Darvishi et al., Biolmpacts. 2025;15:30860
doi: 10.34172/bi.30860
https://bi.tbzmed.ac.ir/

CrossMark
&click for updates

Lipid-based nanoparticles: advancing therapeutic strategies for
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Abstract
Vitiligo, a chronic autoimmune disorder characterized *

by the presence of depigmented skin patches, remains )
a therapeutic challenge due to its multifactorial O T \
’ Melanocytes Dm’ﬁ.;“.’."ufﬁ;d
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pathogenesis and the absence of highly effective
treatment options. Although the exact etiology ——
of vitiligo is not fully understood, factors such as ’ 1

Nanoparticles

genetic factors, oxidative stress, autoimmunity, and * * *
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including topical corticosteroids, phototherapy, and

immunosuppressive agents, often exhibit limited efficacy and are associated with significant
side effects, limiting their long-term application. In recent years, nanotechnology has emerged
as a transformative approach in drug delivery systems, offering precise targeting, enhanced drug
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Vfgﬁ; ¢:)r s bioavailability, and minimized systemic toxicity. Nanocarrier-based systems especially lipid-based
Oxidative stress nanoparticles (LNPs) effectively address critical barriers in vitiligo treatment, such as poor drug
Autoimmunity solubility, rapid degradation, and inadequate skin penetration. Moreover, controlled drug release

mechanisms offered by LNPs ensure sustained therapeutic drug levels at the target site, improving
efficacy and reducing the frequency of administration. This review provides an overview of
vitiligo, its pathogenesis, and the limitations of conventional treatments while highlighting recent
advancements in LNPs-based drug delivery systems as a promising strategy for the effective
management of vitiligo.

Lipid-based nanoparticles
Skin permeation

Introduction environmental triggers. Central to the pathophysiology

Vitiligo, a complex skin condition characterized by the
loss of pigmentation in the skin, manifests as achromic
macules and patches.!! Its impact is far-reaching,
afflicting approximately 0.1-4% of the global population
and inflicting profound psychological and emotional
consequences upon those affected.? Fig. 1 represents the
cross-section image of skin with vitiligo and clear visual
contrast underscores the impact of vitiligo on the skin.
The pathogenesis of vitiligo is multifactorial, involving
complex interactions between genetic predisposition,
autoimmune  responses,  oxidative  stress, and

of vitiligo is the progressive destruction of melanocytes,
resulting in the loss of melanin production and subsequent
depigmentation of the skin.’ The existing therapeutic
options for vitiligo primarily aim to slow down disease
progression, stabilize depigmented areas, and facilitate
regimentation.! However, these treatments vary in their
effectiveness, highlighting a pressing need for innovative
approaches to address the challenges faced in caring for
individuals with vitiligo. The overarching objective is to
delve into the concept of repurposing current therapies
used for managing vitiligo. Repurposing, also referred
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Fig. 1. Image illustrating (A) diagrammatic representation of skin layers
showing the disappearance of melanocytes in vitiligo-affected areas,
leading to depigmentation; (B) Comparison between a normal hand and
a hand affected by vitiligo, illustrating characteristic depigmented patches
due to melanocyte loss.

to as drug repositioning, involves uncovering new
therapeutic applications for drugs initially developed to
serve different purposes altogether.>® The utilization of
repurposing as a means to optimize the efficacy of current
pharmacological medicines and enhance treatment
outcomes for individuals with vitiligo holds promise.®

To date, various medications have been utilized in
the treatment of vitiligo, each possessing its distinctive
mode of action and potential advantages. Corticosteroids,
for instance, have long served as a fundamental
element in vitiligo treatment due to their inherent anti-
inflammatory properties. Nevertheless, prolonged usage
can result in skin thinning and other localized side effects,
emphasizing the need for cautious application.” Another
category of medication is calcineurin inhibitors such as
tacrolimus and pimecrolimus, which are administered
topically to regulate the immune response. While these
agents have demonstrated efficacy in certain cases, they
may also elicit skin irritation and a sensation of burning
upon application.” Additionally, methotrexate with
immunosuppressive effect exhibited promising outcomes
in treating generalized vitiligo by suppressing immune
responses that target melanocytes. However, it should be
noted that this drug carries adverse effects including liver
toxicity and potential teratogenicity; thus, warranting
careful monitoring.® Recent advancements in treating
vitiligo have encompassed various approaches such as
immunomodulators, Janus kinase (JAK) inhibitors,
phototherapy modalities, and surgical interventions.
Overall, these strategies often yield suboptimal outcomes
and are associated with significant drawbacks, including
limited efficacy, potential systemic toxicity, and the need
for long-term maintenance therapy.”'

In recent years, nanomedicine has emerged as a
promising frontier in addressing the challenges associated
with conventional therapies. Among the various
nanotechnological platforms, lipid-based nanoparticles
(LNPs) have garnered significant attention for their

potential to revolutionize drug delivery in dermatological
applications, including the management of vitiligo.'>"
These LNPs comprise liposomes, niosomes, ethosomes,
transfersomes, microemulsions, nanostructured lipid
carriers, etc. LNPs offer unique advantages such as
improved drug solubility, enhanced skin penetration,
controlled drug release, and reduced systemic side effects.
Their small size, high surface area-to-volume ratio,
and lipid composition make them particularly suitable
for dermatological applications. LNPs can encapsulate
both hydrophilic and lipophilic drugs, enhancing their
solubility and stability. Furthermore, the lipid matrix
can interact with the Stratum corneum (SC), improving
skin penetration and enabling targeted delivery to the
epidermis and dermis.'””'” Moreover, nanoparticles can
be functionalized with ligands or targeting moieties to
facilitate specific binding to melanocytes or immune cells
involved in the pathogenesis of vitiligo, minimizing oft-
target effects and maximizing therapeutic efficacy.'®"
Additionally, the potential for combination therapy and
personalized medicine approaches further enhances the
versatility of nanoparticlesinaddressing the heterogeneous
nature of vitiligo.”® By leveraging these attributes, LNPs
can address critical limitations of traditional therapies,
such as poor bioavailability, suboptimal skin targeting,
and limited therapeutic efficacy.

This review aims to explore the burgeoning role of
LNPs as advanced therapeutic strategies for vitiligo
management. Firstly, we will discuss a comprehensive
overview of vitiligo’s pathophysiology, current treatment
landscape, and limitations. We will then delve into the
rationale behind employing LNPs, highlighting their
physicochemical properties, versatility, and potential to
transform the therapeutic paradigm for vitiligo.

Vitiligo pathogenesis: An overview of mechanisms and
insights

The precise origins of vitiligo remain under active
investigation, with various mechanisms, including
autoimmune responses, genetic predisposition, and
environmental factors, believed to contribute to its
development synergistically.?>*> The main mechanisms
of pathogenesis of vitiligo are represented in Fig.
2. Among the proposed theories, autoimmune and
autoinflammatory processes, along with oxidative
stress and their complex interactions, have emerged as
significant contributors to the pathogenesis of vitiligo.?**
In this condition, antigen-presenting cells activate T cells
by presenting melanocyte-specific antigens, leading to the
targeted destruction of melanocytes. Studies have shown
that patients with vitiligo exhibit a hyperactive state in
endogenous killer cells and inflammatory dendritic cells.
Additionally, various cytokines, including interferon-
gamma (IFN-y), CXCL10, tumor necrosis factor-alpha
(TNF-a), interleukin-6 (IL-6), and interleukin-17 (IL-17),
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Fig. 2. Schematic representation of the three major factors contributing to vitiligo pathogenesis. The genetics section highlights various genes implicated in
vitiligo susceptibility. The autoimmunity section illustrates the involvement of damage-associated molecular patterns, chemokines, CD8+T cell activation,
and cytokines in melanocyte destruction. The oxidative stress section depicts the impact of UV radiation, pollutants, and trauma, leading to an imbalance
between pro-oxidants and antioxidants, resulting in increased ROS and melanocyte damage. Abbreviation: ACE: Antigen-converting enzyme; AIRE:
Autoimmune regulator; CAT: Catalase; CCL22: C-C motif chemokine ligand 22; CD8: Cluster of differentiation 8; COX2: Cyclooxygenase 2; CTLA-4:
Cytotoxic T-lymphocyte antigen 4; CXCL9-10-11: C-X-C motif chemokine ligand 9-10-11; DDR1: Discoidin domain receptor tyrosine kinase 1; EDN1:
Endothelin 1; ESR 1: Estrogen receptor 1; FOXD3: Forkhead box D3; HLA: Human leukocyte antigen; HSP70: Heat shock protein 70 kilodaltons; IL-
15: Interleukin-15; KIT: KIT proto-oncogene; MITF: Melanocyte-inducing transcription factor; MYG1: MYG1 exonuclease; NALP1: Nucleotide-binding
oligomerization domain; NLRP1: NLR family pyrin domain containing 1; TREGS: Regulatory T cells; TRM: Resident memory T cells; TYR: Tyrosinase;

VEGF: Vascular endothelial growth factor; XBP1: X-box binding protein 1.

are secreted by innate immune cells during autoimmune
responses.”*%

Oxidativestressisanother critical factor thatsignificantly
increases the susceptibility to vitiligo. Melanocytes,
which are responsible for melanin production, generate
toxic byproducts that activate cellular stress signaling
pathways. The excessive production of reactive oxygen
species (ROS), primarily due to active mitochondrial
energy metabolism, further exacerbates this condition.”*
When small skin injuries occur as a result of factors
such as sunburn, viral infections, or physical trauma,
molecules associated with epidermal damage are released,
triggering elevated levels of oxidative stress. This cascade
of events leads to a loss of melanocyte adhesion and the
activation of inflaimmasomes through the release and
induction of stress-related molecules. Subsequently, a
series of immune reactions is initiated, characterized by
the accumulation of specific cytotoxic T cells in the skin, a
reduction in regulatory T cell activity, and the production
of inflammatory cytokines and autoantibodies. These
immune responses ultimately culminate in the destruction
of melanocytes.” Similarly, oxidative stress plays a pivotal
role in initiating depigmentation, while subsequent
autoimmune responses drive the progression of vitiligo,
resulting in extensive melanocyte loss and characteristic
hypopigmented patches.’>*

Role of biomarkers in predicting therapeutic outcomes
and adverse effect in vitiligo

Biomarkers hold significant promise in advancing our
understanding, diagnosis, and treatment of vitiligo. The
need for reliable biomarkers is particularly critical in
predicting therapeutic responses and mitigating adverse
effects in immunotherapy, specifically checkpoint
inhibitor treatments.

Checkpoint inhibitors, which target immune regulatory
pathways such as cytotoxic T-lymphocyte-associated
antigen 4 or programmed cell death protein 1, have
demonstrated remarkable efficacy in managing various
malignancies.”** However, only a subset of patients
achieves durable clinical benefits, underscoring the
need for robust biomarkers to identify responders while
reducing unnecessary exposure to potential toxicities.
In the context of vitiligo, checkpoint inhibitors can elicit
durable anti-tumor immune responses, but their use is
often associated with immune-related adverse events
(irAEs), including the onset of vitiligo-like depigmentation
(VLD).”” Unlike classical vitiligo, which is often linked to
the Koebner phenomenon (where trauma or stress induces
depigmentation), VLD induced by checkpoint inhibitors
represents a distinct pathophysiological mechanism. It
is hypothesized that immune activation mediated by
checkpoint inhibitors disrupts the delicate balance of
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immune tolerance, leading to melanocyte destruction and
subsequent depigmentation.’

To advance clinical practice, the identification of
biomarkers capable of predicting both treatment
efficacy and the risk of irAEs, such as vitiligo or VLD, is
imperative. Such biomarkers would not only guide patient
selection for checkpoint inhibitor therapy but also enable
the development of strategies to mitigate undesirable
immune responses.”*! This dual role of biomarkers in
optimizing therapeutic outcomes and reducing adverse
effects underscores their critical importance in the
evolving landscape of precision medicine for vitiligo and
associated disorders.

JAK inhibitors in vitiligo: Focus on mechanisms and
efficacy

JAK inhibitors have emerged as a promising therapeutic
modality for the treatment of vitiligo. The JAK/STAT
pathway plays a pivotal role in orchestrating the
immune response that culminates in the destruction

Table 1. Clinical trials of emerging JAK inhibitors for the management of vitiligo

of melanocytes, the pivotal cells responsible for skin
pigmentation. Through the inhibition of JAK proteins,
JAK inhibitors impede the assault of melanocytes by the
immune system, thereby fostering regimentation of the
skin in individuals afflicted with vitiligo.****
AmongtheJAKinhibitorsexploredintherealmofvitiligo
treatment, ruxolitinib, baricitinib, and tofacitinib have
been subjected to extensive investigation.”” Ruxolitinib
cream, commercially known as Opzelura, has recently
obtained FDA approval for the topical management
of mild to moderate vitiligo.* Clinical trials evaluating
topical JAK inhibitors have exhibited encouraging
outcomes, with ruxolitinib cream demonstrating
noteworthy regimentation in both phase 2 and phase 3
trials.*” Clinical trials with emerging JAK inhibitors are
presented in Table 1. Compared to conventional therapies
that use broad-spectrum immunosuppressive agents, JAK
inhibitors offer a more targeted treatment approach.
However, further research is needed to determine their
long-term safety and effectiveness in managing vitiligo.

Trial

NCT number T Treatment group Drug type Subjects Results Side effects
NCTO4g9g3g5 2 Croupl:Ruxolitinib cream JAK1/2 inhibitor 60  NA NA
Group2: Vehicle
4 patients presented
significant facial
. - o . o Sy
NCTO2809976 5 Grgup 1.. Ruxolitinib 1.5% phosphate cream JAK1/2 inhibitor 11 |mpr0}/ement, 23% Only mild side
twice daily of patients decreased effects
vitiligo area scoring
index (VASI)
Group 1: Ruxolitinib cream 1.5% twice daily More pa.tlentSA ncream
. . 1.5% twice daily, 1.5%
Group 2: Ruxolitinib cream 1.5% once daily once daily. and 0.5% Only mild side
NCT03099304 2 Group 3: Ruxolitinib cream 0.5% once daily ~ JAK1/2 inhibitor 157 |V, and B.57% v
L . once-daily groups effects
Group 4: Ruxolitinib 0.15% once daily .
. achieved F-VASI_ than
Group 5: Vehicle 50
the control groups.
NCTO4052425 3 Croup LiRuxolitinib cream JAK1/2 inhibitor 330 NA NA
Group 2: Vehicle
NCTO4057573 3 oroupli Ruxolitinib cream JAK1/2 inhibitor 334  NA NA
Group 2: Vehicle
NCT04530344 3 Group 1: Rux?lltlnlb cream JAK1/2 inhibitor 500 NA NA
Group 2: Vehicle
NCTO4g22584 2  Oroup LiBaricitinib JAK1/2 inhibitor 48 NA NA
Group 2: Placebo
Group 1: Cerdulatinib, 0.37% gel, twice daily  SYK and JAK inhibitor
NCT04103060 2 33 NA NA
Group 2: Vehicle gel, twice daily (without JAK2)
Group 1: PF-06651600 Ritlecitinib ?/:E‘I‘?g:;g;:’;rwkz/
NCT03715829 2 Group 2: Placebo Ritlecitinib: JAK3/ 366 NA NA
Group 3: PF06700841 Brepocitinib TEC inhibitor
Acute
. Mean change in F-VASI:  myocardial
NCT03468855 2 ﬁir;’a”npc'it’?:i'bsfﬁi 2 il f:ﬁt;gf JAKS 34 -0.067(0.2411) infarction
¥ VNS: 2.2 (0.66) and alcoholic

pancreatitis
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Current therapeutic approaches for the management of
vitiligo

Vitiligo management is complex and depends on several
factors, including the clinical presentation (unilateral
or bilateral lesions), rate of repigmentation, patient age,
affected body areas, lesion extent, time of onset, and
progression of depigmentation. In cases where vitiligo
lesions are stable and resistant to medical treatment,
transplanting pigment cells onto depigmented areas
has been explored as a therapeutic option. The primary
goals of vitiligo treatment are to stop the spread of
depigmentation, stimulate repigmentation, and reduce
the psychological impact of the condition. Currently,
the main treatment strategies for vitiligo include surgical
methods, phototherapy, and topical therapies.**>

Surgical procedure
When vitiligo reaches a stable state and does not respond to
medical treatments, surgical options may be considered.”
Regimentation surgeries are invasive procedures and are
only beneficial for patients whose lesions have become
resistant to traditional medical interventions. Various
factors must be taken into account when determining if
surgical treatment is appropriate, including the stability of
the disease, the size and location of the lesions, the age of
the patient, and financial considerations such as cost and
insurance coverage. In total, five primary techniques for
regimentation surgery have been identified, and numerous
variations of these methods have also been reported. The
main techniques include (i) non-cultured epidermal cell
suspensions, (ii) thin dermo-epidermal grafts, (iii) suction
blister epidermal grafting, (iv) punch mini-grafting, and
(v) cultured epidermal grafts containing melanocytes or
cultured melanocyte suspensions.™

In the surgical approach as depicted in Fig. 3,
regimentation is achieved by grafting non-cultured
epidermal suspensions that contain both keratinocytes
and melanocytes.® A small section of skin is harvested
from a donor site and digested with trypsin to separate the
epidermis from the dermis. The resulting epidermal cells,
including melanocytes, are then prepared as a suspension
and injected into blisters or seeded onto the recipient
site. The depigmented epidermis is removed before this
procedure. The recipient site is left uncovered for a period
of 5to 7 days, and over time, gradual regimentation occurs.
For larger depigmented areas, an enriched epidermal cell
suspension containing a melanocyte culture medium
can be used to enhance repigmentation.*** Less invasive
methods and minimal dermal manipulation reduce
the likelihood of scarring and other adverse effects.
Additionally, the size and thickness of grafts are crucial
for achieving a smooth re-pigmented surface. Potential
side effects of vitiligo surgery include post-inflammatory
hyperpigmentation, keloid formation, cobblestone
appearance, scarring, and infection.*

S

Skin graft taken Skin graft in trypsin |
Incubation

Graft washed

Melanocyte rich
suspension

Separated cells
centrifugation

Basal layer rich
pellet

Fig. 3. The illustration represents the melanocyte transplantation
procedure for vitiligo treatment. The process involves harvesting a
skin graft, enzymatic digestion using trypsin, incubation, washing, and
separation of cells. Following centrifugation, a basal layer-rich pellet
containing melanocytes is obtained and prepared as a suspension for
transplantation into depigmented areas to restore pigmentation.

Phototherapy
For decades, phototherapy has served as the primary
treatment for vitiligo. Since its inception in 1948 as a
therapeutic approach for vitiligo treatment, psoralen
plus ultraviolet-A radiation (PUVA) phototherapy has
garnered widespread recognition and promise.””*® Despite
its effectiveness, PUVA phototherapy is associated with
limitations such as phototoxic activity, nausea, and a
chance for skin cancer.”® Moreover, PUVA phototherapy
cannot become applicable for pregnant women and
children due to the use of psoralen. The narrow-band
ultraviolet B (NBUVB) phototherapy was first introduced
in 1997 for the effective treatment of vitiligo.*¢
Furthermore, its utilization is restricted in children and
pregnant women due to systemic psoralen administration.
In contrast, NBUVB phototherapy has gradually replaced
PUVA phototherapy. NBUVB’s advantages over PUVA
include the absence of a photosensitizer, lower cumulative
dosage, and fewer adverse effects. Additionally, NBUVB
has demonstrated superior efficacy compared to PUVA.¥
Although NBUVB phototherapy can cause some side
effects like erythema, itching, mild burning, or pain, these
side effects are generally well-tolerated and transient,
typically subsiding within hours after treatment.
Therefore, NBUVB phototherapy is currently regarded as
the gold standard therapy for generalized vitiligo, while
PUVA phototherapy is reserved for special cases such
as spreading vitiligo with deeper penetration of UV-A.*
However, phototherapy necessitates frequent clinic visits
and prolonged treatment durations spanning months to
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years, often leading to less-than-satisfactory outcomes.
Hence, the management of vitiligo poses significant
challenges, and a successful phototherapy treatment relies
heavily on patient adherence and clinician confidence.®®

Topical therapy

Topical therapies for vitiligo encompass a range of current
options aimed at managing this complex autoimmune
condition, with corticosteroids, such as betamethasone
dipropionate, clobetasol dipropionate, and mometasone
furoate, being considered first-line treatments due to
their potent anti-inflammatory and immunosuppressive
properties.® These corticosteroids are widely used across
various medical conditions because of their broad-
spectrum physiological effects; however, their therapeutic
use in vitiligo is often limited by dose- and duration-
dependent toxicities, including skin atrophy, striae, and
other adverse effects.”® To mitigate these limitations,
recent guidelines have suggested topical calcineurin
inhibitors (TCIs) as a safer and more effective alternative
to corticosteroids, particularly for long-term management,
as they provide immunomodulatory benefits without the
commonly observed side effects associated with steroid
use.®®” Tacrolimus and pimecrolimus, two well-studied
TCIs, have emerged as recommended primary therapies
for vitiligo, offering promising results in depigmented
skin repigmentation.®® Furthermore, adjunctive treatment
strategies incorporating antioxidant supplements, such as
polypodium leucotomos extract, vitamin E, vitamin C,
and the tetracycline antibiotic minocycline, have gained
attention for their role in counteracting oxidative stress, a
key pathogenic factor in vitiligo progression.®

Challenges associated with therapy in vitiligo treatment
Topical drug delivery in vitiligo treatment faces several
challenges that limit its efficacy and patient compliance.
One major challenge is the skin barrier function, primarily
the SC, which restricts the penetration of therapeutic
agents, making it difficult for drugs to reach the deeper
layers of the epidermis where melanocytes reside.”” This is
particularly problematic in vitiligo, as the disease involves
the loss of functional melanocytes, and effective treatment
requires targeted delivery to these cells.”" Another issue is
the variability in skin thickness and permeability across
different body regions, leading to inconsistent drug
absorption and therapeutic outcomes. Additionally, the
stability of topical formulations can be compromised by
factors such as pH, temperature, and exposure to light,
which may degrade active ingredients and reduce their
efficacy.”> Patient-related factors also pose significant
challenges; poor adherence to treatment regimens due
to the need for frequent applications, long treatment
durations, and slow visible results can hinder therapeutic
success.”” Furthermore, side effects such as skin irritation,
erythema, and contact dermatitis associated with topical

treatments like corticosteroids and calcineurin inhibitors
can discourage patients from continuing therapy.”* The
lack of targeted delivery systems specifically designed
for vitiligo treatment further exacerbates these issues, as
current formulations often fail to selectively deliver drugs
to melanocytes or the affected areas.”” Moreover, the
psychological burden of vitiligo, including social stigma
and reduced quality of life, can impact patient motivation
to adhere to topical treatments.” Finally, the complexity
of vitiligo pathogenesis, which involves autoimmune,
genetic, and environmental factors, makes it challenging
to develop universally effective topical therapies. These
multifaceted challenges highlight the need for innovative
drug delivery systems, such as nanotechnology-based
carriers to enhance drug penetration, stability, and
targeted delivery while minimizing side effects and
improving patient compliance. Addressing these
challenges is crucial for advancing topical drug delivery as
a viable and effective treatment option for vitiligo.”

LNPs for topical treatment of vitiligo

LNPs offer a promising approach for the topical
treatment of vitiligo due to their ability to overcome key
limitations of conventional drug delivery systems. The
rationale for using LNPs lies in their unique structural
and physicochemical properties, which enhance drug
delivery and therapeutic efficacy. Fig. 4 represents the
diagrammatic representation of different LNPs used in
the management of vitiligo. LNPs, including liposomes,
niosomes, ethosomes, transfersomes, microemulsions,
and nanostructured lipid carriers, mimic the lipid
composition of the skin, facilitating better interaction
with the SC and improving drug penetration into deeper
skin layers.”®# They can encapsulate both hydrophilic and
lipophilic drugs, ensuring enhanced solubility, stability,
and controlled release, which reduces drug degradation
and allows sustained therapeutic action at the targeted
site.®# Their small size and high surface area enable
improved drug distribution across the depigmented
patches, ensuring uniform treatment outcomes.®
The biocompatible and non-irritating nature of LNPs
minimizes the risk of skin irritation, making them suitable
for long-term use.®* Additionally, LNPs can be engineered
toinclude penetration enhancers or skin-targeting ligands,
which further improve drug localization at melanocytes,
addressing one of the core challenges of vitiligo therapy.”
Thus, LNPs provide a rational and advanced platform for
effective, safe, and patient-compliant topical treatment of
vitiligo.

Liposomes

Liposomes are phospholipid-based vesicular systems that
enhance drug penetration through the skin due to their
structural similarity to biological membranes.*® They
encapsulate hydrophilic and lipophilic drugs, improving
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Fig. 4. Diagrammatic representation of different LNPs used in vitiligo treatment

solubility, stability, and controlled release.® Their flexible
nature allows deeper penetration into the skin layers,
enhancing therapeutic efficacy while minimizing systemic
side effects.” By modifying composition, size, and surface
properties, liposomes can be tailored for specific skin
diseases like vitiligo.®® They improve drug retention
in the SC and epidermis, leading to prolonged action
and enhanced bioavailability. Therefore, liposomes
hold immense potential as carriers for topical drug
delivery, offering a versatile platform for improving the
efficacy, safety, and patient experience of dermatological
treatments. In this context, Mir-Palomo and co-workers
prepared baicalin and berberine co-encapsulated ultra-
deformable vesicles to facilitate better antioxidant, and
anti-inflammatory activity to improve therapeutic efficacy
against vitiligo.” The results indicated that the co-loaded
vesicles significantly improved the photoprotective effects
by increasing tyrosinase and melanin activity. Treatment
of 3T3 fibroblasts and HaCaT keratinocytes with the
developed liposomes significantly increased melanogenic
activity, achieving 145% at higher concentrations (12.5
and 6.25 pg/mL). Additionally, the combination of baicalin
and berberine co-loaded liposomes notably enhanced
tyrosinase activity, particularly at lower concentrations,
reaching 136% as measured by the tyrosinase activity
assay. In another study, Sinico et al. fabricated
8-methoxypsoralen-encapsulated liposomes by a thin
film hydration technique.”” The developed liposomes
represented the vesicle size ranging from 100 to 500 nm
and exhibited higher skin penetration than the control
group. These liposomal vehicles demonstrated high

capacities for sustained release of encapsulated 8-methoxy
psoralen and its accumulation in the skin layers.

Niosomes

Niosome are microscopic non-ionic surfactant vesicles
that are introduced as an alternative to traditional
liposomes.” Niosomes hold great potential as effective
carriers for dermal and transdermal drug delivery,
offering advantages such as enhanced penetration,
versatility in formulation, stability, reduced irritation,
enhanced bioavailability, and targeted delivery. Niosomes
modify the structure of the SC, thereby enhancing its
permeability. Moreover, non-ionic surfactants, when
incorporated into niosome formulations, can serve
as effective skin penetration enhancers.”** In a study,
Manosroi et al developed human tyrosinase plasmid
PMEL34 encapsulated cationic niosomes for better
management of vitiligo.” The loading of pMEL34 ranged
from 150 pg to 16 mg in the cationic niosomes. The
PMEL34 encapsulation in the elastic cationic niosomes
represented the highest tyrosinase gene expression and
showed 4 times improved tyrosinase activity compared
to the free pMEL34. This study suggests the potential
of niosomes in improving the therapeutic efficacy of
encapsulated drugs/genes against vitiligo. Further, in
vitro studies revealed that the developed niosomes
showed significantly improved melanin production and
tyrosinase gene expression with negligible side effects.
This study indicates the potential of using elastic cationic
niosomes as an effective topical delivery system for the
tyrosinase gene in vitiligo therapy.
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Ethosomes

Ethosomes are soft, flexible lipid vesicles composed of
phospholipids, ethanol, and water, designed to enhance
drug delivery through the skin.”® The presence of ethanol
disrupts lipid packing in the SC, increasing permeability
and facilitating deeper drug penetration. Their high
deformability allows them to squeeze through skin pores
and intracellular gaps, making them effective for treating
skin diseases.” Ethosomes improve drug stability, prolong
retention in the skin, and enhance therapeutic efficacy
while reducing systemic absorption.”® Their composition
can be modified to optimize drugloading, release kinetics,
and targeting, offering an advanced approach for non-
invasive dermatological treatments.”” In a study, Garg et al.
prepared methoxsalen encapsulated nanosized ethosomal
hydrogel enhanced topical efficacy against vitiligo.'®
The developed ethosomal formulation demonstrated a
much higher accumulation in the epidermal and dermal
layers than the commercial ointment of the same drug.
Fluorescence microscopy further confirmed that the
developed ethosomal hydrogel facilitates the absorption
of the drug into the deeper layer of the skin. The skin
photosensitization and histopathology study indicated
that the developed ethosomal hydrogel exhibited low
phototoxicity, which could enhance patient compliance
in the management of vitiligo. Further, Hesham et al.
fabricated tofacitinib citrate encapsulated transethosomes
for the management of vitiligo."" The histopathological
study confirmed that the treatment with the developed
transethosomal formulation represented complete
re-pigmentation in two weeks of treatment. Further,
immunohistochemistry revealed that the treatment with
the development transethosomal formulation represented
the minimal infiltration of CD 8+ T-lymphocytes.
Therefore, it can be inferred that the development of
drug-loaded ethosomal formulation can be a promising
approach for the management of vitiligo.

Transfersomes

Transfersomes are ultra-flexible lipid vesicles designed
for enhanced transdermal drug delivery. Composed of
phospholipids and edge activators like sodium cholate,
transfersomes have remarkable deformability, enabling
them to squeeze through pores smaller than their
size. This property allows them to penetrate the SC
efficiently, delivering drugs into deeper skin layers or
systemic circulation.'>'®® Transfersomes offer improved
bioavailability, reduced irritation, and targeted delivery
due to their flexibility and ability to encapsulate various
drugs. They represent a promising approach for effective
dermal and transdermal drug delivery, with potential
applications in dermatology and beyond.'” In this
context, Vinod et al fabricated piperine-encapsulated
transfersomes for vitiligo treatment.'”® The developed
formulation revealed the vesicle size and encapsulation

efficiency ranging from 67 to 70 nm and 60 to 80%
respectively. The developed formulation represented
excellent diffusion and spreadability —properties.
Further, the developed formulation delivered the drug
in much higher concentration into the deeper layer of
skin compared to the free drug treatment. Thus, it was
suggested that the encapsulation of the drug into the
transfersomes can effectively deliver the drug into the
deep epidermis of the skin.

Microemulsion

Microemulsions are thermodynamically stable colloidal
dispersions of oil and water, stabilized by surfactants
and occasionally co-surfactants. They exhibit superior
stability, affinity for both hydrophilic and lipophilic
drugs, biocompatibility, and enhanced solubility
compared to alternative skin drug delivery systems.
Given the skin’s inherent barriers to permeability, the
topical administration of most active compounds is
challenging. Thus, microemulsion systems offer a cost-
effective and efficient means of drug delivery to the
skin.'®® The primary mechanism underlying enhanced
penetration is the presence of the drug within nano-
sized globules, resulting in an extremely high surface
area.'”” Additionally, microemulsions demonstrate a high
capacity for solubilizing both lipophilic and hydrophilic
drugs, ensuring good skin contact and exerting a direct
penetration-enhancing effect through their constituent
components.'® In a study, Patel et al developed clobetasol
propionate encapsulated microemulsion-based gel to
improve drug solubility and skin permeability.'” The in
vitro,as well as ex vivo cutaneous deposition study, revealed
that the developed microemulsion-based gel represented
much better dermal penetration and retention capability
after topical administration in comparison with the free
drug-loaded conventional gel and marketed formulation.
Further, the in vivo confocal microscopy represented
the highest dermal targeting ability and dermal uptake
into the deeper layer of skin of microemulsion-based
gels compared to the free drug-loaded conventional gel
and marketed product. In another study, De Souza et al.
fabricated the microemulsions of Brosimum gaudichaudii
extracts for topical management of vitiligo."® The
developed microemulsion of B. gaudichaudii extracts
represented controlled skin permeation compared to the
free extract. Skin irritation study showed almost negligible
irritation potential of the developed microemulsion.
Further, the developed formulation simulated the
melanocyte migration and pigmentation. Hence, it was
inferred that the encapsulation of B. gaudichaudii extract
in the microemulsion can be a suitable approach for the
topical management of vitiligo.

Nanostructured lipid carriers (NLCs)
NLCsrepresentasophisticated approach in pharmaceutical
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technology, designed to overcome the limitations of
conventional lipid-based drug delivery systems. Typically,
NLCs consist of a combination of liquid lipid, solid
lipid, and emulsifying agents. As a nanocarrier, they
provide numerous advantages, such as enhanced drug
encapsulation efficiency resulting from the disturbance of
the solid lipid crystal lattice by liquid lipids."'*'"> Among
lipid-based nanocarriers, NLCs are recognized as the
most effective option for topical administration. They
offer superior drug loading capacity, enhanced release
characteristics, and increased stability of encapsulated
drugs during storage.'* NLCs not only enhance the
dissolution rate of the entrapped drug but also facilitate
permeation across the SC owing to their diminutive size,
thereby augmenting the overall bioavailability of lipophilic
drugs. Moreover, NLCs possess a significant advantage in
their highly occlusive properties, enabling them to adhere

effectively to the skin and create a continuous film over its
surface.!"* In a study, Ashtiani et al. developed simvastatin-
encapsulated NLCs for the topical management of
vitiligo."® The developed NLCs represented excellent
pharmaceutical attributes with initially (for 1 hour) fast
and then controlled release for 6 hours. The developed
NLCs represented a much stronger immunosuppressive
effect compared to the free drug by inactivating T cells
via direct inhibition of IFN signaling. The developed
nanocarrier strongly modulates the immune system and
reverses the depigmentation of vitiligo lesions in animal
models. Additionally, safety assessments in humans
revealed that encapsulating simvastatin within NLCs did
not induce alterations in skin biophysical parameters.
Table 2 summarizes the better pharmaceutical attributes
with major therapeutic outcomes by different LPNs in
vitiligo treatment.

Table 2. Various LNPs-based drug delivery systems for better management of vitiligo

Nanocarriers Drug/therapeutic agent Pharmaceutical attributes Major outcomes Ref.
VS: 64.8+1.3 nm . Much hlgher penetration of the drug into the deeper layer
of the skin.
Liposomes Baicalin and Berberine PDI:0.14:£0.03 . Represented excellent antioxidant and photoprotective o
P ZP:-27.0£1.1mV Ofential photop
EE:82.7+0.4% P o . .
. Promoted tyrosinase and melanin synthesis.
VS: NA
. Sustained release of encapsulated drug for up to 24 h.
. PDI: < 0.5 . ) A L 0
Liposomes 8-Methoxypsoralen 7P AN . Exhibited much higher skin penetration into the deeper
EE: 40+ 1.5% t0 58.5 + 1.8% layer of the skin
VS: 689.7 +54.99
. nm . Excellent stability for 8 weeks and represents much higher
Niosomes Human tyrosinase PDI: 0.833 £ 0.01 enetration of pMEL34 in the epidermis %
plasmid pMEL34 ZP:32.1%2.21mV . Ztimes im rode tyrosinase ese ex| re:ssion
EE: 94.87% P v & P '
. Better stability and controlled release of drug for up to 24
VS:280+1.2 nm hours.
PDI: NA . Much higher skin deposition and penetration into the
Eth Meth | 100
osomes ethoxsaten ZP:-2.13+0.14 mV deeper layer of the skin.
EE: 67.12% . Showed negligible skin irritation and phototoxicity
potential compared to the conventional marketed product.
VS:359.46 + 11.82 nm . Excellent stability and higher skin deposition and
s PDI: < 0.5 penetration.
Eth Tofacitinib citrat 101
osomes otacitinib citrate ZP:33.17+1.34 mV . Complete re-pigmentation of vitiligo skin within 2 weeks.
EE: 83.76 +7.95% . Significant reduction in CD 8*T-lymphocytes infiltration.
VS: <70 nm . Formulation represents excellent diffusion and
L PDI: NA spreadability properties.
Transf P 105
ranstersomes lperine ZP: NA . Significantly higher skin deposition and penetration into
EE:>80% the deeper layer of the skin.
PS: 18.26 nm . Much better dermal penetration and retention capability.
. . . PDI: 0.19 . Significantly higher dermal targeting ability and dermal
M I I I 109
icroemulsions - Clobetasol propionate ZP: NA uptake into the deeper layer of skin.
EE: NA . Revealed much faster skin re-pigmentation.
PS:139.3+11.7 nm . Represents controlled skin permeation properties.
. . Brosimum gaudichaudii  PDI: 0.16 £ 0.03 . Negligible skin irritation potential.
Microemulsions o ) ) R 1o
extracts ZP:-15.1+2.3 mV . Significant stimulation of melanocyte migration and
EE: NA pigmentation.
PS: 203.7 + 21.54 nm. . R.eve'zéled controllfed release c?f drug fo'r 6 hours'.. '
. Significantly restricts the depigmentation of vitiligo lesions
. . PDI: 0.294 +0.021 . .
NLCs Simvastatin in mice. 15

ZP:-43.3+5.14 mV
EE: 99.27%

. Represents a much stronger immunosuppressive effect by
inactivating T cells.

PS: Particle size; DS: Droplet size; VS: Vesicle size; PDI: Polydispersity index; ZP: Zeta potential; EE: Entrapment efficiency.

Biolmpacts. 2025;15:30860 l9



Darvishi et al

Future perspectives

The advancements in LNPs-based therapeutic approaches
forvitiligomanagementhaveopened up promisingavenues
for future research and clinical translation. However,
several challenges remain that need to be addressed to
fully realize their clinical efficacy. A major challenge is
to achieve optimal drug loading and controlled release.
While LNPs are effective in encapsulating hydrophilic
and lipophilic drugs, ensuring sustained release over
an extended period without premature leakage remains
a critical issue."® Additionally, the limited penetration
of LNPs through the SC and their uneven distribution
across depigmented areas hinder therapeutic outcomes.'”
Another important issue is the potential for LNPs-induced
toxicity or immune responses, particularly for long-term
applications.!'® Despite their biocompatibility, LNPs may
still elicit inflammatory reactions or off-target effects,
underscoring the need for rigorous preclinical and clinical
evaluation.'” Lastly, the high cost and complexity of LNPs
production, as well as regulatory hurdles, pose barriers to
large-scale commercialization and accessibility.'*

To address these challenges, potential advancements
in LNPs design can significantly enhance their efficacy
and safety for vitiligo treatment. Incorporating stimuli-
responsive materials into LNPs can represents a promising
strategy. Such materials can enable the controlled release
of drugs in response to specific stimuli, such as changes
in pH or temperature, ensuring precise targeting of
melanocyte populations while minimizing off-target
effects.'” Furthermore, surface modification of LNPs with
targeting ligands specific to melanocytes or immune cells
involved in vitiligo pathogenesis can improve targeting
efficacy and reduce systemic exposure.'” Enhancing the
stability of LNPs through advanced lipid compositions,
such as using a combination of solid and liquid lipids,
can mitigate degradation and extend the shelf life of
formulations.'” Developing hybrid nanoparticles that
combine multiple functionalities, such as lipid-polymer
hybrids or core-shell structures, can further optimize
drug loading, release kinetics, and stability.'*

Emergingareasofresearch,suchaspersonalized medicine
and hybrid nanoparticles, hold significant promise for
the future of vitiligo therapy. Personalized medicine
involves tailoring treatments based on individual patient
profiles, including genetic, immunological, and metabolic
characteristics.'”” In the context of vitiligo, identifying
patient-specific biomarkers could guide the selection
of therapeutic agents and nanoparticle formulations,
ensuring maximum efficacy with minimal side effects.
Collaborative research efforts and multidisciplinary
approaches will be pivotal in advancing nanoparticle-
based therapies for vitiligo. A deeper understanding of
the complex interplay between autoimmunity, oxidative
stress, and melanocyte loss in vitiligo can inform the
design of LNPs with enhanced therapeutic precision.

Conclusion

Vitiligo remains a challenging dermatological disorder
with limited treatment options and significant
psychosocial implications. Traditional therapies, including
corticosteroids, calcineurin inhibitors, phototherapy, and
surgical interventions, offer varying degrees of success but
are often associated with systemic toxicity, inadequate skin
penetration, and long-term maintenance issues. In this
context, LNPs have emerged as a promising alternative,
addressing several limitations of conventional treatments.
LNPs enhance drug solubility, stability, and targeted skin
penetration while enabling sustained drug release, thereby
improving therapeutic efficacy and reducing dosing
frequency. Various LNPs formulations have demonstrated
remarkable potential in enhancing drug delivery to
melanocytes and mitigating oxidative stress and immune-
mediated melanocyte destruction. Preclinical studies
have highlighted their ability to facilitate repigmentation,
and minimize adverse effects. However, challenges
such as optimizing drug loading, ensuring uniform skin
distribution, and addressing potential long-term toxicity
require further investigation. Future advancements in
LNPs technology including ligand-functionalized LNPs
hold promise for more precise and personalized vitiligo
treatment. As research in nanomedicine progresses, LNPs
may revolutionize the therapeutic landscape of vitiligo,
offering a safer and more effective solution for patients.
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Research Highlights

What is the current knowledge?

«  Vitiligoisachronicautoimmune skin disorder characterized
bymelanocytedestructionand depigmentation.

e Autoimmune response, oxidative stress, and genetic
predisposition contribute to vitiligo pathogenesis.

o Current treatments include corticosteroids, calcineurin
inhibitors, phototherapy, and surgical interventions, but
with limited efficacy.

o LNPs significantly improve drug solubility, stability,
and skin penetration. Further, these nanoparticles
offer targeted drug delivery and controlled release
mechanisms.

What is new here?

o This review highlights the role of LNPs in overcoming
therapeutic limitations in vitiligo management.

o LNPsimprove drug retention in the epidermis, reducing
systemic side effects.

o  Functionalized LNPs enable targeted delivery to
melanocytes, enhancing repigmentation outcomes.
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