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Abstract: Limited permeability through the stratum corneum (SC) is a major obstacle for numerous
skin care products. One promising approach is to use lipid nanoparticles as they not only facilitate
penetration across skin but also avoid the drawbacks of conventional skin formulations. This
review focuses on solid lipid nanoparticles (SLNs), nanostructured lipid nanocarriers (NLCs), and
nanoemulsions (NEs) developed for topical and transdermal delivery of active compounds. A
special emphasis in this review is placed on composition, preparation, modifications, structure and
characterization, mechanism of penetration, and recent application of these nanoparticles. The
presented data demonstrate the potential of these nanoparticles for dermal and transdermal delivery.

Keywords: dermal and transdermal delivery; solid lipid nanoparticles (SLN); lipid nanocarriers
(NLCQ); stratum corneum (SC)

1. Introduction

In most civilizations, humans have used cosmetics for thousands of years. Their
main purposes were to clean, protect, improve appearance, perfume, prevent odor, and
resist aging. In this regard, numerous materials used as cosmetics are either derived
from synthetic materials such as vitamin A derivatives (e.g., adapalene) [1] and UV filters
(e.g., avobenzone) [2], while others are considered natural, including milk, honey, flowers,
extracts, minerals, fruit, oils, and many others [3,4]. These cosmetics were applied to
various parts of the body such as hair, nails, teeth, and skin. However, skin was (and still
is) the main target for these products since it constitutes the largest organ of the human
body and its appearance, in general, reflects the beauty of the person.

Active compounds in cosmetics are either hydrophilic (water-soluble compounds) or
hydrophobic (lipid soluble compounds). Each type has its own shortcomings regarding use
in dermal formulations, and in order to overcome such difficulties several aspects such as
location of intended effect, mechanism of action, side effects, and duration of applications
should be considered. For example, hydrophilic active compounds suffer from their inabil-
ity to penetrate the SC due to their polarity. On the other hand, hydrophobic compounds
suffer from their unpleasant oily texture that might be undesirable for users. Because of
this, several approaches such as the use of emulsions, liposomes, polymer-based carriers,
and lipid nanoparticles have been used to overcome the various obstacles to forming a
most effective formulation for dermal and transdermal applications. Naturally, each tech-
nique has its own advantages and disadvantages. While emulsions lack thermodynamic
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stability [5], liposomes are expensive with difficult and complicated mass production [6].
Interestingly, lipid nanoparticles are both effective and economic with simple scale-up
processes [7]. Accordingly, and owing to the wide interest of skin-related products, this
review focuses on current knowledge about methods of preparation and characterization
of lipid nanoparticles. In addition, the use of lipid nanoparticles in dermal and transdermal
formulations will be discussed with emphasis on the last five years. For this purpose, we
have obtained the most recent relevant references from known databases including Google
Scholar, Science Direct, MEDLINE (PubMed), Scopus, and SciFinder. We hope this review
will be a great help for researchers and a valuable addition to the field.

2. Skin
2.1. Skin Structure

The human skin is the body’s largest multi-layers organ that acts as a formidable
barrier to external factors damaging the deeper tissues and internal organs [8]. The skin
consists of three main layers; epidermis, dermis, and hypodermis (or subcutis) but each
with different cell composition (Figure 1). The epidermis is the upper skin layer, which is
mainly composed of keratinocytes (95%) and the rest (5%) are melanocytes, Langerhans
cells, and Merkel cells [9].
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Figure 1. Schematic representation of human skin structure modified from Saleh et al. [10] (Reprinted
with permission, Copyright 2020 Elsevier B.V.).

The epidermis consists of four main layers: stratum basale, stratum spinosum, stra-
tum granulosum, and stratum corneum (SC). The stratum basale is a single layer of the
actively dividing keratinocytes as well as melanocytes, and Merkel cells [11]. These viable
keratinocytes are actively dividing to give daughter cells. Some remain in the basal layer
whereas the rest undergo terminal differentiation and migrate upward in a 40-day trip
that ends in the formation of SC [12]. The renewal time of normal epidermal cells in
adults is approximately 6 to 8 weeks [13,14], whereas the average turn over time of SC
is approximately 2 weeks [15]. The activity of the enzymes involved in desquamation is
affected by water level and pH. The water level depends on the presence of hygroscopic
molecules known as natural moisturizing factors (NMF) [16]. The melanocytes, which
produce melanin photoprotective pigments and consist of a central body and dendrite tips,
are also found in the stratum basale. They include brownish to black eumelanins and the
yellowish to red pheomelanins [17]. These are packed and stored in melanosomes, which
then transfer via dendrites’ tips to nearby keratinocytes in the basal layer [18]. Melanin
skin pigments was used mainly to determine the skin color [19] and have protective role
against ultraviolet radiation (UVR) which causes damage to the skin [19]. Langerhans cells
are dendritic epidermal cells characterized by the expression of Langerin (CD207) and
CD1a. These cells play a vital role in antigen-presenting cells (APCs) in skin inflammation.
Langerin is a type Il type c lectin receptor, called Birbeck granule, which is involved in the
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presentation of non-peptide antigens to T cells and is expressed only in Langerhans cells
in the skin. When confronted with pathogens or allergens, Langerhans cells act as APCs
function triggering a series of the immune system by migrating downward through dermis
to the lymph nodes and result in activation of T-regulatory cells [20-22]. Merkel cells are
touch receptors responsible for transmitting signals to sensory neurons in the deep dermal
layer [9,23].

The stratum spinosum is composed of two to six rows of keratinocytes that migrate to
the skin surface changing its morphology from columnar to polygonal linked via desmo-
somes known as ‘prickles’ giving rigidity throughout this layer [24]. Similarly, the stratum
granulosum, composed of up to three layers of granular keratinocytes, migrates and flat-
tens upward indicating a decrease in metabolic activity. It is characterized by the presence
of lamellar granules that contain intercellular lipid lamellae that will be extruded from
lamellar granules in the SC [11,24]. Finally, the SC is composed of up to 15-30 rows of
terminally differentiated dead keratinocytes known as corneocytes. Each corneocyte con-
tains several natural moisturizing factors (NMF) sourced by filaggrin. Above the SC-SG
interface, filaggrin is hydrolyzed to the NMF and afford several hygroscopic molecules
capable of retaining a sufficient amount of water in SC. To maintain a proper hydration
level in the SC, NMF should be present in the stratum corneum [25]. This horny layer is the
main barrier that restrict the entry of many xenobiotics to the viable epidermis and prevent
the transepidermal water loss [26], due to the densely packed corneocytes cells ‘bricks’
embedded in intercellular lipid matrix ‘mortar’. These lipids are composed mainly of
ceramides, cholesterol, and long-chain free fatty acid [27-29]. The epidermis is structurally
separated from the dermis by dermal-epidermal junction (DE]), which is composed of
glycoproteins that provide adhesion between collagen fibers in the papillary dermis and
keratin filaments of keratinocytes in the basal epidermal layer [9].

The dermis mainly consists of two layers; the papillary and reticular dermis. The
papillary dermis is thinner and in direct contact with DE]J, and reticular dermis is the
thicker layer of the dermis in direct contact with hypodermis [12]. There are several cellular
populations that are dispersed in the dermis such as mast cells, lymphocytes, dendritic cells,
macrophages, and fibroblast cells, which produces collagen and elastic fibers embedded in
a mucopolysaccharide gel-like matrix. This matrix also includes blood vessels, lymphatic
systems, sensory neurons, as well as skin appendages such as hair follicles, sweat and
sebaceous glands. The deepest layer is the subcutis containing adipocytes with large
globules of fat that acts as energy storage, heat insulator, and a cushion for mechanical
shock [11,12].

2.2. Skin Transport Mechanism

Three main passive routes were identified for drug penetration into the human skin
(Figure 2). These are the transcellular (intracellular) pathway, the shunt pathway via
hair follicles and sweat glands, and the intercellular pathway [30]. Although the intra-
cellular route appears to be the shortest, it requires crossing through tightly confluent
corneocytes and successive partitioning into intercellular lipid bilayers, which slows the
penetration of hydrophobic actives through this route. The shunt pathway was thought to
be a minor contributor to drug absorption, as the skin appendages only occupy 0.1% of
the total human skin. However, it has recently been shown that this route is a potential
(significant) transport for a variety of compounds ranging from charged molecules to
nanomaterial [31-33]. In this regard, most topically applied hydrophilic and amphiphilic
actives permeate across the skin via intercellular (tortuous) route, i.e., via the lipid ma-
trix [10,26,34,35]. Changing the lipid composition of human epidermis has shown to
dramatically increases water diffusion through human skin [36,37]. After the active release
from the formulation and partition into SC, it diffuses via lipid matrix and reaches an
interface where it passively undergoes partition from SC lipid into aqueous viable epider-
mis followed by diffusion through viable epidermis and hydrophilic dermis at the DE]J.
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Then the active compound can be absorbed into systemic circulation via a dermal capillary
network [38].
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Figure 2. Route of drug penetration into human skin modified from Saleh et al. [10] (Reprinted with
permission, Copyright 2020 Elsevier B.V.).

2.3. Skin Cosmetics

A cosmetic (or toiletry), as defined by the U. S. Food and Drug Administration (FDA),
is a formulation that is applied to the eyes, skin, mouth, hair, or nails for cleansing,
enhancing appearance, giving a pleasant smell, or protective effect. Cosmetics can also
be multifunctional products that are intended to offer numerous benefits on skin health
over simple cosmetics and advertised as “Cosmeceuticals”. Cosmetics comprise a growing
sector of the skincare industry related to photo aging, hyperpigmentation, wrinkles, and
other applications, and have widespread usage. Cosmeceuticals are formulated from
either natural or synthetic bioactive ingredients include botanicals, vitamins, antioxidants,
hydroxy acids, peptides, and many others [39]. Sunscreens regulations differ all around
the world; the FDA and Australia recognize them as over-the-counter drugs or therapeutic
goods, respectively. On the other hand, the European Union (EU), Brazil, Japan, and China
consider sunscreens as cosmetic products [40—42].

Cosmeceuticals can be commercially available as liquids, lotion, cream, ointment,
paste, gel, powders, capsules, or stick [43,44], which could have a beneficial effect within
viable skin layers [45-47]. However, the actives must pass the skin’s outermost layer,
the SC, to elicit their beneficial effects; thus, their efficacy can be limited by their phys-
iochemical properties. It is possible that an active may remain on the skin surface, may
be retained in the SC, or it may permeate into the viable skin layers without reaching the
systemic circulation. In the cosmeceutical arena, nanotechnology has played an important
role. Nano cosmeceuticals offer many advantages in skin products, such as increased
bioavailability of active ingredients in deeper skin layers, prevent dehydration of skin
due to occlusive effect, and increase the aesthetic appeal of cosmeceutical products, i.e.,
transparent appearance with prolonged effects [47]. Examples are nano-encapsulation
vesicular delivery systems, including nanoemulsions and nanocrystals, liposomes and
niosomes, micelles, polymeric nanocapsules, solid lipid nanoparticles and nanostructured
lipid carriers, carbon nanotubes and fullerene, and dendrimers, nano-lipid carriers, carbon
nanotubes, fullerenes, and dendrimers, which may contribute to the development of novel
nanocosmeceuticals [48-52].

2.4. Skin Therapy

Numerous dermatological conditions affect the skin, such as atopic dermatitis, pso-
riasis, acne, skin mycosis. The continuous topical administration of certain drugs such
as retinoids can cause severe toxic or irritation effects [53,54]. Moreover, Hydrophilic
compounds, such as caffeine cannot permeate the lipophilic SC and reach the target site at
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the viable epidermis due to its polarity and solubility, leading to poor clinical efficacy [55].
In contrast, lipophilic compounds get stuck in SC without reaching a viable epidermis.
Other limitations are high chemical instability and photo-degradation (seen in Vitamin E,
retinoids, and sunscreens [56,57]). Within this context, bioactive compounds with balanced
Log P = octanol-water partition coefficient of chemical values of 1-3 and molar mass (MW)
< 500 are typically considered good candidates for dermal delivery in normal skin [58]. The
effective permeation of normal skin would be a reasonable requirement for any bioactive
compound considered for topical management of skin. One more problem in dermal drug
penetration is related to inflammation skin pathology. The barrier is changed, and the
drug resides much less on the targeted site because of fast penetration. Nanotechnology
strategies seem capable to overcome the challenge due to the rational design and innovative
effect in promoting penetration of drugs into the SC, prolong the effect, reduce toxicity, and
prevent chemical degradation and photo-instability [53,56].

3. Lipid Drug Delivery Systems

Nanomedicine is a highly valuable field that provides advanced solutions to improve
health and beauty. Cosmetics industry was among the first industries to incorporate
nanoparticles in its products. Nanoparticles have distinguished properties to be used in
cosmetic science and/or as nanocarriers for cosmetically active agents. Lipid nanoparticles
(LNs) are the most commonly used for dermal and transdermal application [59]. LNs pos-
sess essential characteristics as biocompatibility, biodegradability, self-assembly, versatile
particle size and low cost, making them an attractive tool in cosmetics formulations [60].

3.1. Dermal and Transdermal Drug Delivery

Dermal drug delivery includes topical skin application to treat local problems, whereas
transdermal drug delivery represents transport through the intact skin into systemic
circulation for the treatment of various chronic diseases. Dermal drug delivery is used to
increase the local bioavailability of therapeutics or cosmetics at their site of action. The
main objective for a dermal delivery is to bypass systemic adverse effects [61], whereas
the main limitations for healing skin problems are the poor skin penetration of the drug
or cosmetic that leads to low drug efficacy [62]. In this respect, SC of epidermis is the
major skin barrier that should be bypassed through changing the penetration pathway
from transcellular to paracellular or follicles [63]. For this purpose, novel nanocarriers have
been designed to meet the skin healing requirements by enhancing skin penetration and
provide superiority for dermal applications compared to free active drugs [62].

Lipid nanosystems such as liposomes, nanoemulsions (NEs), and lipid nanostructures,
have become increasingly important as promising carriers for the selective delivery of
cosmetic active ingredients in specific skin layers [64]. Furthermore, these nanosystems
enhance the desired effects by improving their own transport effects. In this context,
Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) represent an
alternative nanocarriers system to traditional lipid colloids [65]. Muller research group
first described these lipid nanocarriers in cosmetic application [66]. In addition, SLNs
and NLCs are considered safe carriers since they are composed of biocompatible and
biodegradable lipids, such as triglycerides, complex glyceride mixtures, or even waxes [67]
that are stabilized by emulsifiers [61]. SLNs and NLCs were met with great interest in
dermal application of cosmetics and pharmaceutics due to the improved stability and
bioavailability of the water insoluble active ingredients, controlled release, and improved
loading capacity and enhanced skin hydration and protection through film formation on
the skin by close contact and strong skin adhesion [68,69]. Moreover, SLNs and NLCs
enable drug targeting and showed an improvement of the benefit/risk ratio compared
to other cosmetic products [70]. On the other hand, nanoemulsions (NEs) are considered
a good nanodelivery system in cosmetics and dermatology application. NEs have the
advantages of simple formulation, controllable particle size, and high stability with low
surfactant concentration [71]. NEs are very promising nanocarriers for the treatment of
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various skin problems due to their fast and easy penetration through skin lipids, and their
non-greasy characteristics. NEs-forming lipids are biocompatible, biodegradable, and
considered safe in inflammatory skin problems [72].

3.2. Solid Lipid Nanoparticles (SLNs)

Topical treatment of the dermatological diseases was used to provide high drug levels
at the site of the disease, and systemic side effects can be reduced compared to orally or
parenterally drug administration. A major challenge for the topical applications is their
ability to cross the SC barrier [61]. Hydrophilic drugs, in the most conventional case, cannot
easily penetrate through the lipid domain of the SC barrier. In addition, increasing drugs
lipophilicity can result in improved percutaneous flux by chemical modification or using
hydrophobic prodrug [70].

Several research approaches are in progress to improve the flux and enhance the
delivery of either lipophilic or hydrophilic drugs, and also to determine the exact amount
of drug that reaches the different skin layers [70]. SLNs technology represents a favorable
new approach for delivering these moieties. These new strategies were initiated in the
early 1990s [66]. SLNs are formed using solid lipids, at room temperature, instead of liquid
lipid (oil) of an oil/water emulsion. SLNs are composed of 0.1% to 30% (w/w) solid lipid
dispersed in an aqueous medium, which is stabilized with 0.5% to 5% (w/w) surfactant [73].
These SLNs can be easily loaded with medical bioactives and cosmetics. The mean particle
size of SLNs range from 10 to 1000 nm [74].

SLNs have highly arranged crystalline structure that minimizes their drug loading
efficiency due to drug expulsion phenomena during the storage conditions [75]. This
phenomenon usually occurs when the drug molecules are placed between the highly
ordered solid fatty acid chains or glycerides. Upon polymorphic changes in solid lipid
structures, expulsion of previously dissolved drug in SLNs most likely occurs [67]. Another
common disadvantage of SLNs is their gelation tendency that affects SLNs structures’
integrity [66].

3.3. Nanostructured Lipid Carriers (NLCs)

NLCs are the second generation of the lipid nanoparticle technology. NLCs are formed
using a mixture of physiological and biocompatible solid lipids and liquid lipids (oils) in a
ratio of 70:30 with surfactants and co-surfactants [66]. A melting point depression of the
solid lipids is observed due to the presence of the liquid oil in the mixture. NLCs can also
be loaded with cosmetics and medical bioactive compounds [76]. NLCs were designed to
overcome SLNs drawbacks of insufficient drug loading capacity and decreased stability [61].
NLCs have a lower water content of the particle suspension and avoid /minimize potential
expulsion of active compounds during storage [77]. Moreover, NLCs have a less ordered
solid lipid matrix compared to SLNs that leads to higher degree of imperfections thus
enable higher loading capacity [78] (Figure 3).

A B
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Figure 3. Schematic view of (A) SLN) and (B) NLCs showing the drug location within the lipid matrix.
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3.4. SLNs and NLCs Preparation Methods

SLNs and NLCs can be prepared by different methods such as high pressure ho-
mogenization, solvent emulsification/evaporation or diffusion, microemulsion formation
technique, supercritical fluid extraction of emulsions (SFEE)) [65], and ultrasonic solvent
emulsification [61]. These methods are depicted in Figure 4.

I SLNs and MLCs preparation methods

[Highprasurehnmcgemzatian[HPH]} { Emulsification-solvent evaporation ]

([ Low temperature and
Pressure evaporation

[ Cold HPH ][ HotHPH ]
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[ Microemulsiontechnigue ]_ __I Supercritical fluid extraction of emulsions
J {SFEE)

l Phaseinversion ]|~ ,{ Emulsification-soivent diffusion I

( Semisolid SLNs |« { Precipitation method I

Figure 4. Solid lipid nanoparticles and Nanostructured lipid Carriers preparation methods.

3.4.1. High Pressure Homogenization (HPH) Methods

HPH methods have several advantages over other methods. HPH is free of organic
solvents, easily scaled up with short production time, and considered the most feasible
for industrial synthesis [73]. In HPH methods, the active ingredient is dissolved and/or
dispersed in melted solid lipid for SLNs or in a mixture of liquid lipid (oil) and melted solid
lipid for NLCs [79]. A Hot surfactant, with a temperature of 5 to 10 °C above the melting
point of the solid lipid or lipid mix, is used in the hot high-pressure homogenization
to disperse the lipid melt containing the active ingredients using vigorous mixing [80].
The pre-emulsion is then prepared at the same temperature-high pressure homogenizer
operated at three cycles at 500 bar or two cycles at 800 bars [81]. The major limitation for
the hot homogenization method involves the temperature-dependent degradation of the
active ingredient with a continuous movement of the drug between lipid and aqueous
phase during the homogenization step [82]. On the other hand, the lipid melt loaded
with the drug is solidified by cooling in the cold homogenization method. Then the
solid mass is grounded to obtain lipid microparticles, then dispersed in a cold surfactant
solution yielding a cold pre-suspension of micronized lipid particles [65]. This suspension
is passed through a high pressure homogenizer at room temperature through a 5-10 cycles
at 1500 bar [83].

3.4.2. Microemulsion Technique

Microemulsion was first exploited in lipid nanoparticle preparation by Muller and
Gasco [84]. Microemulsion is usually formulated by vigorously mixing the melted fatty
acids with an aqueous solution of surfactants and co-surfactants at a temperature above the
melting point of the used solid lipid [78]. To achieve homogeneous microemulsion, a mild
mixing in a cold water or buffer (0—4 °C) is preferred [85,86]. The LNs properties depend
on the of microemulsion droplet size and temperature difference between microemulsion
and cooled water. No special equipment or energy is needed for production of LNs using
this method and it is simple to scale up the strategy [78].
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3.4.3. Emulsification-Solvent Evaporation

This method is based on dissolving the lipids in an organic solvent such as methanol,
acetone, dichloromethane, or chloroform to form the organic phase [87]. The organic phase
is then mixed with an aqueous solution of a certain surfactant under vigorous stirring at
nearly 80 °C and/or under reduced pressure until complete evaporation of the organic
solvent [73]. The produced lipid nanoparticles are then solidified at 0 to 5 °C cooling
temperature [88,89]. Ultra-sonication could be applied for the obtained emulsion at high
temperatures for sufficient time before cooling the lipid nanoparticles in an ice bath [90].

3.4.4. Supercritical Fluid Extraction of Emulsions (SFEE)

This method is based on using Carbon dioxide as a supercritical fluid for solvent
extraction from o/w emulsions. The major limitation for this method is that not all pharma-
ceuticals can be dissolved in carbon dioxide [91].

3.4.5. Emulsification-Solvent Diffusion Method

In this method, the solid lipids are dissolved in an organic solvent, and the produced
organic solution is emulsified with excess water under gentle stirring. LNs are then formed
as emulsion droplets due to the diffusion of the organic phase into the continuous aqueous
phase. The LNs dispersion can be purified by ultra-filtration or lyophilization [60,78].

3.4.6. Solvent Injection (or Solvent Displacement) Method

This method is similar to preparation of liposomes using the injection method. A
water-miscible solvent, such as ethanol, acetone, isopropyl alcohol, or ethanol, is used to
dissolve the solid lipids. Using an injection needle, dissolved lipids are then injected into
a stirring aqueous solution containing a surfactant [60]. The volume of the used organic
solvent should not exceed 10% of the final solution. Types of the water-miscible solvent and
the process of injection are the main factors that affect the produced lipid nanoparticles [92].
This easily handled method does not need technical equipment, and only safe organic
solvents can be used [78].

3.4.7. Phase Inversion, Multiple Emulsion Technique

This method is mainly used for the preparation of LNs loaded with hydrophilic drugs
and biologically active large molecules. SLNs are produced in this method from w/o/w
multiple emulsions via the solvent in water emulsion diffusion technique [48]. First, the
hydrophilic active molecule is dissolved in the inner aqueous phase of the w/o/w multiple
emulsion, whereas solid lipids are dissolved in the water-miscible organic phase. Then
LNs are formed by diluting the w/o0/w emulsion in water, which enables diffusion of the
organic solvent into the aqueous phase and precipitation of the LNs [73]. This method
allows encapsulation of several bioactive compounds [93].

3.4.8. Precipitation Method

LNs can also be easily produced by precipitation method. In this method, the solid
lipids are dissolved in an organic solvent (e.g., chloroform) and this solution is emulsified in
an aqueous phase. After evaporation of the organic solvent, the lipid precipitates forming
nanoparticles. A clear disadvantage is the use of organic solvents, which requires controlled
evaporation on a large scale [48].

3.4.9. Semisolid Solid Lipid Nanoparticles

This fast and effective single-step process is performed by dispersing the hot surfactant
in melted solid lipid solution above the melting point of the lipids under fast rotation
using rota evaporator at 500 bar pressure in a one-min three cycles [60]. The hot viscous
nanoparticles are then cooled at room temperature and recrystallize to form a semi-solid
structure. This process is free of organic solvent, and enhances the stability of drug delivery
systems [94].
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3.5. Nanoemulsions (NEs)

Nanoemulsions or “ultrafine emulsions” are part of multiphase colloidal disper-
sions [95]. They are defined as dispersion made of oil, water, and surfactant(s) made of
an isotropic and thermodynamically stable system with dispersed domain diameter and
droplet sizes formed at the nano scale (within the range 20-200 nm) by means of mechanical
forces [85,95,96]. NEs are divided into two categories, oil-in-water (O/W) and water-in-oil
(W/O) types, in which water or oil is the continuous phase, respectively [97]. To facilitate
the in situ pathway of the delivery system to the skin, nanoparticulates are used. Nanopar-
ticulates consist of lipid nanoparticles and nanoemulsions to enhance physicochemical
properties that are suitable for transdermal drug delivery [98]. Advantages of NEs include
improving absorption of the drug through the skin, providing sustained release of the
drug for extended periods of time, and protecting the encapsulated drug from degrada-
tion [99]. Therefore, when lipid nanoparticulates are applied to the skin, they are able to
enhance adhesiveness and increase hydration. Thus, improved skin hydration is obtained
because nanosized particles are capable of forming a thin layer on the surface of skin,
which enhances blockage and reduces water evaporation from the skin [70].

3.6. NEs Preparation Methods

NEs preparation methods depend on the forming constituents and the scale-up re-
quirements. NEs preparation methods are classified into high energy and low energy
methods (Figure 5). High shear stirring, ultrasonic emulsification, and high pressure
homogenization are examples of high energy methods [100]. In addition to the phase inver-
sion temperature method (PIT), the Phase Inversion Composition (PIC) and spontaneous
emulsification are the most common low energy methods [101].

[ NEs preparation methods ]

e/

[ Low energy formulations ]“'_ _’l High energy formulations

_'*[ Phaseinversion temperature (PIT) ] High shear stirring

_p.[ Phase Irnversion Composiion (PIC) ] Ultrasonication

Microfluidization

I
-]
I

Figure 5. Nano-emulsions preparation methods.

3.6.1. High Energy Formulations

High energy formulations are extensively used, where high mechanical energy is used
to supply external energy to produce nanoemulsions with high kinetic energy by breaking
up large droplets into nano-sized ones [102]. The mechanism of high energy formulations
follows two-steps; reducing the size of large droplets followed by surface absorption. The
droplet size is reduced by increasing the fluid compression to overcome the surface tension
between the two phases, resulting in a high interfacial area [103]. High energy methods are
classified into four categories:

High Shear Stirring

This method applies a hydrodynamic shear stress. The shear stress reduces droplet
size, then surfactants and stabilizers are added to stabilize the smaller droplets. Disad-
vantage to this method, is that the average droplet size is rarely less than 200 nm, and
as the viscosity of the medium increases the efficiency of this method decreases. A pre-
emulsification step is always required to achieve a nanoscale droplet [104,105].
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Ultrasonication

Cavitation is the principle of this method. The applied sonication power leads to an
increase in the interfacial area by releasing energy and the formation of bubbles, which
implode and create shock waves. High energy sonication may also lead to decomposition of
surfactant molecules by thermal decomposition of water into free radicals. However, this
method is not suitable for industrial expansion, it can only be used in small batches [106,107].

High Pressure Homogenization (HPH)

HPH is the most popular high energy method, and is placed under high pressure
conditions (10-350 MPa) [101]. Nano-droplets are produced by subjecting the components
to cavitation, shear forces, and increasing the number of cycles of operation. However,
there are some limitations to this method, such as lack of efficiency with highly viscous
fluids, and the big challenge is that the method is not suitable for thermos sensitive
compound [100,108,109].

Microfluidization

Formulation of nanofluidic emulsions requires the use of high energy inputs and
powerful equipment for a much lower surfactant-to-oil ratio (SOR < 0.1). The ratio of
surfactant-to-oil (SOR) is relatively lower than other high energy methods (SOR less than
0.1). In this process, preparation of the coarse emulsion starts by homogenized oil and
water phases. Then it is pumped into a chamber lined with microchannel by reciprocating
pumps with pressure in the range of 1400-3500 kPa [110,111]. The fluid flow produces finer
droplets compared to other methods. However, this method is not suitable for large-scale
production [112].

3.6.2. Low Energy Formulations

In these methods, the oil phase emulsifies into droplets using the internal energy of the
nanosystem. The chemical potential of the surfactant leads to spontaneous emulsification.
These methods are suitable for scale up production [113,114]. The most common low
energy methods are as follows.

Phase Inversion Temperature (PIT) Method

A specific temperature-sensitive nonionic poly-ethoxylated surfactants are used in
this method [115], by using the inversion temperature of the lipid phase to form the
nanodroplets by the drop of the interfacial tension. The system must be quickly cooled to a
low temperature to prevent the droplets from coalescing [115].

Phase Inversion Composition (PIC) Method

In this method, a constant dilution is used at a given temperature to accelerate the
shifting of the lipophilic/hydrophilic balance of the nanosystem. This described using
three phase diagrams [115-117]. Briefly, the continuous phase (water or oil) is slowly added
over the dispersed phase (oil/surfactant or water/surfactant). During the emulsification
pathway, a phase inversion occurs, and PIC is induced by a change in composition at
constant temperature during the emulsification process [118].

3.7. LNs Characterization

Numerous approaches were adapted to verify the physiochemical characteristics of the
prepared nanoparticles. Several factors should be considered, such as particle size, surface
charge, encapsulation efficiency and particle morphology, to clarify the performance and
the stability of the formulated LNs. Table 1 summarizes the main used approaches for the
characterization of LNs with their investigated characteristics.



Cosmetics 2021, 8, 39

11 of 43

Table 1. Characterization methods for lipid nanoparticles.

LNs Characterization

Investigated Characteristics Characterization Method

Photon correlation spectrometry (PCS)
Dynamic light scattering (DLS)

Particle size and distribution Laser diffraction (LD)

Transmission electron microscopy (TEM)
Scanning electron microscopy (SEM)

Surface charge

Laser Doppler electrophoresis
Dynamic light scattering (DLS)

Encapsulation efficiency (EE)

Ultrafiltration, Ultracentrifugation, dialysis or solid-phase extraction
RP-HPLC

Differential scanning calorimetry (DSC)

Crystallinity and polymorphism X-ray diffraction (XRD)

X-ray scattering techniques (WAXS and SAXS)

3.7.1. Particle Size and Distribution

Nanoparticles average size can be determined using several methods such as photon
correlation spectrometry (PCS) (also known as dynamic light scattering (DLS)), laser diffrac-
tion (LD), transmission electron microscopy (TEM), and scanning electron microscopy
(SEM) [119]. SEM and TEM are very useful in determining shape and morphology of
lipid nanoparticles and allow the determination of particle size and particle size distribu-
tion [120]. DLS measures the fluctuations in scattered light arising from Brownian motion
of the nanoparticles. DLS provide an average particle size (z-average) and polydispersity
of the nanosystem for the particle size distribution. LD based on the diffraction pattern
depicting particle shape and size using Fraunhofer theory [78,121]. On the other hand, poly
dispersity index (PDI) indicates the wideness of the size distribution of a nanoparticle pop-
ulation. It is the measure of homogeneity between nanoparticle distribution and its value
between 0 and 1. PDI measurement is essential to confirm the narrow size distribution of
the nanoparticles [122]. The desirable regular PDI for LNs should be less than 0.22 [110].

3.7.2. Surface Charge

Measurement of zeta potential (ZP) predicts the long-term storage stability of the
nano-dispersions. At higher ZP, particle aggregation is less likely to occur, due to electrical
repulsions [123]. The measurements of ZP were performed by using the Laser Doppler
electrophoresis by applying an electric field across the sample. Despite the general rule
that ZP of the nano-dispersion outside the range of £30 mV indicates a high electrostatic
stabilization of nanoparticles [124]. A stable and effective SLNs and NLCs for dermal
delivery of fluconazole against cutaneous candidiasis with a ZP of —25 and —29 mV,
respectively, were developed [125]. In addition, Gupta et al. developed a stable SLNs
with —21.2 mV for brain targeting [126]. Moreover, Argimon et al. developed a vitamin
A-Loaded SLNSs for topical application with slightly negatively charged mean ZP value
of —17.7 & 1.9 mV. The studied SLNs were monitored over a period of 45 days and no
phase separation was observed in this period and tend to remain stable [127]. Electrical
conductivity (ionic strength), pH, dilution factor and the nature of the nanoparticles
components can affect the ZP [128]. LNs may also be sterically stabilized by coating the
nanoparticle with a hydrophilic polymer such as polyethylene glycol (PEG, polyethylene
glycol) to prevent aggregation [64].

3.7.3. Encapsulation Efficiency (EE)

EE determines the amount of drug loaded into the LNs. It is the ratio between the
weight of encapsulated drug and the total weight of drug added to the nano-dispersion. EE
can be determined either by direct or in direct way [129]. Indirect measurements involve
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quantification of the free unloaded drug, which is then subtracted from the total weight
of drug added to the nano-dispersion. Direct EE measurements involve quantication of
the loaded drug compared to the total amount of drug added to the nanoparticle. Free
unloaded drug can be removed by various means such as ultrafiltration, centrifugation,
or using dialysis membrane with the appropriate cut off [129]. Drug quantification can be
achieved using calibration curves and determined by spectrophotometric tools [130].

3.7.4. Crystallinity and Polymorphism

LNs may undergo a polymorphic transitional variation leading to a possible unwanted
drug leakage during long-term storage [131]. The crystallinity of LNs has an impact
on the encapsulation efficiency and degree of drug release [132]. Differential scanning
calorimetry (DSC) and X-ray diffraction (XRD) are usually used to investigate crystallinity
and polymorphic status of the LNs [133]. DSC detects the heat change due to physical
or chemical alteration within the nanoparticle as a function of temperature [134]. DSC
provides information about the status of lipid, melting, and crystallization behavior of
solid lipids in nanostructures compared to their precursors. Much information related to
polymorphism, crystal structure, eutectic systems, glass transition temperature, and drug
lipid interactions can be obtained through interruption and fusion of the crystal lattice of
the nanoparticle by heating or cooling processes [135].

In XRD, the monochromatic beam of X-ray is diffracted at different angles according
to the type and arrangement of atoms inside the planes in the crystals. Lipids inside the
LNs can aggregate into different polymorphic forms [78]. Wide angle and small angle
X-ray scattering techniques (WAXS and SAXS respectively) are used to discover the layer
arrangements, crystal structure, phase, and polymorphic behavior of lipid and bioactive
molecules. It also gives information about lipid lattice and localization of drug in it [136].

4. LNs Mechanism of Skin Penetration

Skin administration has the advantage of avoiding hepatic first-pass effect and an
increased localization of bioactive via skin organelles such as hair follicles. Obtaining
dermal or trans-dermal drug delivery is often challenging due to the need to overcome the
skin strong barriers [130]. The main barrier that limits the drug penetration through skin
layers is the SC. Other less mentioned barriers include, Langerhans cells in the epidermis
layer, macrophages in the dermis layer, dendritic cells, and enzymatic systems [137].
Topical administration is limited to hydrophobic and low-molecular weight drugs. Because
hydrophilic drugs have low oil/water partition coefficients, high molecular weights and
ionic characters do not easily cross the SC. The bioavailability of drugs permeating the skin
can be increased using lipid nanoparticles because of the small particulate size with close
contact to SC [138].

SLNs and NLCs are considered to be excellent carriers for cosmetic and dermatological
application. They protect the fragile active compounds from chemical degradation and
enhance the water content of the skin [139]. Compared to conventional topical formulations,
NEs have been also reported to improve the transdermal permeation of several drugs [138].
These lipid nanoformulations resemble skin structure and have a safe effect when used
topically. Due to their high control behaviors on skin penetration of active substances, they
have UV-blocking and skin hydration behavior [140].

Mechanism of nanoparticle penetration through the skin is still not fully under-
stood [141]. Active ingredients can pass skin layers by several penetration mechanisms
including trans-cellular, inter-cellular, and trans-appendages. The penetration mechanism
through the skin layers depends on the physicochemical characteristics of free drugs and
the drug delivery system, such as hydrophilicity/lipophilicity of the free drug and the
particle size, charge, fluidity, and lipid content of the nanocarriers [140]. The main pro-
posed mechanism of LNs skin penetration involves that LNs can make close contact with
superficial junctions of SC and penetrate between corneocytes islands, allowing superficial
spreading of the active ingredient. After water evaporation from the skin-applied nanosys-
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tems [142], LNs form an adhesive layer occluding the skin. In addition, hydration of SC
may reduce corneocyte packing and width inter corneocytes gaps, and influence parti-
tioning of the drug into SC. Since epidermal lipids are rich in SC, LNs on the skin surface
would allow lipid exchange between SC and the nanocarriers. Lipid nanoparticles have
the potential to deliver drugs via the follicles [143]. Moreover, each follicle is associated
with sebaceous glands, which secrete the triglycerides, squalene, and waxes rich sebum,
creating an environment enriched in lipids. This environment is beneficial for trapping of
LNs. Furthermore, some glyceride lipids present in LNs may accelerate the entrance into
the follicles/sebaceous glands [143].

SLNs, NLCs, and NEs have been highly recommended as dermal and transdermal
drug delivery systems [144]. They have an adhesive and occlusive properties, which
enable them to form a homogenous and uniform layer on the SC. This layer increases
the residence time and improves skin penetration [145]. Moreover, SLNs and NLCs are
capable of interacting with lipid bilayer membranes and cause lipid rearrangement, which
can improve the penetration of encapsulated drug molecules [146]. On the other hand,
targeting the different skin organelles including pilosebaceous gland, hair follicle, and
dermis layer for the better management of different local diseases of the skin layers has
been considered during recent decades. In this context, the nanoparticles average size could
determine the depth of penetration through the hair follicles [147,148]. Follicluar drug
delivery provides an alternative route to avoid direct contact of SC [63]. The hair follicles
act as a vascular rich-reservoir for drugs and the nanocarriers [149]. Furthermore, lipid
drug delivery systems can target sebaceous gland associated with hair follicles for selected
treatment. Therefore, it is possible for compounds containing lipids, oils, surfactants,
and alcohols such as SLNs, NLCs and NEs to facilitate transfollicular transport of both
hydrophilic and lipophilic compounds [150].

5. Nanocarriers for Transdermal and Dermal Drug Delivery

In the dermal delivery system, drugs and cosmeceuticals are delivered into the skin
as the primary target (local delivery) [151]. In comparison, transdermal delivery is a self-
contained, specific type of dosage that delivers drugs to diffuse through the skin layers
to reach the systematic circulation at a controlled rate [152]. Transdermal drug delivery
is preferred due to its ability to avoid first-pass metabolism of drugs. Both dermal and
transdermal systems are easily applied without pain and with reduced side effects [153].

Lipid nanocarriers play a crucial role in dermal and transdermal drug delivery for
many reasons. They are produced from inexpensive, physiologically well-tolerated lipids,
which give them safe interaction with skin layers [154]. Incorporation of cosmeceuticals
and drugs into lipid nanocarriers does not require organic solvents at any processing
stages, preventing organic waste formation and keeping the formulation safe [154]. Lipid
nanocarriers facilitate dermal and transdermal delivery of both lipophilic and hydrophilic
drugs [155]. The small sizes of these carriers ensures direct contact with the SC, possibly
increasing the amount of drug that is absorbed into the skin [68]. Lipid nanocarriers also
reduce bioactive compounds adverse side effects, protect sensitive incorporated bioactive
compounds from degradation (oxidative and chemical) [156,157], and allow controlled
release [158].

Moreover, Lipid nanocarriers have a unique property called the occlusive effect [159,160].
The occlusive effect tends to form a thin film on the skin surface, and this reduces transepi-
dermal water loss [161]. The occlusive effect becomes more valuable as particle sizes
decrease and surface area increases [161]. The occlusive also has an exceptional capacity to
enhance bioactive molecules ability to permeate the uppermost barrier, the SC. Hence, this
leads to higher cellular uptake of bioactive molecules and modified release profile [157,160].
In general, lipid nanocarriers facilitate skin permeation via adhesion, occlusion, and hydra-
tion effects on the skin [162].
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5.1. Vitamins and Vitamin Derivatives Delivery

Vitamins are active agents in pharmaceuticals and cosmetics due to their antioxi-
dant [163] and photoprotective properties [149]. However, these formulations efficacy has
been limited due to their lipophilicity, chemical instability, and low skin penetration [164].
In this respect, lipid-based nanocarriers, including SLNs and NLCs, offer a solution to
the conventional formulations containing vitamins, specifically for vitamins A, E, and C,
and their derivatives [163,165]. Vitamin A is an active agent used in anti-aging products
and helps treat numerous skin disorders such as inhibition of UV-induced extracellular
matrix degradation and epidermal cell renewal [166]. Vitamin E (tocopherol) has a vi-
tal role in biological activities. It acts as an anti-tumor [167], neuroprotective [168], and
photo-protective [169]. It is also considered the main physiologic barrier antioxidant [170].
Vitamin C, also known as ascorbic acid, is an essential water-soluble molecule with strong
antioxidant and anti-inflammatory activity. On the other hand, vitamin C is required for
many important biosynthesis carnitines, collagen, and neurotransmitter molecules in the
body [171]. Additionally, vitamin C is also essential in treating skin diseases that range
from mild inflammation to skin cancer [172].

Within this context, Al Zahabi and coworkers developed NLCs containing vitamin
A and compared them with SLNs. These formulations were prepared from Emulium®
k2 (a mixture of lipids, derived from natural waxes of Candelilla, rice bran, and Jojoba
Polyglyceryl-3 Esters), Prickly Pear seed oil as lipid phase, and Brij 721 as a surfactant. The
optimized NLCs exhibited a smaller particle size (215-244 nm) than SLNs (265 nm). In
addition, NLCs formulations showed an enhancement in the drug release profile, higher
drug loading, and better skin deposition ex vivo in rat skin [173].

Similarly, Argimoén et al. [127] developed SLNs loaded with vitamin A for topical
application to protect this vitamin from degradation. The formulation offered particle
size around 40 nm and entrapment efficiency above 90%. Additionally, the formulation
successfully protected vitamin A from degradation. Moreover, the lipids in this formulation
showed a melting point so close to average body temperature making them a good option
for topical application of vitamin A.

Agrawal et al. [174] developed NLC- formulations to encapsulate acitretin, a vitamin
A derivative, for topical treatment of psoriasis. The formulations were prepared by the
solvent diffusion technique using 3 full factorial experimental design, and contained
precirol ATO 5, oleic acid, and Tween 80. The optimized acitretin-NLC formulations offered
entrapment efficiency of 63.0%, average particle size of 223 nm, and zeta potential of
—26.4 mV. Additionally, 1% w/w Carbopol 934 P gel base was used to incorporate acitretin-
NLC formulations. In vitro release studies of acitretin -NLC revealed a biphasic drug
release pattern, initial fast release, and delayed sustained release. Clinical investigations
showed that the NLC gel improved the therapeutic index for acitretin and reduced local
side effects compared to plain gel. Similarly, Sabouri et al. [175] introduced nanoemulsion
containing tretinoin, a widely used retinoid, for topical treatment of acne vulgaris. These
researchers used high pressure homogenization as a preparation method to have a stable
nanoemulsion formulation with an average particle size of 150 nm and encapsulation
efficiency of 99%. The formulation succeeded in enhancing the therapeutic efficacy of
tretinoin and reduced its side effects.

A group of researchers [176] managed to design an adapalene (vitamin A derivative)
loaded SLN formulated in cabopol gel as an acne treatment. The optimized formulations
were prepared using the hot homogenization technique and based on Box-Behnken design
(32 factorial designs). Optimized adapalene—SLN contained glyceryl monostearate as
a lipid. Non-ionic surfactants including Pluronic F68, Brij 78, Tween 80, and span 20
were screened to alter the SC barrier function toward drug permeation; results indicated
that Pluronic F68 is very efficient. Adapalene—SLN showed particle size of 102 nm
and entrapment efficiency greater than 85%. Skin irritation study proved adapalene—
SLN has had more excellent skin tolerability than conventional Gel. Moreover, skin
tolerability, bioavailability and anti-acne potential were enhanced. In a similar fashion,
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scientists developed adapalene-loaded SLNs incorporated into carbopol hydrogel for
topical application [177]. Clinical investigation showed that adapalene-loaded SLNs could
resist systemic uptake of adapalene in skin layers and localize it in the epidermis. Another
study [178] introduced gel loaded with NLCs and co-encapsulated with adapalene and
vitamin C. This formulation was prepared by the high pressure homogenization and
composed of tristearin, labrasol, phospholipid-90NG, and Tween 80. Carbopol 934 and
ascorbyl-6-palmitate were fabricated to form the Gel. Co-administration of vitamin C
resulted in an adjunct effect in acne therapy in physiological conditions. This combination
was investigated on a testosterone-induced acne model and showed higher skin-targeting
potential compared to free adapalene [178].

For topical application, a group of researchers [179] developed retinyl palmitate -SLN
formulation modified by dicetyl phosphate. This formulation also contained glyceryl palmi-
tostearate and PEG-32 glyceryl stearate, and was incorporated into a hydrogel. PEG-32
glyceryl stearate, an amphiphilic molecule with a high hydrophilic-lipophilic balance value
of 13, has an essential role in preventing aggregation. The optimum ratio of glyceryl palmi-
tostearate to PEG-32 glyceryl stearate was 60:40 to have homogenous SLN smaller than
100 nm and an encapsulation efficiency greater than 99%. Retinyl palmitate distribution
in the skin was enhanced by 4.8 fold after surface modification and delivered to a greater
depth than those unmodified SLNs. This formulation could be useful in the preparation of
skincare and anti-wrinkle products.

On the other hand, Pinto et al. [180] succeeded in developing NLC formulations
containing four bioactive vegetable oils (sunflower, sweet almond, olive, and coconut
oil) enriched with a-tocopherol. The achieved entrapment efficiencies and drug loading
capacity were above 79.4% and 48.4%, receptively. The particle sizes and zeta potential
were between 240-315 nm and —45.6 to —55.1 mV, respectively. The antioxidant activity
assessment demonstrated that all free NLCs prepared with each vegetable oil have a
vigorous inherent scavenging activity. The formulations also assured controlled release
of a-tocopherol and were stable for eight months. This study has contributed to the
production of advanced cosmetic products focusing on natural bioactive vegetables.

Similarly, de Souza and colleagues [181] introduced NLC containing vitamin E using
the emulsion-solidification technique as the preparation method. Three liquid oils, namely
avocado oil, coconut oil, and medium-chain triglycerides, were mixed with stearic acid and
nonionic surfactants (Tween 80, Cremophor RH40, and Pluronic F-127). Some parameters
such as the proportion of liquid lipid, time, and energy of sonication were employed
to compare their effects on the physical and chemical properties, including particle size
and drug release profile. The NLC prepared from medium-chain triglycerides as liquid
lipid at a 3:1 mass ratio of liquid lipid-to-solid lipid was the most promising nanocarrier
because it exhibited the highest vitamin E release and had homogeneous particle size
distribution. Moreover, Tween 80 was the most effective in producing homogeneous
particle size distribution with the lowest mean particle diameters and showed the highest
release rate for particles.

In addition, Chen and coworkers [182] formulated three antioxidants: resveratrol,
epigallocatechin gallate, and vitamin E, into several different lipid nanoparticles to provide
a long lasting antioxidant effect. These formulations were prepared from cetyl palmitate,
compritol®, or phospholipon 80 as solid lipid, sesame oil as liquid oil, and Tween 80
as a surfactant. Skin penetration studies showed that the formulations improved the
penetration of resveratrol through the SC. Moreover, the formulations containing vitamin
E and resveratrol provided adequate protection against UV-induced degradation, while
those containing epigallocatechin gallate did not show protection from UV degradation.

Recently, Haruna et al. [183] developed nanoemulsified a-tocopherol and y-tocotrienol
formulations for the treatment of atopic dermatitis, a chronic skin inflammation. These
researchers designed two types of formulations, water-poor NE and water-rich NE contain-
ing Tween 80, span 80, sunflower 0il, x-tocopherol, and y-tocotrienol. The droplet size of
the NE was smaller than 150 nm with negative zeta potential values. Furthermore, these
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researchers combined the use of this formulation on the skin with a microwave system to
assist the translation of this formulation into the skin. The formulations exhibited higher
skin retention and penetration than the neat vitamin E. In a similar fashion, Prasertpol
and colleagues [184] developed NLCs formulation loaded with vitamin E acetate to treat
hair damage using a high pressure technique. The formulations were prepared from glyc-
eryl monostearate, stearic acid, and myristic acid as lipids and Tween 80 as surfactant.
These nanocarriers were with average particle size nm of 140 nm and zeta potential values
above —45 mV.

Brownlow and colleagues [185] developed a vitamin E-nanoemulsion formulation
loaded with genistein for dermal photoprotection. Nanoemulsion was prepared by hybrid
homogenization and composed of tocomin (red palm oil), isopropyl alcohol, and a sur-
factant mixture of polyethyleneglycol hydroxystearate and polyethyleneglycol succinate.
These researchers investigated the effect of several polyethoxylated nonionic emulsifier
blends toward the formulation. The optimized formulation offered an average particle
size below 150 nm and a zeta potential of —30 mV. This formulation showed enhanced
preventive and UVB-protective properties for genistein, a natural chemopreventative agent,
and can be useful for topical treatment of UV-induced skin disorders.

On the other hand, Nasiri et al. [186] developed « -tocopherol acetate-loaded with
SLN coated with chitosan. The optimized formulation displayed a size of 175 nm and an
entrapment efficiency of 90.58% and was stable at least for three months at refrigerated
temperature. Coating with chitosan caused the negative zeta potential to have a positive
value (around +35 mV). In a similar fashion, Campani et al. [187] formulated nanoemulsions
containing vitamin K for topical application. This formulation was prepared with low
energy and contained an oil phase of x-tocopherol and Tween 80 as a surfactant. The
formulation was stable for a prolonged time at different temperatures and prepared by a
simple and economical method.

NLC loaded with calcipotriol, a synthetic derivative of Vitamin D3 form, and enriched
with nanogel (carbopol 931 gel base) for topical treatment of psoriasis was formulated by
Pradhan and coworkers [188]. The achieved entrapment efficiency for this formulation was
85.31 £ 1.18%, the mean particle size 123.60 + 1.21 nm, and zeta potential —36.8 & 8.85 mV.
Drug release was prolonged and obeyed Higuchi mode. In vivo data showed negligi-
ble permeation of drugs into the systemic circulation, and retention of the drug from
nanogel formulation was enhanced by 1.57 and 3.67 folds in the SC and viable layers,
respectively, compared to pure calcipotriol containing gel formulation. Similarly, Teer-
anachaideekul et al. [189] designed an NLC formulation loaded with ascorbyl palmitate, a
vitamin C derivative with a wide range of cosmetic applications. This formulation showed
a modified release profile and enhanced therapeutic efficiency. Table 2 summarizes the
studies related to lipid-based nanocarriers loaded with vitamins or vitamin derivatives for
dermal and transdermal applications in recent years.

Table 2. Lipid-based nanocarriers loaded with vitamins and vitamin derivatives.

Excipient

Bioactive Molecule NC Preparation Method Model Comment Ref.

Solid lipid:
Emulium® k2
Oil:
Prickly Pear
Seed oil
Surfactant:
Brij 721

Vitamin A NLC Hot-homogenization Rat skin Enhanced efficacy  [173]

Solid lipid:
Cetyl alcohol
Surfactant/Stabilizer:
Gelucire 44/14®
Tween 80

Vitamin A SLN Hot-homogenization - V1tamu.1 E [127]
protection
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Table 2. Cont.

Excipient

Bioactive Molecule

NC

Preparation Method

Model

Comment

Ref.

Solid lipid:
Precirol ATO 5
QOil:
Oleic acid
Surfactant:
Tween 80

Acitretin

NLC

Solvent diffusion

Psoriasis patients

Enhanced efficacy

[174]

Oil:
Caprylic/Capric
Triglyceride
Surfactant:
Tween 80

Tretinoin

NE

High energy
emulsification

Split-face pilot
study

Enhanced
treatment of Acne
vulgaris

[175]

Solid lipid:
Glyceryl monostearate
Surfactant:
Pluronic F68

Adapalene

SLN

Hot Homogenization
technique

Enhanced efficacy

[176]

Solid lipid:
Tristearin
Surfactant/Stabilizer:
Soya lecithin
Tween 80

Adapalene

SLN

Solvent injection

Skin of Wistar
rats

Enhanced
antiacne potential
with minimized
irritation

[177]

Solid lipid:
Tristearin
Phospholipid-90NG
QOil:
Labrasol
Surfactant:
Tween 80

Adapalene
and
Vitamin C

NLC

High pressure
homogenization

Human skin and
porcine ear skin

Enhanced
therapeutic
efficacy

[178]

Solid lipid:
Precirol ATO5
Surfactant:
Gelucire 50/13®

Retinyl palmitate

SLN

High shear
homogenization

Mice skin

Enhanced efficacy

[179]

Solid lipid:

Lauric acid,
Myristic acid
Palmitic acid,

Stearic acid

Oil (Vegetable):
Sunflower, Sweet Almond,
Olive, Coconut
Surfactant:

Tween 80

a-tocopherol

NLC

Miniemulsion with
ultrasoniation

Good antioxidant
and scavenging
activity

[180]

Solid lipid:
Stearic acid
Oil:
Avocado oil
Coconut oil
Medium chain
triglycerides
Surfactant/Stabilizer:
Tween 80,
Pluronic F-127
Cremophor RH40

Vitamin E

NLC

Emulsion-
solidification

Improved
delivery of
vitamin E

[181]

Solid lipid:
Cetyl palmitate
Compritol® 888

QOil:

Sesame
Surfactant/Stabilizer:
Tween 80
Phospholipon 80

Resveratrol
and
Vitamin E
and
Epigallocatechin Gallate

SLN

NLC

High pressure
microfluidization

Long lasting
antioxidant effect

[182]
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Table 2. Cont.

Excipient

Bioactive Molecule

NC

Preparation Method

Model

Comment

Ref.

Oil:

Sun flower
Surfactant/Stabilizer:
Tween 80
Span 20
Ethanol

a-tocopherol
y-tocotrienol

NE

Sprague dawley
rats

Enhanced
vitamin E
delivery

[183]

Solid lipid:
Glyceryl monostearate
Stearic acid
Mpyristic acid
Surfactant/Stabilizer:
Tween 80
Soybean phospholipids

Vitamin E acetate

NLC

Hot high pressure
homogenization

Virgin hair and
color dye hair

Promoted
photoprotective
effect

[184]

Lipid:
Hydroxystearate
Isopropyl myristate
Tocomin
Stabilizer:
Polyethyleneglycol

Genistein
and
Vitamin E

NE

Hybrid
homogenization

Improved efficacy
as chemothera-
peutic and
preventive.

[185]

Solid lipid:
Stearic acid
Surfactant/Stabilizer:
Phosphatidylcholine

«-Tocopherol acetate

SLN

Solvent injection-
homogenization

Enhanced efficacy

[186]

QOil:
a-tocopherol
Surfactant/Stabilizer:
tween 80, Ethanol

Vitamin K

NE

Low energy

Porcine ears

Enhanced
stability

[187]

Solid lipid:
Softisan® 154
Oil:
Olive
Surfactant/Stabilizer:

Poloxamer 188 and Lipoid

5100

Calcipotriol

NLC

Emulsification—
ultrasonication

Porcine ear skin

Enhanced efficacy

[188]

Solid lipid:
Glyceryl monostearate
Cetyl alcohol
White beeswax
Oil:

Labrafil M1944

Ascorbyl palmitate

NLC

High pressure
homogenization

Virgin hair and
color dye hair

Enhanced efficacy

[189]

5.2. Sunscreens Delivery

Sunscreen products are experiencing increasing demand to deal with health problems
associated with exposure to solar radiation such as skin burn [51], aging of the skin,
damaging of connective tissues and collagen [51], and an increased risk of developing
skin cancers [51]. Lipid-based nanoparticles are gaining tremendous attention for different
kinds of sunscreens (inorganic, herbal, synthetic, and combined) since they proved to have
a synergistic UV scattering effect when used as a carrier for molecular sunscreens [190].
Similarly, solid lipid nanoparticles provide outstanding photo-protective action for the
formulated sunscreens. They increase their UV-blocking ability and enhance sun protection
factor (SPF) [191,192]. In addition, solid lipid nanoparticles help reduce the concentrations
of incorporated molecular sunscreens, minimizing the undesirable side effects of sunscreens
and production costs [190]. Moreover, molecular sunscreens have been reported to have a
higher UV absorption effect when incorporated into particles of SLNs [192]. The increased
UV absorption capacity leads to less penetration of UV radiation into the skin [7].

Nanostructured lipid carriers are an efficient entrapment system for sunscreens, with
the characteristics of UV-blocking. The use and penetration of particulate scatter such as
ultra-small titanium dioxide cause immune system irritation. Incorporating 10-120 nm
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TiO, nanoparticles into NLCs with approximate diameters of 400 nm firmly enclose TiO,
nanoparticles and prevent them from diffusing out. Nanostructured lipid carriers also
decrease potential skin irritation thus maintaining long-term stability [193]. In this re-
gard, Puglia and coworkers [193] investigated NLCs and NE’s efficiency as carriers for
the following UV filters: ethyl hexyltriazone, diethylamino hydroxybenzoyl hexyl ben-
zoate, bemotrizinol, octyl methoxycinnamate, and avobenzone. Compritol 888 ATO and
Miglyol 812 were used as lipid phase and Lutrol F68 as a surfactant in NLC formula-
tion, whereas Miglyol 812 replaced Compritol 888 ATO in NE formulation. Findings
showed that NICs were more effective than NE; they preserved the photostability for all
UV filters except for octyl methoxycinnamate and avobenzone. NICs also lowered the
skin permeability of the sun filters and maintained their location on the skin surface. In
another study, researchers [56] compared SLN and NLC dispersions as possible carriers
for octyl methoxycinnamate and found that NLC dispersions were more effective against
UV-mediated filter photodegradation.

Nikolic et al. [194] incorporated a set of UV chemical filters (ethylhexyl triazone,
bis-ethylhexyloxyphenol methoxyphenyl triazine, and ethylhexyl methoxycinnamate) into
NLC formulations that were incorporated into a hydrogel. Nine solid lipids (Atowa,
Compritol, Softisan, Dynasan, Phytowax, Syncrowax, Beeswax, Carnauba wax, Apifil)
were investigated; results showed that NLCs, which are composed of carnauba wax were
superior in UV absorbance. Results also revealed that the SPF values of UV filters increased
by 45%. Miglyol® 812 was used as oil and PlantaCare® 2000 UP as a surfactant to have
NLCs with particle size around 200 nm. On the other hand, Sanad and colleagues [195]
designed NLCs loaded with oxybenzone to enhance its limited solubility. The formulations
were produced by the solvent diffusion method and involved using monostearate as
solid lipid and Miglyol 812 or oleic acid as liquid oil. In this formulation, 2 factorial
design was employed to investigate the effect of oxybenzone concentration (5% and 10%),
type of liquid lipid, and its concentration (15% and 30%). Results indicated that smaller
particle sizes and entrapment efficiency were obtained when Miglyol 812 was used instead
of oleic acid. Additionally, oxybenzone concentration affected only particle size and
not entrapment efficiency, and the diameters of the particles increased as well as the
oxybenzone concentration increased. Moreover, NLCs made with Miglyol 812 (10%)
showed slower drug release when compared to those prepared from oleic acid (30%).
The formulated sunscreen was successfully incorporated into a hydrogel without any
crystallization problem, and oxybenzone irritation effect reduced and its UVA protection
factor enhanced by about six-fold.

Niculae and coworkers [196] encapsulated methoxydibenzoylmethane (BMDBM),
UVA protector, into NLCs formulations composed of two solid lipids (cetyl palmitate and
glyceryl stearate) and two liquid lipids (medium-chain triglycerides and squalene). In a
subsequent study, these workers co-encapsulated BMDBM and octocrylene into a different
kind of NLC containing rice bran oil or raspberry seed oil [197]. Co-encapsulation and
co-release of both types of UVA and UVB absorbers improved the photoprotection effect
(EUVA-PF = 40.2 and SPF UVB = 17.3). The high content of vegetable oils led to a high
capacity to scavenge the free radicals generated in a chemiluminescence system and en-
hanced antioxidant activity. Furthermore, the required amount of UV blockers was reduced
after incorporating vegetable oils, which resulted in a safe NLC formulation with reduced
undesirable side effects on biological systems. Niculae et al. [50] also co- encapsulated
BMDBM and a-tocopherol, antioxidant, into SLNs and NLCs formulations to enhance the
photostability. Results demonstrated that o-tocopherol was efficient in the photostabiliza-
tion of the unstable BMDBM. However, it did not improve the photoprotective properties,
including SPF and Erythemal UVA protection factors, as did SLNs/NLCs loaded with only
BMDBM. SLNs showed better photoprotective properties than NLCs formulation.

Researchers [198] designed various NLCs formulations based on vegetable oils,
namely amaranth and pumpkin, to co-encapsulate and co-deliver octocrylene and avoben-
zone. NLCs were prepared by selecting a mixture of glycerol monostearate and cetyl
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palmitate, or emulgade and carnauba wax as solid lipid, squalene, or pumpkin oil, or
amaranth as liquid lipid. The formulations stabilized by a surfactant mixture composed of
sodium collate, Tween 20, and Poloxamer. All formulations showed a prolonged release
profile, improved antioxidant activity, and photoprotective properties (SPF of 40—45 and
FP-UVA of 27-34) compared to the conventional cream. The antioxidant activity was
superior in the formulations containing amaranth oil. The highest encapsulation efficiency
was observed for a formulation consisting of emulgade, carnauba wax, and amaranth
oil. Others [199] proposed NLCs formulation containing bocaitiva almond oil or pulp
almond oil to co-encapsulate and co-deliver both octocrylene and avobenzone. Scientists
investigated the effect of the oils on enhancing the photoprotective activity and their ability
to replace organic filters. Nanostructured lipid carriers loaded with bocaiu’va almond
oil showed average diameters between 106.9 and 188.4 nm. The entrapment efficiency
for avobenzone was 2.3 times higher in NLC containing bocaitiva almond oil than NLC
containing pulp oil. The entrapment efficiency for octocrylene was close in both NLC
formulations. These studies confirmed that NLC containing bocaiu’va almond oil has a
synergistic effect and can eliminate the ratio of organic filters in sunscreen products.

Andre “o-Filho et al. [200] introduced SLN loaded with octyl methoxycinnamate and
partially substituted it (20%) with urucum oil. Glyceryl monostearate was selected as lipid
matrix, sodium lauryl sulfate and hydroxyethylcellulose were used to enhance formulation
stability. Solid lipid nanoparticles containing urucum oil were stable and safe for topical
application. In the meantime, replacing the UV filter with urucum oil did not cause a
reduction in SPF, and this makes sun protection products safer. Within the same context,
Badea et al. [201] implemented numerous NLCs containing vegetable oils (pomegranate
seed, wheat germ, rice bran, raspberry seed, carrot root, and blackcurrant seed) to achieve
formulation with high antioxidant activity and adequate UV protection. The used solid
lipid was a blend of emulgade and glycerol monostearate, and the stabilizer was a mix-
ture of sodium collate, Tween 20, and Poloxamer. These formulations were loaded with
diethylamino hydroxybenzoyl hexyl. Among the produced NLCs, the ones based on a mix
of pomegranate seed oil and wheat germ oil were the most effective against UV radiation
(a UVAPEF of 9.5 and SPF of 5.1) and showed the highest entrapment efficiency. Recently,
Badea et al. [202] introduced NLC loaded with diethylamino hydroxybenzoyl hexyl ben-
zoate and naringenin. The addition of naringenin formulated into Carbopol 940 hydrogels
with polyphenol-rich UVA filter increased the SPF and the antioxidant activity against both
short- and long-lived radicals. These formulations showed no cytotoxicity concentrations
below 50 g/mL.

Chu et al. [203] developed NLCs loaded with the organic filters Uvinul T150 and
Uvinul A Plus Granular and containing pumpkin and kenaf seed oil as liquid oil and
carnauba wax and beeswax as solid lipid. A mixture of Tween 20, soy lecithin, and
poloxamer 188 worked as emulsifiers and stabilizers. NLC formulation containing a
mixture of oils contributed to enhancing only antioxidant properties but not UV-absorbing
properties and entrapment efficiency. The optimized formulations offered particle sizes
of 238 nm and showed high entrapment efficiency (95%), antioxidant activities, and UV-
absorbing properties.

Salunkhe and coworkers [204] developed idebenone-loaded NLC as a sunscreen
product with antioxidant properties. Idebenone-loaded NLC was prepared by the solvent
precipitation method and contained Compritol 888 ATO as solid lipid, Captex 500 P as
liquid oil, and Labrasol and Transcutol surfactant and co-surfactant, respectively. The
optimized formulation offered a particle size of 605 nm and an entrapment efficiency of
82.5%. Clinical studies showed enhanced antioxidant effect, high skin deposition, and SPF
value of 23. In a similar fashion, Asfour and colleagues [205] created NLC formulations
containing titanium dioxide (6%) to improve the photostability of all-trans retinoic acid
and reduce its skin photosensitivity. Dependent variables such as particle size and viscosity
were optimized by Box-Behnken. Three factors, namely, % total lipid, % liquid lipid, and
% total surfactant, were selected as independent variables. The in vivo study conducted on
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mice proved that the optimized formulation improved all-trans retinoic acid photostability
by about 1.5 and 2 times.

Pivetta et al. [206] introduced NLC that efficiently retained quercetin, an unstable
flavonoid with weak skin permeability. These NLCs offered an average particle size of
130 nm, entrapment efficiency of 97.42%, and recrystallization index of 13.03%. Moreover,
nanocarriers containing quercetin were not phototoxic in a reconstructed human skin model
and showed antioxidant and antiallergic potential. On the other hand, Netto MPharm and
colleagues [192] prepared SLNs loaded with silymarin, natural flavonoids with antioxidant
activity, and incorporated this formulation into sunscreen cream. Increasing the concen-
tration of the emulsifier (Tween 80) led to increased entrapment efficiency for silymarin.
The optimized SLNSs carrier enhanced the silymarin’s stability and photoprotection action.
Hence, SLNs formulation can be a promising carrier for herbal products and eliminate
toxic synthetic UV filters.

Abdel-Salam et al. [207] prepared NLC co-loaded with diflucortolone valerate (cor-
ticosteroid) and titanium dioxide (inorganic UV filter) to treat chronic inflammation and
provide protection against UV radiation. The formulations were prepared by mixing
the solid lipids of Precirol® and Tristearin with the liquid lipid of isopropyl myristate or
Capryol 90 and stabilized by Labrafil (lipid-based surfactant) and an aqueous solution of
Poloxamer® 407. A synergistic UV-blocking activity was observed in this combination. The
SPF value increased ten folds compared with conventional gel formulation containing the
same amount of TiO,. Similarly, Medeiros et al. [208] developed sunscreen formulation
based on NLCs containing bemotrizinol as an organic filter. The formulation was opti-
mized based on Box-Behnken design to have an average size of 122.4 nm during a month
of storage. Table 3 summarizes the studies that involved the preparation of lipid-based
nanocarriers loaded with UV- filters in recent years.

Table 3. Lipid-based nanocarriers loaded with UV filters.

Excipient Chemical UV Filter NC Preparation Method Model Comment Ref.
Ethyl hexyltriazone
+
Solid lipid:
Compritol 888 ATO DI__I'_HB NE
Liquid lipid: Bemotrizinol + Ultrasonication Adult human Enhanced [193]
Miglyol812 emotrzine Method skin stability :
+ NLC
Surfactant: OMC
Lutrol F68 +
Avobenzone
Solid lipid:
Compritol 888 ATO
Liquid lipid: . SLN Ultrasonication Adult human Enhanced
Miglyol 812 Octyl methoxycinnamate 1/ - Method skin stability [56]
Surfactant:
Lutrol F68;
Solid lipid
Carnauba wax Dynasan
118
Bees wax;
Atowa Ethylhexyl triazone
Compritol Bis-ethylhexyloxyphenol
Softisan methoxyphenyl triazine NLC Hot high pressure ) Variable [194]
Phytowax (Tinosorb® S) homogenization synergistic effect
Syncrowax Ethylhexyl
Apifil® methoxycinnamat
Liquid lipid:

Miglyol® 812
Surfactant/Stabilizer:
PlantaCare® 2000 UP
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Table 3. Cont.

Excipient

Chemical UV Filter

NC

Preparation Method

Model

Comment Ref.

Solid lipid:
Glyceryl monostearate
Liquid lipid:
Miglyol 812/Oleic Acid
Stabilizer:
Polyviny alchol

Oxybenzone

NLC

Solvent Diffusion

Franz diffusion
cells

Reduced

irritation effect [195]

Solid lipid:
n-hexadecyl palmitate
glyceryl stearate
Liquid lipid:
Medium chain
triglycerides
(Myritol 812)
Surfactant mixture:
Tween 20/ Tween 80,
Poloxamer
Phosphatidylcholine

BMDBM (Avobenzone)
+

NLC
SLN

Melt emulsification
method coupled with
high shear
homogenization

Stability

improvement [196]

Solid lipid:
n-hexadecyl Palmitate
Emulgade SE/PF
Liquid lipid:
bran oil
Red raspberry seed oil
Surfactant/Stabilizer:
Tween 80
Lecithin
Synperonic F68

BMDBM (Avobenzone)
+
Octocrylene

SLN
NLC

Melt emulsification
method coupled with
high shear
homogenization

Improved
antioxidant and
photo-protective
activity

[197]

Solid lipid:
n-Hexadecyl palmitate
Glyceryl stearate
Liquid lipid:

medium chain triglycerides

(Myritol 812)
Surfactant mixture:
Tween 20/Tween 80,
poloxamer
phosphatidylcholine

BMDBM (Avobenzone)
and
a-tocopherol

NLC
SLN

Melt emulsification
method coupled with
high shear
homogenization

Improved

Stability (501

Solid lipid:
Glycerol monostearate
Cetyl palmitate
OR
Emulgade SE/PF and
Carnauba wax
Liquid lipid:
Pumpkin
Amaranth
Squalene
Stabilizers:
Sodium Colate
Tween20
Poloxamer

BMDBM (Avobenzone)
Octocrylene

NLC

High shear and high
pressure
homogenization

Prolonged release
and improved [198]
stability

Solid lipid:
Cetyl palmitate
Triglyceride of

Capric/Caprylic acid
Soybean lecithin
liquid oil:
Bocaituva almond oil
Pulb oil
Surfactant mixture:
Sodium lauryl sulfate
Poloxamer sorbitan
monooleate

BMDBM (Avobenzone)
Octocrylene

NLC

High pressure
homogenization

Improved
Photo-protective
activity due to
synergistic effect

[199]
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Chemical UV Filter

Table 3. Cont.

NC Preparation Method

Model

Comment Ref.

Reduced amount [200]

Excipient

Melt emulsification
method coupled with

Human
abdominal skin

of UV filter

Solid lipid:
Glyceryl monostearate
Stabilizer:
Hydroxyethylcellulose
Sodium lauryl sulfate

Octyl methoxycinnamate
“+
Urucum oil

high shear

SLN
homogenization

Solid lipid:
Glycerol monostearate
Emulgade SE/PF
Vegetable and fruit oils:
Pomegranate seed, Wheat
germ, Blackcurrant seed,
Sesame seed, Carrot root,
Raspberry seed, and Rice
bran
Surfactant:
Sodium cholate
Tween 20
Poloxamer

Diethylamino

hydroxybenzoyl hexyl

benzoate

NLC Ultrasonication

Increased [201]

photo-protective

Solid lipid:
Glycerol monostearate
Cetyl palmitate
Liquid oil:
Pomegranate seed oil
Wheat germ oil

Surfactant:
Sodium cholate
Tween 20
Poloxamer

UVA filter DHHB

and
Naringenin

MTS cells

High pressure

LS homogenization

Franz diffusion

Effective
antioxidant
and
Enhanced SPF

and [202]

cells

Solid lipid:
Beeswax
Carnauba wax
liquid oil:
Pumpkin seed oil
Kenaf seed oil
Emulsifier:
Tween 20
Poloxamer 188
Soy lecithin

Uvinul T150

and

Franz diffusion

NLC Ultrasonication

Uvinul A Plus Granular

Broad spectrum
effectiveness with
fewer side effects.

[203]

cells

[204]

Solid lipid:

Compritol 888 ATO

Liquid lipid:
Captex 500 P
Surfactant:
Labrasol

Idebenone

Co-surfactant:
Transcutol P

NLC Solvent precipitation

Human skin Enhanced efficacy

Enhanced

[205]

Solid lipid
Palmitic Ac

Liquid lipid:
Oleic Acid

id
BMDBM (Avobenzone)
Octocrylene
+ a-tocopherol

Surfactant/ Stabilizer:
Tween 80
Lecithin

High pressure
homogenization

NLC
method

Swiss albino mice Photostability

Modified

Pig ear skin
penetration

[206]

Solid lip

Illipe butter
Liquid lipid:

id:

Calendula oil

Surfact

ant:

Pluronic F68

NLC Utrasonication

Quercetin

RBL-2H3 Cells

Albino rat’s skin ~ Enhanced efficacy

[192]

Solid lipid:
Glyceryl monostearate

Surfactant:
Tween 80

SLN Microemulsion

Silymarin
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Table 3. Cont.

Excipient

Chemical UV Filter NC Preparation Method Model Comment Ref.

Solid lipid:
Precriol® ATO5/ or
Tristearin
Liquid lipid:
Capryol™
or
Isopropyl myristate
Surfactant:
Poloxamer® 407
Labrafil ® M1944CS

Diflucortolone valerate High shear

+ NLC homogenization and - Synergistic Effect ~ [207]
Titanium dioxide ultrasonication

Solid lipid:
carnauba wax
Liquid lipid:
Caprylic/Capric
triglycerides
Surfactant:
Polysorbate 80
Span® 80

Bemotrizinol NLC Utrasonication - Improved [208]
efficacy

Abbreviation: NC: nanocarrier, BMDBM: butyl-methoxydibenzoylmethane, DHHB: diethylamino hydroxybenzoylhexyl benzoate, OMC:
octylmethoxycinnamat, Tinosorb® S: ethylhexyloxyphenol methoxyphenyl triazine.

5.3. Psoralen Plus Ultraviolet Light A Therapy (PUVA)

Psoralen plus ultraviolet light A therapy (PUVA) is known as the administration
of photoactive compounds, specifically psoralens, followed by exposure to long-wave
ultraviolet radiation (320-400 nm, UVA) [209]. Numerous dermatological disorders such
as vitiligo, psoriasis, and mycosis fungoides are handled with this technique [210]. In PUV
A therapy, three psoralens are widely used, 5-methoxypsoralen, 8-methoxypsoralen, and
4,5,8-trimethylpsoralen. These compounds are administered either orally or through a
topical route [211]. Oral administration of psoralen suffers from numerous adverse side
effects such as gastrointestinal problems and ocular and liver disease. In contrast, topical
PUVA therapy has several distinct advantages such as the absence of hepatic toxicity.
However, topical PUVA therapy suffers from weak skin permeability of psoralen [212], and
induces the development of nonmelanoma skin cancer. Hence, incorporating psoralens
into lipid-based nanocarriers could overcome the disadvantages associated with topical
and oral routes. Indeed, it enables close contact and adhesion to SC through their small
particle sizes and large surface area. Moreover, their occlusive property promotes skin
hydration [213]. Along this line, several psoralens have been successfully incorporated
into SLNs and NLC formulations. For example, Lai et al. [214] introduced NE formulations
for topical application of 8-methoxypsoralen. These NEs were formulated from soybean
oil and different mixtures of phospholipids (soy phosphatidylcholine or hydrogenated
soy phosphatidylcholine or soy lecithin). Furthermore, enhancement in the permeabil-
ity of 8-methoxypsoralen occurred in different skin layers after its incorporation into
the nanoemulsion.

Similarly, Oliveira and coworkers [215] developed an 8-methoxypsoralen-NE con-
sisting of clove essential oil and poloxamer 407 for topical treatment dermatoses. Full
factorial designs (2° and 3?) met the optimized conditions: ultrasonication time of 60 s, the
potency of 60 %, 2% v/v of the oil phase, and 10% m /v of Poloxamer 407. The mean droplet
diameter of the NE was 24.98 £ 0.49 nm. The ex vivo permeation analysis showed that
8.5% of the 8-methoxypsoralen dose applied permeated through the biological membranes,
with a flux of 1.35 ug cm~2 h~!. The drug retention was 1.95 + 0.71 pug cm~2 in SC and
10.15 + 1.36 pg cm 2 in epidermis and dermis. The NE-induced retention in viable skin
was almost double that of a compounded cream (5.04 £ 0.30 pg cm™2). On the other hand,
Fang and colleagues [216] developed SLN and NLC formulations for delivering psoralens
(8-methoxypsoralen, 5-methoxypsoralen, and 4,5,8-trimethylpsoralen) to treat psoriasis.
These formulations were made from precirol and/ or squalene as lipid phase, myverol
or phosphatidylcholine as lipid emulsifier, and Pluronic F68 or Tween 80 hydrophilic
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emulsifiers. Only NLC formulations led to enhanced permeation and controlled release
of psoralens. The optimized NLC formulation had a particle size of 172.7 nm and a zeta
potential of —42.3 mv. Moreover, 8-methoxypsoralen was the most permeable, and its flux
was 2.8 times greater than that of the conventional emulsion, while 4,5,8-trimethylpsoralen
exhibited lowest permeability.

Recently, researchers combined transcutol and SLNs to enhance skin permeation of
8-methoxypsoralen. The formulations were prepared from Compritol® 888 ATO and Polox-
amer 188, and investigated using Franz cells and newborn pig skin. In vitro penetration
and permeation studies verified a more significant accumulation of 8-methoxypsoralen in
each skin layer after applying SLN-Transcutol (2% and 4% Transcutol) than SLNs free of
Transcutol without increasing cytotoxicity, and higher % transcutol caused higher diffusion
and skin accumulation of 8-methoxypsoralen [217]. Similarly, Battaglia et al. [218] devel-
oped 8-methoxypsoralen-loaded SLNs and NEs formulation modified with x-tocopherol
using hot homogenization. The optimized formulations showed enhanced entrapment effi-
ciency, reduced skin photooxidation, and irritation. Listed in Table 4 are several psoralens
incorporated into NEs, SLNs, and NLCs.

Table 4. Psoralens incorporated into NEs, SLNs, and NLCs.

Excipient

Photoactive Compound NC

Preparation Method Model Comment Ref.

Oil:
Soy bean oil
Stabilizer:

Soy phosphatidylcholine
or
Hydrogenated soy
phosphatidylcholine
or
Soy lecithin

8-Methoxypsoralen NE

Newborn pig

High sonication okin

Enhanced efficacy [214]

Oil:
Clove essential Oil
Surfactant:
Poloxamer 407

8- Methoxypsoralen NE

High sonication Porcine ear skin Enhanced efficacy [215]

Solid lipid:
Precirol ATO 5
QOil:

Precirol
squalene
Surfactants/stabilizers:
Soybean phospholipids/
MyverolPF68
Tween 80

8- Methoxypsoralen
and
5-methoxypsoralen,
and

NLC
SLN

4,5,8-trimethylpsoralen

High shear
homogenization

Nude mice

Minimizing the
permeation
differentiation between
normal and
hyperproliferative skin

[216]

Solid lipid:
Compritol 888
Surfactants/stabilizers:
Poloxamer 188 and
Transcutol® P

8- Methoxypsoralen SLN

Hot homogenization
and
ultrasonication

3T3 cells

higher diffusion
accumulation of
the drug

[217]

Solid lipid:
Stearyl alcohol
Mygliol 818
Oil:

Octyl octanoate
Surfactants/stabilizers:
Pluronic F68
Tween 80
a-tocopherol

NE
8-Methoxsalen and
SLN

Hot homogenization

Reduced
photooxidation

[218]

5.4. Wound Healing and Skin Burns Products

Several studies revealed that incorporating compounds used in treating topical
wounds and burns into SLN and NLCs enhances their stability and healing properties.
Table 5 shows some compounds used in the topical treatment of wounds or burns and
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incorporated into SLNS and NLCs. Within this context, Gad and coworkers [219] encap-
sulated chamomile 0il, an essential oil with antimicrobial activity, into SLNs prepared
by a hot homogenization method, to treat wounds. Other researchers [220] developed
NLCs and SLNs loaded with eucalyptus or rosemary essential oil to enhance the healing
of wounds. In this respect, the NLCs composed of olive and loaded with eucalyptus
were superior in stability, antimicrobial activity, and biocompatibility. On the other hand,
Ghaffari et al. [221] investigated the co-encapsulation of curcumin and ampicillin into SLNs
to improve wound healing. These researchers observed a synergic antibacterial effect of
ampicillin-curcumin-SLNs in the prepared formulation with increased healing capacity and
reduced toxicity. In a similar fashion, scientists [222] encapsulated superoxide dismutase
(an enzyme used to treat skin ulcers) into SLNs formulation. The optimized SINs showed a
significant enhancement in the permeability of superoxide dismutase through burned rat
skin and protected the incorporated enzyme from environmental degradation.

Table 5. Wound and burn healing products loaded into SLNs and NLCs.

Excipient Bioactive Molecule NC Preparation Method Model Comment Ref.
Solid lipid:
Stearic acid Chamomile oil SLN Hot homogenization Rats Enhanced efficacy [219]
Surfactant:
Tween 80
Solid lipid: Fibroblasts
Cocoa butter Fucalyptus High shear Cells
Oil: }r]p SLN homogenization + Wound repair [220]
Olive oil R ° NLC followed by Staphylococcus aureus promotion.
. osemary L
Surfactant: ultrasonication +
Lecithin Streptococcus pyogenes.
Solid lipid:
Stearic acid Curcumin
Cholestero.l and SLN High pressure Wistar rats Improved Healing [221]
Surfactant: Ampicilli homogenization Rabbits
mpicillin
Poloxamer
Tween 80
Solid lipid:
Compritol®888
Cholesterol
Oil: Superoxide dismutase SLN Cold homogenization Burned Rats Enhanced permeability [222]
Tween 80
Span 20
Soybean Lecithin

5.5. Anti-Aging and Skincare Products

Skin’s absorption of anti-aging formulation and other skincare products is enhanced
after being incorporated into different kinds of lipid nanocarriers [223]. As shown in
Table 6, several molecules used in anti-aging and skincare are incorporated into NE, SLNSs,
and NLC. In this respect, researchers formulated two types of nanocarriers to encapsulate
coenzyme Q10, NLC, and NE [219]. The NLC and NE were incorporated into xanthan
gum hydrogels to enhance their long-term stability. Both nanocarriers were effective in
improving the stability and skin penetration of coenzyme Q10 [223]. In contrast, Pardeike
and coworkers [224] compared the first NLC containing cosmetic product introduced
to the market, Cutanvoa Nanorepair Q10 cream, to conventional o/w cream without
NLC. These researchers found that Cutanvoa Nanorepair Q10 cream is more efficient than
conventional o/w cream. Cutanvoa Nanorepair Q10 cream achieved long-term stability
after its incorporation into xanthan gum hydrogels, and showed higher skin hydration
and did not have irritating effects on the skin. Similarly, Schwarz et al. [146] developed a
Q10-ultra-small NLC and compared it to the conventional Q 10-NLC and Q10-NE. Particle
sizes were around 80 nm for ultra-small NLC, 87 nm for NE, and 230 nm for NLC. Skin
permeation and penetrations studies revealed that ultra-small NLC exhibits improved
dermal delivery of CoQ10 compared to conventional NLC. Additionally, clinical studies
proved that the ultra-small NLC was superior to identically sized 80 nm NE.
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Table 6. Compounds used in anti-aging and skincare and incorporated into NE, SLNs, and NLC.

Excipient

Bioactive Molecules

NC

Preparation Method

Model

Comment

Ref.

Solid lipid:

Cetyl palmitate
Medium chain triglyceride
Oil:

Miglyol® 812
Stabilizer:
TegoCare 450

Coenzyme Q10

NE
NLC

High pressure
homogenization

Healthy skin

Deep penetration
of Q10

[223]

Solid lipid:
Cetyl palmitate
Oil:
Miglyol® 812
Surfactant:
Labrasol

Coenzyme Q10

NE
NLC

High pressure
homogenization

Healthy skin

Deep penetration
of Q10

[224]

Solid lipid:
Cetyl palmitate
Oil:
Cetiol® OF
Miglyol® 812.
Surfactant:
Span® 20
Tween® 80

Coenzyme Q10

Ultra
-small
NLC

Hot high pressure
homogenization

Franz diffusion cells

High efficacy for Ultra
small NLC

[146]

Solid lipid:
Isopropyl myristate
Glycerol Monostearate
Compritol-888-ATO,
Precirol-AT5
Cetyl Palmitate
Oil:
Cremophor®RH-40
Surfactant:
Poloxamer® F68

coenzyme Q10 (CoQ10)
and Retinaldehyde

NLC

High shear
homogenization

HaCaT Cell
and
Pig ear skin

Enhanced efficacy

[225]

Solid lipid:
Compritol 888ATO
Oil:
Poloxamer188
Surfactant:
Tween80

Resveratrol

NLC
SLN

High shear
homogenization

Rat skin
and
Fibroblast cell

Enhanced efficacy

[158]

Solid lipid:
Precirol ATO 5
Surfactant:
Tween 20
Span 80

Resveratrol

SLN

Ultrasonication

Human cadaver
skin
Rabbits

Enhanced efficacy

[226]

Solid lipid:

Softisan 100

Surfactant:
Pluronic F68

Caffeine

SLN

Quasi-emulsion solvent
diffusion

Human Skin

Enhanced efficacy

[227]

Solid lipid:
Tristearin/tricaprylin
Oil:
Labrasol

Ellagic acid

NLC

Hot homogenization and
Ultrasonication

Franz diffusion cells

Enhanced efficacy

[228]

Solid lipid:
Lecithin
Cholesterol
Surfactant/ stabilizer
Tween 80
PVA

Neem oil

SLN

Double emulsification

Franz diffusion cells

Prolonged treatment
of membrane Acne

[229]

Solid lipid:
n-Hexadecyl palmitate
Glyceril Stearate
Oil:
grape seed oil
squalene
Surfactant/stabilizer
lecithin
Tween 20
Synperonic F68

Carotene

NLC

High shear
homogenization

Escherichia coli

Antioxidant

[230]

On the other hand, Nayak and colleagues [225] co-loaded coenzyme Q10 and reti-
naldehyde into NLCs and investigated the efficacy of this formulation to reduce wrinkles.
The formulation was incorporated into Carbopol® 934P-NF gel. Clinical studies showed
enhanced cellular uptake without cytotoxicity, whereas the in vitro release profile was
prolonged. Moreover, the developed NLCs exhibited high efficacy as an anti-wrinkle prod-
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uct. In a similar fashion, Gokce et al. [158] loaded resveratrol, a polyphenolic compound
with antioxidant effect, into SLNs and NLCs. Both NLCs and SLNs showed enhanced
antioxidant activity, although NLCs penetrated deeper into the skin and displayed higher
entrapment efficiency than SLNs. In another study, Shrotriya et al. [226] encapsulated
resveratrol into SLN incorporated into Carbopol gel to treat and prevent irritant contact
dermatitis. Results indicated that resveratrol aqueous solubility and bioavailability was
enhanced after its incorporation into SLNs. Along this line, Puglia and colleagues [227]
introduced SLN loaded with caffeine to overcome its hydrophobicity and improve its pene-
tration through the skin. The optimized formulation offered an average size of 182.6 nm
and entrapment efficiency of 75%. In addition, researchers [228] encapsulated ellagic acid,
a natural antioxidant, into NLC to enhance its solubility and stability. Results showed that
the administered dose was reduced after ellagic acid incorporation, and the antioxidant
capacity of ellagic acid-NLCs enhanced by 60% compared to the active solution. Other
researchers [229] encapsulated neem oil into SLN as a topical application for acne, whereas
Lacatusu et al. [230] introduced carotene-loaded NLCs using two liquid oils (squalen and
grape seed) to enhance antioxidant activity.

5.6. Topical Glucocorticoids

Glucocorticoids are a subclass of corticosteroids, which could come from two sources,
natural (e.g., cortisol) or synthetic (e.g., betamethasone). Natural glucocorticoids are
produced by the adrenal cortex and are required to protect the body against inflammation,
stress, and shock. Synthetic glucocorticoids are widely prescribed as anti-inflammatory
and immunosuppressive drugs for various diseases. Moreover, corticosteroids can be used
to treat asthma, allergy, rheumatoid, and inflammatory bowel [231,232]. Unfortunately,
prolonged application of glucocorticoids may lead to numerous severe side effects. It causes
gastrointestinal, endocrine, cardiovascular, dermatological, immunological, and ocular
problems [233]. Hence, developing lipid-based nanocarriers targeted to epidermis infected
by inflammation is a promising approach. The therapeutic benefits can be improved, and
dangerous side effects minimized [234].

Along this line, Beloqui and coworkers [235] designed Budesonide-loaded NLC and
evaluated its efficacy in the treatment of inflammatory bowel disease. The particle size
was approximately 200 nm and zeta potential around 42 mV. Budesonide-loaded NLC was
more effective in a murine model of dextran sulfate-induced colitis than free Budesonide or
unload NLC. Similarly, researchers [236] designed Betamethasone 17-valerate- loaded SLN
formulation to investigate the potential of SLN formulations to improve the efficiency of
corticosteroids applied on the skin. These authors examined the effect of two solid lipids,
namely beeswax and monostearin, on the properties of SLN. The particle size was reduced
to approximately 10 nm when monostearin was replaced by beeswax. Using monostearin
in the formulation led to a lower permeation rate and more significant drug reservoir
formation in the human epidermis than drug suspension and commercial lotions. In
addition, the lipid concentration affected the quality of permeation of the drug. Replacing
monostearin by beeswax caused failure to the controlled release properties. Moreover,
beeswax formulations could not raise drug content in the upper layer of the skin and
could not decrease drug permeability through the skin. The formulation composed of
monostearin had the highest ratio for drug content in the epidermis to that in the dermis
compared with other formulations, which confirms enhanced drug permeation through
the SC to the dermis to the systemic circulation.

Kong et al. [237] developed betamethasone dipropionate-loaded NLC for the treat-
ment of atopic dermatitis. The particle size was 169.1 nm, and a zeta potential of —23.4 mV.
The optimized betamethasone dipropionate-loaded NLC showed high entrapment effi-
ciency (85%). W/ O ointment matrix and Carbopol® emulgel ointment were investigated;
results revealed that the W/O ointment matrix was selected with betamethasone dipropi-
onate -NLC because it showed lower skin penetration, higher skin retention, and better
drug release profile than Carbopol® emulgel ointment. This study proved the ability
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to develop betamethasone dipropionate-NLC to improve skin retention and reduce side
effects induced by systemic absorption such as skin irritation.

Similarly, scientists designed betamethasone dipropionate-loaded NLCs for topical
application to treat eczema. Betamethasone dipropionate-loaded NLCs were prepared
based on high shear homogenization and sonication, using the following excipients: Glyc-
erylmonostearate, oleic acid, Tween 80, Span 20 phospholipon 90 G, cremophor RH 40, and
sodium tauroglucocholate. They also investigated the effect of manipulating the concentra-
tion of excipients on different physical properties. Sodium tauroglucocholate was excluded
from the formulations because it failed to produce particles in the nano range. Results
showed that the oleic acid ratio has an essential effect on the penetration of the drug to
deeper skin layers (as the oleic acid ratio increased in the formulation higher amount of
betamethasone dipropionate penetrated to the deeper skin layer) [238].

In another study, Nagaich et al. [239] developed clobetasol propionate-loaded NLCs-
based gel as a potential treatment for eczema. Clobetasol propionate-loaded NLCs were
prepared by high pressure homogenization and composed of Compritol® ATO 888, oleic
acid, Poloxamer 188, and sodium taurocholate. The optimized formulations contained
particles with diameters of 137.9 nm and a zeta potential of —20.5 mV. All permeability
parameters, such as steady-state flux and permeability coefficient, were higher for NLC-
based gel formulation than the market gel. In this formulation, the anti-inflammatory
effect extended due to the prolonged release effect. Similarly, Silva and coworkers [240,241]
formulated clobetasol propionate-loaded NLCs to investigate their ability to target the
skin. Some formulations were coated with chitosan and compared with those uncoated.
In vitro permeation and retention studies showed that chitosan-coated NLCs cause higher
permeability and retention in the SC layer than in the commercial formulation. Even one-
fifth of the drug dose was required in the formulation of chitosan-coated NLCs. However,
chitosan-coated NLCs were not useful for epidermal targeting purposes, and uncoated
NLC enhanced permeability without showing dermal retention.

Andrade et al. [242] investigated the effect of co-encapsulation of tacrolimus and
clobetasol into NLCs coated with chitosan oligosaccharide. The co-encapsulated formu-
lations caused enhancement of numerous physical properties. The entrapment efficiency
was high for the two drugs (above 90%). In this formulation, clobetasol worked as an
absorption enhancer and promoted the penetration of tacrolimus into deeper skin layers.
The drug release profiles were enhanced, and clobetasol was released faster than tacrolimus.
Moreover, coating caused a further permeation to deeper skin layers.

Jain and coworkers [243] formulated and characterized four different kinds of lipid-
based nanocarriers loaded with tacrolimus: liquid crystalline nanoparticles, liposomes,
SLNs, and NLCs. All of these formulations were loaded into a gel to permit proper
usage of the formulation and to improve the system’s viscosity. In this respect, different
nanoformulations were optimized to show particle sizes smaller than 200 nm, zeta potential
greater than —10 mV, and entrapment efficiency of more than 85%. All the formulations
exhibited higher penetration of the drug into the skin than the marketed ointment of
tacrolimus. Additionally, tacrolimus-SLN and tacrolimus- NLC loaded gel showed more
enhanced efficacy to deliver tacrolimus. Similarly, Pradhan et al. [244] investigated the
potential of NLC for delivery of triamcinolone acetonide using microemulsion method.
The formulation was optimized 17-run, 3-factor (Liquid lipid concentration: Total lipid
concentration, surfactant concentration, drug concentration), 3-level Box-Behnken design
offered in the design expert software. The release profile was prolonged obeying Higuchi
release kinetics with r? = 0.995 while pure triamcinolone acetonide showed fast release.

On the other hand, Doktorovova and colleagues [245] fabricated two forms of fluticas-
one propionate-NLCs modified by PEG for topical application. One of two liquid lipids,
namely labrasol and softigen 767 was mixed with precirol, tween, and soybean lecithin
using the microemulsion technique. The achieved entrapment efficiency of fluticasone
propionate-loaded NLC was 95%, and the mean particles size within the range of 380 and
408 nm. PEG modification was effective in enhancing physicochemical stability. Particles
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were stable over 60 days with a low-crystalline structure of fluticasone propionate. Different
topical glucocorticoids were incorporated into SLNs, NLCs, and NEs as listed in Table 7.

Table 7. List of topical glucocorticoids incorporated into SLNs, NLCs, and NEs.

Excipient

Bioactive Molecule

NC

Preparation Method

Model

Comment

Ref.

Solid lipid:
Precirol ATO®5
Oil:
Miglyol 812
Surfactant:
Tween 80
Poloxamer 188

Budesonide

NLC

High-pressure
homogenization

Enhanced Efficacy

[235]

Solid lipid:
Monostearin/ Beeswax
Stabilizer:
Lecithin

Betamethasone-
17-valerate

SLN

Solvent injection

Human thigh skin

Enhanced skin
permeation

[236]

Solid lipid:
Precirol ATO 5
Oleic oil
Tween 80

Betamethasone
dipropionate

NLC

Melt emulsification
combined with
ultra-sonication

Rabbit Skin

High retention in skin
tissue without
irritation

[237]

Solid lipid:
Glycerylmonostearate
Oil:

Oleic acid
Surfactant:
Tween 80

Betamethasone
dipropionate

NLC

High shear
homogenization and
sonication

Westar rat
Franz cells

Deep skin penetration

[238]

Solid lipid:
Compritol® ATO 888
Oil:

Oleic acid
Surfactant/Stabilizer:
Poloxamer 188
Sodium taurocholate

Clobetasol propionate

NLC

Hot high pressure
homogenization

(K-C) cell

Prolonged and fast
anti-flammatory
activity

[239]

Solid lipid:
Stearic acid
Oil:
Oleic acid
Surfactant/Stabilizer:
Lecithin

Sodium taurodeoxycholate

Clobetasol propionate

NLC

Microemulsion

Porcine ear skin

Enhanced permeation

[240,
241]

Solid lipid:
Stearic acid,
Oil:
Oleic acid
Surfactant/Stabilizer:
Lecithin

Sodium taurodeoxycholate

tacrolimus
and
clobetasol

NLC

Microemulsion

Porcine ear skin

Enhanced efficacy

[242]

Solid lipid:
Compritol® ATO 888
Pluronic® F-68
Phospholipon® 90 G
Phospholipon® 90 G
Glyceryl mono oleate
Oil:
Capmul® MCM C8
Surfactant:
Pluronic® F-68
Pluronic F-127

Tacrolimus

LC
SLN
NLC

SLN+ NLC:
High pressure
homogenization
liposome:
thin film hydration
LC:
Hydrotope method

Pig ear skin

Increased bioavaibility
without skin irritation

Solid lipid:
Compritol 888 ATO
Oil:
Miglyol 812
Surfactant:
Poloxamar

Triamcinolone acetonide

NLC

Microemulsion

Enhanced efficacy

[244]

Solid lipid:
Precirol ATO 5
Oil:
Labrasol
Softigen 767
Surfactant/stabilizer:
Soybean lecithin
Tween 80

Fluticasone propionate

NLC

Microemulsion

Modified stability

[245]

Abbreviation: LC: liquid crystal.
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5.7. Non-Steroidal Anti-Inflammatorty Drugs

The most commonly prescribed medicines worldwide are non-steroidal anti-inflammatory
drugs (NSAIDs). NSAIDs are heterogeneous organic compounds that lack a steroid core
with a diverse chemical structure with anti-inflammatory, analgesic, and antipyretic ef-
fects [246]. Most NSAIDs have limited aqueous solubility, specifically in acidic media, and
are categorized as class-II drugs in biopharmaceutical classifications (BCS) [246]. Because
most inflammatory diseases occur locally and near the body’s surface, topical application
of NSAIDs on the inflamed site could be reasonable to reduce toxicity and avoid unde-
sirable side effects associated with the oral route [247]. In this case, the skin works as a
biological barrier due to the stratum corneum layer (SC) [248]. The SC hinders permeation
of a considerable number of bioactive molecules through the skin. In light of this, lipid-
based nanocarriers are attractive for transdermal drug delivery, where they can enhance
lipophilicity and permeability through the SC [162].

Piroxicam, an oxicam NSAID, was encapsulated into SLNs composed of ATO 188 and
polysorbate 80. The formulations were incorporated into a transdermal patch made from
ethyl cellulose and polyvinyl pyrrolidone. Results showed enhanced bioavailability and
transdermal permeation [249]. Similarly, piroxicam was incorporated into SLN composed
of lecithin, glycerol monostearate, and Tween 80. Oleic acid was used as a chemical
enhancer for the skin penetration of piroxicam. Characterization and clinical investigation
of the formulation indicated a high drug loading efficiency (87.5%), sustained drug release,
and decreased inflammatory responses. The particle size was around 102 £ 5.2 nm, and the
zeta potential was 30.21 & 2.05 mV. The combined use of SLN and oleic acid dramatically
enhanced piroxicam’s skin penetration [250]. Recently, Mohammadi-Samani et al. [251]
developed piroxicam loaded into SLNs and formulated in a gel as a topical delivery
system. The range of particle size extended from 100 to 300 nm. The prepared formulations
enhanced the permeation of piroxicam into the skin. The use of cholesterol improved
loading efficiency but led to undesirable diameters.

Dasgupta and coworkers [252] investigated the potential of incorporating lornoxicam,
an oxicam, into SLNs, NLCs, and NEs, and whether this would enhance the lornoxicam’s
efficacy. Particle sizes were in the range of 140-193 nm for SLNs, 146201 nm for NLCs,
and 138-195 nm for NEs. The zeta potentials were in the range of —22 to —32 mV for SLNS,
—23 to —30 mV for NLCs, and —26 =+ 0.123 mV for NEs. These researchers showed that
drug loading and entrapment efficiency improved as the lipid ratio increased. Furthermore,
the bioavailability and lornoxicam’s therapeutic potential were enhanced compared to
conventional gel. In another study, lornoxicam was encapsulated into NLCs-gel modi-
fied with polyarginine, a cell-penetrating peptide. The mean particle size increased by
1.2 times, and the zeta potential decreased approximately to 0.48 due to surface modifica-
tion. The drug loading and encapsulation efficiency did not affect surface modification,
and they were 7.92% and 74.61%, respectively. This study showed an enhancement in
cell internalization of nanoparticles, skin permeation, and anti-inflammatory effect after
surface modification [253]. In a similar fashion, Elkomy and colleagues [254] explored the
potential topical application of SLNs formulation containing ketoprofen. These authors
investigated the incorporation of novel techniques, Artificial Neural Network, and clus-
tered bootstrap to optimize ketoprofen-SLN formulation and demonstrated a longitudinal
dose response-model. This model helped design efficient dermatological bioequivalence
assessment methods.

On the other hand, scientists [255] developed ibuprofen-loaded SLN-based hydrogels
to enhance skin penetration of ibuprofen. These SLNs were prepared by hot homogeniza-
tion, and composed of cetostearyl alcohol and Tween 80. The xanthan gum worked as a
gelling agent and created a homogeneous and stable network to incorporate ibuprofen-
loaded SLNSs. The particle sizes of optimized ibuprofen-loaded SLN were in the range
98-101 nm, and their zeta potential extended from —2.66 to —3.46 mV. The encapsulation
efficiency was from 56.88% to 58.89%. This study showed enhanced in vitro permeation
and local anti-inflammatory and analgesic activities compared to conventional gels. Simi-
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larly, researchers developed two kinds of nanocarriers loaded with oxaprozin (NLC and
deformable liposomes) using a specific approach. This approach involved loading the
drug as a ternary complex with randomly methylated 3-cyclodextrin and L-arginine, and
incorporating this complex into NLC and liposomes that were further incorporated into
carbopol gel. The mean particle size and zeta potential of complex loaded liposomes were
231.3 nm and +22.8 mV, whereas the mean particle size and zeta potential of complex
loaded NLC were 180.6 nm and —13.4 mV. This study proved that cyclodextrin and lipo-
some or NLC cause an increase in the drug permeability by 16 and 8 times, respectively. In
addition to promoted permeation, these formulations were stable for three months at 4 °C
with high entrapment efficiency [256].

Garg et al. [257] reported on aceclofenac-loaded NLC using a quality by design
oriented approach, where a 27-factorial design was employed for the optimization of
NLCs. In this respect, the formulation was prepared by a microemulsion method, and
composed of cetyl alcohol, Transcutol®P, and Tween 80. The optimized NLCs were further
incorporated into carbopol gel. The optimized aceclofenac-loaded NLC better showed
skin permeation efficiency and better anti-inflammatory activity. Furthermore, a group of
researchers formulated salicylic acid-loaded-NE against inflammation. The formulation
contained lemongrass oil, labrasol, and carbitol. This investigation involved combining two
approaches, hydrophilic-lipophilic balance (HLB) and response surface methodology. The
mean particle size and HLB of optimized formulation were 134.7 nm and 14.8, respectively.
Results of this study showed that retention of salicylic acid in the skin increases by 2.8 fold
in epidermis and 4.13 fold in the dermis [258].

Khaurs et al. [259] designed meloxicam-loaded SLN-based gel formulation for dermal
application using the microemulsion method. This formulation’s particle size was 239 nm,
and its zeta potential was —24.53 mV. Meloxicam-loaded SLN-based gel formulation
was compared with meloxicam-loaded nanoemulsion-based gel that the same authors
previously developed [260]. Meloxicam-loaded SLN-based gel formulation penetrated
different skin layers with controlled release. However, its flux of meloxicam was lower
than meloxicam nanogel-based formulation. Additionally, nanogel-based formulation
showed better skin tolerability and anti-inflammatory effect. Listed in Table 8 are several
of NSAIDs incorporated into SLNs, NLCs, and NEs.

Table 8. Non-steroidal anti-inflammatory drugs incorporated into SLNs, NLCs, and NEs.

Excipient Bioactive Molecule NC Preparation Method Model Comment Ref.
Solid lipid: Enhanced
ATO 188 L. Pre-emulsion bioavailability and )
Surfactant: Piroxicam SLN Sonication transdermal [249]
Polysorbate 0 permeation
Solid lipid:
Lecithin Edema model in Enhanced
Glycerol Monostearate Piroxicam SLN Solvent evaporation € arato € transdermal [250]
Surfactant: permeation
Tween 80
Solid lipid:
?ﬁgf;éﬁj Solvent Enhanced
Piroxicam SLN emulsification/ Guinea pig skin transdermal [251]
Surfactant: . .
Brij35 evaporation permeation
Brij72
Solid lipid:
Phosphatidyl choline
Stearic acid
Oil: ME Hot homogenization Porcine ear Enhanced
Oleic acid Lornoxicam SLN followed by and bioavailability [252]
Surfactant/stabilizers NLC Sonication Wister albino rat efficacy
Phosphatidyl choline
Pluronic F68

Phosphatidyl choline
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Table 8. Cont.

Excipient

Bioactive Molecule

NC

Preparation Method

Model

Comment

Ref.

Solid lipid:
Glyceryl monostearate
Triglycerides
Soy lecithin
DOGS-NTA-Ni
Surfactant:

Tween 80

Poloxamer 188

Lornoxicam

NLC gel

Emulsion-
evaporation

(HaCaT) cell

Enhanced efficacy

[253]

Solid lipid:
Cetostearyl alcohol
Surfactant:

Tween 80

libuprofen

SLN

Hot homogenization

Dorsal skin of
Sprague-Dawley

Enhanced
anti-inflammatory
and analgesic
activities

[255]

Solid lipid:
Precirol ATO5
Phosphatidylcholine
Cholesterol
stearylamine

Oil:
Labrasol

Surfactant:

Tween 80
Liposome

sodium cholate

Oxaprozin

NLC

Lipo-
some

Hot homogenization
followed by
ultrasonication

Human skin

Enhanced topical
delivery

[256]

Solid lipid:
Cetyl alcohol

Oil:

Transcutol®P
Surfactant:

Tween 80

Aceclofenac

NLC

Microemulsion

Enhanced efficacy

[257]

Oil:

Lemongrass oil
Surfactant:

Tween 20
Labrasol
Carbitol

Salicylic acid

NE

Low energy
spontaneous
emulsification

Mice Ears

Deep penetration
Enhanced
anti-inflammatory

[258]

Solid lipid:
Cetyl palmitate
Surfactant:

Tween 80

Propylene glycol

Meloxicam

SLN

Microemulsion

Mice

Enhanced
anti-inflammatory
activity penetration

[259]

Solid lipid:
Caprylic acid
Surfactant/Stabilizer:

Tween 80

Propylene glycol

Meloxicam

NE-

Microemulsion

Albino rats

Enhanced
anti-inflammatory
and penetration

[260]

Abbreviations: NC: Nanocarrier, ME: Microemulsion, NE: Nanoemulsion, DOGS-NTA-Ni: 1,2-Dioleoyl-sn-glycero-3-[(N-(5-amino-1-
arboxypentyl) imidodiacetic acid) succinyl nickel salt].

6. Conclusions and Future Prospective

Skin inherits the selective nature as a barrier and affords low permeability in the two
opposite directions. Therefore, therapeutic molecules that can permeate the skin should be
small and have an adequate degree of lipophilicity; however, few drugs can fit these criteria
and stand-alone to provide the desired therapeutic outcomes. Overcoming these challenges
can be achieved through the development of delivery systems that can pass the skin barrier.
Owing to their biocompatible and versatile properties, solid lipid nanoparticles (SLN),
nanostructured lipid carriers (NLC), and nanoemulsions (NE) display advantages over
other organic and inorganic nanoparticles for the delivery of different types of drugs into the
skin. These advantages include low toxicity, high drug loading capacity, biodegradability,
large-scale production, and diverse chemical and formulations landscape. In addition, the
availability of different preparation techniques and the diverse range of lipids, enable a
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wide range of topical, dermal, and transdermal applications, therefore providing a reason
for the high interest by the academic and industrial sectors. Although lipid nanoparticles
acquired a major share in developing cosmetics for the skin, the clinical applications for
therapy still need more efforts and investigation. Moreover, more attention should be
provided to in vivo studies to enhance the knowledge about the bio-distribution, wanted
and unwanted effects in the short and long terms. Taken all together, the ultimate goal
is to find simple-and-smart therapeutics and drug delivery systems that are efficient and
effective to produce higher therapeutic index and high-quality products.
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