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Abstract

Skin hyperpigmentation is a common dermatological condition characterized by excessive melanin accumulation in the epidermis, der-
mis, or both, resulting from disorders such as melasma, post-inflammatory hyperpigmentation, drug-induced hyperpigmentation, and
solar lentigo. Conventional treatments are mainly based on tyrosinase inhibition; however, many depigmenting agents have limitations,
including low stability, poor skin permeation, prolonged treatment durations, and adverse effects such as irritation and dermatitis. In this
context, nanotechnology-based delivery systems have emerged as promising alternatives for the topical administration of depigmenting
compounds. Therefore, this review discusses recent advances in nanotechnology-based strategies for treating skin hyperpigmentation,
with a primary focus on lipid-based nanosystems, including liposomes, nanoemulsions, solid lipid nanoparticles, and nanostructured lipid
carriers. A total of 33 studies published between 2000 and 2025 were analyzed. The reviewed studies demonstrated that nanoencapsula-
tion may improve the physicochemical stability, enable controlled release, enhance skin permeation/retention, and increase the therapeutic
performance of depigmenting agents while reducing toxicity and adverse effects. In vitro studies also reported enhanced tyrosinase in-
hibition, high cell viability, and increased accumulation of active compounds in different skin layers. Overall, nanotechnology-based
delivery systems represent a promising and versatile approach for improving the efficacy and safety of topical treatments for skin hyper-
pigmentation.
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1. Introduction ical delivery of drugs used in the treatment of skin dis-
orders, including hyperpigmentation. The incorporation
of depigmenting agents into nanostructured systems may
improve their aqueous solubility, physicochemical stabil-
ity, release kinetics, and skin permeation/retention, thereby
enhancing their cutaneous availability [16,17]. Among
the most extensively investigated lipid-based nanosystems
for topical administration are liposomes, nanoemulsions,
solid lipid nanoparticles, and nanostructured lipid carriers
[18,19,20,21]. Thus, the incorporation of depigmenting
compounds into these nanocarriers may improve their ther-
apeutic efficacy while helping to overcome or minimize ad-
verse effects associated with conventional formulations.

The skin plays a critical role as a protective bar-
rier against foreign bodies like microorganisms, chemical
agents, or ultraviolet radiation, and contributes significantly
to human appearance. The skin color reflects melanin pro-
duction, distribution and degradation, which varies accord-
ing to phototype and environmental factors such as sun ex-
posure [1,2,3,4,5,6]. Alterations in these processes can lead
to hyperpigmentation, a common skin condition that exac-
erbates skin pigmentation and results in excessive melanin
accumulation in the epidermis and dermis [7,8,9,10,11].

Current treatment options for hyperpigmentation fo-
cus on inhibiting melanogenesis, particularly through ty-
rosinase inhibition. However, these treatments are as-
sociated with adverse effects such as contact dermatitis,
post-inflammatory pigmentation, exogenous ochronosis,
among others, as well as variable therapeutic effectiveness
[12,13,14,15]. These limitations highlight the need for safer

In this review, a brief overview of melanogenesis, the
pathophysiology of hyperpigmentation, and current thera-
peutic approaches is first presented to provide contextual
background for the topic. Subsequently, key aspects of
nanotechnology-based systems as carriers for depigmenting
compounds are discussed, with emphasis on their composi-

and more effective treatment strategies.

In recent years, nanotechnology-based delivery sys-
tems have emerged as promising alternatives for the top-

tion, physicochemical properties, and in vitro findings re-
lated to toxicity, skin permeation/retention, and tyrosinase
inhibitory activity, among others.
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1.1 Melanogenesis Process and Hyperpigmentation in the
Skin

The skin is composed of layers, subdivided into epi-
dermis, dermis, and hypodermis [5]. Certain functions can
be defined from these layers, such as skin color. The con-
stituent skin color depends on the phototype and ultraviolet
(UV radiation) exposure because of the interactions of light
(primarily absorption) with the epidermis and dermis [22].

The melanin synthesis and the process of activating
the skin are demonstrated in Fig. 1. Melanin synthesis
occurs in melanocytes, cells predominantly located in the
basal layer of the epidermis, where melanin is produced and
transferred to neighboring keratinocytes through dendritic
projections [9,23]. Melanocytes are positioned among the
basal cells of the epidermis, which divide and give rise
to the upper layers, such as the stratum spinosum [23,24].
Melanin acts as a photoprotective agent by absorbing UV
radiation and dissipating more than 99.9% of the absorbed
energy, thereby shielding the nuclear DNA of keratinocytes
from mutations such as pyrimidine dimer formation. Addi-
tionally, melanin helps neutralize reactive oxygen species
(ROS) produced by UV exposure [25,26].

In addition to the epidermis, melanocytes are also
found in the dermis, especially near the hair bulb matrix
within hair follicles. These follicular melanocytes are re-
sponsible for hair pigmentation and differ from epidermal
melanocytes because they have a more dendritic morphol-
ogy, are larger, and produce bigger melanosomes. As a re-
sult, melanocytes are distributed in both the epidermis and
deeper dermal structures like hair follicles, where they serve
different pigmentary functions [5,27,28].

Tyrosinase is the central enzyme involved in defining
skin color and synthesizing eumelanin and pheomelanin,
reason why its dysfunction leads to visible dermatological
changes during the tyrosinase activity process [29,30]. It is
important to recognize that reducing melanin synthesis in
any dermal skin condition requires developing treatments
that decrease tyrosinase activity [31]. To control tyrosinase
activity, it is necessary to act on the catalysis of the con-
version of tyrosine into dopaquinone, as this reaction is a
rate-limiting step in melanin synthesis. Therefore, the use
of tyrosinase activity as a marker or indicator was estab-
lished [32].

Skin pigmentation is regulated by homeostatic mech-
anisms involving the interaction between melanocytes, ker-
atinocytes, and fibroblasts. Under physiological condi-
tions, melanocytes do not undergo continuous renewal, as
they are differentiated and non-proliferative cells, except
during pathological conditions [33]. The maintenance of
pigmentary homeostasis depends on stimuli such as UV
radiation, inflammation, and hormonal factors, which pri-
marily influence the enzymatic activity of melanocytes,
especially tyrosinase [7]. The degree of hyperpigmenta-
tion is directly connected to the intensity and duration of
these stimuli, leading to three main stages in the epidermal

melanogenic process: increased tyrosinase activity, higher
melanin production, and increased transfer of melanosomes
to keratinocytes [34,35]. In addition, skin coloration is also
influenced by the rate of melanosome degradation within
keratinocytes, which is slower in higher phototypes, con-
tributing to more intense and longer-lasting pigmentation
[32,36].

Recent advances in the biology of pigmentation have
shown that hyperpigmentation is a multifactorial process
that goes beyond melanogenesis and tyrosinase activity.
In addition to the direct regulation of melanin synthe-
sis, inflammatory mediators, oxidative stress, and complex
interactions between melanocytes, keratinocytes, fibrob-
lasts, and immune cells play crucial roles in the initiation
and persistence of pigmentation disorders [6,37,38]. Pro-
inflammatory cytokines and reactive oxygen species can ac-
tivate melanogenic pathways and increase melanocyte ac-
tivity, while alterations in the dermal microenvironment
contribute to abnormal pigment deposition and mainte-
nance [37]. At the molecular level, melanogenesis is regu-
lated by a network of intracellular signaling pathways that
collectively control the proliferation, differentiation, and
melanin production of melanocytes [37,38].

1.2 Pathophysiology of Skin Hyperpigmentation

Cutaneous hyperpigmentation is a condition charac-
terized by the abnormal accumulation of melanin in the epi-
dermis, dermis, or both, and can occur through different
mechanisms [39]. Among these mechanisms are increased
tyrosinase activity, enhanced transfer of melanosomes to
keratinocytes, decreased rate of melanosome degradation,
and chronic skin inflammation. These changes can re-
sult from various causes, leading to different clinical signs,
most commonly: post-inflammatory hyperpigmentation
(PIH), drug-induced hyperpigmentation, melasma, and so-
lar lentigo, among others [40,41]. The leading causes and
pathophysiology of skin hyperpigmentation will be dis-
cussed below.

1.2.1 Post-Inflammatory Hyperpigmentation (PIH)

Post-inflammatory hyperpigmentation (PIH) is an ac-
quired pigmentation disorder caused by the overproduction
or irregular dispersion of melanin in the skin [39]. It is char-
acterized by the appearance of dark spots on the skin fol-
lowing inflammation or local trauma, such as acne, other
inflammatory dermatoses, or burns, where melanin can be
deposited in the epidermis, dermis, or both [10,42]

This acquired condition can affect both men and
women, and it is more frequently observed in individu-
als with higher phototypes. The dark spots may be wors-
ened by sun exposure and the use of irritating substances
or drugs applied to the skin. PIH can be classified into
two main patterns: epidermal and dermal [39]. In the epi-
dermal pattern, pigmentation is confined to the epidermis,
where increased melanin production and transfer to neigh-
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Fig. 1. Flowchart illustrating melanogenesis within melanosomes, highlighting the biosynthetic pathways leading to eumelanin

and pheomelanin production, and the subsequent transfer of mature melanosomes from melanocytes to keratinocytes in the

epidermis. Key melanogenic enzymes: PAH, phenylalanine hydroxylase; TYR, tyrosinase; DCT/TYRP2, dopachrome tautomerase

(tyrosinase-related protein 2); TYRP1, tyrosinase-related protein 1. These enzymes participate in the sequential biochemical reactions

that regulate melanin synthesis and determine the production of eumelanin and pheomelanin (OHelder Ferreira Teixeira via Canva.com).

boring keratinocytes occur, mediated by inflammatory cy-
tokines and reactive oxygen species, resulting in brownish-
colored spots. In the dermal pattern, inflammation or in-
jury causes damage to the basal layer keratinocytes, lead-
ing to the release of large amounts of melanin into the der-
mis. This melanin is phagocytosed by macrophages, form-
ing melanophages that accumulate in the upper dermis and
clinically manifest as blue-gray discoloration that can per-
sist for years. This dermal PIH pattern is the most difficult
to treat [39,43,44,45].
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1.2.2 Hyperpigmentation Caused by Drugs

Hyperpigmentation caused by drugs is manifested
when adverse effects occur during the administration of cer-
tain drugs, characterized by the appearance of pigmented
spots in areas exposed or not exposed to sunlight [39]. The
mechanisms involved include increased melanogenesis, the
formation of drug—melanin complexes, the deposition of the
drug or its metabolites in the skin, and, in some cases, the
deposition of endogenous pigments activated by the drug’s
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action [46]. The agents related to this type of hyperpigmen-
tation include amiodarone, minocycline, tricyclic antide-
pressants, phenothiazines, antimalarials, clofazimine, gold,
silver, bismuth, oral contraceptives, anticancer drugs, and
others [43]. The coloration of the lesions varies according
to the causative agent and the individual's phototype, and
may appear as gray-blue, brownish-purple, or tan. These
lesions are often distributed in areas exposed to ultraviolet
radiation. Treatment is challenging, and discontinuation of
the drug does not always result in the immediate reversal of
the pigmentary changes [47].

1.2.3 Melasma

Melasma is a chronic alteration in skin pigmenta-
tion, resulting from a pigmentary dermatosis. It is char-
acterized by hyperpigmented macules with irregular bor-
ders and brown coloration, usually symmetrically located
on the face—especially on the cheeks, forehead, upper lip,
and chin [48]. Its etiology is multifactorial, involving ultra-
violet radiation, hormonal factors (such as oral contracep-
tives and pregnancy), genetic predisposition, and low-grade
chronic inflammation [49].

Melasma can be classified into three patterns based on
the depth of melanin: epidermal, dermal, and mixed, as pre-
viously described in PIH. Additionally, melasma shows a
variable response to treatment, and recurrence after sun ex-
posure is common [50]. Wood’s lamp and dermoscopy are
valuable tools for assessing the depth of pigmentation and
guiding therapeutic decisions [36].

1.2.4 Solar Lentigo

Solar lentigo, also called an age spot or liver spot, is
a type of acquired hyperpigmentation linked to prolonged
exposure to ultraviolet radiation and is seen as a result of
skin photoaging. It appears as well-defined, flat patches in
various shades of light to dark brown, typically found on
sun-exposed areas like the backs of the hands, face, neck,
and forearms [51].

Histologically, it is characterized by a focal increase in
basal melanocyte density and accumulation of melanin in
the epidermis, without significant atypia or inflammation.
It is a relatively simple form of hyperpigmentation to treat,
with a good response to available therapies, especially when
compared to deeper or recurrent forms [52].

1.3 Treatments

Currently, a variety of treatments and procedures are
available for skin hyperpigmentation [53]. Topical depig-
menting agents, such as tyrosinase inhibitors (including ar-
butin, hydroquinone (HQ), kojic acid, L-ascorbic acid, and
azelaic acid), are widely employed as therapeutic strate-
gies for skin hyperpigmentation [54]. Overall, skin hyper-
pigmentation treatment works by inhibiting tyrosinase and
TYRP2, which suppresses melanogenesis and reduces the
melanogenic process [55,56].

Nevertheless, these compounds are highly associated
with instability and adverse effects, such as a burning sen-
sation on the skin [56,57]. Among some adverse effects
related to kojic acid and hydroquinone are skin irritation,
contact dermatitis, erythema, and, in cases of prolonged
use, exogenous ochronosis [58,59]. It is noteworthy that
in countries such as South Africa and Thailand, the use of
hydroquinone is prohibited due to its harmful activity on
the skin and its adverse effects that are correlated. In ad-
dition, tyrosinase inhibitors are associated with prolonged
treatments, exhibiting medium-long-term effectiveness and
variable clinical outcomes [60].

2. Data Collection

The data collection was carried out across four
databases: Embase® (Elsevier), Scopus (Elsevier),
PubMed® (MEDLINE/National Library of Medicine), and
Web of Science (Clarivate Analytics). The search period
was limited from 2000 to 2025, with all results retrieved
by March 09, 2025. The search used a combination of
terms: nano* (title) AND skin (title, abstract, keywords)
AND hyperpigmentation (title, abstract, keywords). Study
selection and eligibility were based on an initial screening.
The inclusion criteria comprised studies focused on skin
hyperpigmentation, its treatments, and nanotechnology-
based delivery systems applied via the topical route.
Eligible studies were required to present complete and
accessible original research data in English and include
either in vitro or in vivo experiments. Exclusion criteria
encompassed studies that did not meet these requirements,
duplicate records, unavailable publications, and review
articles. A flowchart illustrating the methodology for
selecting relevant papers from the databases is shown in
Fig. 2. Using the search terms, Embase yielded 81 papers,
with 45 excluded and 36 selected; Scopus resulted in
131 papers, with 64 excluded and 67 selected; PubMed®
produced 72 papers, with 29 excluded and 43 selected; and
Web of Science provided 87 papers, with 42 excluded and
45 selected. In total, 191 papers were identified across all
databases. Among these, 110 were duplicates, 11 were
unavailable, and 37 were review articles, leaving 33 papers
for final review.

After data collection, the selected papers from the
combined search terms were imported into a reference man-
ager for organization. The files were then converted into
‘RIS’ format for import into VOSviewer. This free text
mining software creates bibliometric maps of scientific
fields. Once the files were loaded, bibliographical data—
such as abstracts and keywords—were mapped to identify
the most relevant keywords with at least two occurrences.
Unrelated words, such as organization names and common
terms, were removed, and repetitive words (singular, plural,
and abbreviations) were merged.

After compiling the keyword list, VOSviewer gener-
ated a map that grouped the most frequently cited terms in
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Fig. 2. Flowchart illustrating the article selection process conducted in the Embase® (Elsevier), Scopus (Elsevier), PubMed®

(MEDLINE/National Library of Medicine), and Web of Science (Clarivate Analytics) databases using the search terms nano*
(title) AND skin (title, abstract, keywords) AND hyperpigmentation (title, abstract, keywords) published between 2000 and 2025.

the papers; the size of each word reflected its citation fre-
quency. This process enabled a systematic and automated
analysis, highlighting the most commonly cited words in
the selected papers. As shown in Fig. 3, the most cited
words were “hyperpigmentation”, “solid lipid nanoparti-

cles”, and “nanostructured lipid carriers”.

3. Nanotechnology-Based Delivery Systems

Nanotechnology-based delivery systems have been
widely explored for topical drug delivery. The incorpora-
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tion of drugs or bioactive compounds into nanostructured
systems for skin application has emerged as a promising
strategy to improve compound stability, skin permeation
and retention, controlled release, and therapeutic efficacy,
while potentially reducing local irritation and systemic ad-
verse effects [19,61,62].

Several nanostructured systems have been inves-
tigated for the topical delivery of depigmenting com-
pounds, including nanostructured lipid carriers (NLCs),
solid lipid nanoparticles (SLNs), nanoemulsions, lipo-
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Fig. 3. Keyword mapping of the selected studies retrieved using the search strategy nano* (title) AND skin (title, abstract, key-

words) AND hyperpigmentation (title, abstract, keywords), covering publications from 2000 to 2025.

somes, niosomes, nanovesicles, nanocrystals, ethosomes,
nanosponges, and polymeric nanoparticles. Among the
33 studies selected in this review, lipid-based nanosys-
tems were the most frequently reported, particularly NLCs
and SLNs, which accounted for 17 studies, followed by
nanoemulsions (6 studies). In contrast, liposomes, nio-
somes, and nanovesicles were each described in 2 studies,
whereas nanocrystals, ethosomes, nanosponges, and poly-
meric nanoparticles were reported in only 1 study each.
Overall, the reviewed literature demonstrates a clear pre-
dominance of lipid-based nanocarriers for the management
of skin hyperpigmentation, likely due to their versatility,
biocompatibility, and ability to incorporate a varied range
of pharmaceutical and bioactive compounds, as illustrated
in Fig. 3.

According to Table 1 (Ref.
[4,12,13,20,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,
78,79,80,81,82,83,84,85,86,87,88,89,90,91]), a wide vari-
ety of nanotechnology-based systems have been developed
for the delivery of depigmenting compounds. The compo-
sition of these nanosystems was highly diverse and strongly
dependent on the type of nanostructure and the prepa-
ration method employed. Different lipids, surfactants,
phospholipids, polymers, oils, and stabilizing agents were
combined to optimize physicochemical properties, stabil-
ity, drug incorporation, and skin delivery performance.
Likewise, several preparation methods were reported,

including thin-film hydration, solvent evaporation, ul-
trasonication, hot melt homogenization, high-pressure
homogenization, high-shear homogenization, microflu-
idization, ethanol injection, spontancous emulsification,
and low- or high-energy emulsification techniques.

Physicochemical characterization = demonstrated
marked variability among the developed formulations.
Overall, particle sizes ranged from approximately 13 nm
in nanoemulsions to about 507 nm in liposomal systems
[4,63]. Most formulations presented nanometric dimen-
sions below 300 nm, which are considered favorable for
topical application and skin interaction. Polydispersity
index (PDI) values varied considerably among the analyzed
studies, ranging from 0.085 to 0.480. Nevertheless, most
formulations exhibited PDI values below 0.2—-0.3, suggest-
ing an acceptable degree of particle size homogeneity and
relatively narrow size distribution [4,64]. Zeta potential
values varied substantially according to the composition
and surface characteristics of the nanosystems, ranging
from approximately +22 mV to —46 mV [65,66]. Most
formulations displayed negative surface charges, which
may contribute to improved colloidal stability by reducing
particle aggregation.

Association or encapsulation efficiency also varied
considerably depending on the active compound and the
carrier composition. Reported values ranged from approxi-
mately 9% in some SLN formulations containing curcumin
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Table 1. Summary of literature survey in Embase® (Elsevier), Scopus (Elsevier), PubMed® (MEDLINE/National Library of Medicine), and Web of Science (Clarivate Analytics)

using the keywords nano* (title) AND skin (title, abstract, keywords) AND hyperpigmentation (title, abstract, keywords).

System Pharmaceutical Preparation technique Components Particle size Polydispersity ~ {-potential (mV)  Association Ref
compounds (nm) index (PDI) efficiency (%)
Liposomes Vitamin K1 Thin-Layer Evaporation ~ Phospholipid, Cholesterol, Chloroform, 126.5+2.3 0.163 +0.003 +22.5+1.2 96.2 [66]
Method Ethanol, Phosphate Buffer Saline
Liposomes Arbutin Reversed-Phase Fish Collagen, Hyaluronic Acid Sodium  151.9+23.8to0  0.29+0.03to -1637+0.19t0 80.59+0.72to [63]
Evaporation Method Salt, Soybean Phosphatidylcholine, 507.0+15.3 0.40 +£0.07 -282+1.8 99.53 £0.77
Carbopol 940, Triethanolamine,
1,8-Cineole, (R)-(+)-Limonene, Caffeine,
Transcutol, and Labrasol
Nanocrystals Hydroquinone Acid Hydrolysis Sulfuric Acid Solution, Distilled Water, 301 £10 0.36 +£0.05 —46.1+0.1 79.3+2 [65]
Microcrystalline Cellulose
Nanoemulsions 4-n-Butylresorcinol Low-Energy PEG-40 Hydrogenated Castor Oil, 13.3+£0.2 0.08 £ 0.02 - 80.05+0.75 [4]
Emulsification Method Distilled Water
Nanoemulsions Kojic Monooleate High and Low Energy Lemon Essential Oil, Castor Oil, 110.0 £ 0.1 0.25+0.01 —43.60 £0.23 - [12]
Emulsification Polysorbate 80, Xanthan Gum, Deionized
Techniques Water
Nanoemulsions Kojic Dipalmitate High-Energy Method  Polysorbate 80, Purified Water, Sorbitan 74+1 0.269 £ 0.004 —9.44 +£0.53 97.79+£2.01 [83]
and Rosehip Oil (Ultra-Turrax®) Oleate
Nanoemulsions Kojic Acid and Spontaneous Formation Polysorbate 80, Monooleate 80, Isopropyl 141 £ 11 - - - [88]
Kojyl 3- Myristate, Polyethylene Glycol 200
Aminopropylphosphonic
Acid
Nanoemulsions Azelaic Acid High Speed Stirring Ethanol, Triethanolamine, Sorbitan 419+23 - -10.9+0.44 84.65 [84]
Monooleate, Poloxamer 407, BHT, Rice
Bran Oil, Phenoxyethanol, Caprylyl
Glycol, Sodium Edetate, HA
Nanoemulsions Quercetin and Olive High-Energy Span®80, Tween®80, Distilled Water, 183.4+9.5 0.19+£0.03 -17.13 £0.61 99.62+£0.27 [67]
Oil Emulsification Method Ethanol
Nanosized Etho- Kojic Acid Cold Method Soy Phosphatidylcholine, Ethanol, 148 £ 3.6 0.158 +0.07 -234 90.00 [86]
somal Gel Dipalmitate Propylene Glycol, Water
Nanosponges Azelaic acid Melt Method B-Cyclodextrin, Diphenyl Carbonate, 2283 +12.3 0.141 + 0.096 —21.43£1.54 88.20+0.12  [89]
Distilled Water
NLCs MHY908-Loaded Reverse Injection Compritol®, Miglyol, Poloxamer 188 198+ 6 0.3+£0.2 —32+12 89+ 1.4 [13]
Technique of Melt and
Ultrasonication
NLCs N-Acetyl Hot Homogenization Glyceryl palmitostearate, Poloxamer®, 191+4.0 - - 44+3.6 [72]
Glucosamine Technique Polysorbate 80, Miglyol®
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Table 1. Continued.

System Pharmaceutical Preparation technique Components Particle size Polydispersity ~ {-potential (mV)  Association Ref
compounds (nm) index (PDI) efficiency (%)
NLCs Kojic Acid Ultra-Probe Sonication Glyceryl Monostearate, Cholesterol, 1729+ 7.1 0.3+£0.1 -39.1+£2.7 76.4+0.1 [75]
Method Span®60, Deionized Water, Tween®20,
Oleic Acid
NLCs Ginger Oil and High-Shear Precirol® ATO 5, Poloxamer 188, 113+£1.2 0.219 £ 0.010 -242+1.0 92.0£1.0 [69]
Hexylresorcinol Homogenization Sucrose Distearate, Span®85, Water
Technique
NLCs Deoxyarbutin High-Shear Cetyl Palmitate, Myristyl Myristate, 4349+21.5 0.219 +£0.004 - 99.821+£0.004 [70]
Homogenization Poloxamer 188, PEG-400, Sodium
Sulfite, Deionised Water
NLCs Auraptene High Shear Span®80, Poloxamer 188 103.1+4.9 0.29 +0.06 -212+1.2 89.56 £3.75  [80]
Homogenization and
Ultrasound Method
NLCs Glycyrrhiza Glabra High-Shear Compritol®, MCT Oil, Polysorbate 80, 196.3+0.9 0.295 + 0.006 —15.7+0.33 79.01 £2.37  [81]
Extract Homogenization and Sodium Cholate
Ultrasonication Methods
NLCs Dihydrooxyresveratrol Hot and High-Pressure  Olivem 1000®, Miglyol C-T7, Tween 80, 1103+ 1.7 0.20+0.03 -353+0.96 97.79+£0.09 [82]
Homogenization Microcare PHC®, Deionized Water
Techniques
Nanovesicles Curcumin Modified Ethanol Soy Phosphatidylcholine, DMSO, 182.9+6.3 0.214 + 0.002 -21.4+0.72 89.1 £0.42 [90]
Injection Method Ethanol, Chloroform, Distilled Water
Nanovesicles Hydroquinone Thin-Film Hydration Phospholipon®90 G, Sodium Cholate, 210.0+£5.2 0.24 -15.1 67.61 [87]
Method Chloroform, Methanol, Sodium
Metabisulfite
Niosomes Arbutin Ultrasonication Cholesterol, Polysorbate 20, Sorbitan 114.8+13.7 0.48 £ 0.05 —-189+9.5 3555+ 1.59 [64]
Technique Monolaurate, Water, Carbopol 941
Niosomes Glutathione Micro Fluidization Cholesterol, Span®60, Ultrapure Water 3495+23 0.23 +£0.01 -374+24 98.24 £0.04 [91]
Technique
Polymeric Vitamin C Solvent-Evaporation Ethyl Cellulose, Methanol, Pluronic 258 £ 12 0.265 +9.30 87.3+£0.84 [85]
Nanoparticles Method F127, Distilled Water, Polymer Ratio
SLNs Trans-Resveratrol- Ultrasonication Stearic Acid, Poloxamer 407, Soy 1555+0.3 0.140 £ 0.02 -2.60 +£1.27 - [20]
Loaded Technique Lecithin, Methylparaben, Propylparaben,
Distilled Water
SLNs MHY498-Loaded Solvent-Evaporation Glyceryl behenate, Phosphatidylcholine, 207 £39 0.269 —-29.8+1.2 77.6+4.7 [71]

Method

Ethanol, Poloxamer 188
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Table 1. Continued.

System Pharmaceutical Preparation technique Components Particle size Polydispersity ~ {-potential (mV)  Association Ref
compounds (nm) index (PDI) efficiency (%)
SLNs N-Acetyl-D- High Shear Cetyl Palmitate, Phosphatidylcholine, 252 +£24 0.43 +£0.08 -28+1 12.8+4.2 [73]
Glucosamine Homogenization Peg-25 Hydrogenated Castor Oil,
C12-13 Alkyl Ethylhexanoate, Di
C12-13 Alkyl Tartrate, Hydrophilic
Fumed Silica, various PEG-derivatives,
Hydroxypropyl Methylcellulose
SLNs Curcumin Ultrasonic Probe Polysorbate 80, Sorbitan Monooleate, 213+ 17 0.31+0.06 27+1 89+35 [68]
Sonication Method Glyceryl Distearate
SLNs Kojic Acid Ultrasonic Probe Cholesterol, Glyceryl Monostearate, 156.9+7.1 0.388 + 0.004 —27.67+1.89 59.02 +0.74 [74]
Sonication Method Polysorbate 20, Sorbitan Monostearate,
Deionised Water
SLNs Ethanol Leaves Solvent Evaporation and Glyceryl Monostearate, 170 to 176 0.230to 0.450  —21.8t0o —22.0 70 to 77 [76]
Extract of Prunus Homogenization Chloroform—Methanol, Polysorbate 80
persica (L.)
SLNs Hydroquinone Ultrasonication Method Stearic Acid, Ionic Surfactants 151.3 0.33 -27.3 89.4 [77]
Cetyltrimethylammonium Bromide,
Sodium Lauryl Sulphate, Water
SLNs Azelaic Acid Ethanol Evaporation and ~ Stearic Acid, Poloxamer 188, Ethanol, 282.9 0.319 -15.2 97.18 [78]
High-Pressure Distilled Water
Homogenization
SLNs Hydroquinone Hot Melt Ethanol, Water, Poloxamer 407, Glyceryl 86 - - 89.5+4.5 [79]
Homogenization Distearate, Sorbitan Monolaurate
Technique
SLNs Ginger Oil and High-Shear Precirol® ATO 5, Poloxamer 188, 96.0+ 1.1 0.192 £ 0.015 -21.7+1.8 99.0+0.7 [69]
Hexylresorcinol Homogenization Sucrose Distearate, Span®85, Water
Technique

Data collected from 2000 to 2025.
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to values close to 100% in several nanoemulsions, li-
posomes, SLNs, and NLCs [63,67,68,69,70].  Lipid
nanocarriers, particularly SLNs and NLCs, were the most
extensively investigated systems and frequently exhibited
high encapsulation efficiencies, in many cases above
90%, highlighting their strong capacity to incorporate
both synthetic and natural depigmenting compounds.
In addition, homogenization and ultrasonication-based
techniques were among the most frequently employed
methods for the preparation of SLNs and NLCs, producing
systems with particle sizes ranging from approxi-
mately 51 to 435 nm, PDI values between 0.140 and
0.430, and zeta potential values from —39 to —2 mV
[13,19,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82].
Overall, the compiled studies demonstrate that both for-
mulation composition and preparation methodology play a
critical role in determining the physicochemical character-
istics and potential performance of nanotechnology-based
depigmenting systems.

As can be seen in Table 2 (Ref.
[4,12,13,20,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,
78,79,80,81,82,83,84,85,86,87,88,89,90]), in vitro method-
ologies employed in the reviewed studies mainly involved
release assays, skin permeation and retention studies,
cytotoxicity analyses, and tyrosinase inhibition assays.

Among these, permeation and skin retention stud-
ies using Franz diffusion cells were some of the most
frequently reported approaches, particularly employing
porcine ear skin as a biological membrane due to its close
structural similarity to human skin. The reviewed stud-
ies employed different experimental protocols to evaluate
the cutaneous delivery of depigmenting compounds incor-
porated into nanotechnology-based systems. Overall, the
results demonstrated enhanced accumulation of these com-
pounds within the skin, while some studies further stratified
the skin layers and showed increased distribution in the stra-
tum corneum, epidermis, and dermis [20,83,84]. Other bio-
logical membranes, including human skin, rat skin, mouse
skin, goat skin, cadaver skin, and artificial membranes,
were also employed to evaluate permeation behavior and
controlled-release profiles [13,71,73,75,79,85,86,87]. Cy-
totoxicity studies were commonly performed using MTT or
resazurin assays in cell lines such as B16F10, HaCaT, NIH
3T3, L-929, and HFF-1, with most formulations demon-
strating high cell viability and low toxicity at the evaluated
concentrations. In addition, tyrosinase inhibition assays
represented one of the most frequently explored method-
ologies to assess the anti-melanogenic potential of the de-
veloped formulations. These assays were mainly conducted
using mushroom tyrosinase or cellular tyrosinase models
in BI6F10 melanoma cells, consistently demonstrating sig-
nificant inhibition of tyrosinase activity and reduction of
melanogenesis markers following incorporation of active
compounds into nanocarriers.
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3.1 Liposomes

Liposomes are nanosized vesicles consisting of an
aqueous core enclosed by one or more phospholipid bi-
layers. Their main advantage in topical drug delivery
lies in their structural similarity to skin membranes, which
facilitates membrane fluidization and enhances drug per-
meation. Literature reports indicate that liposome-based
formulations achieve promising outcomes, including im-
proved penetration into the deeper skin layers. However,
entrapment efficiency and vesicle size remain critical pa-
rameters in the design of effective topical liposomal formu-
lations [63,66].

Samadi et al. (2020) [66] developed a vitamin K1
liposome for treating purpura and hyperpigmentation in-
duced by cosmetic and laser products. In this study, the au-
thors concluded that encapsulating vitamin K1 in liposomes
resulted in controlled and sustained release, allowing for
greater permeation in human skin, as measured by the dial-
ysis method, compared to the vitamin K1 control solution.
In 2024, Hatem et al. [63] demonstrated the development
of liposomes containing arbutin for targeting melanocytes
and treating melasma. The formulation demonstrated good
stability, and permeation studies showed that it reached the
dermis.

3.2 Nanocrystals

Nanocrystals are crystalline particles formed by pure
drugs and can be stabilized by ionic or non-ionic surfac-
tants, with high biodegradability and biocompatibility. As
an advantage, it can increase the bioavailability of the en-
capsulated drug in topical applications by enhancing the
solubility of pharmaceutical compounds that are not very
soluble in water. However, the disadvantages of nanocrys-
tals include low stability, and depending on the activity,
they can crystallize [65].

According to Taheri and Mohammadi (2015) [65],
cellulose-derived nanocrystals exhibit favorable conditions
for developing cosmetic products that treat the skin, which
are non-toxic and biodegradable, helping to maintain skin
hydration. Hydroquinone was the drug used and character-
ized with the nanocrystal, in which it presented an excellent
release profile. The test was carried out using the dialysis
method. A slower and more sustained release was observed
during the experiment.

3.3 Nanoemulsions

Nanoemulsions are dispersions of two immiscible lig-
uids (oil and water) stabilized by a surfactant system and
commonly produced using high- and low-energy emulsifi-
cation methods, including industrially scalable techniques
such as high-pressure homogenization. These systems have
attracted considerable interest in pharmaceutical and cos-
metic applications due to their physicochemical stability
and versatility for topical delivery. In addition, the reduced
droplet size of nanoemulsions may enhance the penetration
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Table 2. Summary of in vitro experiments reported in the literature.

System Pharmaceutical compounds Assay Conditions Results Ref
. . Release Dialysis Method 79.2% in 12 hours
Liposomes Vitamin K1 . . [66]
Permeation Human Skin, Franz Cell 327.36 +22.1 pg/cm? after 24 h
. . Release Franz Cell, Cellulose Membranes 100% in 24 hours
Liposomes Arbutin ; . . . [63]
Permeation Dorsal Rat Skin, Franz Cell Epidermis (up to 43.44 %), stratum corneum (up
to 26.57%) and dermis (up to 21.92 %)
Nanocrystals Hydroquinone Release Dialysis Method 80% in 4 hours [65]
Nanoemulsions 4-n-Butylresorcinol Permeation BALB/c Mice and Nude Mouse Skin, Increased permeation [4]
Diffusion Cell
Nanoemulsions Kojic Monooleate Cell Viability 3T3, MTT 1C50 >100 pg/mL [12]
N . Permeation Porcine Ear Skin, Franz Cell Reached the stratum corneum and epidermis
. Kojic Dipalmitate and A L
Nanoemulsions Rosehib Oil Cell Viability 3T3-L1, MTT Near 100% cell viability [83]
osehip Oi
P Tyrosinase Inhibition Amount of Dopachrome Formed Inhibited tyrosinase by approximately 20%
. Kojic Acid and Kojyl Cell Viability B16F10, MTT 100%
Nanoemulsions . . . e . . . [88]
3-Aminopropylphosphonic Acid Tyrosinase Inhibition Cellular Tyrosinase in B16F10 Reduced the melanin content to 84%
Permeation Porcine Ear Skin, Franz Cell Reached all skin layers
Nanoemulsions Azelaic Acid Cell Viability BALB/c 3T3, MTT Did not decrease the cell viability [84]
Tyrosinase Inhibition Mushroom Tyrosinase IC50 =13.97 mM
Nanoemulsions Quercetin and Olive Oil Tyrosinase Inhibition Mushroom Tyrosinase Inhibited 56.24 + 3.38% at 5 pg/mL [67]
Nanosized Ethoso- Kojic Acid Dipalmitate Permeation Albino Rat Skin, Franz Cell 67% at 12 hours, 53 pug/cm?/h [86]
mal Gel
Release Dialysis Method Up t0 29.58% in 8 h and 67.75% in 24 h
Nanosponges Azelaic acid Cell Viability HaCaT, MTT A dose-dependent inhibitory effect was observed [89]
Tyrosinase Inhibition Mushroom Tyrosinase IC50 = 4.76 mM/mL
Release Dialysis Method 60% in 10 hours and 87% in 48 hours
NLCs MHY908-Loaded Permeation Skin of C57BL/6 Mice, Franz Cell 57.7% after 48 h, 3.6 + 0.05 pug/cm?/h [13]
Cell Viability L-929, MTT More than 80% viable
NLCs N-Acetyl Glucosamine Release Franz Cell, Semipermeable Membrane More than 90% in 6 h [72]
Release Dialysis Method Up to 0.8% (30 min) and 15.6% (24 h)
. . Permeation Human Skin, Wistar Rat Skin, Artificial 308.0, 351.7 and 45.5 pg/cm?
NLCs Kojic Acid [75]
Membrane, Franz Cell
Cell Viability HFF-1, MTT >90%
Tyrosinase Inhibition Mushroom Tyrosinase IC50=5.4+0.1 mg/mL
NLCs Ginger Oil and Hexylresorcinol Release Franz Cell, Semipermeable Membrane The results showed a sustained release [69]
NLCs Deoxyarbutin Permeation Spangler’s membrane, Franz Cell Gel-NLCs (57.97%) and NLCs (47.39%) in8h  [70]
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System Pharmaceutical compounds Assay Conditions Results Ref
Permeation Mouse Abdominal Skin (BALB/c), Franz 14.85% in 24 hours
NLCs Auraptene Cell [80]
Cell Viability B16F10, Resazurin More than 90% viable
Tyrosinase Inhibition Cellular Tyrosinase in B16F10 Significant inhibition at 125 and 250 uM
Release Dialysis Method 35% in 48 hours
NLCs Glycyrrhiza Glabra Extract Cell Viability B16F10, MTT 100% [81]
Tyrosinase Inhibition Spectrophotometric Method, DOPA rate Significantly reduce the activity of tyrosinase
Release Dialysis Method 49% at 48 h
. Permeation Skin-Like Hydrophobic Membrane, Enhance permeation
NLCs Dihydrooxyresveratrol [82]
Franz Cell
Cell Viability B16F10 and HaCaT, MTT B16F10 (>2 pg/mL) and HaCaT (>500 pg/mL)
Tyrosinase Inhibition Cellular Tyrosinase in BI6F10 Tyrosinase activity decreased significantly
. . Release Dialysis Method 72.26 £ 2.9% after 6 hours
Nanovesicles Curcumin . . . . [90]
Permeation Dermatomized Skin of Sprague-Dawley Increased permeation
Rats, Franz Cell
Release Franz Cell, Dialysis Membrane 54.39 £ 1.92% to 76.05 £ 1.18% up to 24 hours
. . Permeation Wistar Rat Skin, Franz Cell 4589 + 1.06 ug/cm? in 24 hours and 60.89 + 0.13
Nanovesicles Hydroquinone [87]
pg/cm?/h
Cell Viability L-929, MTT Cytotoxicity is directly linked to the concentration
Tyrosinase Inhibition Mushroom Tyrosinase % Tyrosinase inhibition activity = 94.56 + 0.96
. . Permeation Abdomen Wistar rats skin 602.1 + 25.48 pg/cm?
Niosomes Arbutin . [64]
Cell Viability HFF, MTT About 86%
Release Dialysis Method 25 to 102% after 8 hours
Polymeric nanoparticles Vitamin C Permeation Freshly Excised Goat Skin Membrane, 40% drugup to 8 h [85]
Franz Cell
Cell Viability NIH 3T3, MTT Treated cells were 80-100% viable
Permeation Porcine Ear Skin, Franz Cell 45% after 24 hours
SLNs Trans-Resveratrol-Loaded Cell Viability HaCaT, MTT 85% [20]
Tyrosinase Inhibition Mushroom Tyrosinase Greater inhibition
Release Dialysis Method 70% in 6 hours and 90% over 48 hours
SLNs MHY498-Loaded Permeation Dorsal Skin from Male C57BL/6 Mice, 5.7 pg/cm? after 12 hours, 4.1 pg/cm? after 24 [71]
Franz Cell hours, 3.3 pug/cm? after 48 hours
Cell Viability L-929, MTT 90%
. Release Franz Cell, Hydrophilic Polysulfone 4.4 to 64% after 4 hours
SLNs N-Acetyl-D-Glucosamine [73]
Membrane
Permeation Human Skin, Franz Cell 13.2 to 23.4% after 24 hours
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Table 2. Continued.

System Pharmaceutical compounds Assay Conditions Results Ref
. Permeation Human Cadaver Skin, Franz Cell 9.43 £ 0.34% in 24 hours

SLNs Curcumin . o . . o . [68]

Tyrosinase Inhibition Mushroom Tyrosinase % Tyrosinase inhibition activity = 94.30 = 0.30
. . Release Paddle Method (type II) 3.947% + 0.307 in 30 minutes

SLNs Kojic Acid . . . [74]
Tyrosinase Inhibition Mushroom Tyrosinase IC50=3.84 £ 0.122 pg/mL

SLN Ethanol Leaves Extract of Cell Viability Human Keratinocytes Cell Line, MTT 90% in 24 h [76]

s
Prunus persica (L.) Tyrosinase Inhibition Mushroom Tyrosinase % Inhibition = 78.12 £ 1.50, ICso = 303.03 = 4.15
pg/mL
SLNs Hydroquinone Release Differential Pulse Voltammetry Continuous prolonged release [77]
Release Franz Cell, Dialysis Membrane 93.9% in 24 hours

SLNs Azelaic Acid Cell Viability B16F10, MTT 99.05% [78]
Tyrosinase Inhibition Mushroom Tyrosinase % Tyrosinase inhibition activity = 60.06%

SLNs Hydroquinone Permeation Wistar Rat Skin, Franz Cell Deposition 0of 46.5 £2.6 % [79]

SLNs Ginger Oil and Hexylresorcinol Release Franz Cell, Semipermeable Membrane Sustained release [69]
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of compounds into the skin, an effect that can also be influ-
enced by the composition of the oil phase and the surfac-
tants employed in the formulation [12,92].

Kojic acid (KA) and its derivatives have been widely
investigated as depigmenting agents for the treatment of
skin hyperpigmentation. In this context, Kojic Monooleate
(KMO) was incorporated into nanoemulsions, aiming to in-
hibit the tyrosinase process and thus treat hyperpigmenta-
tion in the skin. Overall results indicate that the optimized
nanoemulsion enriched with KMO is an ideal treatment for
hyperpigmentation due to its physicochemical properties.
Moreover, results of in vitro cytotoxicity assays of the na-
noemulsion, carried out with mouse embryonic fibroblast
cells (3T3), indicated safety and efficacy for cosmetic ap-
plication [12].

Zilles et al. (2023) [83] described the production of
a nanoemulsion containing Kojic Dipalmitate (KPD) and
Rosehip Oil. Permeation studies with formulations con-
taining 1 and 2 mg/mL revealed similar results, with ap-
proximately 1.2 pug/cm? of KPD detected in the epidermis
for both treatments. In cell viability tests, no decrease was
observed at different formulation concentrations in 3T3-
L1 mouse embryonic fibroblast cells. The nanoemulsion
showed the same tyrosinase inhibition as ascorbic acid. The
study demonstrated that the free drug showed greater inhi-
bition compared to the nanoemulsion. This may have oc-
curred, according to the authors, due to the presence of the
nanostructure, which is disrupted during skin permeation,
thereby promoting the release of the drug. More recently, in
studies carried out by Chang and collaborators in 2025 [88],
KA and kojyl 3-aminopropylphosphonic acid were carried
in a nanoemulsion to develop a skin lightening formulation,
which proved to be stable and demonstrated its ability to re-
duce melanin content.

Azelaic acid (AzA) has also been explored in
nanoemulsion-based formulations for the treatment of hy-
perpigmentation disorders. In a study conducted by Ja-
cobus Berlitz and co-workers (2019) [84], nanoemulsions
containing AzA and hyaluronic acid (HA) were developed
aiming to enhance skin retention and tyrosinase inhibi-
tion activity. /n vitro permeation studies using porcine ear
skin demonstrated that the formulations were able to reach
deeper skin layers, while also improving tyrosinase inhi-
bition when compared to the free compound. In addition,
the formulations did not reduce cell viability in BALB/c
3T3 cells, highlighting their potential as a promising and
safe strategy for the treatment of hyperpigmentation and
melasma.

Quercetin, a polyphenolic compound with antioxidant
and depigmenting properties, has also been investigated as
a potential agent for the treatment of skin hyperpigmenta-
tion. In a 2022 study, Silva and colleagues [67] evaluated
the tyrosinase inhibitory activity of a quercetin—olive oil na-
noemulsion, comparing its performance with that of free
quercetin and other cosmetic market candidates. The de-
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veloped formulation demonstrated notable potential in sup-
pressing melanin formation, highlighting the applicability
of nanoemulsion-based systems for the topical delivery of
depigmenting compounds.

Shao et al. (2024) [4] highlighted that, although 4-n-
butylresorcinol (4-nBR) is highly effective in treating hy-
perpigmentation, its clinical use is restricted by low solu-
bility, instability, and skin irritation. The development of
nanoemulsion-based formulations addressed these limita-
tions by enhancing solubility and stability, reducing irrita-
tion, and improving percutaneous absorption. Moreover,
the study successfully produced nanoemulsions with ad-
justable viscosity and low surfactant content, broadening
their potential applicability in topical therapies.

3.4 Polymeric Nanoparticles

Nanoparticles have emerged as an important strategy
for enhancing the topical delivery of bioactive compounds
by improving skin permeation, retention, and controlled re-
lease at the target site. In this context, Duarah et al. (2017)
[85] developed polymeric nanoparticles (NPs) encapsulat-
ing vitamin C and incorporated them into a polymeric gel
intended for the treatment of skin hyperpigmentation. The
developed nanoencapsulated formulation showed promis-
ing potential for topical application in hyperpigmentation
disorders. Drug release studies performed using the dialy-
sis bag technique demonstrated an initial rapid release fol-
lowed by a sustained release profile over time. In vitro per-
meation studies using Franz diffusion cells indicated slow
permeation during the first 2 hours, followed by a linear
permeability profile. In addition, cytotoxicity evaluation
through the MTT assay using murine embryonic fibroblast
cells demonstrated that the formulation was non-toxic, even
at the highest tested concentrations.

3.5 Nanosponges

Nanosponges are a type of nanoparticle, characterized
as polymeric, cross-linked, and porous structures, that have
been extensively studied as a promising drug delivery plat-
form for dermatological applications. This nanostructure
can enhance stability, solubility, permeability, encapsula-
tion, safety, and other drug delivery characteristics. An im-
portant feature of these sponges is their aqueous solubility
[89,93].

In a study by Kumar and Rao (2021) [89], cyclodex-
trin nanosponges for encapsulating azelaic acid were pro-
posed and developed using the melt method, employing f3-
cyclodextrin (B-CD) as the polymer and diphenyl carbon-
ate (DPC) as the cross-linker. Overall results revealed that
azelaic acid encapsulation in nanosponges enhanced drug
efficacy in terms of solubility, release, and safety, with
adequate antimicrobial, antioxidant, and antityrosinase ac-
tivities. The dialysis method was employed for release
studies, and nanosponges facilitated a controlled and pre-
cise release of the drug. The cytotoxicity of the free drug
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and nanosponges was evaluated using HACaT cell lines by
the MTT assay. The results showed that the nanosponges
exhibited slightly lower cytotoxicity compared to the free
drug. For the tyrosinase inhibition assay, KA was used as a
positive control. The nanosponges demonstrated a similar
result to that presented by the positive control, inhibiting
tyrosinase.

3.6 Niosomes

Niosomes are vesicles composed of non-ionic surfac-
tants, which are biodegradable, non-toxic, stable, and more
cost-effective. Recently, a study by Radmard et al. (2021)
[64] established arbutin-loaded niosomes via an ultrasonic
method as a green preparation for a cosmetic product (ar-
busome gel). Overall results indicated that the presence
of cholesterol in the formulation increased the arbusome’s
vesicle size, and that the zeta potential and the size of vesi-
cles can be modulated by the modifications in the ratio of
cholesterol:surfactant. In addition, the rat skin permeation
results showed superior quantities in the skin layers and the
receptor chamber for the arbusome gel compared to the ar-
butin simple gel. Therefore, no chemical interactions with
the components of the niosome formulation were observed,
and the formulation did not exhibit any significant irritancy,
cytotoxicity, or immunogenicity. Finally, the authors sug-
gested that the niosomes could be utilized as a possible
nano-vehicle for arbutin topical delivery and emerge as a
new approach for the treatment of skin hyperpigmentation.

As early as 2023, Inal and collaborators [91] dedi-
cated their efforts to the development and physicochemi-
cal characterization of lipid-based niosomes encapsulating
the glutathione tripeptide, a molecule of considerable in-
terest for dermatological applications. The research group
successfully obtained the system using the microfluidiza-
tion technique, producing a stable formulation that demon-
strated properties highly suitable for topical administration,
especially in terms of favorable texture, appropriate vis-
cosity, and overall consistency, which together contribute
to improved applicability and potential therapeutic perfor-
mance.

3.7 Nanostructured Lipid Carriers (NLCs) and Solid Lipid
Nanoparticles (SLNs)

Nanostructured lipid carriers (NLCs) and solid lipid
nanoparticles (SLNs) are among the most widely investi-
gated nanocarriers for the topical delivery of depigmenting
agents. These lipid-based systems have attracted consider-
able interest due to their ability to enhance the penetration
and retention of active compounds within the skin, promote
controlled and sustained release, improve chemical stabil-
ity, and increase drug accumulation in the epidermis and
dermis. In addition, their occlusive properties and strong in-
teraction with the stratum corneum contribute to improved
dermal delivery of both lipophilic and hydrophilic com-
pounds [18,94].
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Hydroquinone, one of the most commonly used de-
pigmenting agents, has been associated with lipid nanocar-
riers in different studies. Ghanbarzadeh et al. (2015) [79]
developed hydroquinone-loaded SLNs with good physico-
chemical stability and high resistance to oxidation. The for-
mulation promoted nearly three-fold higher skin accumula-
tion through excised rat skin compared with hydroquinone
incorporated into a Carbopol hydrogel, while also favoring
increased cutaneous penetration and lower systemic perme-
ation, highlighting the potential of SLNs for topical treat-
ment of hyperpigmentation. Later, Talele et al. (2022) [77]
developed hydroquinone-loaded SLNs stabilized with dif-
ferent emulsifiers (CTAB and SLS). Release studies based
on differential pulse voltammetry (DPV) demonstrated that
the CTAB formulation promoted a more continuous and
prolonged release profile, whereas the SLS-based formu-
lation exhibited faster release.

Al-Amin et al. (2016) [71] investigated SLNs con-
taining MHY498, a newly synthesized tyrosinase inhibitor.
The formulation exhibited prolonged release, enhanced in
vitro skin permeation, and pronounced inhibition of UV-
induced melanogenesis in vivo, demonstrating promising
potential for hyperpigmentation treatment. More recently,
Banna et al. (2018) [13] developed NLCs loaded with
a newly synthesized tyrosinase inhibitor (MHY908). Re-
garding the results, the authors demonstrated higher ex vivo
mouse skin permeation, a significant occlusive effect (both
in vitro and ex vivo), and improved anti-melanogenesis
activity against UV-B-induced hyperpigmentation in vivo
from MHY908/NLCs compared to the MHY908 solu-
tion. Additionally, non-toxicity in vitro was observed in
MHY908/NLCs, suggesting it is a promising topical deliv-
ery system for treating hyperpigmentation.

Plant-derived extracts have also been explored in SLN
and NLC systems for depigmenting applications. Mostafa
et al. (2021) [76] produced SLNs containing Prunus per-
sica leaf extract, which showed higher anti-collagenase and
anti-tyrosinase activities compared with EDTA and KA, to-
gether with prolonged release and low cytotoxicity in hu-
man keratinocytes. Yet, the association of ginger oil and
4-hexylresorcinol in NLCs was produced by high-shear
homogenization using Precirol ATO 5 as the solid lipid.
These formulations were optimized regarding particle size,
stability, and rheological properties and compared with
SLNs. Clinical evaluation in women with hyperpigmen-
tation demonstrated that both systems, particularly NLCs,
effectively reduced skin spots, reinforcing the growing in-
terest in lipid nanocarriers as platforms for natural and mul-
tifunctional depigmenting agents [69]. Hoseinsalari et al.
(2024) [81] reported NLCs containing Glycyrrhiza glabra
extract with favorable permeation behavior, biphasic re-
lease, and pronounced tyrosinase inhibition.

Natural compounds-loaded with SLN and NLC were
also investigated as depigmenting agents. Rigon et al.
(2016) [20] developed trans-resveratrol-loaded SLNs and
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demonstrated that the SLN-based gel potentiated the tyrosi-
nase inhibitory activity of trans-resveratrol, with activity
comparable or superior to KA and without evidence of cy-
totoxicity. Mikled et al. [82] developed NLCs loaded with
dihydroxyresveratrol, demonstrating enhanced permeation
and reduced melanogenesis in BI6F10 cells. Shrotriya etal.
(2018) [68] reported curcumin-loaded SLNs incorporated
into a carbopol gel. The formulation provided controlled
release for up to 24 h, enhanced skin deposition, effective
tyrosinase inhibition, suppression of ear swelling, and re-
duction of skin water content in vivo.

Aliasgharlou and collaborators (2016) [72] developed
N-acetylglucosamine (NAGA)-loaded NLCs. For this pur-
pose, a stable derivative was used; it is a monosaccharide
derived from glucose, chemically produced by the link-
age of glucosamine and acetic acid. Regarding the results,
NAGA-loaded NLCs were considered suitable for dermal
delivery, exhibited sustained release, and led to a decline in
melanin distribution. Furthermore, Marto et al. (2017) [73]
developed N-Acetyl-D-Glucosamine (NAG)-loaded SLNSs,
which resulted in higher NAG permeation through human
skin’s stratum corneum compared to the control. They also
observed a sustained and prolonged release in Franz-type
diffusion cells.

In the study reported by Khezri et al. (2020) [74],
SLNs loaded with KA presented tyrosinase inhibition po-
tency and improved percutaneous delivery of KA com-
pared to pure KA. Furthermore, the release profile demon-
strated a sustained and prolonged release, emerging as a
new potential topical preparation for skin hyperpigmenta-
tion. Later, in 2021, Khezri and collaborators [75] con-
ducted experiments with KA-loaded NLCs. Release studies
were evaluated using the dialysis membrane method, and
the NLCs demonstrated sustained and controlled release.
The test showed that the toxicity of NLCs in HFF-1 cells
is concentration-dependent, as well as the inhibition of ty-
rosinase.

Meanwhile, in 2023, Nautiyal and Wairkar [78] pro-
duced and characterized azelaic acid-loaded SLNS for treat-
ing hyperpigmentation. Release studies were carried out in
a Franz-type diffusion cell. SLNs demonstrated rapid re-
lease in the first few hours, followed by prolonged release.
Different concentrations of SLNs were applied to BI6F10
melanoma cell cultures. The assay demonstrated that SLNs
reduced cellular cytotoxicity and increased viability. Ty-
rosinase inhibition was also determined at different concen-
trations of SLNs, and the results revealed a significant re-
duction in tyrosinase activity.

Tofani et al. (2016) [70] developed NLCs-loaded de-
oxyarbutin (dArb), and the results showed improved in vitro
penetration of dArb through NLCs compared to nanoemul-
sions and conventional emulsions across Spangler’s mem-
brane. In 2022, Daneshmand et al. [80] developed NLCs
containing auraptene. The experiments demonstrated a
biphasic release pattern, characterized by an initial burst
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followed by sustained release. The formulation did not ex-
hibit significant cytotoxic effects on the B16F10 melanoma
cell line, and its effects on cellular tyrosinase activity indi-
cated significant inhibition.

3.8 Nanovesicular Carrier Systems

In recent years, nanovesicular carrier systems have
been developed to enhance drug delivery through the
skin. This category includes nanovesicles and ethosomes.
Nanovesicles have a concentric bilayer, and their physico-
chemical properties are affected by their composition. En-
capsulating drugs in nanovesicles can improve solubility
and stability, increase permeation, and reduce adverse ef-
fects [95]. Ethosomes are considered an improved form of
liposomes and are composed of phospholipids, ethanol, and
water, a composition that facilitates better permeability in
the skin [86].

In 2022, Farooqui and collaborators [90] developed
curcumin nanovesicles for treating hyperpigmentation. The
release was assessed using the dialysis membrane diffusion
tube method, which showed that the nanovesicles effec-
tively transport the drug across the membrane. Addition-
ally, permeation studies indicated increased drug perme-
ation. In the same year, Jamadar et al. [87] formulated and
optimized hydroquinone nanovesicles. Release and perme-
ation tests were conducted in Franz diffusion cells. The for-
mulation showed an initial burst release followed by con-
trolled and sustained release, along with good permeation
into the skin. The inhibition of the tyrosinase enzyme was
measured for both the simple gel and the gel containing
nanovesicles and KA. The studies demonstrated that the gel
with nanovesicles exhibited greater inhibition compared to
the other tested products.

Also in 2022, Tanveer et al. [86] developed a nano-
sized ethosome gel loaded with kojic acid dipalmitate for
the treatment of hyperpigmentation. The permeation assay
was conducted using Franz-type diffusion cells with albino
rat skin. The formulation showed a better profile compared
to the control, as it penetrated more deeply into the skin and
demonstrated sustained action.

4. Concluding Remarks

This review provides a comprehensive overview
of skin hyperpigmentation and recent advances in
nanotechnology-based delivery systems explored for its
management. Growing evidence highlights the potential of
nanostructured systems, including liposomes, nanocrystals,
nanoemulsions, polymeric nanoparticles, nanosponges,
niosomes, NLCs, SLNs, and nanovesicular carrier sys-
tems, to improve the topical delivery of depigmenting
compounds by enhancing skin permeation and retention,
promoting controlled release, and, in some cases, providing
superior performance compared with conventional formu-
lations or free compounds. In addition to the reformulation
of already established depigmenting agents, recent studies
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have also explored the incorporation of novel synthetic
molecules and natural bioactive compounds, including
plant-derived extracts, reinforcing nanotechnology strate-
gies as a promising and innovative approach for the future
management of cutaneous hyperpigmentation.

Overall, the reviewed nanotechnology-based systems
present distinct physicochemical and technological charac-
teristics, differing in terms of stability, drug-loading capac-
ity, skin interaction, and manufacturing complexity. Al-
though most nanocarriers demonstrated favorable in vitro
performance, their advantages and limitations are strongly
dependent on formulation composition and the physico-
chemical properties of the incorporated compounds. In
this context, lipid-based nanosystems clearly predominate
in the literature, likely due to their versatility, biocompat-
ibility, and ability to improve the cutaneous delivery of a
broad range of depigmenting agents. Furthermore, many
of these systems are produced using scalable and well-
established industrial techniques, which may facilitate their
future translation into pharmaceutical and cosmetic prod-
ucts.

Finally, it is important to emphasize that the currently
available studies do not allow a direct comparison capa-
ble of establishing one nanocarrier as superior to another,
since comparative investigations employing the same de-
pigmenting compound across different nanosystems remain
scarce. Nevertheless, solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs) stand out as the most
frequently investigated systems for topical depigmenting
therapies. Their prominence is probably associated with
advantageous characteristics such as high loading capac-
ity, improved physicochemical stability, controlled release
behavior, and occlusive properties capable of enhancing
skin hydration and drug retention. In addition, SLNs and
NLCs have demonstrated industrial feasibility and scala-
bility, with lipid nanoparticle-based systems already being
incorporated into commercial cosmetic and dermatological
formulations, further supporting their potential applicabil-
ity in topical treatments for skin hyperpigmentation.

5. Translational Challenges, Future
Directions and Limitations

Although nanotechnology-based systems have shown
considerable potential for the treatment of skin hyperpig-
mentation and topical drug delivery, their clinical trans-
lation still faces important technical and regulatory chal-
lenges. Concerns related to long-term safety, including ir-
ritation, sensitization, and possible nanoparticle accumula-
tion, have stimulated the development of safer and more
biocompatible formulations [96,97]. At the same time, ad-
vances in formulation design and manufacturing technolo-
gies have improved nanocarrier stability, reducing aggrega-
tion, fusion, precipitation, and degradation during storage,
while supporting formulation reproducibility and large-
scale production [96,97,98]. In parallel, the establishment
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of more specific regulatory guidelines has provided greater
clarity for the evaluation and approval of nanotechnology-
based products [98]. Although additional studies are still
necessary to confirm long-term safety and efficacy, cur-
rent evidence supports the growing translational potential of
these systems for improving hyperpigmentation therapies.

Recent studies indicate that nanostructured depig-
menting formulations are progressively advancing to-
ward cosmetic and clinical applications, demonstrat-
ing improved skin retention, controlled release, re-
duced irritation, and enhanced anti-melanogenic activity
[64,68,69,72,76,84,86,90]. Formulation stability remains
a critical factor, particularly for unstable or poorly sol-
uble compounds, reinforcing the importance of control-
ling physicochemical properties to ensure safety and effi-
cacy [4,12,64,72,74,75,79,83,84]. In addition, several stud-
ies already incorporate optimization strategies and scalable
production approaches, including factorial designs and in-
dustrially compatible preparation methods, bringing aca-
demic development closer to the requirements for repro-
ducibility and large-scale manufacturing [12,63,69,83,87].
The growing number of patents involving nanocarriers
for skin-lightening applications further highlights the in-
creasing industrial and technological interest in this field
[99,100,101,102,103,104,105,106].

Future investigations should focus on expanding
the current evidence through long-term safety studies,
well-designed clinical trials, and the development of
multifunctional nanosystems combining antioxidant, anti-
inflammatory, and melanogenesis-modulating properties.
Personalized approaches considering different skin photo-
types, together with advances in regulatory standardization
and production scalability, may further strengthen the clin-
ical applicability of these systems. Finally, this review
presents some limitations related to the heterogeneity of the
nanocarriers, active compounds, and experimental method-
ologies included, which restricts direct comparisons among
formulations. In addition, the evaluated studies ranged
from in vitro assays to in vivo and early clinical investiga-
tions, contributing to variability in the reported outcomes.
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