/S0169-409X(02)00118-7
http://doi.org/10.1016/S0939-6411(00)00087-4
http://doi.org/10.1016/j.addr.2012.09.021
http://doi.org/10.2174/157016311796799062
http://doi.org/10.1016/j.ijpharm.2008.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18992314
http://doi.org/10.1016/j.arr.2007.08.006
http://doi.org/10.4103/2229-5178.120635
http://www.ncbi.nlm.nih.gov/pubmed/24350003
http://doi.org/10.1016/j.msec.2013.01.037

Antioxidants 2021, 10, 1034 21 of 25

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

Damiani, E.; Puglia, C. Nanocarriers and Microcarriers for Enhancing the UV Protection of Sunscreens: An Overview. J. Pharm. Sci.
2019, 108, 3769-3780. [CrossRef]

Puglia, C.; Bonina, E Lipid nanoparticles as novel delivery systems for cosmetics and dermal pharmaceuticals. Expert Opin. Drug Deliv.
2012, 9, 429-441. [CrossRef]

Rehman, A.; Tong, Q.; Jafari, 5.M.; Assadpour, E.; Shehzad, Q.; Aadil, RM.; Igbal, M.W.; Rashed, M.M.A; Mushtagq, B.S.; Ashraf,
W. Carotenoid-loaded nanocarriers: A comprehensive review. Adv. Colloid Interface Sci. 2020, 275, 102048. [CrossRef]

Santos, A.C.; Rodrigues, D.; Sequeira, J.A.; Pereira, I.; Simoes, A.; Costa, D.; Peixoto, D.; Costa, G.; Veiga, F. Nanotechnological
breakthroughs in the development of topical phytocompounds-based formulations. Int. J. Pharm. 2019, 572, 118787. [CrossRef]
[PubMed]

Sala, M.; Diab, R.; Elaissari, A.; Fessi, H. Lipid nanocarriers as skin drug delivery systems: Properties, mechanisms of skin
interactions and medical applications. Int. |. Pharm. 2018, 535, 1-17. [CrossRef]

Souto, E.B.; Almeida, A.J.; Miiller, R.H. Lipid Nanoparticles (SLN, NLC) for Cutaneous Drug Delivery:Structure, Protection and
Skin Effects. J. Biomed. Nanotechnol. 2007, 3, 317-331. [CrossRef]

Ganesan, P; Narayanasamy, D. Lipid nanoparticles: Different preparation techniques, characterization, hurdles, and strategies
for the production of solid lipid nanoparticles and nanostructured lipid carriers for oral drug delivery. Sustain. Chem. Pharm.
2017, 6, 37-56. [CrossRef]

Battaglia, L.; Gallarate, M. Lipid nanoparticles: State of the art, new preparation methods and challenges in drug delivery. Expert
Opin. Drug Deliv. 2012, 9, 497-508. [CrossRef] [PubMed]

Das, S.; Chaudhury, A. Recent Advances in Lipid Nanoparticle Formulations with Solid Matrix for Oral Drug Delivery. AAPS
PharmSciTech 2010, 12, 62-76. [CrossRef]

Shidhaye, S.S.; Vaidya, R.; Sutar, S.; Patwardhan, A.; Kadam, VJ. Solid Lipid Nanoparticles and Nanostructured Lipid Carriers —
Innovative Generations of Solid Lipid Carriers. Curr. Drug Deliv. 2008, 5, 324-331. [CrossRef]

Uumlner, M. Preparation, characterization and physico-chemical properties of solid lipid nanoparticles (SLN) and nanostructured
lipid carriers (NLC): Their benefits as colloidal drug carrier systems. Die Pharm. 2006, 61, 375-386.

Ribeiro, A.P.B.; Masuchi, M.H.; Miyasaki, E.K.; Domingues, M.A.C.; Stroppa, V.L.Z.; De Oliveira, G.M.; Kieckbusch, T.G.
Crystallization modifiers in lipid systems. J. Food Sci. Technol. 2014, 52, 3925-3946. [CrossRef] [PubMed]

Jain, S.; Patel, N.; Shah, M.K,; Khatri, P.; Vora, N. Recent Advances in Lipid-Based Vesicles and Particulate Carriers for Topical
and Transdermal Application. J. Pharm. Sci. 2017, 106, 423-445. [CrossRef] [PubMed]

Lippacher, A.; Miiller, R.; Méder, K. Liquid and semisolid SLN™ dispersions for topical application: Rheological characterization.
Eur. ]. Pharm. Biopharm. 2004, 58, 561-567. [CrossRef] [PubMed]

Fang, C.-L.; Al-Suwayeh, S.A.; Fang, J.-Y. Nanostructured Lipid Carriers (NLCs) for Drug Delivery and Targeting.
Recent Patents Nanotechnol. 2012, 7, 41-55. [CrossRef]

Igbal, A.; Sahni, J.K.; Baboota, S.; Dang, S.; Ali, J. Nanostructured lipid carriers system: Recent advances in drug delivery.
J. Drug Target. 2012, 20, 813-830. [CrossRef] [PubMed]

Hu, E-Q.; Jiang, S.-P,; Du, Y.-Z.; Yuan, H.; Ye, Y.-Q.; Zeng, S. Preparation and characteristics of monostearin nanostructured lipid
carriers. Int. . Pharm. 2006, 314, 83-89. [CrossRef] [PubMed]

Miiller, R.; Radtke, M.; Wissing, S. Nanostructured lipid matrices for improved microencapsulation of drugs. Int. |. Pharm. 2002,
242,121-128. [CrossRef]

Mahant, S.; Rao, R.; Souto, E.B.; Nanda, S. Analytical tools and evaluation strategies for nanostructured lipid carrier-based topical
delivery systems. Expert Opin. Drug Deliv. 2020, 17, 963-992. [CrossRef]

Miiller, R.; Petersen, R.; Hommoss, A.; Pardeike, J. Nanostructured lipid carriers (NLC) in cosmetic dermal products. Adv. Drug
Deliv. Rev. 2007, 59, 522-530. [CrossRef]

Radtke, M.; Souto, L.B.; Miiller, R.H. Nanostructured lipid carriers: A novel generation of solid lipid drug carriers. Pharm. Technol.
Eur. 2005, 17, 45-50.

Koziara, ].M.; Oh, J.J.; Akers, W.S.; Ferraris, S.P.; Mumper, R.J. Blood Compatibility of Cetyl Alcohol/Polysorbate-Based
Nanoparticles. Pharm. Res. 2005, 22, 1821-1828. [CrossRef]

Mumper, R.J.; Jay, M. Microemulsions as Precursors to Solid Nanoparticles. U.S. Patent 7153525B1, 26 December 2006.
Oyewumi, M.O.; Mumper, RJ. Gadolinium-Loaded Nanoparticles Engineered from Microemulsion Templates. Drug Dev. Ind. Pharm.
2002, 28, 317-328. [CrossRef]

Koziara, ].M.; Lockman, P.R.; Allen, D.D.; Mumper, R.J. Paclitaxel nanoparticles for the potential treatment of brain tumors.
J. Control. Release 2004, 99, 259-269. [CrossRef] [PubMed]

Trotta, M.; Debernardi, F.; Caputo, O. Preparation of solid lipid nanoparticles by a solvent emulsification—diffusion technique.
Int. ]. Pharm. 2003, 257, 153-160. [CrossRef]

Yuan, H.; Chen, C.-Y,; Chai, G.-H.; Du, Y.-Z.; Hu, E-Q. Improved Transport and Absorption through Gastrointestinal Tract by
PEGylated Solid Lipid Nanoparticles. Mol. Pharm. 2013, 10, 1865-1873. [CrossRef]

Corrias, F; Lai, F. New methods for lipid nanoparticles preparation. Recent Patents Drug Deliv. Formul. 2011, 5, 201-213. [CrossRef]
[PubMed]

Carbone, C.; Cupri, S.; Leonardi, A.; Puglisi, G.; Pignatello, R. Lipid-based nanocarriers for drug delivery and targeting: A patent
survey of methods of production and characterization. Pharm. Pat. Anal. 2013, 2, 665-677. [CrossRef]


http://doi.org/10.1016/j.xphs.2019.09.009
http://doi.org/10.1517/17425247.2012.666967
http://doi.org/10.1016/j.cis.2019.102048
http://doi.org/10.1016/j.ijpharm.2019.118787
http://www.ncbi.nlm.nih.gov/pubmed/31678376
http://doi.org/10.1016/j.ijpharm.2017.10.046
http://doi.org/10.1166/jbn.2007.049
http://doi.org/10.1016/j.scp.2017.07.002
http://doi.org/10.1517/17425247.2012.673278
http://www.ncbi.nlm.nih.gov/pubmed/22439808
http://doi.org/10.1208/s12249-010-9563-0
http://doi.org/10.2174/156720108785915087
http://doi.org/10.1007/s13197-014-1587-0
http://www.ncbi.nlm.nih.gov/pubmed/26139862
http://doi.org/10.1016/j.xphs.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27865609
http://doi.org/10.1016/j.ejpb.2004.04.009
http://www.ncbi.nlm.nih.gov/pubmed/15451530
http://doi.org/10.2174/1872210511307010041
http://doi.org/10.3109/1061186X.2012.716845
http://www.ncbi.nlm.nih.gov/pubmed/22931500
http://doi.org/10.1016/j.ijpharm.2006.01.040
http://www.ncbi.nlm.nih.gov/pubmed/16563671
http://doi.org/10.1016/S0378-5173(02)00180-1
http://doi.org/10.1080/17425247.2020.1772750
http://doi.org/10.1016/j.addr.2007.04.012
http://doi.org/10.1007/s11095-005-7547-7
http://doi.org/10.1081/DDC-120002847
http://doi.org/10.1016/j.jconrel.2004.07.006
http://www.ncbi.nlm.nih.gov/pubmed/15380635
http://doi.org/10.1016/S0378-5173(03)00135-2
http://doi.org/10.1021/mp300649z
http://doi.org/10.2174/187221111797200597
http://www.ncbi.nlm.nih.gov/pubmed/21834772
http://doi.org/10.4155/ppa.13.43

Antioxidants 2021, 10, 1034 22 of 25

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

Charcosset, C.; El-Harati, A.; Fessi, H. Preparation of solid lipid nanoparticles using a membrane contactor. J. Control. Release
2005, 108, 112-120. [CrossRef]

Carbone, C.; Tomasello, B.; Ruozi, B.; Renis, M.; Puglisi, G. Preparation and optimization of PIT solid lipid nanoparticles via
statistical factorial design. Eur. ]. Med. Chem. 2012, 49, 110-117. [CrossRef]

Heurtault, B.; Saulnier, P.; Pech, B.; Proust, J.; Benoit, ]. A Novel Phase Inversion-Based Process for the Preparation of Lipid
Nanocarriers. Pharm. Res. 2002, 19, 875-880. [CrossRef]

Montenegro, L.; Campisi, A.; Sarpietro, M.G.; Carbone, C.; Acquaviva, R.; Raciti, G.; Puglisi, G. In vitroevaluation of idebenone-
loaded solid lipid nanoparticles for drug delivery to the brain. Drug Dev. Ind. Pharm. 2011, 37, 737-746. [CrossRef]

Battaglia, L.; Gallarate, M.; Cavalli, R.; Trotta, M. Solid lipid nanoparticles produced through a coacervation method.
J. Microencapsul. 2009, 27, 78-85. [CrossRef] [PubMed]

Battaglia, L.; Trotta, M.; Cavalli, R. Method for the Preparation of Solid Micro and Nanoparticles. W0O2008149215A2, 11 December
2008.

Berton, A.; Piel, G.; Evrard, B. Powdered lipid nano and microparticles: Production and applications. Recent Patents Drug Deliv. Formul.
2011, 5, 188-200. [CrossRef] [PubMed]

Chattopadhyay, P.; Shekunov, B.; Yim, D.; Cipolla, D.; Boyd, B.; Farr, S. Production of solid lipid nanoparticle suspensions using
supercritical fluid extraction of emulsions (SFEE) for pulmonary delivery using the AERx system. Adv. Drug Deliv. Rev. 2007, 59,
444-453. [CrossRef]

Gasco, M. Method for producing solid lipid nanospheres with warm microemulsions. Pharm. Tech. Eur. 1997, 9, 52-58.
Marengo, E.; Cavalli, R.; Caputo, O.; Rodriguez, L.; Gasco, M.R. Scale-up of the preparation process of solid lipid nanospheres.
PartI. Int. . Pharm. 2000, 205, 3-13. [CrossRef]

Morel, S.; Ugazio, E.; Cavalli, R.; Gasco, M.R. Thymopentin in solid lipid nanoparticles. Int. . Pharm. 1996, 132, 259-261.
[CrossRef]

Sjostrom, B.; Bergenstdhl, B. Preparation of submicron drug particles in lecithin-stabilized o/w emulsions I. Model studies of the
precipitation of cholesteryl acetate. Int. ]. Pharm. 1992, 88, 53-62. [CrossRef]

Schubert, M. Solvent injection as a new approach for manufacturing lipid nanoparticles —evaluation of the method and process
parameters. Eur. . Pharm. Biopharm. 2003, 55, 125-131. [CrossRef]

Gallarate, M.; Trotta, M.; Battaglia, L.; Chirio, D. Preparation of solid lipid nanoparticles from W/O/W emulsions: Preliminary
studies on insulin encapsulation. |. Microencapsul. 2008, 26, 394—402. [CrossRef] [PubMed]

Mohammadi-Samani, S.; Ghasemiyeh, P. Solid lipid nanoparticles and nanostructured lipid carriers as novel drug delivery
systems: Applications, advantages and disadvantages. Res. Pharm. Sci. 2018, 13, 288-303. [CrossRef] [PubMed]

Sakulkhu, U.; Jarupaiboon, S.; Trithong, A.; Prathontep, S.; Janyaprasert, V.; Puttipipatkhachorn, S.; Ruktanonchai, U. Production
and Characterization of Rice bran extract encapsulated in Solid Lipid Nanoparticles for Dermal Delivery. IEEE Int. Conf.
Nano/Micro Eng. Mol. Syst. 2007, 1, 1020-1023. [CrossRef]

Ricci, M.; Puglia, C.; Bonina, F.; Di Giovanni, C.; Giovagnoli, S.; Rossi, C. Evaluation of Indomethacin Percutaneous Absorption
from Nanostructured Lipid Carriers (NLC): In Vitro and In Vivo Studies. J. Pharm. Sci. 2005, 94, 1149-1159. [CrossRef] [PubMed]
Gallarate, M.; Trotta, M.; Battaglia, L.; Chirio, D. Cisplatin-loaded SLN produced by coacervation technique. J. Drug Deliv. Sci. Technol.
2010, 20, 343-347. [CrossRef]

Aldawsari, H.M.; Singh, S. Rapid Microwave-Assisted Cisplatin-Loaded Solid Lipid Nanoparticles: Synthesis, Characterization
and Anticancer Study. Nanomaterials 2020, 10, 510. [CrossRef]

Shah, R.; Eldridge, D.; Palombo, E.; Harding, I. Production Techniques. In Lipid Nanoparticles: Production, Characterization and
Stability; Springer Briefs in Pharmaceutical Science & Drug Development: Cham, Switzerlands, 2015; pp. 23-43. [CrossRef]
Sharma, M.; Mundlia, J.; Kumar, T.; Ahuja, M. A novel microwave-assisted synthesis, characterization and evaluation of
luliconazole-loaded solid lipid nanoparticles. Polym. Bull. 2021, 78, 2553-2567. [CrossRef]

Trotta, M.; Cavalli, R; Trotta, C.; Bussano, R.; Costa, L. Electrospray technique for solid lipid-based particle production. Drug Dev.
Ind. Pharm. 2010, 36, 431-438. [CrossRef]

Vezzu’, K,; Borin, D.; Bertucco, A.; Bersani, S.; Salmaso, S.; Caliceti, P. Production of lipid microparticles containing bioactive
molecules functionalized with PEG. J. Supercrit. Fluids 2010, 54, 328-334. [CrossRef]

Salmaso, S.; Elvassore, N.; Bertucco, A.; Caliceti, P. Production of Solid Lipid Submicron Particles for Protein Delivery Using a
Novel Supercritical Gas-Assisted Melting Atomization Process. J. Pharm. Sci. 2009, 98, 640-650. [CrossRef] [PubMed]

Gonnet, M,; Lethuaut, L.; Boury, F. New trends in encapsulation of liposoluble vitamins. J. Control. Release 2010, 146, 276-290.
[CrossRef]

Khoo, H.-E.; Prasad, N.; Kong, K.-W,; Jiang, Y.; Ismail, A. Carotenoids and Their Isomers: Color Pigments in Fruits and Vegetables.
Molecules 2011, 16, 1710-1738. [CrossRef]

Milani, A.; Basirnejad, M.; Shahbazi, S.; Bolhassani, A. Carotenoids: Biochemistry, pharmacology and treatment. Br. ]. Pharmacol.
2016, 174, 1290-1324. [CrossRef] [PubMed]

Rao, A.V.; Rao, L.G. Carotenoids and human health. Pharmacol. Res. 2007, 55, 207-216. [CrossRef] [PubMed]

Krinsky, N.I; Johnson, E.J. Carotenoid actions and their relation to health and disease. Mol. Asp. Med. 2005, 26, 459-516.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.jconrel.2005.07.023
http://doi.org/10.1016/j.ejmech.2012.01.001
http://doi.org/10.1023/A:1016121319668
http://doi.org/10.3109/03639045.2010.539231
http://doi.org/10.3109/02652040903031279
http://www.ncbi.nlm.nih.gov/pubmed/19538034
http://doi.org/10.2174/187221111797200588
http://www.ncbi.nlm.nih.gov/pubmed/21834773
http://doi.org/10.1016/j.addr.2007.04.010
http://doi.org/10.1016/S0378-5173(00)00471-3
http://doi.org/10.1016/0378-5173(95)04388-8
http://doi.org/10.1016/0378-5173(92)90303-J
http://doi.org/10.1016/S0939-6411(02)00130-3
http://doi.org/10.1080/02652040802390156
http://www.ncbi.nlm.nih.gov/pubmed/18785076
http://doi.org/10.4103/1735-5362.235156
http://www.ncbi.nlm.nih.gov/pubmed/30065762
http://doi.org/10.1109/nems.2007.352191
http://doi.org/10.1002/jps.20335
http://www.ncbi.nlm.nih.gov/pubmed/15793804
http://doi.org/10.1016/S1773-2247(10)50057-1
http://doi.org/10.3390/nano10030510
http://doi.org/10.1007/978-3-319-10711-0_3
http://doi.org/10.1007/s00289-020-03220-5
http://doi.org/10.3109/03639040903241817
http://doi.org/10.1016/j.supflu.2010.05.013
http://doi.org/10.1002/jps.21434
http://www.ncbi.nlm.nih.gov/pubmed/18484622
http://doi.org/10.1016/j.jconrel.2010.01.037
http://doi.org/10.3390/molecules16021710
http://doi.org/10.1111/bph.13625
http://www.ncbi.nlm.nih.gov/pubmed/27638711
http://doi.org/10.1016/j.phrs.2007.01.012
http://www.ncbi.nlm.nih.gov/pubmed/17349800
http://doi.org/10.1016/j.mam.2005.10.001
http://www.ncbi.nlm.nih.gov/pubmed/16309738

Antioxidants 2021, 10, 1034 23 of 25

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.
129.

Rostamabadi, H.; Falsafi, S.R.; Jafari, .M. Nanoencapsulation of carotenoids within lipid-based nanocarriers. J. Control. Release
2019, 298, 38-67. [CrossRef] [PubMed]

Bali¢, A.; Mokos, M. Do We Utilize Our Knowledge of the Skin Protective Effects of Carotenoids Enough? Antioxidants 2019, 8,
259. [CrossRef]

Rodriguez-Luna, A.; Avila-Roman, J.; Gonzalez-Rodriguez, M.L.; Cézar, M.].; Rabasco, A.M.; Motilva, V.; Talero, E. Fucoxanthin-
Containing Cream Prevents Epidermal Hyperplasia and UVB-Induced Skin Erythema in Mice. Mar. Drugs 2018, 16, 378.
[CrossRef] [PubMed]

Stahl, W.; Sies, H. Carotenoids and Protection against Solar UV Radiation. Ski. Pharmacol. Physiol. 2002, 15, 291-296. [CrossRef]
Stahl, W.; Sies, H. B-Carotene and other carotenoids in protection from sunlight. Am. J. Clin. Nutr. 2012, 96, 11795-1184S.
[CrossRef]

Havas, E; Krispin, S.; Meléndez-Martinez, A.].; Von Oppen-Bezalel, L. Preliminary Data on the Safety of Phytoene- and
Phytofluene-Rich Products for Human Use including Topical Application. J. Toxicol. 2018, 2018, 1-8. [CrossRef]

Jain, A.; Sharma, G.; Thakur, K.; Raza, K.; Shivhare, U.S.; Ghoshal, G.; Katare, O.P. Beta-carotene-Encapsulated Solid Lipid
Nanoparticles (BC-SLNs) as Promising Vehicle for Cancer: An Investigative Assessment. AAPS PharmSciTech 2019, 20, 100.
[CrossRef] [PubMed]

Riangjanapatee, P.; Miiller, R.H.; Keck, C.M.; Okonogi, S. Development of lycopene-loaded nanostructured lipid carriers: Effect of
rice oil and cholesterol. Die Pharm. 2013, 68, 723-731.

Trombino, S.; Cassano, R.; Muzzalupo, R.; Pingitore, A.; Cione, E.; Picci, N. Stearyl ferulate-based solid lipid nanoparticles for the
encapsulation and stabilization of 3-carotene and «-tocopherol. Colloids Surfaces B Biointerfaces 2009, 72, 181-187. [CrossRef]
Pan, Y.; Tikekar, R.V; Nitin, N. Distribution of a model bioactive within solid lipid nanoparticles and nanostructured lipid carriers
influences its loading efficiency and oxidative stability. Int. J. Pharm. 2016, 511, 322-330. [CrossRef] [PubMed]

Istrati, D.; Lacatusu, I.; Bordei, N.; Badea, G.; Oprea, O.; Stefan, L.; Stan, R.; Badea, N.; Meghea, A. Phyto-mediated nanostructured
carriers based on dual vegetable actives involved in the prevention of cellular damage. Mater. Sci. Eng. C 2016, 64, 249-259.
[CrossRef] [PubMed]

Lacatusu, I.; Badea, N.; Niculae, G.; Bordei, N.; Stan, R.; Meghea, A. Lipid nanocarriers based on natural compounds: An evolving
role in plant extract delivery. Eur. J. Lipid Sci. Technol. 2014, 116, 1708-1717. [CrossRef]

Lacatusu, I.; Badea, G.; Popescu, M.; Bordei, N.; Istrati, D.; Moldovan, L.; Seciu, A.; Panteli, M.; Rasit, I.; Badea, N. Marigold
extract, azelaic acid and black caraway oil into lipid nanocarriers provides a strong anti-inflammatory effect in vivo. Ind. Crop.
Prod. 2017, 109, 141-150. [CrossRef]

Lacatusu, L; Istrati, D.; Bordei, N.; Popescu, M.; Seciu, A.; Panteli, L.; Badea, N. Synergism of plant extract and vegetable
oils-based lipid nanocarriers: Emerging trends in development of advanced cosmetic prototype products. Mater. Sci. Eng. C 2020,
108, 110412. [CrossRef] [PubMed]

Okonogi, S.; Riangjanapatee, P. Physicochemical characterization of lycopene-loaded nanostructured lipid carrier formulations
for topical administration. Int. J. Pharm. 2015, 478, 726-735. [CrossRef]

Riangjanapatee Effect of surfactant on lycopene-loaded nanostructured lipid carriers. Drug Discov. Ther. 2012, 6, 163-168.
[CrossRef]

Hung, L.C.; Basri, M.; Tejo, B.A.; Ismail, R.; Nang, H.L.L.; Abu Hassan, H.; May, C.Y. An improved method for the preparations of
nanostructured lipid carriers containing heat-sensitive bioactives. Colloids Surfaces B Biointerfaces 2011, 87, 180-186. [CrossRef]
Cordenonsi, L.M.; Faccendini, A.; Catanzaro, M.; Bonferoni, M.C.; Rossi, S.; Malavasi, L.; Raffin, R.P.; Schapoval, E.E.S.; Lanni,
C.; Sandri, G.; et al. The role of chitosan as coating material for nanostructured lipid carriers for skin delivery of fucoxanthin.
Int. J. Pharm. 2019, 567, 118487. [CrossRef]

Cordenonsi, L.M.; Santer, A.; Sponchiado, R.M.; Wingert, N.R.; Raffin, R.P; Schapoval, E.E.S. Amazonia Products in Novel Lipid
Nanoparticles for Fucoxanthin Encapsulation. AAPS PharmSciTech 2019, 21, 32. [CrossRef]

Paolino, D.; Stancampiano, A.H.; Cilurzo, F.; Cosco, D.; Puglisi, G.; Pignatello, R. Nanostructured Lipid Carriers (NLC) for the
Topical Delivery of Lutein. Drug Deliv. Lett. 2011, 1, 32-39. [CrossRef]

Chen, S.; Liu, W,; Wan, J.; Cheng, X.; Gu, C.; Zhou, H.; Chen, S.; Zhao, X.; Tang, Y.; Yang, X. Preparation of Coenzyme Q10
nanostructured lipid carriers for epidermal targeting with high-pressure microfluidics technique. Drug Dev. Ind. Pharm. 2012, 39,
20-28. [CrossRef] [PubMed]

Hsu, C.-H.; Cui, Z.; Mumper, R.].; Jay, M. Preparation and characterization of novel coenzyme Q10 nanoparticles engineered from
microemulsion precursors. AAPS Pharm. Sci. Tech. 2003, 4, 24-35. [CrossRef] [PubMed]

Putranti, A.R.;; Hendradji, E.; Primaharinastiti, R. Effectivity and Physicochemical Stability of Nanostructured Lipid Carrier Coen-
zyme Q10 in DIFFerent Ratio of lipid alfa Cetyl Palamitate and alpha Tocopheryl Aacetate as Carrier. Asian J. Pharm. Clin. Res.
2017, 10, 146. [CrossRef]

Wang, ].; Wang, H.; Zhou, X,; Tang, Z.; Liu, G,; Liu, G.; Xia, Q. Physicochemical Characterization, Photo-Stability and Cytotoxicity
of Coenzyme Q10-Loading Nanostructured Lipid Carrier. ]. Nanosci. Nanotechnol. 2012, 12, 2136-2148. [CrossRef] [PubMed]
Ahmad, S. Coenzyme Q and its role in glaucoma. Saudi |. Ophthalmol. 2020, 34, 45-49. [CrossRef] [PubMed]

Bhagavan, H.N.; Chopra, R.K. Coenzyme Q10: Absorption, tissue uptake, metabolism and pharmacokinetics. Free Radic. Res.
2006, 40, 445-453. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jconrel.2019.02.005
http://www.ncbi.nlm.nih.gov/pubmed/30738975
http://doi.org/10.3390/antiox8080259
http://doi.org/10.3390/md16100378
http://www.ncbi.nlm.nih.gov/pubmed/30308980
http://doi.org/10.1159/000064532
http://doi.org/10.3945/ajcn.112.034819
http://doi.org/10.1155/2018/5475784
http://doi.org/10.1208/s12249-019-1301-7
http://www.ncbi.nlm.nih.gov/pubmed/30721373
http://doi.org/10.1016/j.colsurfb.2009.03.032
http://doi.org/10.1016/j.ijpharm.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27418566
http://doi.org/10.1016/j.msec.2016.03.087
http://www.ncbi.nlm.nih.gov/pubmed/27127051
http://doi.org/10.1002/ejlt.201300488
http://doi.org/10.1016/j.indcrop.2017.08.030
http://doi.org/10.1016/j.msec.2019.110412
http://www.ncbi.nlm.nih.gov/pubmed/31923989
http://doi.org/10.1016/j.ijpharm.2014.12.002
http://doi.org/10.5582/ddt.2012.v6.3.163
http://doi.org/10.1016/j.colsurfb.2011.05.019
http://doi.org/10.1016/j.ijpharm.2019.118487
http://doi.org/10.1208/s12249-019-1601-y
http://doi.org/10.2174/2210304x11101010032
http://doi.org/10.3109/03639045.2011.650648
http://www.ncbi.nlm.nih.gov/pubmed/23116283
http://doi.org/10.1208/pt040332
http://www.ncbi.nlm.nih.gov/pubmed/14621964
http://doi.org/10.22159/ajpcr.2017.v10i2.14835
http://doi.org/10.1166/jnn.2012.5790
http://www.ncbi.nlm.nih.gov/pubmed/22755031
http://doi.org/10.4103/1319-4534.301299
http://www.ncbi.nlm.nih.gov/pubmed/33542987
http://doi.org/10.1080/10715760600617843
http://www.ncbi.nlm.nih.gov/pubmed/16551570

Antioxidants 2021, 10, 1034 24 of 25

130.

131.
132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Rochman, M.F.,; Hendradji, E. Design of Nanostructured Lipid Carriers Ubiquinone-10 for Transdermal Treatment. Int. J. Drug
Deliv. Technol. 2018, 8, 116-120. [CrossRef]

Crane, F.L. Biochemical Functions of Coenzyme Q10. J. Am. Coll. Nutr. 2001, 20, 591-598. [CrossRef] [PubMed]

Esposito, E.; Drechsler, M.; Puglia, C.; Cortesi, R. New Strategies for the Delivery of Some Natural Anti-oxidants with Therapeutic
Properties. Mini-Rev. Med. Chem. 2019, 19, 1030-1039. [CrossRef]

Inui, M.; Ooe, M.; Fujii, K.; Matsunaka, H.; Yoshida, M.; Ichihashi, M. Mechanisms of inhibitory effects of CoQ10 on UVB-induced
wrinkle formationin vitroandin vivo. BioFactors 2008, 32, 237-243. [CrossRef]

Farboud, E.S. Tabakhi Novel formulation and evaluation of a Q10-loaded solid lipid nanoparticle cream: In vitro and in vivo
studies. Int. ]. Nanomed. 2011, 6, 611-617. [CrossRef]

Hoppe, P.D.U.; Bergemann, J.; Diembeck, W.; Ennen, ].; Gohla, S.; Harris, I.; Jacob, ].; Kielholz, J.; Mei, W.; Pollet, D.; et al.
Coenzyme Q10, a cutaneous antioxidant and energizer. BioFactors 1999, 9, 371-378. [CrossRef]

Mantle, D.; Dybring, A. Bioavailability of Coenzyme Q10: An Overview of the Absorption Process and Subsequent Metabolism.
Antioxidants 2020, 9, 386. [CrossRef] [PubMed]

Amar-Yuli, I; Aserin, A.; Garti, N. Coenzyme Q 10: Functional benefits, dietary uptake and delivery mechanisms. In Designing
Functional Foods; Woodhead Publishing: Oxford, UK, 2009; pp. 676-700.

Masotta, N.E.; Hocht, C.; Contin, M.; Lucangioli, S.; Rojas, A.M.; Tripodi, V.P. Bioavailability of coenzyme Q10 loaded in an
oleogel formulation for oral therapy: Comparison with a commercial-grade solid formulation. Int. . Pharm. 2020, 582, 119315.
[CrossRef] [PubMed]

Miiller, R.H.; Alexiev, U.; Sinambela, P.; Keck, C.M. Nanostructured Lipid Carriers (NLC): The Second Generation of Solid
Lipid Nanoparticles. In Percutaneous Penetration Enhancers Chemical Methods in Penetration Enhancement; Springer-Verlag:
Berlin/Heidelberg, Germany, 2016; pp. 161-185.

Gokee, E.; Korkmaz, E.; Dellera, E.; Sandri, G.; Bonferoni, M.C.; Ozer, O. Resveratrol-loaded solid lipid nanoparticles versus
nanostructured lipid carriers: Evaluation of antioxidant potential for dermal applications. Int. J. Nanomed. 2012, 7, 1841-1850.
[CrossRef] [PubMed]

Korkm, E.; Gokce, E.H.; Ozer, O. Development and evaluation of coenzyme Q10 loaded solid lipid nanoparticle hydrogel for
enhanced dermal delivery. Acta Pharm. 2013, 63, 517-529. [CrossRef]

Westesen, K.; Bunjes, H.; Koch, M. Physicochemical characterization of lipid nanoparticles and evaluation of their drug loading
capacity and sustained release potential. J. Control. Release 1997, 48, 223-236. [CrossRef]

Wissing, S.A.; Miiller, R. H.; Manthei, L.; Mayer, C. Structural Characterization of Q10-Loaded Solid Lipid Nanoparticles by NMR
Spectroscopy. Pharm. Res. 2004, 21, 400-405. [CrossRef]

Junyaprasert, V.B.; Teeranachaideekul, V.; Souto, E.B.; Boonme, P.; Miiller, R. H. Q10-loaded NLC versus nanoemulsions: Stability,
rheology and in vitro skin permeation. Int. J. Pharm. 2009, 377, 207-214. [CrossRef]

Keck, C.M,; Baisaeng, N.; Durand, P.,; Prost, M.; Meinke, M.C.; Miiller, R.H. Oil-enriched, ultra-small nanostructured lipid carriers
(usNLC): A novel delivery system based on flip—flop structure. Int. ]. Pharm. 2014, 477, 227-235. [CrossRef]

Lohan, S.B.; Bauersachs, S.; Ahlberg, S.; Baisaeng, N.; Keck, C.; Miiller, R.H.; Witte, E.; Wolk, K.; Hackbarth, S.; Roder, B.; et al.
Ultra-small lipid nanoparticles promote the penetration of coenzyme Q10 in skin cells and counteract oxidative stress. Eur. J.
Pharm. Biopharm. 2015, 89, 201-207. [CrossRef] [PubMed]

Obeidat, W.M.; Schwabe, K.; Miiller, R.H.; Keck, C.M. Preservation of nanostructured lipid carriers (NLC). Eur. . Pharm. Biopharm.
2010, 76, 56—67. [CrossRef] [PubMed]

Schwarz, J.C.; Baisaeng, N.; Hoppel, M.; Low, M.; Keck, C.; Valenta, C. Ultra-small NLC for improved dermal delivery of
coenyzme Q10. Int. ]. Pharm. 2013, 447,213-217. [CrossRef] [PubMed]

Teeranachaideekul, V.; Souto, E.B.; Junyaprasert, V.B.; Miiller, R.H. Cetyl palmitate-based NLC for topical delivery of Coenzyme
Q10 —Development, physicochemical characterization and in vitro release studies. Eur. J. Pharm. Biopharm. 2007, 67, 141-148.
[CrossRef]

Wang, ] M.; Li, Y.; Wang, H.X; Deng, X.Y.; Fan, H.F,; Liu, G.Q.; Xia, Q. Antioxidative Activity Evaluation of CoQ10-Nanostructured
Lipid Carrier. Adv. Mater. Res. 2011, 284-286, 989-992. [CrossRef]

Wang, ].M,; Li, Y.; Wang, H.X,; Yao, Y.L.; Zhou, H.J.; Liu, G.Y,; Xia, Q. Evaluation of Antioxidative Activity between CoQ10-
Nanostructured Lipid Carrier and CoQ10 Cosmetic. Appl. Mech. Mater. 2011, 117-119, 799-802. [CrossRef]

Wang, ].M.; Xia, Q. Prolonged Release and Cytocompatibility on Immortalized Keratinocytes of CoQ10-Loaded Nanostructured
Lipid Carrier. J. Nano Res. 2015, 30, 128-141. [CrossRef]

Wang, J.; Wang, H.; Xia, Q. Ubidecarenone-Loaded Nanostructured Lipid Carrier (UB-NLC): Percutaneous Penetration and
Protective Effects Against Hydrogen Peroxide-Induced Oxidative Stress on HaCaT Cells. Int. J. Mol. Sci. 2018, 19, 1865. [CrossRef]
Yue, Y.; Zhou, H.; Liu, G.; Li, Y.; Yan, Z.; Duan, M. The advantages of a novel CoQ10 delivery system in skin photo-protection.
Int. ]. Pharm. 2010, 392, 57-63. [CrossRef]

Kumar, P; Singh, A. Nanostructured Lipid Carriers (NLCS): A Prominent Topical Delivery System for Conzyme Q10 and Myrica
Esculenta leaves extract for Anti-Aging Potential. Int. ]. Pharm. Pharm. Sci. 2018, 10, 106-112. [CrossRef]

Kumar, P; Singh, A. Assessment of anti-aging potential of nanostructured lipid carriers (NLCs) gel of Myrica esculenta &
coenzyme Q10 using UVA induced photo-toxicity model. Res. J. Pharm. Biol. Chem. Sci. 2018, 9, 1449-1458.


http://doi.org/10.25258/ijddt.8.3.1
http://doi.org/10.1080/07315724.2001.10719063
http://www.ncbi.nlm.nih.gov/pubmed/11771674
http://doi.org/10.2174/1389557519666190228160242
http://doi.org/10.1002/biof.5520320128
http://doi.org/10.2147/IJN.S16815
http://doi.org/10.1002/biof.5520090238
http://doi.org/10.3390/antiox9050386
http://www.ncbi.nlm.nih.gov/pubmed/32380795
http://doi.org/10.1016/j.ijpharm.2020.119315
http://www.ncbi.nlm.nih.gov/pubmed/32283195
http://doi.org/10.2147/IJN.S29710
http://www.ncbi.nlm.nih.gov/pubmed/22605933
http://doi.org/10.2478/acph-2013-0039
http://doi.org/10.1016/S0168-3659(97)00046-1
http://doi.org/10.1023/B:PHAM.0000019291.36636.c1
http://doi.org/10.1016/j.ijpharm.2009.05.020
http://doi.org/10.1016/j.ijpharm.2014.10.029
http://doi.org/10.1016/j.ejpb.2014.12.008
http://www.ncbi.nlm.nih.gov/pubmed/25500282
http://doi.org/10.1016/j.ejpb.2010.05.001
http://www.ncbi.nlm.nih.gov/pubmed/20452422
http://doi.org/10.1016/j.ijpharm.2013.02.037
http://www.ncbi.nlm.nih.gov/pubmed/23438979
http://doi.org/10.1016/j.ejpb.2007.01.015
http://doi.org/10.4028/www.scientific.net/AMR.284-286.989
http://doi.org/10.4028/www.scientific.net/AMM.117-119.799
http://doi.org/10.4028/www.scientific.net/JNanoR.30.128
http://doi.org/10.3390/ijms19071865
http://doi.org/10.1016/j.ijpharm.2010.03.032
http://doi.org/10.22159/ijpps.2018v10i8.27745

Antioxidants 2021, 10, 1034 25 of 25

157.

158.

159.

160.

161.

162.

163.

164.

Nanjwade, B.K.; Kadam, V.T.; Manvi, EV. Formulation and characterization of nanostructured lipid carrier of ubiquinone
(Coenzyme Q10). J. Biomed. Nanotechnol. 2013, 9, 450-460. [CrossRef] [PubMed]

Shoviantari, F.; Erawati, T.; Soeratri, W. Coenzyme Q10 nanostructured lipid carriers as an inducer of the skin fibroblast cell and
its irritability test in a mice model. J. Basic Clin. Physiol. Pharmacol. 2019, 30, 20190320. [CrossRef] [PubMed]

Khater, D.; Nsairat, H.; Odeh, F; Saleh, M.; Jaber, A.; Alshaer, W.; Al Bawab, A.; Mubarak, M. Design, Preparation, and
Characterization of Effective Dermal and Transdermal Lipid Nanoparticles: A Review. Cosmetics 2021, 8, 39. [CrossRef]
Lademann, J.; Vergou, T.; Darvin, M.E.; Patzelt, A.; Meinke, M.C.; Voit, C.; Papakostas, D.; Zastrow, L.; Sterry, W.; Doucet,
O. Influence of Topical, Systemic and Combined Application of Antioxidants on the Barrier Properties of the Human Skin.
Ski. Pharmacol. Physiol. 2016, 29, 41-46. [CrossRef]

Pastor-Maldonado, C.J.; Sudrez-Rivero, ].M.; Povea-Cabello, S.; Alvarez-Cérdoba, M.; Villalén-Garcia, I.; Munuera-Cabeza,
M.; Suarez-Carrillo, A.; Talaverén-Rey, M.; Sdnchez-Alcazar, J.A. Coenzyme Qjo: Novel Formulations and Medical Trends.
Int. ]. Mol. Sci. 2020, 21, 8432. [CrossRef] [PubMed]

Jensen, L.; Petersson, K.; Nielsen, H.M. In vitro penetration properties of solid lipid nanoparticles in intact and barrier-impaired
skin. Eur. J. Pharm. Biopharm. 2011, 79, 68-75. [CrossRef]

Kanwar, R.; Gradzielski, M.; Mehta, S.K. Biomimetic Solid Lipid Nanoparticles of Sophorolipids Designed for Antileprosy Drugs.
J. Phys. Chem. B 2018, 122, 6837-6845. [CrossRef]

Borges, A.; De Freitas, V.; Mateus, N.; Fernandes, I.; Oliveira, J. Solid Lipid Nanoparticles as Carriers of Natural Phenolic
Compounds. Antioxidants 2020, 9, 998. [CrossRef]


http://doi.org/10.1166/jbn.2013.1560
http://www.ncbi.nlm.nih.gov/pubmed/23621001
http://doi.org/10.1515/jbcpp-2019-0320
http://www.ncbi.nlm.nih.gov/pubmed/31860468
http://doi.org/10.3390/cosmetics8020039
http://doi.org/10.1159/000441953
http://doi.org/10.3390/ijms21228432
http://www.ncbi.nlm.nih.gov/pubmed/33182646
http://doi.org/10.1016/j.ejpb.2011.05.012
http://doi.org/10.1021/acs.jpcb.8b03081
http://doi.org/10.3390/antiox9100998

	Introduction 
	Solid Lipid Nanoparticles 
	Nanostructured Lipid Carriers 
	Production Techniques 
	Carotenoid Encapsulation in Lipid Nanoparticles 
	Coenzyme Q10 Encapsulation in Lipid Nanoparticles 
	Challenges on the Encapsulation of Carotenoids and Coenzyme Q10 in Lipid Nanoparticles 
	Future Perspectives 
	Concluding Remarks 
	References

