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Abstract: The main function of the skin is to protect the body from the external environment.
However, the skin can undergo inflammatory processes, due to genetic, hormonal, or environmental
factors. When the defense system is overloaded, there is an increase in pro-inflammatory mediators
and reactive oxygen species (ROS), which results in skin disorders. Among the substances used to
treat these inflammatory processes, many natural substances with anti-inflammatory and antioxidant
properties are being studied: nature is yet an abundant source to obtain diverse pharmacological
actives. The treatment of skin diseases is usually focused on topical application, as it reduces the risk
of systemic side effects and prevents drug degradation by first-pass metabolism. Thus, the properties
of drug delivery vehicles can facilitate or inhibit its permeation. Due to the hydrophobic nature of the
skin, a promising strategy to improve dermal drug penetration is the use of lipid-based nanoparticles,
such as nanostructured lipid carriers (NLC). Therefore, in this review, we present NLC as a tool to
improve dermal administration of natural substances with anti-inflammatory properties.

Keywords: natural products; anti-inflammatory substances; topical nanomedicines; nanostructured
lipid carriers

1. Introduction

The first barrier for the entrance of substances into our body is the skin. It is considered
the first line of defense while being the largest organ of the body. This organ is responsible
for protecting the underlying tissue from infections, dehydration, chemical, and physical
stress and is also responsible for the wound healing process after injury [1-4]. However,
genetic, hormonal or environmental factors can trigger inflammatory diseases of the skin.
An abnormal immune response usually progresses on to autoimmune diseases that attack
their own cells, such as psoriasis [5]. On the other hand, hormonal activity during puberty
or pregnancy, for example, leads to a higher production of suet, which can cause acne.
Finally, various types of substances [6,7] or microorganisms [8,9] can cause skin irritations
that lead to an inflammatory process.

During the inflammatory process, pro-inflammatory mediators, such as cytokines and
chemokines, attract immune system phagocytic cells to stop the inflammation onset [10].
Activated leukocytes release reactive oxygen species (ROS), aiming to kill or destroy
microorganisms or degrade damaged tissue. However, non-specific targeting of ROS
can cause oxidative stress to the local and adjacent cells, leading to the enhancement of
the inflammatory process [10-12]. A well-organized system of chemical and enzymatic
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antioxidants protects the skin against oxidant species, avoiding deleterious effects [11,13,14].
On the other hand, this defense has limited capacity and its overload leads to an increase
in ROS that results in the development of dermatological diseases [11].

Several active pharmaceutical ingredients are used in the treatment of inflammatory
skin diseases, such as those with anti-inflammatory and antioxidant properties. Traditional
medications are usually based on synthetic substances to treat diseases. However, in recent
years, products of natural sources have gained more attention, claiming minimal side,
effects compared to synthetic medicines [15-18]. Due to the high diversity of compounds
produced by plants and microorganisms, research groups are screening the application of
natural substances for the treatment of many diseases, including dermatological patholo-
gies [19-21].

The treatment of skin diseases is mostly made by topical application since it (i) reduces
the risk of systemic side effects, (ii) the drug remains concentrated in the targeted tissue,
and (iii) it does not pass through the first-pass metabolism. However, the hydrophobic
nature of the skin and the tightly packaging stratum corneum that protect the organism from
the penetration of toxic agents also prevents the penetration of active substances [22-24].
Thus, the effectiveness of skin treatments depends on the ability of the drug to overcome the
skin barrier and permeate through the epidermis [2,25]. Therefore, studies focusing on the
development of nanovehicles as a predominant strategy of improving dermal penetration
of drugs have emerged [18,22,24,26,27].

There have been a significant variety of nanosystems developed over the last cen-
tury. Nanomaterials are frequently classified as organic and inorganic. Usually, these
nanomaterials are combined to obtain improved formulation for targeted drug delivery.
Figure 1 shows some of the established nanoparticles classified according to their main
constituent [28]. Despite the type of material, there are general advantages regarding
the nanoencapsulation of substances: (i) protection against degradation, (ii) avoidance of
reticuloendothelial system activation, (iii) enhancement of bioavailability and circulation
time, (iv) targeted delivery, and (v) drug solubility improvement, among others [29].
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Figure 1. Types of nanoparticles according to their main constituent.

Regarding the topical delivery of natural substances, the most used nanodevices are
lipid-based nanocarriers, polymeric nanoparticles, surfactant-based nanosystems, and
metal-based nanoparticles, especially those prepared with gold and silver nanomateri-
als [30-32]. However, the barrier formed by the stratum corneum (SC), also known as
the horny layer, is more effective in hindering the permeation of hydrophilic materials
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than lipophilic ones. Thus, the chemical nature of the delivery vehicle can facilitate or
inhibit its permeation [22]. Here, we will focus on nanostructured lipid carriers (NLC).
Among the advantages of this nanosystem, they present (i) high encapsulation efficiency of
hydrophobic-nature substances, (ii) biocompatibility, (iii) non-toxicity, (iv) easy industrial
production, and a (v) control release profile [33]. Other than that, NLC are a promising
system due to the capacity to exchange lipids with the outermost layers of the SC, after skin
surface binding [22-24,26,34]. Thus, in this review, we present NLC as a tool to improve
the topical application of natural substances with anti-inflammatory properties for the
treatment of skin diseases.

2. The Skin

The skin is the largest organ of the human body and accounts for approximately
16% of total body weight. Its vital function is to protect the body from the external envi-
ronment [11,35-38]. In addition, it has important immunological and sensory functions,
promotes protection against ultraviolet radiation, and helps the regulation of body temper-
ature and the synthesis of vitamin D [36,38].

Anatomically it is divided into the epidermis and dermis, external and internal layers,
respectively [25]. The epidermis has four sub-layers. The stratum corneum (SC) is the
outermost sublayer, and it protects the subsequent structures of the skin, providing the
primary barrier against water loss and percutaneous absorption of compounds [4,39-43].
The other three sub-layers of the epidermis are called the stratum basale, spinosum, and
granulosum (Figure 2). Together, these sub-layers form the viable epidermis, responsible
for the synthesis of the SC [4,38,39]. In some parts of the body, such as the palms of the
hand and soles of the feet, there is a fifth layer. It is called the stratum lucidum, a dead
keratinocytes layer that is located just below the SC [44,45]. This layer is responsible for the
capability of the skin to stretch and lowers the effects of friction in the skin [45]. The most
abundant cells of the epidermis are keratinocytes; however, other cell types are present,
such as melanocytes in the stratum basale (responsible for the synthesis of melanin), and
Langerhans cells in the stratum spinosum (responsible for communicating to the immune
system about the presence of any foreign body) (Figure 2) [46].

The dermis is located just below the epidermis, and it is responsible for providing
mechanical support and elasticity for the skin through collagen and elastin, which are
produced by fibroblasts. It is highly vascularized and innervated and contains large
amounts of lymphatic vessels. The epidermis appendages are found in this layer, such
as hair follicles, sebaceous glands, and sweat glands. The cells that make up the dermis
are fibroblasts and myofibroblasts, in addition to immune system cells (mast cell, T cell,
dendritic cell, and macrophage) that offer protection against pathogens and toxic substances
(Figure 2) [35,40,46—48].

The epidermis is in constant renewal. The keratinized cells of SC are replaced by
keratinocytes from the inferior epidermis [3,40,49]. Keratinocytes migrate along with
the viable epidermis and, upon leaving the basal layer, begin to differentiate both in
structure and composition. During their maturation, they express and synthesize numerous
structural proteins and lipids. It is at the interface between the stratum granulosum and the
SC that the final differentiation occurs, and the keratinocytes undergo profound changes in
their structure, becoming dead keratin-filled cells called corneocytes [40].

In the stratum granulosum or granular layer, two types of granules are formed within its
cells: protein-filled keratohyalin granules and lipid-containing lamellar bodies. Following
the process, in the corneal horny layer, the cell nucleus is digested, and the cytoplasm
disappears. Then, lipids are released into the extracellular space, keratin intermediate
filaments aggregate to form microfibrils, and the cell membrane is replaced by a cell
envelope made of cross-linked protein with covalently bound lipids [38]. Finally, this
novel hierarchical structure composed of layers of corneocytes embedded in a lipid-rich
matrix constitutes the following layer: the SC [50]. The lipid composition of this layer
is variable and presents ceramides, cholesterol, and fatty acids that are assembled into
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multi-lamellar bilayers [35,39,50,51]. The lipid regions of the SC form a single continuous
structure. In this way, any substance that encounters the skin needs to cross these regions,
which makes the organization of such lipids extremely important as an obstacle to perme-
ation [40]. This protection against external bodies also limits drugs permeation for skin
inflammation treatment.
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Figure 2. Skin structure and immune cell composition.

3. Inflammatory Process of the Skin

The inflammatory process of the skin is characterized by pain, redness, swelling,
heat, and loss of function [12,52]. In a wound-healing process, inflammation is very
important for the detection and elimination of pathogenic microorganisms, removal of
damaged tissue, and cleaning of the affected area [53]. The skin can suffer various types of
inflammatory processes that can be caused by a series of chemical or mechanical harmful
agents, pathogens, or an autoimmune or allergic response [10,52]. The inflammatory skin
process is carefully detailed in Refs. [10,47,48].

Briefly, after the skin barrier is disrupted, a rapid but non-specific innate immune
response occurs [10,47]. In this process, the cells of the innate immune system recog-
nize danger-associated molecular patterns (DAMPs—endogenous molecules produced or
released in response to cell damage), or pathogen-associated molecular patterns (PAMPs—
specific molecular structures of microbial pathogens), through receptors called pattern-
recognition receptors (PRRs) [10,48]. The innate immune response leads to death and
phagocytosis of the invader, and it can limit further damage and allow tissue repair [12].
The main cells that initiate this process are macrophages and dendritic cells (DC). Thus, if a
DC phagocytoses a pathogen in the presence of PAMP, it will produce pro-inflammatory
mediators responsible for recruiting neutrophils, monocytes, and NK cells for the initial
innate immune response [10]. However, if during an infection there is resistance to this
type of immunity, the body makes use of the adaptive immune response, which is slower
and more specific [12]. In the case of an adaptive immune response, the process begins
with the presentation of the antigen to T cells by the antigen-presenting cells (APCs). Thus,
DC will migrate to the nearest lymph nodes to find the pathogen-specific T cell and recruit
it to the inflammation site [10,47,48]. Finally, activated B cells secrete antibodies that reach
the skin and contribute to the immune response [10] (Figure 3).
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Figure 3. The general inflammatory process of the skin.

Each type of signal leads to the activation of a different subgroup of Th cells (Figure 4).
Thus, Thl cells are activated after a viral infection or tumor cells and produce interferon-y
(IFN-y) and tumor necrosis factor (TNF), to recruit CD8 + cytotoxic T cells (CTLs) for
an antiviral or antitumor response. Th2 cells, on the other hand, respond to parasites
and produce IL-4, IL-5, and IL-13 that recruit basophils, eosinophils, and mast cells to
coordinate an antiparasitic response. Finally, Th17 cells respond to bacteria and fungi
infections and produce IL-17, IL-21, and IL-22, which recruit neutrophils and promote
an antibacterial or antifungal response [10]. In the case of skin inflammation caused
by an autoimmune process, such as in vitiligo, lupus, and psoriasis, this response is
promoted by Thl and Th17 cells that lead to a misdirected response against the body itself.
In allergic processes, however, the response is Th2 and occurs, for example, in allergic
contact dermatitis that occurs after chemical or environmental exposure [10,48]. After the
inflammatory process finally manages to control the threat, regulatory T cells suppress
immune responses, helping to prevent autoimmunity and attenuate inflammation. Without
this cell type, several autoimmune skin diseases could be generated, such as eczema,
psoriasiform dermatitis, urticaria, and alopecia universalis [10].



Pharmaceutics 2021, 13, 1454

6 of 22

Lymphocyte 2" order

- Effector cells Response
subsets cytokines P
/ ;\\\ ° ° o ¢ « Antiviral or antitumor response
\ | ' » « Autoimmune process
y ° °
&
Tul IFN-y CDB8+ cytotoxic T cells
° 3 « Antiparasitic response
® o, « Allergic processes
IL-4 IL-5 IL-13 Basophil Eosinophil Mast cells
° ) * Production of cytokines and
e o Y &8 . antimicrobial peptides
° ° ‘g "« Antibacterial or antifungal
response
Tyl IL-17 IL-21 IL-22 ]\'cutr()phil * Autoimmune process

Figure 4. Lymphocytes activation through different signals.

In an efficient healing process, the transition between the inflammatory and prolif-
erative phase occurs by decreasing the number of neutrophils, macrophage phenotypic,
collagen deposition, and revascularization. However, during the inflammatory process,
disturbances and excessive production of pro-inflammatory mediators can occur, which
causes inflammation to become pathogenic and leads to the development of chronic in-
flammatory diseases. Interactions between skin cells, such as fibroblasts and keratinocytes,
occur and impair the tissue remodeling process. Thus, chronic wounds are marked by
high levels of inflammation, decreased production of growth factors and proliferation of
endothelial cells, and by non-re- epithelialization [48,52,53]. It is believed that ROS are
also involved in chronic inflammatory responses, after an overload of the skin’s antioxi-
dant capacity. During an inflammatory process, ROS are important for defense against a
pathogen and degradation of damaged tissue. However, due to the high reactivity of these
radicals, they can oxidize molecules, such as proteins, lipids, and DNA from local and
adjacent cells, causing oxidative stress and therefore increasing the inflammatory process.
Oxidative stress is characterized by excess ROS or an insufficient number of antioxidants
and can increase the inflammatory process by (i) incorrectly oxidizing host cell constituents
that cause immune cells to respond; or (ii) activating redox-sensitive proteins, such as the
transcription factor NF«B, which leads to the increased expression of pro-inflammatory
mediators [11-13].

4. Natural Substances with Anti-Inflammatory Activity

Natural products coming especially from plants and fungus have been used for thou-
sands of years to treat countless diseases [54]. Between 1981 and 2002, for example, 62% and
64% of new anticancer molecules and antihypertensive drugs, respectively, were obtained
from natural sources [55]. In addition, different molecules coming from natural products
can have specific activities, such as antibacterial, antifungal, antimicrobial, analgesic [56],
anti-inflammatory, and antioxidant properties [57-59].

Among these conditions, inflammation is caused by tissue injury (e.g., stress, irritants,
and radiations), infections (microbial and viral), or genetic changes that lead to a complex
biological reaction induced by the disruption of the tissue homeostasis [15,16,60]. The main
chemical constituents found in natural products that are known to have anti-inflammatory
or antioxidant activities are listed in Table 1.
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Table 1. Chemical groups and mechanism of action of natural substances extracted from plants that present anti-

inflammatory activity.

Chemical Examples of
Group Substances

Mechanism of Action as an Anti-Inflammatory

Fucoxanthin

Acts by restraining tyrosinase activity [61] and nitric oxide production. It also inhibits
nitric oxide synthase, cyclooxygenase 2 (COX-2), and prostaglandin protein
expressions. In the same way, TNF-«, IL-1$3, and IL-6 are reduced after fucoxanthin
treatment [62].

Carotenoids Lutein

Decreases pro-inflammatory cytokines such as IL-6, IL-13, and TNF [63,64]. Inhibits
cyclooxygenase expression [63], which downregulates the activation of
prostaglandin [65].

Acts through radical scavenging activity by AP-1 pathway [63].

Lycopene

Inhibits pro-inflammatory proteins, such as TNFe, IL-1§3, IL-6, and IL-8, by the NF-kf3
pathway and induces the expression of anti-inflammatory cytokines, such as IL-10 [66].
Presents antioxidant activity due to its eleven conjugated double bonds [67].

Inhibits redox by suppressing ROS-producing enzymes like cyclooxygenase,
lipoxygenase, nitric oxide synthase, and NADPH oxidase [68].

Flavonoids Quercetin

Suppresses pro-inflammatory pathways, such as AP-1, cyclooxygenase, and NF-kf3,
therefore, inhibiting several pro-inflammatory cytokines, as TNF-« and IL-13 [69] and
iNOS [70].

It also inhibits xanthine oxidase and lipoxygenase, decreasing oxidative injury [71],
and quinone reductase 2 that catalyzes toxic compounds, forming ROS [72].

Furocoumarin Psoralen

Inhibits cell division and proliferation through DNA interaction [73].
Decreases the levels of pro-inflammatory cytokines, such as IL-1f3 [74].

Curcumin

Produces anti-inflammatory effect through the peroxisome proliferator-activated
receptor gamma (PPAR-y) pathway [75]. Causes the reduction of NF-kf3 and AP-1
pathways, which inhibits pro-inflammatory mediators, such as TNF-« and other
cytokines [75,76].

Blocks the formation of ROS and the production of pro-inflammatory cytokines by
inhibiting cyclooxygenase [77].

Scavenges reactive species, modulates the activity of glutathione peroxidase, catalase,
and superoxide dismutase, besides inhibiting ROS-generating enzymes such as
cyclooxygenase, and also lipoxygenase, and xanthine hydrogenase [76].

Phenolics

Resveratrol

Inhibits the AP-1 and NF-kf pathways [78,79]. Blocks the expression of
cyclooxygenase and cytokines, such as IL-1, IL-8, iNOS, and TNF-« [78,80-82].
Upregulates anti-inflammatory cytokines, such as IL-2 and IL-10 [83].
Scavenges the reactive oxygen species [78].

Sesamol

Inhibits cytokine production of TNF-« and IL-1 by suppressing the NF-kB
pathway [84].

Inhibits lipoxygenase through its radical scavenging activity, due to the presence of a
benzodiol group [85].

Terpenoids Thymol

Inhibits cyclooxygenase. Inactivates calcium channels by triggering the reduction of
elastase [86].

The molecules highlighted in Table 1 are originated and extracted by plants species.

Other compounds with anti-inflammatory and antioxidant activities used to treat inflamma-
tory skin diseases can also be isolated from fungi and bacteria. Cyclosporine is a lipophilic
immunosuppressant extracted from fungi species that acts by blocking lymphocyte func-
tions through calcineurin inhibition, after cyclophilin. Consequently, the production of
pro-inflammatory cytokine interleukin-2, responsible for lymphocyte maturation, is com-
promised [87]. Like cyclosporine, tacrolimus also acts by inhibiting calcineurin. However, it
binds to another immunophilin, FKBP. This connection could start the production of several
inflammatory mediators. This lactone can be isolated from Streptomyces tsukubaensis and it
has similar properties and mechanisms to cyclosporine [87]. Additionally, high amounts
of IL-8 are observed in psoriasis, which stimulates keratinocytes division. Therefore, an
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important role of tacrolimus is that it can act directly on these cells, reducing the number
of IL-8 receptors, relieving inflammation [88,89].

An advantage of the use of natural products as a source of substances for the treatment
of diseases is that they are usually found in high abundance in nature, which makes the
substances often cheaper than their synthetic counterparts [58].

Ultimately, the treatment of skin inflammatory diseases using natural substances
depends on its permeation through the SC, composed of lipid regions that form a single
continuous structure. Overall, the skin has low permeability to the penetration of foreign
molecules, thereby protecting the body [50]. Consequently, rational strategies must be
applied to overcome the barriers of the skin [41].

5. Nanostructured Lipid Carriers (NLC)

Lipid-based nanoparticles are an effective strategy to improve drug absorption by
skin [90,91]. Among them, solid lipid core nanoparticles (SLCN) appear to be a promising
approach to improve treatment efficacy by increasing the active delivery to the epider-
mis [34,92-94]. This type of nanosystem presents a solid lipid core at room and body
temperature, and is mainly divided into solid lipid nanoparticles (SLN) and nanostruc-
tured lipid carriers (NLC).

Miiller and Lucks introduced the term solid lipid nanoparticle (SLN) in 1996, after
developing a novel method for the production of lipid nanoparticles, using high pressure
homogenization [95,96]. They are composed exclusively of solid lipids or a blend of solid
lipids [97]. On the other hand, nanostructured lipid carriers (NLC) also present a solid
lipid core and are prepared by a blend of solid and liquid lipids to yield a non-crystalline
amorphous lipid core, which allows higher drug loading [96]. Both types of nanoparticles
(SLN and NLC) are encompassed as solid lipid core nanoparticles (SLCN).

Due to the similarity in lipid nature of the core of produced nanoparticles and the
epidermal lipids, NLC have enhanced the permeation of drugs after topical applica-
tion [93,98]. The enhanced permeation happens because NLC cause an occlusion effect
through the formation of a film on the skin (Figure 5) [99,100]. The occlusive effect reduces
transepidermal water loss, improving hydration of the skin, and increasing drug pene-
tration [18,27,43,101-104]. This effect is conferred by the small size and strong adhesive
properties of these particles [43,99,102,104,105]. In addition, NLC components, such as
lipids and surfactants, can also act as permeation enhancers by interacting with and disor-
ganizing SC lipids, which facilitates permeation of the molecules to the deeper layers of
the epidermis [20,43].

Thus, inflammatory skin diseases can be successfully treated by the localized release of
actives through NLC, more efficiently than conventional formulations. These nanosystems
may improve the anti-inflammatory properties of the active by increasing its permeation
through (i) targeted epidermal delivery, (ii) stratum corneum surface modification after
contact of the nanocarrier’s components and the corneocytes, (iii) nanoparticle’s adherence
to the skin surface by the occlusion effect, which leads to a controlled release of the active,
and (iv) enhanced active concentration by increasing the solubility of the incorporated
actives, among others [18,20,61].

Among the advantages of NLC, the lipids used in the composition of these systems
(i) are usually non-irritating and non-toxic, (ii) allow the encapsulation of lipophilic com-
pounds, (iii) increase drug stability, (iv) protect the active against degradation, (v) improve
the drug load, (vi) possess eco-friendly production methods, and (vii) present ease of
sterilization [106-113]. Together, these characteristics make NLC excellent vehicles for
actives used in the treatment of inflammatory skin diseases.
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Figure 5. Permeation and penetration of nanostructured lipid carriers in the skin after topical

administration.

Constituents and Methods

Nanostructured lipid carriers (NLC) are formed from a blend of solid and liquid lipids,
emulsifiers and water (Figure 6) [114-116]. Among the lipids used in the formulation,
triglycerides (e.g., tristearin, tristearate, tripalmitate, tripalmitin), partial glycerides (e.g.,
Imwitor), fatty acids (e.g., palmitic and stearic acid), steroids (e.g., cholesterol), and waxes
(e.g., cetyl palmitate) are highlighted [92,114,116-118]. Furthermore, recent studies report
the use of archaeolipids for the construction of lipid nanoparticles [119,120]. This type of
lipids is extracted from the hyperhalophilic archaeobacteria Halorubrum tebenquichense, and
the major component is 2,3-di-O-phytanyl-sn-glycero-1-phospho-(3’-sn-glycerol-1’-methyl
phosphate) (PGP-Me). Lipids that form highly crystalline particles with a perfect lattice
(e.g., monoacid triglycerides) have low drug integration capacity, while more complex
lipids, such as mixtures of mono-, di- and triglycerides and fatty acids of different chain
lengths form less perfect crystals with many imperfections, offering space to accommodate
drugs [121].

NLC formulations are compatible with most emulsifiers (e.g., poloxamer 188, polysorbate
80, lecithin, and sodium glycocholate) approved by drug regulatory agencies [118,121,122].
In addition, recent papers showed that a combination of emulsifiers can be used to prevent
particle agglomeration [92,114,123].

Different methods can be used for the production of NLC, encapsulating natural
substances, such as high-pressure homogenizations, ultrasound, microemulsion, solvent
evaporation, spray-drying, and others, as already reviewed in detail by Dhiman and
co-workers and Mishra and collaborators [33,124]. Here, we focus on the three main
techniques used for natural compounds encapsulation: high-pressure homogenization,
microemulsion technology, and ultrasound methods.

High pressure homogenization: it is the most used technique for the preparation of
NLC. Compared to other techniques, it has the advantage of large-scale transposition,
which normally presents reproducible results [100,114]. In this method, the particulate
dispersion is driven with high pressure (100-2000 bar) through a narrow cavity (few mi-
crometers) and accelerated at a very short distance with very high speed (above 1000 km/h).
Shear stresses and very high cavitation forces rupture the particles causing them to assume
nanoscale diameters [100,106,109,114,125].
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Figure 6. Illustration of nanostructured lipid carriers (NLC) and the main lipids and emulsifiers used for their construction.

e  Ultrasound: In this method, the particles are formed by ultrasonic waves that generate
cavitation in liquids. Thus, when a liquid is subjected to the process of sonication
with high intensity, the sound waves propagate in the middle of the liquid, creating
alternation of high- and low-pressure sound waves. In the phase of low pressure and
high intensity, the waves produce vacuum bubbles, which increase the diameter by
absorbing energy. After reaching the high-pressure phase, the bubbles are compressed
until they implode [126,127]. By using this method, researchers have to strictly con-
trol the conditions to avoid wide particle size distribution, which leads to physical
instabilities of the formulation [100,125].

e  Microemulsion: This method was first used by Gasco et al. (1997) [96,109,114]. Mi-
croemulsions typically contain unsaturated fatty acids, surfactants, co-surfactants,
and water. They are mixed at low-speed stirring, which forms an optically trans-
parent mixture at 65-70 °C. The hot microemulsion is then dispersed in cold water
(2-3 °C) under gentle agitation resulting in the solidification of nanostructured lipid
carriers [100,109,114,121,125].

Regarding sterilization, the most used techniques include y-radiation, autoclaving,
and filtration. In addition, the sterile product can be obtained by aseptic production,
using good manufacturing practice. The y radiation should be used in systems with a low
probability of chemical reactions between the components since free radicals are formed
in all the samples due to the high energy of the y rays [114]. In the case of autoclaving,
the lipid melting temperature and composition of NLC are critical parameters for the
applicability of this process to sterilize this type of nanoparticles. The choice of a suitable
surfactant, for example, is very important for the physical stability of NLC, even at high
temperatures [114,128]. Unlike the two previous forms of sterilization, filtration requires
the particles to have a diameter below the pore size of the filter in use [114].

Finally, adequate characterization of NLC is necessary for its quality control [114,125].
The important parameters evaluated for the NLC include particle size, polydispersity



Pharmaceutics 2021, 13, 1454

11 of 22

index, surface charge (zeta potential), degree of crystallinity and lipid modification (poly-
morphism), the coexistence of additional colloidal structures (micelles, liposomes), encap-
sulation efficiency, in vitro drug release, morphology and stability [18,114,125].

6. NLC Containing Natural Substances against Skin Inflammation

Natural substances presented in Table 1 possess a hydrophobic nature and, as naked
substances (without a delivery system), exhibit low solubility in water, chemical or pho-
toinstability, and low bioavailability, which may impair the pharmacological effect. The
administration of those substances without any protection system can be unspecific and
cytotoxic, and may promote various side effects within the organism, especially if systemi-
cally administered [129]. On the other hand, after topical administration, some of them
may go beyond skin layers and also reach circulation, resulting in a low skin retention
time [123]. After reaching blood circulation, unprotected natural compounds may attract
protein corona and activate the reticuloendothelial system, limiting bioavailability while
enhancing renal clearance [130]. Thus, the use of nanovehicles, such as NLC, is being
applied to improve the safety and efficiency of natural substances.

When preparing drug delivery systems, compounds from natural sources may face
challenges during nanoencapsulation. Depending on the chemical structure, molecular
weight, water affinity, and drug miscibility within the lipid matrix, the incorporation into
nanostructured carriers may be compromised (Figure 7).

Chemical or

photoinstability
and susceptibility
to oxidation

Low oil/water
partition
coefficient

Degradation during
nanoencapsulation
process

Drug miscibility
into lipid matrix

Surfactant
Lype

Substance
precipitation
or expulsion

Molecular
weight

lonization
potential

N

Low encapsulation
efficiency

v

Bioavailability
Efficient delivery
Therapeutical efficiency

Figure 7. Technical challenges to encapsulate natural substances into NLC.

Lipid-based nanosystems are usually applied to encapsulate hydrophobic substances
as they also exhibit hydrophobic compartments. Therefore, regarding SLN and NLC, drug
miscibility in the matrix is very important. Authors have compared several types of core
composition and observed differences in the encapsulation efficiency, considering the type
of lipid used to synthesize the nanocarrier [17]. Additionally, the amorphous core structure
of NLC is more likely to store a greater amount of the substance as observed by Puglia
et al. (2017) and Mura et al. (2021) [17,131]. The ionization potential of natural substances
also has to be carefully observed. This will demand pH control or the use of a counterion
to ensure that the molecule will maintains its affinity to the lipid core [132]. All of the
above characteristics can impair the encapsulation efficiency within the nanocarrier by
substance precipitation and even expulsion of the lipid matrix to affect their therapeutical
efficiency [125].
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Challenges are also observed when natural substances are not well purified after
extraction. The use of total extracts can affect the encapsulation efficiency of a specific
substance, due to the mixture of molecules that can cause chemical incompatibility. The
components from the mixture will be distributed in the external aqueous phase, adsorbed
on the surface of the nanoparticle, or encapsulated in the core. It also affects the therapeutic
efficiency since the absorption and release of each compound will depend on its location in
the nanoparticle suspension [133]. Likewise, the choice of an appropriate surfactant will
drive the absorption of the substance (thus the location in the nanoparticle) and the final
release, while conferring stability to the dispersion. The choice of surfactants should be
analyzed in combination with the other components of the formulation and should be kept
at the lowest concentration possible, as they may be skin irritants and impact inflammatory
processes [117,134].

Besides affecting the encapsulation efficiency, high volatility and molecular instability
may also disturb the integrity of the compound during the nanoencapsulation process. If
there is chemical or photoinstability, the product of degradation may be formed, and thus
monitored, during the process. Depending on the type of method used for nanocarrier pro-
duction, the molecule may volatilize, especially if heated [135]. Finally, post-manufacture
steps, such as transportation and storage, have to be also carefully provided [136].

Ultimately, the use of NLC leads to the protection of unstable chemical substances and
allows the controlled release in the extracellular environment or the penetration in targeted
cells for intracellular delivery. Altogether, NLC enhance the therapeutic effects of the
bioactive compounds derived from natural products [16,137]. In Table 2, we present studies
using NLC to encapsulate natural compounds with anti-inflammatory and antioxidant
activity for topical administration against skin diseases.

Table 2. Topical anti-inflammatory nanomedicines based on nanostructured lipid carriers containing natural substances.

Natural Compound. Biological Activity Limitations Results
Poor water solubility.
Cyclosporin A Syste.zn}ic sic.le effects after oral NLC permeation was higher than free
Immunosuppressant administration. cyclosporin A.
[138-142] ! ) . .
Low permeation of cyclosporin A No systemic absorption.
through the skin.
NLC loading curcumin was concentrated
Curcumin Poor water solubilit in the superficial layers of the skin,
[26,123,143,144] and Anti-inflammatory Hich permeation ch;)u h the skin reducing the permeation of curcumin.
curcuminoids and antioxidant g1 p & ’ NLC gel showed an enhanced skin drug
3 reaching blood vessels. e
[21,123] deposition.
Slight increase in antioxidant activity.
Improved photostability.
Fucoxanthin Anti-inflammatory . e Fucoxanth in protection against
[61] o Photoinstability. degradation.
and antioxidant - .. . .
Assured topical administration without
transdermal penetration.
P " lubilit NLC increased lutein’s chemical and
Lutein Anti-inflammatory LoorgY ater slo ];111 1y photostability.
[145] and antioxidant ow bloavailablity. NLC provided a sustained release.
Unstable molecule. : .
NLC increased penetration rates.
Poor water solubility.
Lycopene Antioxidant and Low permeation of lycopene through the NLC retarded the chemical degradation.
[146] anti-inflammatory skin. NLC led to a biphasic release profile.

Unstable molecule.
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Table 2. Cont.

Natural Compound. Biological Activity Limitations Results

. NLC enhanced permeation through the

Psoralen Anti-inflammatory . Poor water solubility. skin.
[107] and anti-proliferative o Photosensitive molecule.
. NLC led to a biphasic release profile.
. Skin permeation was improved.
bili . NLC promoted permeation.
Quercetin Anti-inflammatory ° Poor wz.iter solu lh.t}." . Enhanced the effect of anti-oxidation and
[20,147] and antioxidant b Low skin permeability. anti-inflammation.
. NLC enhanced the deposition of the
P b lubilit drug in the skin.
Resveratrol Antioxidant and oor water SotubLiuty. . NLC controlled the release of the active.

. Poor bioavailability.

[113,148] anti-inflammatory I, . NLC enhanced the antioxidant activity.
° Photosensitive. . .
. NLC improved the permeation of
resveratrol.
Sesamol Anti-inflammatory . Poor water solubility. ¢ N.LC (?ontrolled the rate .Of sesamol
[17] and antioxidant e  High permeation through the skin diffusion through the skin.
’ . NLC prolonged antioxidant activity.
e  Controlled drug release followed by a
sustained release.
. NLC did not cause erythema and edema.
Low bioavailability. e NLC enhanced the permeation ability of
Tacrolimus I . Skin irritations (brun sensations, tacrolimus and dermal accumulation.
[149] mmunosuppressant ruritus). e The inflammatory activity was higher in
p Y Y &
° Stickiness. NLC-tacrolimus treatment when
compared to the reference.
. NLC formulation reduced undesirable
stickiness.
e  NLC improved the stability of the
molecule.
. NLC eliminated skin irritations, such as
Unstabl lecul erythema.
Thymol Anti-inflammatory N SI?SJ@ © mofecute. . NLC controlled the penetration of
[91] and antioxidant In irritations. thymol through the skin.

High permeation through the skin. NLC provided a biphasic release profile.

. Consequently, NLC improved
anti-inflammatory and antioxidant
activity.

All the compounds that use NLC as a delivery technology are hydrophobic, so they
are able to be complexed in the lipid core. The main reason to use this technology is the fact
that it protects labile substances, enhances the permeability of the hydrophobic compounds,
and allows sustained release after a single application [150].

Three studies analyzed curcumin incorporated into NLC and found similar results
for the permeability of curcumin [26,123,143]. In a permeation study, Caon et al. (2017)
observed through fluorescence microscopy that when curcumin was incorporated into
NLC, the concentration of this active remained high in the superficial layers of the skin.
This suggests that NLC is suitable for the topical administration of curcumin by reducing
its high permeability through the skin [143]. Shrotriya and colleagues (2018) prepared a
NLC containing curcumin and incorporated it into a carbopol gel. They observed that
the gel containing NLC exhibited controlled drug release up to 24 h, as the permeation
of the drug through the skin was lower than that of the plain gel. This indicates that
curcumin was retained in the epidermis and dermis when incorporated into NLC, which
was confirmed by a drug deposition study. In addition, the NLC gel showed high occlusion
properties and a slight increase in antioxidant activity, compared to conventional gel [26].
In accordance, Zamarioli et al. (2015), showed that there was no permeation of curcumin
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in the pig ear skin for up to 18 h. This suggests that NLC modified the permeation of the
curcumin and controlled its release, increasing the residence time in the superficial layers of
the skin [123]. In addition, topical co-delivery of curcumin and caffeine by gel-incorporated
NLC was accomplished by Iriventi and Gupta for antipsoriatic activity. In vivo studies
showed promising results, as the tested formulation alleviated symptoms by day 8, while
market formulation showed similar results by day 20 [144].

The carotenoids are a family of natural lipid-soluble pigments found in plants that are
also known to have anti-inflammatory activity [151,152]. Fucoxanthin is a marine pigment
produced by microalgae and brown macroalgae. This carotenoid has anti-inflammatory and
antioxidant activities and was incorporated in NLC by Cordenonsi and co-workers (2019).
Besides good physicochemical properties, the skin porcine permeation study showed
specific and linear NLC distribution without transdermal delivery [61].

Other than that, Mitri and co-workers (2011) observed an increase in chemical and
photostability of the carotenoid lutein, after incorporation in NLC. In addition, the NLC
formulation led to a sustained release of the active and also to an increase in penetration
rates, compared to free lutein [145]. Another carotenoid with anti-inflammatory and
antioxidant activities is lycopene. This is a lipophilic pigment and one of the most potent
antioxidants known [146]. As it is very unstable, Okonigi and Riangjanapatee (2014)
prepared NLC to protect lycopene, delaying its chemical degradation. In addition, the
NLC led to a biphasic release profile of lycopene, which is relatively rapid during the first
6 h, followed by a prolonged release over the next 18 h [146].

Another substance from natural sources incorporated in NLC was psoralen. Psoralen
acts by binding to the DNA molecule when exposed to UV light, inhibiting its synthesis, and
consequently, it decreases cell proliferation [73,153]. This substance is mainly used to treat
psoriasis, a skin inflammation that is characterized by the uncontrolled cell proliferation of
the skin. Psoralen was incorporated into SLN/NLC by two studies, aiming its topical use to
inflammatory skin diseases, such as psoriasis [107,154]. Faiyazuddin and colleagues (2010)
encapsulated babchi oil, which is mainly composed of psoralen, to SLN formulations. They
found that skin permeation was improved using SLN formulations. In addition, the drug
release of SLN formulations was found to be more rapid in the first 24 h, when compared
to the free compound, probably due to the initial burst release [154]. Fang and co-workers
(2008) carried out another study that used nanostructured psoralen. They showed that the
NLC formulations enhanced permeation and controlled release of the drug. In addition,
they observed that the psoralen derivative, 8-methoxypsoralen, permeated similarly in
normal or hyperproliferative skin, compared to the free drug [107].

Quercetin is the flavonoid that has the highest antioxidant property. Besides this activ-
ity, it also presents other pharmacological activities, such as being anti-inflammatory [20].
In the work of Chen-Yu and co-workers (2012), NLC promoted the permeation and in-
creased the amount of substance retained in the skin, compared to the quercetin-containing
polyethylene glycol solution. In addition, NLC per se also enhanced the anti-oxidative
and anti-inflammatory effect exerted by quercetin, which is favorable for the treatment
of inflammatory conditions [20]. Another NLC-quercetin formulation was developed by
Bose and Michniak-Kohn (2013) and promising results were observed regarding topical
administration. Yet, in comparison to the SLN formulation, the NLC system showed the
highest delivery of quercetin, revealed by the quantification of retained quercetin in the
skin [147].

The natural polyphenolic compound resveratrol has a potent antioxidant with strong
anti-inflammatory properties. Two studies analyzed resveratrol incorporated into NLC [113].
Sun and colleagues compared nanoemulsion, SLN, and NLC formulations encapsulating
resveratrol for topical delivery [148]. Regarding the two last formulations, NLC showed a
more controlled release profile than SLN. On the other hand, SLN had a better outcome con-
cerning skin permeation. Nevertheless, NLC formulation had a great outcome concerning
topical delivery of resveratrol. In accordance with these results, Soldati and collaborators
(2018) found that the release profile of resveratrol from the NLC was biphasic, with a burst
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release within the first 4 h followed by a prolonged release over 24 h. Additionally, NLC
improved the permeation and retention of the resveratrol in the upper layers of skin and
enhanced by 20% the antioxidant activity of resveratrol, compared to the free active [113].

Another phenolic compound incorporated into NLC was sesamol, which has antiox-
idant activity [17]. Puglia and colleagues (2017) were able to control the rate of sesamol
diffusion through the skin by incorporating it into an NLC/SLN, thereby maintaining
high concentrations of sesamol in the upper layers of the skin. In addition, NLC and SLN
prolonged the antioxidant activity of sesamol up to 40 h [17].

Terpenes are a family of organic compounds found especially in essential oils produced
by plants and are not only known to be valuable penetration enhancers by causing disorders
on the integrity of the stratum corneum structure [155], but also to have important anti-
inflammatory properties [156]. In the work of Pivetta and collaborators (2018), thymol
was incorporated into NLC, and a biphasic release was obtained. In addition, the NLC
formulation presented better anti-inflammatory and antioxidant activity than the free
thymol. Both inflammation models used to test the nanoparticles showed inhibition of 60%
of the edema. This can be explained due to the high permeation capacity of this terpene,
which is highly lipophilic, allowing the mobility of the stratum corneum lipid structure [91].

Regarding the compounds produced by fungi and bacteria, several groups are devel-
oping nanostructures to improve their anti-inflammatory activity, such as cyclosporine A
(CyA) and tacrolimus. Kim and co-workers (2009) incorporated cyclosporin A into NLC
and obtained high permeation of the active into the stratum corneum (7.4 times greater than
the cyclosporin A oil mixture). This was also observed in the viable skin, where perme-
ation was 2.4-fold greater for the nanostructured cyclosporin A. Yet, an in vivo experiment
showed that cytokines levels of IL-4 and IL-5, normally overexpressed in atopic dermatitis,
decreased by 40% in both cases [138]. Topical CyA delivery was also achieved by Silva
and colleagues (2020) [140], Essaghraoui and co-workers (2019) [139], and Trombino and
collaborators (2020) [141]. Efficient permeation was observed with reduced transdermal
permeation. Thus, this indicates promising topical administration formulations by all
works. In addition, co-delivery of CyA and calcipotriol by NLC was performed for psori-
asis treatment. Ex vivo permeation studies reported a non-detectable quantity of either
compound, which means skin retention and no transdermal delivery. Additionally, the
actives penetrated deeper when encapsulated, compared to free administration. In vivo
studies observed maximum reduction in skin inflammation by the nanoformulation with
no scaly lesions and reduced thickness of the skin [142].

Regarding co-delivery, tacrolimus and TNF-« siRNA were co-encapsulated into a
NLC by Viegas and co-workers (2020) into a multifunctional NLC. They observed good
physicochemical properties and promising permeation and retention profiles for topical ap-
plication. Finally, in vivo studies showed synergic effect and a more preserved architecture
of the tissue after tacrolimus and TNF-« siRNA co-delivery in the psoriasis model [149].

In addition, a complex mixture was nanoencapsulated and presented improvement
regarding its anti-inflammatory properties by topical administration. Afra and collabora-
tors (2020) proposed propolis flavonoids incorporation within NLC for topical treatment.
In vitro release reported an initial burst followed by a prolonged release up to 24 h post-
incubation. Furthermore, ex vivo assays demonstrated higher effectiveness in penetration
and permeation, and in vivo studies showed a significant reduction in the volume of the
edema after NLC topical administration [157]. Another study by Lacatusu and colleagues
(2017) aimed to incorporate a marigold extract and azelaic acid into SLN. The co-presence
of these compounds promoted a reduction in IL-6 and IL-1§ pro-inflammatory cytokines.
In addition, paw edema was significantly reduced after NLC treatment [153].

As shown in Table 2 and discussed here, the nanoencapsulation of natural substances
with anti-inflammatory activity into nanostructured lipid carriers for topical application
is yet a broad field for the development of novel nanomedicines. The enriched natural
diversity allied to recent advances in the preparation methods and nanomaterials provides
an open field for the development of novel anti-inflammatory nanomedicines.
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7. Conclusions

The treatment of topical inflammatory diseases is usually based on anti-inflammatory
and antioxidant substances applied to the skin. Among the compounds, those extracted
from natural sources stand out because of their effectiveness and low cost, in addition
to patient compliance in the use of natural products. Topical application is prioritized
due to direct action on the target tissue, which decreases the risk of systemic side effects
and prevents drug degradation by first-pass metabolism. However, two main obstacles
that difficult their penetration into the skin must be considered: the characteristics of
the substance itself and the skin barriers. Thus, nanostructured lipid carriers appear to
be a way of overcoming these problems, allowing effective targeting of the drug to the
epidermis. Consequently, it increases the efficiency of the treatment and reduces systemic
absorption, making this type of carrier ideal for topical application.
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