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Abstract

:

Nowadays, skin is one of the organs most commonly affected by diseases (infections, inflammations, and injuries) due to exposure to the external environment. Although topical treatment represents the most suitable administration route, it is poorly effective due to the low permeability of the drug through the skin. Skin drug delivery by lipid nanocarriers (LNs) appears to be a suitable therapeutic strategy to overcome these issues, allowing it to reach a topical or systemic effect. Several LN-based products have been developed to enhance the permeation of bioactive compounds through the skin, obtaining interesting results in both pharmaceutical and cosmetic fields. Therefore, this review aims to analyze the scientific literature regarding the use of LNs to treat major skin diseases (psoriasis, wound healing, atopic dermatitis, and acne) and esthetic skin defects (wrinkles and cellulite). Furthermore, attention has been paid to the transdermal application of LNs (topical formulations, transdermal patches, and microneedles), being a new topic in recent years.
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1. Introduction


The skin is the body’s largest organ and it is the primary protective part against the environment [1]. It is composed of three layers: epidermis, dermis, and hypodermis [2]. Epidermis, the outermost layer of skin, provides a waterproof barrier [3]. It is constituted by a keratinized stratified squamous epithelium made up of five sublayers: basal cell layer, squamous cell layer, stratum granulosum, stratum lucidum, and stratum corneum (SC). The latter is the most superficial layer of the epidermis and it is exposed to the outside environment [4]. Therefore, its main functions are to prevent dehydration, penetration of pathogens, and injuries [5,6]. The dermis, the layer beneath the epidermis, contains connective tissue, blood and lymph vessels, nerves, and other structures, such as hair follicles and sweat glands. It is able to support the epidermis by exchanging oxygen and nutrients [7,8]. Hypodermis, the deeper subcutaneous tissue, is made of fat and connective tissue contributing to heat conservation. Therefore, the main functions of the skin include temperature regulation, sensory perception, and protection against external stimuli, such as ultraviolet (UV) light, trauma, and pathogens [9]. The skin may be affected by many disorders, infections, inflammations, and injuries. Topical treatment represents the most suitable strategy to obtain a therapeutic drug concentration in the action site reducing systemic side effects [10]. Due to the complex structure of the skin, several nanotechnological approaches have been developed in order to bypass and/or modulate the drug permeation through it. In particular, lipid nanoparticles (LNs) have emerged as promising nanocarriers for topical and transdermal drug delivery due to their advantages, including controlled drug release, increased drug skin permeation/penetration, easy scale-up, and low costs of production [11,12]. Furthermore, they have shown high biocompatibility thanks to the use of a lipid matrix (Generally Recognized As Safe, GRAS) with a composition similar to that of the skin [13,14]. Lipid nanoparticles increase the transport of bioactive compounds through the skin by improving drug solubilization, drug partitioning into the skin, and fluidizing skin lipids. This leads to an increase in the interaction between the nanocarriers and the stratum corneum, resulting in improved skin hydration and drug permeability. LNs are colloidal carrier systems with a mean particle size ranging from 50 to 1000 nm and they are structurally classified into first (Solid Lipid Nanoparticles—SLNs) and second-generation (Nanostructured Lipid Carriers—NLCs). SLNs were obtained from the substitution of the nanoemulsion oil phase with a solid lipid, while NLCs were developed by adding a mixture of liquid and solid lipids in order to minimize the drug expulsion phenomena observed with SLNs (Figure 1) [15]. Both nanosystems possess important features, useful in cosmetic and pharmaceutical fields, for topical and transdermal delivery of drugs and active compounds.



Based on the numerous benefits of LNs mentioned, this review analyzes the scientific literature regarding the use of these nanocarriers to treat skin diseases (acne, psoriasis, and infections). In addition, attention has been paid to transdermal administration, being a new topic studied in the articles published in the last decade. Therefore, the aim of this review was to collect the most recent studies to update the state-of-the-art and open new directions toward the use of LNs for cosmetic and pharmaceutical applications through the skin.



LNs: Preparation and Characterization


LNs can be produced using different methods, such as high-pressure homogenization, high shear homogenization coupled to ultrasound, and solvent evaporation technique [12,13]. The choice of method is important for the final characteristics of the product. The most common methods for producing LNs are as follows:




	-

	
The High-pressure homogenization (HPH) method represents the most used in the pharmaceutical and cosmetic fields thanks to its many benefits, like easy scale-up, absence of organic solvents, and short production time. Homogenization can be performed at hot or cold temperatures. In hot homogenization, the drug is dissolved in the molten lipid matrix and then dispersed in a hot surfactant solution, followed by homogenization. Instead, in cold homogenization, the melted lipid matrix containing the drug is rapidly cooled, using liquid nitrogen or dry ice, dispersed in a cold surfactant solution, and then homogenized;




	-

	
The Solvent evaporation method is another widely used technique to produce LNs. This method involves the lipid being dissolved in an organic solvent and then emulsified in an aqueous solution of surfactant. The solvent is then evaporated;




	-

	
The High shear homogenization coupled with ultrasound (HSH-US) is recognized as the most recent procedure to prepare LNs. This method involves the preparation of an O/W emulsion, according to the hot HPH method, followed by ultrasonication. This combination at short cycles allows us to obtain small particle sizes with low polydispersity index.









The characterization of LNs involves the measurement of nanotechnological parameters (mean particle size, polydispersity index, and zeta potential) and the evaluation of the encapsulation efficiency of the system [13]. The mean particle size and polydispersity index are measured by Photon Correlation Spectroscopy (PCS), a method based on the principle of dynamic light scattering. In particular, it calculates the hydrodynamic ray of the particles, through the Stokes–Einstein equation, by measuring the fluctuations of the scattered light due to the Brownian particle motions. The zeta potential, an indicator of the stability of a dispersed system, is determined by Electrophoretic Light Scattering (ELS), a technique which measures the electrophoretic mobility of particles in dispersion or in solution. This mobility is converted to zeta potential. The determination of the encapsulation efficiency of LNs can be measured using many methods, such as centrifugation, filtration, or tangential filtration. The latter is the most preferred method as it is able to overcome the limitations of other techniques, such as agglomeration phenomena and adhesion to the membrane surface, thanks to the filtration that occurs tangentially to the filter surface. Furthermore, it allows continuous work, constant flow, and total recovery of the product. The encapsulation efficiency is calculated by Equation (1):


E.E. (%) = (Mass of drug in nanoparticles)/(Mass of drug fed to the system)



(1)









2. Topical Application of LNs


The topical application is mainly preferred in treating skin disorders. It is an important administration route for drugs that require local action on the skin, thereby avoiding adverse side effects and their systemic absorption [16]. Since conventional topical treatments and systemic therapy have often shown low therapeutic efficacy and numerous side effects [17], the development of topical drug delivery systems, such as lipid nanoparticles (LNs), has shown promising results in the treatment of skin disorders (Figure 2). The excellent tolerability of LNs is due to the use of lipid matrices that possess structural similarities with the constituents of the epidermis, in particular SC [18]. Indeed, LNs are able to create a hydrophobic film on the skin, leading to a loosening of corneocyte packing. As a result, drugs entrapped in LNs can then easily cross the deeper layers of the skin (Figure 2) [19]. It has been shown that SLNs possess a deeper skin permeation than NLCs due to their high content of solid lipids; this effect was more evident when their particle size was less than 260 nm. In particular, Adid et al. demonstrated that SLNs with sizes around 100 nm are able to reach the deeper layers of the skin, nanoparticles with average sizes around 300 nm reach the upper layers of the skin, while larger SLNs with sizes around 1000 nm are unable to penetrate the skin [20]. In contrast, NLCs showed a higher drug loading and lower drug expulsion due to their imperfect structure given by the liquid and solid lipids used [21]. Therefore, LNs have emerged as promising nanocarriers for the topical delivery of bioactive compounds, exploiting their potential skin health properties for pharmaceuticals and cosmetic applications.



2.1. Pharmaceutical Applications


2.1.1. Psoriasis Treatment


Psoriasis is a chronic inflammatory skin disorder characterized by itchy, erythematous, and squamous plaques on various parts of the body. Its etiology is multifactorial involving both genetics and environmental factors [22]. It affects more than 2% of the worldwide population with a prevalence in adults of age 20–30 years [23]. Generally, it depicts a lower occurrence in the countries located along the equator (African populations) and a higher incidence among those situated above the equator (Scandinavian people) [24]. This is probably due to different vitamin D levels and exposure to external microorganisms [25]. Based on clinical manifestations, psoriasis can be classified into five types: vulgaris, inverse, guttate, erythrodermic, and pustular psoriasis. Therefore, depending on the type and severity of the disease, different therapeutic strategies are used to control symptoms and prevent disease progression [26,27].



Current treatments include corticosteroids, phototherapy, calcineurin inhibitors, and cyclosporines. Among them, cyclosporine A (CsA), administered orally, has shown proven efficacy due to its immunosuppressive mechanism. Since its long-term use causes many adverse effects, such as hypertension and nephrotoxicity, its topical administration through the use of LNs (CsA-SLNs), which can circumvent its limitations related to high molecular weight and low hydrophilicity, seems to be advantageous [28]. In addition, LNs promote topical drug penetration due to their lipophilicity and high biocompatibility [29]. The release profile of CsA from SLNs was evaluated in vitro showing a site-specific release of the drug in the skin layers and a low transdermal release.



Methotrexate (MTX) is another important drug to manage psoriasis thanks to its anti-inflammatory and immunomodulatory activities. Generally, it is administered orally or parenterally once a week, causing many complications. Since MTX is insoluble in water, its topical application has issues in penetration to the skin that can be overcome by the use of SLNs [30]. Maiti et al. formulated MTX-loaded SLNs demonstrating the key role of drug encapsulation due to its controlled release and complete permeation through the skin (80.36%). In addition, they reported that MTX, when encapsulated into SLNs, was able to progressively inhibit the growth of keratinocytes (cytotoxic concentration was 518 mcg/mL), and was mainly distributed in organs meant for elimination (67.5% in the liver and 2.34% in the kidney, respectively) [30].



Tacrolimus (TAC), a macrolide immunosuppressive inhibitor of calcineurin, has also been studied for the treatment of psoriasis. Although its efficacy is well established, topical treatment of TAC is challenging due to its high hydrophilicity and molecular weight which compromise its skin absorption. Therefore, a nanotechnological approach has been studied to overcome these problems. In particular, Viegas et al. studied treatment with TAC and siRNA (short interfering RNA) for TNF-α, one of the most expressed cytokines in psoriasis. NLCs were developed to co-deliver TAC and siRNA, showing controlled drug release and good permeation and retention profiles in the skin layers. Furthermore, a decrease in TNF-α expression levels and no significant toxicity on murine fibroblasts were observed [22]. In another study, siRNA was encapsulated into hybrid polymer–lipid nanoparticles (PLNs) combined with photochemical internalization (PCI) to improve the endosomal escape of TNF-α siRNA in the cytoplasm. This approach turned out to be effective as it was capable of silencing TNF-α and decreasing the redness and scaling of mouse skin [31].



Since psoriasis is a chronic inflammatory skin disease, the administration of natural anti-inflammatory compounds, such as betulin and noscapine, could represent a promising strategy for the treatment of psoriasis. Several compounds with potential anti-psoriatic activity have been loaded into LNs showing enhanced pharmacokinetic effects.



Betulin (BE) is a pentacyclic triterpenoid isolated from Betula utilis (Betulaceae) that shows interesting antipsoriatic activity due to its suppressive effect on pro-inflammatory mediators (IL-6, IL-17, and TNF-α). Since it showed low dermal permeability, poor solubility, and drug stability, its therapeutic use is limited [32]. Nanoencapsulation of BE in NLCs has shown improved skin penetration abilities and therapeutic effectiveness than free BE with a good safety profile. In addition, NLCs exhibited an optimized and sustained drug delivery, representing a promising novel topical dosage form for enhanced psoriasis management [33].



Noscapine (NOS) is a benzylisoquinoline alkaloid extracted from Papaveraceae plants [34]. NOS could be considered a good candidate for treating inflammatory skin diseases, like psoriasis, thanks to its several therapeutic activities, such as anti-inflammatory and antiangiogenic. Despite these benefits, its therapeutic use is limited due to its low solubility and large molecular size. For this reason, NOS-loaded SLNs (NOS-SLNs) were fabricated showing good technological parameters suitable for topical application: average particle size (245.66 ± 17 nm), polydispersity index (PDI, 0.226 ± 0.09), zeta potential (−35.74 ± 2.59 mV), and high entrapment efficiency (89.77%). In vivo studies revealed that treatment with SLN-NOS 1% significantly decreased clinical parameters, namely levels of pro-inflammatory factors (TNF-α, interleukin-17), psoriasis area, and severity index [35].




2.1.2. Wound Healing Treatment


Wound healing is a complex physiological process in which the skin barrier restores itself and closes the wound. The first step in wound healing is inflammation, a necessary process for the recruitment of the innate immune system, helping to defend the body from foreign pathogens and remove dead tissue [36]. It has been shown that several plants possess beneficial properties for wound healing. In particular, curcumin (CUR), a diferuloyl methane isolated from the rhizome of Curcuma longa, has the ability to suppress the release of pro-inflammatory cytokines and modulate excessive inflammation during wound healing [37]. In addition, it is able to stimulate collagen production and promote angiogenesis, accelerating tissue regeneration [38]. Topical nanoformulation containing CUR (CUR-NLCs) was investigated to test in vivo its regenerative capacity and wound healing efficiency. CUR-NLCs showed a higher potential to fasten the wound healing as it resulted in 1.15- and 1.9-fold higher wound closure compared to curcumin and control, respectively (p < 0.0001) [39]. This improvement can be attributed to the nanotechnological strategy used, which is able to preserve the health properties of CUR and increase its bioavailability [40]. The inflammatory properties of CUR have also been studied on its hydrogenated product tetrahydrocurcumin (THC), called “white curcumin”. It was incorporated into SLNs (THC-SLNs) and administered topically as a hydrogel. Ex vivo and in vivo studies showed enhanced anti-inflammatory activity of THC-SLNs gel (p ≤ 0.001) and a 17-fold higher drug permeability compared to free THC gel [41].



Sesamol, a lignan extracted from sesame seeds (Sesamum indicum Linn.), has been investigated as a wound healing promoter thanks to its antioxidant and anti-inflammatory properties. Since free sesamol rapidly crosses skin layers reaching systemic circulation, it was encapsulated into SLNs in order to enhance its localized delivery and skin retention, as confirmed by ex vivo studies. Furthermore, its wound healing potential was significantly improved (p < 0.001) with a complete healing of the wound after 18 days [42]. Therefore, combining medicinal plants (e.g., Aloe vera, Curcuma longa, Calendula officinalis, Camellia sinensis) and lipid nanoparticles can revolutionize wound treatment and improve overall healthcare outcomes [43].




2.1.3. Atopic Dermatitis Treatment


Atopic dermatitis (AD), also known as atopic eczema, is a chronic inflammatory skin disease characterized by itching and various skin manifestations, including erythema, papules–vesicles, and dry skin [44]. Its etiology includes genetic, environmental, immunological factors and food allergies. AD is characterized by intense itching, pain, and red skin can be debilitating, as well as the impact on quality of life [45]. Conventional treatment includes topical corticosteroids and immunomodulators or oral/parenteral therapy with antihistamines, immunosuppressants, or monoclonal antibodies according to disease severity [46]. Additionally, for basic management and prevention of flare-ups, daily baths followed by the application of emollients and moisturizers are recommended. Since topical corticosteroids or calcineurin inhibitors showed poor skin penetration and low skin barrier repair efficiency, nanoformulations containing these drugs have been developed to improve their penetration and deposition in the skin [47,48]. The above-mentioned THC-SLN gel was further investigated for the potential treatment of AD. Ex vivo and in vivo studies showed that THC-SLN gel greatly enhanced skin hydration (1.44 times) and reduced TNF-α and IL-6 levels than free THC gel, exhibiting its efficacy in the treatment of AD [49]. Cassano et al. formulated linolenic acid-loaded SLNs (LNA-SLNs) for the treatment of AD using curcumin, resveratrol, and capsaicin esterified with oleic acid as lipid matrices. This lipid functionalization was performed to enhance the therapeutic properties of LNA-SLNs, thanks to the antioxidant capacity of these bioactive compounds. This synergistic effect was studied in terms of encapsulation efficiency, stability, and transdermal release revealing a cumulative percentage of LNA ranging from 57 to 79%. Furthermore, LNA-SLNs composed of curcumin and resveratrol esters were able to significantly reduce IL-6 production. Therefore, these nanocarriers proved to be suitable for the administration of LNA, preserving and increasing its anti-inflammatory activity for the treatment of AD [50].




2.1.4. Alopecia Treatment


Alopecia areata is an immune-mediated disease that affects over 140 million people worldwide, with a prevalence in adults between 25 and 36 years [51,52]. It is characterized by hair loss, which occurs in different parts of the body, including the scalp, eyebrows, and eyelashes [53]. Since its etiology is not fully understood, current treatments are not curative but aim to prevent the disease’s progression. The elective therapy involves the use of topically applied minoxidil [54,55] and high oral doses of corticosteroids [56,57], although numerous adverse effects (hypotension, high blood pressure, and osteoporosis) [58,59] and poor efficacy have been observed. Therefore, the development of nanoformulations capable of delivering effective amounts of drug to the therapeutic target, hair follicles, seems to be a promising strategy [60]. Topical administration of NLCs loaded with minoxidil and betamethasone showed a 10-fold higher minoxidil permeation into the hair follicles compared to the control, avoiding systemic exposure. Furthermore, NLCs allowed to double (p < 0.005) the concentration of betamethasone accumulated in hair follicles after 12 and 24 h of topical treatment [61]. Similar results were observed with the nanoformulation containing cyproterone acetate (CPA) [62]; in particular, the optimal accumulation capacity in hair follicles was revealed when the NLC particle size was around 300 nm. The ability of lipid nanoparticles to promote percutaneous drug absorption and targeting into the hair follicle was further confirmed by Li et al. In particular, they fabricated tofacitinib (TFB)-loaded lipid nanoparticles which were able to promote percutaneous drug absorption into the hair follicle by reducing the progression of alopecia through the Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway [63].




2.1.5. Dermatomycoses Treatment


Fungal infections of the nails, skin, and hair, commonly called dermatomycosis, affect nearly a billion people worldwide [64]. Their incidence depends on social, climatic, and economic factors [65]. The use of lipid nanoparticles containing antifungal drugs is recognized as an effective means of local therapy of skin mycoses, as they are able to improve the ability of the drug to cross the stratum corneum and reach an effective concentration at the target site [66]. El-Housiny et al. developed a fluconazole (FLZ)-loaded SLN topical gel for the potential treatment of Pityriasis Versicolor (PV), a skin fungal infection caused by the proliferation of Malassezia species. A randomized controlled clinical trial was carried out on 30 PV patients compared to the market product CandistanVR 1% cream. After one month of treatment, a significant improvement in therapeutic response, in terms of healing (1.4-fold) and complete eradication (4-fold), was observed compared to the market product [67]. Rapid healing of skin fungal infections was studied in vivo using SLNs loaded with sulconazole (SCZ), showing restoration of the dermal architecture of rabbit skin [68]. Furthermore, SLNs were able to improve skin deposition and skin retention of drugs, such as luliconazole and itraconazole, avoiding systemic effects and improving antifungal efficacy [69,70]. SLNs containing terbinafine (TFH) and different nail penetration enhancers (nPEs), such as N-acetyl-l-cysteine, thioglycolic acid, and thiourea were produced for the potential treatment of onychomycosis, a fungal infection of the nails. The obtained formulations (formula N2 and N8) were compared with the market product Lamifen® in terms of antifungal activity, nail hydration, and drug uptake. The optimum TFH-SLNs, formulated using thiourea as nPE, showed significantly larger microbiological zones of inhibition (~130 mm) and a higher drug uptake (~75%) in comparison with Lamifen® (70 mm and 35%, respectively) [71]. Similar results were observed with oxiconazole nitrate-loaded SLN topical gel. Furthermore, clinical improvement and greater patient compliance were observed compared to treatment with the corresponding commercial product, thanks to the reduction in side effects [72].




2.1.6. Acne Treatment


Acne vulgaris is a multifactorial skin disease of the pilosebaceous units that mainly affects the face, back, and chest of 70–80% of adolescents [73]. Since it has a significant impact on the quality of life of these young adults, several treatments have been developed based on disease severity.



The first-line treatment is topical therapy with benzoyl peroxide, salicylic acid, topical antibiotics, and retinoids [74]. The latter, especially isotretinoin (ITN), have shown significant efficacy in acne treatment, attenuating sebum production, apoptosis, and cell cycle progression. Since ITN is sensitive to oxidative degradation and its topical application causes skin irritation, it has been encapsulated into SLNs, containing α-tocopherol acetate (α-TA), to overcome these issues [75]. The synergistic activity between ITN and α-TA showed potent efficacy and no irritation or edema in in vivo studies. In addition, it has been showing sustained drug release for 24 h with a final cumulative release of 95.8% w/w and 89.1% w/w for ITN and α-TA.



In recent decades, the elective therapy of acne has been characterized by the use of topical antibiotics [76,77]; however, the worldwide increase in antibiotic resistance, due to the frequent use of these drugs, is shifting attention towards the use of natural compounds. Among these, thymol (TH) seems to be a promising anti-acne agent thanks to its antioxidant, antimicrobial, and anti-inflammatory activities [78]. To improve its skin permeability, TH was encapsulated in NLCs (TH-NLCs) for topical use against acne. TH-NLCs were further dispersed in a carbomer gel which showed excellent skin retention and skin microbiome maintenance by eradicating pathogenic bacteria [79].




2.1.7. Melanoma Treatment


Cutaneous melanoma is a skin cancer with a mortality rate of more than 75% [80]. It is caused by excessive sun exposure, which leads to photoaging, suppression of the immune response, and ultimately photocarcinogenesis [81]. Melanoma therapy includes immunotherapy, cytotoxic chemotherapy, and targeted molecular therapy [82], although they cause serious adverse effects and, therefore, poor patient compliance. Recently, research has focused on the use of natural compounds, especially polyphenols, for their numerous health-promoting properties, such as anti-inflammatory, antioxidant, antitumor, and antiviral [83,84]. Among them, the combination therapy with curcumin and resveratrol has gained special attention for the treatment of melanoma. Since both compounds are able to inhibit the proliferation of highly aggressive melanoma cells [85,86], they were co-encapsulated in SLNs (Cur-Res-SLNs) to evaluate their synergistic anticancer efficacy and improve their skin penetration. In vitro and ex vivo assays demonstrated that Cur-Res-SLNs permeated the skin (>70%) and strongly inhibited the proliferation of SK-MEL-28 melanoma cells, suggesting their potential use for the treatment of localized melanoma [87]. The interesting ability of SLN to improve skin penetration of the drug was further evaluated by Chinembiri et al. [88].





2.2. Cosmetic Applications


2.2.1. Sunscreen Agents


To prevent skin damage caused by UV rays, it is recommended to use sunscreen and avoid intense sun exposure [89]. Although chemical sunscreens are the most commonly used, their prolonged contact time with the skin can cause unwanted effects (irritation and sensitization) due to their skin permeability and accumulation in the body [90]. To improve both the safety and efficacy of sunscreen formulations, chemical UV filters have been encapsulated in LNs in order to reduce the amount of UV filters, maintaining the SPF, thanks to the ability of LNs to act as physical UV filters [91]. Medeiros et al. fabricated a nanoformulation containing a chemical UV filter, bemotrizinol (BMZ), highlighting the importance of the nanotechnological approach. A significant enhancement in the photoprotective activity of BMZ was observed when it was incorporated into NLCs [92]. This was further confirmed by our previous study which showed an improvement in SPF (approximately 6–15%), depending on the lipid ratios used for the formulation of BMZ-NLC (12, 14, 16% w/w). In addition, we evaluated how the lipid ratio affects the technological and sensory properties of sunscreen formulation in terms of spreadability, viscosity, pH, occlusion factor, BMZ release, and sensory attributes [93].



Recently, the use of natural compounds, such as safranal, capable of protecting the skin from UV rays has increased significantly as they are environmentally safe and human-friendly. Safranal (SAF) is a secondary metabolite obtained from saffron (Crocus sativus) that has antioxidant and sunscreen properties. For this reason, it has been encapsulated in SLNs (SAF-SLN cream) to develop a broad-spectrum sunscreen [94]. SAF-SLN cream showed good texture, excellent rheological properties, optimum pH, and stability with high broad-spectrum protection. SLNs were chosen as the most suitable delivery systems for safranal due to the ability of lipids to reflect UV radiation by acting as physical sunscreens [93]. This nanotechnological approach has made it possible to enhance the sunscreen properties of the cream, bypassing the limits linked to the chemical-physical characteristics of safranal and exploiting the photoprotective action of lipids.



As demonstrated by Darè et al., NLCs showed a lower cytotoxic effect than SLNs on HaCat (keratinocytes) and HFF-1 (fibroblasts) cell lines. Therefore, they were chosen for the delivery of protocatechuic acid (P0), a photoprotective agent, thanks to its ability to reduce cellular oxidative stress. The photodegradation profile of P0, free and loaded into NLCs, was evaluated demonstrating that NLCs were able to reduce the physical degradation of the P0 by 9.8-fold compared to the free compound [95]. Taniyadukkam et al. evaluated the photoprotective potential of sunscreen cream containing spinach-loaded SLNs, demonstrating the importance of SLNs in protecting active pharmaceutical ingredients (APIs) and improving skin retention and photoprotective capacity [96]. Another interesting natural photoprotective agent is Aloe Vera. Rodrigues et al. formulated an Aloe vera-loaded SLN sunscreen cream to enhance the skin penetration and stability of natural products. The optimized SLN sunscreen showed good results in terms of spreadability, viscosity, extrudability, drug content, in vitro drug release, ex vivo permeation, skin irritation test, and determination of sun protection factor (SPF). The latter was evaluated in vitro and in vivo showing an SPF on par with commercial sunscreens with values of 16.9 ± 2.44 and 14.81 ± 3.81, respectively [97].




2.2.2. Anti-Aging Agents


Skin aging is defined as a biological process affected by a mix of internal (genetic, cellular metabolism, hormonal imbalance) and external (UV and chemical exposure) factors [98]. It is characterized by a degradation of the extracellular matrix (ECM) in the skin layers, resulting in visible signs on the skin’s surface, commonly called skin wrinkles [99,100]. In addition, aged skin appears dry and rough. These marks are caused by the gradual decrease in collagen and elastin production in the dermis. Many bioactive compounds, such as retinoids, have been identified as anti-wrinkle agents and incorporated into cosmetic products with the aim of preventing the formation of wrinkles and reducing those already present [101]. Retinoids are widely used as anti-wrinkles, although they show poor efficacy over time due to their high instability (light, oxygen, heat). For this reason, retinoids require appropriate drug delivery systems, such as LNs, which protect them from degradation and allow their penetration into the skin [102,103]. Furthermore, LNs are able to promote skin hydration through their adhesion to the stratum corneum thanks to their nanometric size, preventing water loss by evaporation and reinforcing the skin’s lipid-film barrier [104]. Jun et al. formulated retinol-loaded NLCs (RET-NLCs) by vacuum emulsification method to increase the stability of retinol and its penetration efficiency into the skin. Retinol content was maintained stable (90% or more) after one month of storage at 25, 40, and 50 °C; in addition, RET-NLCs cream showed a higher penetration efficiency (3-fold) compared with the market product retinol 10S [101].



Other well-known anti-wrinkle agents are the bioactive compounds isolated from grape by-products, such as epigallocatechin gallate (EGCG), resveratrol, and myricetin. All compounds were encapsulated in SLNs (0.81 µg/mL) showing interesting antioxidant activity in human skin cells against t-BHP-induced oxidative stress. Moreover, the nanoformulation containing both EGCG and resveratrol was also formulated exhibiting the highest antioxidant activity due to the synergistic effect of the two molecules. Therefore, the obtained SLNs proved to be suitable nanocarriers for these natural bioactive compounds, protecting them from external factors and improving their bioavailability [105]. Essential oils are widely used in the cosmetic field for their pleasant odor and many biological activities, such as anti-aging and photoprotective. Among them, coriander essential oil (CEO), encapsulated in SLNs, significantly increased skin collagen content and attenuated in vivo UV-induced skin photoaging decreasing MDA, COX-2, PGE-2, MMP-1, JNK, and AP-1 levels [106]. Safflower (Carthamus tinctorius L.) is another promising photoprotective agent to prevent symptoms associated with photoinduced skin aging, thanks to its high content of quercetin (QU) and luteolin (LU). It has been incorporated into SLN-based hydrogel in order to significantly increase the skin retention of QU and LU (19-fold) and their sunscreen ability, reaching an SPF value above 15 [107].




2.2.3. Other Topical Application of LNs


Vector-borne diseases, such as Malaria, still represent a global health concern with around 700,000 deaths annually [108]. These diseases are transmitted by different genera of mosquitoes, like Anopheles and Aedes. For this reason, the use of mosquito repellent is an effective prevention strategy, especially in endemic areas. Since synthetic repellents can cause many adverse effects [109], research is focusing on the development of alternative repellents containing green ingredients, such as Zataria multiflora essential oil (ZMEO) [110].



Many essential oils (EOs) have demonstrated a repellent effect, such as Citrus reticulata, Mentha longifolia, and Cymbopogon citratus [111]. However, since they are volatile, their use in adequate concentrations is still a challenge. Furthermore, their repellent effect allows protection for a few hours, requiring frequent applications. Long-lasting repellency can be achieved using LNs that seem to be good candidates for EO loading and its controlled release over time [112]. As previously reported, Zataria multiflora essential oil (ZMEO) has been encapsulated into SLNs showing that the protection time of nanoformulation (93 ± 5 min) was 3-fold longer than that of free ZMEO (29 ± 2 min). In addition, both products did not show cytotoxicity on HFFF2 (human skin normal cell line). Therefore, ZMEO-SLNs can be used as a green and potent repellent [110].



Furthermore, LNs can be topically used for the treatment of cellulite (CLT), a lipodystrophy syndrome that affects post-adolescent women worldwide [113]. It is an esthetic problem hardly accepted as is characterized by an “orange-peel” skin appearance [114]. CLT treatment includes topical applications and surgical procedures (liposuction and mesotherapy), although the latter is dangerous, invasive, and very expensive [115]. Several anti-CLT agents have been extensively studied, such as caffeine, algae, tea, etc. However, their topical treatment did not bring the desired results due to their hydrophilicity and low skin permeability [116,117]. Fouad et al. optimized caffeine-loaded SLNs (CA-SLNs) by achieving good technological parameters (particle size < 350 nm; zeta potential < −25 mV; polydispersity index < 0.5), excellent CA release (99.44 ± 0.36%), and successful CA transepidermal permeation. In addition, histological studies showed that CA-SLNs significantly reduced the mean thickness of subcutaneous fat tissue (SFT) with 4.66-fold (p = 0.035) and 4.16-fold (p = 0.0001) compared to free CA. Therefore, CA-SLNs could be a promising nanocosmeceutical for effective CLT treatment [118].






3. Transdermal Application of LNs


Transdermal drug delivery (TDD) is a non-invasive method of delivering drugs systemically by applying a drug formulation to healthy skin [119]. Specifically, the drug is able to reach systemic distribution through its penetration across the epidermis and dermis, avoiding its drug accumulation in the dermal layer. TDD has several advantages over conventional routes of drug administration (oral and parenteral), such as increased patient compliance, maintenance of an effective drug delivery rate over time, and a constant circulation rate, reducing the risk of toxic side effects and dosing frequencies. In addition, since it avoids the gastrointestinal tract and, therefore, liver metabolism and gastrointestinal tract irritation; a significant improvement in drug bioavailability has been observed [120,121]. The most widely used methods for transdermal drug administration are topical formulations, transdermal patches, and microneedles [122] (Figure 3).





 





Table 1. Active compounds incorporated in topical/transdermal lipid nanoparticles.






Table 1. Active compounds incorporated in topical/transdermal lipid nanoparticles.





	
Application

	
Lipid Nanoparticles

	
Drug

	
Reference






	
Psoriasis

	
SLN

	
Cyclosporine A

	
[28]




	
SLN

	
Methotrexate

	
[30]




	
NLC

	
Tacrolimus and siRNA

	
[22]




	
Hybrid polymer lipid NPs

	
TNFα-siRNA

	
[31]




	
NLC

	
Betulin

	
[33]




	
SLN

	
Noscapine

	
[35]




	
Wound healing

	
SLN and NLC

	
Curcumin and tethadydrocurcumin

	
[39,41]




	
SLN

	
Sesamol

	
[42]




	
NLC

	
Medicinal plants (Aloe Vera, Calendula Offic., etc)

	
[43]




	
Atopic dermatitis

	
SLN and NLC

	
Corticosteroids and calcineurin inhibitors

	
[47,48]




	
SLN and NLC

	
Curcumin and tethadydrocurcumin

	
[39,41]




	
SLN

	
Linoleic acid

	
[49]




	
Alopecia

	
Polymer NP and NLC

	
Minoxidil

	
[61]




	
NLC

	
Cyproterone acetate

	
[62]




	
NLC

	
Tofacitinib

	
[63]




	
Dermatomycoses

	
SLN

	
Fluconazole

	
[67]




	
SLN

	
Sulconazole

	
[68]




	
Acne

	
SLN

	
Isotretinoin

	
[75]




	
NLC

	
Thymol

	
[79]




	
Melanoma

	
SLN

	
Curcumin and resveratrol

	
[87]




	
Sunscreen

	
NLC

	
Bemotrizinol

	
[92,93]




	
SLN

	
Safranal

	
[94]




	
SLN

	
Spinach ext.

	
[96]




	
SLN

	
Aloe Vera

	
[97]




	
Anti-aging

	
NLC

	
Retinol

	
[101]




	
SLN

	
Epigallocatechin gallate, resveratrol, myricetin

	
[102]




	
SLN and NLC

	
Coriander essential oil

	
[106]




	
SLN

	
Safflower

	
[107]




	
Repellent

	
SLN

	
Zataria Multiflora

	
[110]




	
Cellulite

	
SLN

	
Caffein

	
[118]




	
Angina pectoris

	
NLC

	
Ranolazine

	
[123]




	
NLC

	
Raloxifene

	
[124]




	
Ehrlich ascites carcinoma

	
SLN

	
Pomegranate ext.

	
[125]




	
Diabetes

	
SLN

	
Repaglinide

	
[126]




	
Reumathoid arthritis

	
SLN

	
Teriflunomide

	
[127]




	
Parkinson’s disease

	
SLN

	
Curcumin

	
[128]









3.1. Topical Formulations


Drug delivery through the skin is still a challenge, mainly due to penetration through the stratum corneum. However, the development of LNs has made it possible to improve their permeability and bioavailability [129]. Topical NLC-based gel has been formulated for the administration of ranolazine (RZ) for the treatment of chronic stable angina pectoris. In vitro and in vivo studies demonstrated that RZ bioavailability was significantly increased when the drug was encapsulated into NLCs, highlighting the importance of the nanotechnological approach [123]. Similar results were observed by Alves et al., highlighting the role of NLCs in preventing RLX (Raloxifene hydrochloride) skin deposition and promoting drug permeation to deeper skin layers [124]. Furthermore, to improve bioavailability and reduce toxicity associated with oral drug administration, transdermal formulations have been further developed for the potential treatment of cancer, and diabetes [125,130].




3.2. Transdermal Patches


A transdermal patch is an adhesive patch designed to systemically deliver a dose of medication at a predetermined rate. It is a method of drug administration that allows the patient to easily and quickly discontinue the medication by removing the patch [121]. Since the complex anatomy of the skin and the physicochemical characteristics of the drug influence its absorption and penetration [131], the patch must be made of a biodegradable and biocompatible polymer, such as chitosan [132]. As previously reported, LNs are promising nanocarriers for transdermal delivery, enhancing permeability and bioavailability of drugs. Several studies demonstrated the combined advantages of fabricating SLNs in biodegradable chitosan-based patches for the potential treatment of many diseases, like type 2 diabetes [133]. Specifically, repaglinide-loaded SLNs (REP-SLNs) were incorporated into a chitosan solution to develop a transdermal patch (REP-SLN-TDDS), and their physicochemical properties, ex vivo drug permeability, and pharmacokinetic profiles were evaluated. REP-SLN-TDDS exhibited a “two-phase drug release” related to drug distribution, where approximately 36% of the drug was released immediately during the first 2 h, while in the second phase, it was released slowly, approximately 80% at 24 h. The drug permeability through rat skin for REP-SLN-TDDS was improved by 3.56-fold compared to conventional REP administration. Furthermore, REP-SLN-TDDS was able to sustain higher REP plasma levels over a 24 h period (p < 0.05) and reduce blood glucose levels (p < 0.05). Therefore, REP-SLN-TDDS can be considered an efficient tool for diabetes management [133]. In another study, a transdermal patch containing cephalexin-loaded SLNs (CPX-SLNs) was developed. The use of SLNs allowed for a reduction in CPX concentration (around 28%) without decreasing antimicrobial efficacy. Therefore, these innovative patches combined with LNs show great promise for the transdermal delivery of antibiotics by decreasing drug dosage and medical treatment costs [126].




3.3. Microneedles


Microneedles (MNs) are novel skin delivery tools composed of micron-size pointed projections arranged in a matrix designed to improve skin drug penetration [134,135]. In addition, they allow sustained and controlled drug delivery, painless self-administration, and localized drug administration [136]. MNs combined with LNs emerged as a promising alternative non-invasive, patient-friendly, and effective option [127]. Teriflunomide-loaded SLNs assisted by MNs (TER-SLNs-MNs) were fabricated for the management of rheumatoid arthritis showing a significant improvement of arthritic effects and a sustained TER release for nearly 96 h compared to free TER administration [127]. Prabhu et al. developed curcumin-loaded SLNs incorporated into MNs (CUR-SLNs-MNs) in order to improve CUR bioavailability and efficacy for the treatment of Parkinson’s disease. CUR-SLNs-MNs treatment was found to be safe; furthermore, Parkinsonian features (e.g., motor coordination, bradykinesia, and balance ability) were significantly improved thanks to the use of MNs capable of disrupting the stratum corneum, thereby enhancing CUR skin permeation [128].





4. Conclusions


This paper reviews the current state of the art regarding the use of topical lipid-based nanocarriers (LNs) for pharmaceutical and cosmetic applications. LNs have emerged as promising nanocarriers for topical and transdermal drug delivery due to their advantages, including controlled drug release, enhanced skin penetration of the drug, low manufacturing costs, and biocompatibility of the lipids used. Several studies have been conducted to evaluate their excellent characteristics in the pharmaceutical and cosmetic fields, showing significant improvement in the desired effect. In particular, many LN-based products have been manufactured to exploit the beneficial properties of herbal drugs characterized by low bioavailability due to hydrophilicity and stability issues. Therefore, the nanotechnological approach could represent the most promising and effective device to treat skin disorders. Furthermore, they can be used as non-invasive tool to systemically deliver drugs.
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