Drug Design, Development and Therapy Dove

REVIEW

Review of Microneedle Technology for Targeted
Therapeutics in Vitiligo: Design Principles,
Application Prospects

Yihui Yu®', Wei Li"2, Qian Li"%, Wenyan Liu'?, Sanquan Zhang'%, Xibao Zhang®'*?, Jingyao Liang'>

'Institute of Dermatology, Guangzhou Medical University, Guangzhou, 510095, People’s Republic of China; 2Department of Dermatology, Guangzhou
Dermatology Hospital, Guangzhou, 510095, People’s Republic of China

Correspondence: Jingyao Liang; Xibao Zhang, Email 1jy20221228@ | 63.com; gzpfbfzs@ |63.com

Abstract: Vitiligo is a chronic autoimmune disorder characterized by depigmented patches of the skin. The treatment of vitiligo
remains challenging, partly owing to the lack of efficient drug delivery system. Microneedles (MNs), an ideal transdermal drug
delivery system, have emerged as promising drug delivery platform for vitiligo. Recently, the emergence of novel MNs with increased
biocompatibility, including hydrogel and hollow MNs, further enhance the translational value of MNs in the treatment of vitiligo.
However, up-to-date review of these advancements remains lacking. This review aims to summarize the most recent studies of MN-
based drug delivery systems for vitiligo, highlighting the translational potential of MNs as a therapeutic platform for the treatment of
vitiligo in the near future.
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Introduction

Vitiligo is a dermatological condition characterized by the acquired depletion of melanocytes, which leads to the
appearance of white macules in the skin.' The current understanding of the etiology of vitiligo is associated with the
overactivation of the immune cells, specifically the activation of CXCR3'CD8" cytotoxic T cells.” Several anti-
inflammatory therapeutics, including tofacitinib (JAK-STAT inhibitor) and tacrolimus (calcineurin inhibitor), have
been widely used to combat vitiligo in clinical application. However, given that the CXCR3"CD8" T cells are mainly
located in the dermal-epidermal junction, it remains challenging for the therapeutics to be effectively delivered to the
targeted region. In addition, systemic medications have the potential to induce undesirable adverse effects, whereas
topical ointments and creams exhibit limited permeability, subsequently reducing their clinical efficacy. As a result, there
is an increasing demand for more effective and safe targeted treatments for vitiligo.

Recently, microneedles (MNs) have caught significant attention as a transdermal drug delivery method. MNs are
micrometer-sized needles that increase the diffusivity of the drug to the stratum corneum (SC) by creating micron-size
pores in the skin. Specifically, solid MNs can reach to the dermal-epidermal junction of the skin, and was the first MNs
that applied clinically to treat skin diseases, including vitiligo. Previous review that analyzed the efficacy and safety of
solid MNs in treating vitiligo found that solid MNs can significantly improve vitiligo lesion without causing observable
side effect, suggesting that solid MNs may serve as an alternative treatment for vitiligo for patients whose resistant to
conventional therapies.” Recently, new types of MNs have been developed, including hollow MNs, coated MNs,
dissolving MNs and hydrogel MNs, all of which further improve the bioavailability and drug delivery efficacy of
MNs in skin diseases, including vitiligo. Here, we aim to summarize the latest research on MNs-based drug delivery
systems for vitiligo, highlighting the translational potential of MNs as a therapeutic platform for the management of
vitiligo in the near future.
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Method

All the studies included in this review were searched on PubMed (https://pubmed.ncbi.nlm.nih.gov), Web of Science
(https://webofscience.clarivate.cn/) and Embase (https://www.embase.com/) with keywords including the combination of
“microneedle” and “vitiligo” or “microneedle” only, respectively. Searched results (research article and review article)
regarding the application of microneedles in vitiligo were all included in this review independent of the year of
publication.

Microneedles

Advancements in microfabrication technology have enabled the precise design of MNss, tailored for delivering both low-
and high-molecular-weight biotherapeutics or extracting blood and interstitial fluid (ISF) through the skin.* The
formulation of MNs has garnered considerable interest from academic researchers and pharmaceutical companies,
leading to the patenting of diverse MNs designs for transdermal drug delivery. Currently, the patent landscape for
MN:ss is primarily focused on applications in oncology, cosmetics, ophthalmology, diabetes therapy, and vaccination.

Classification
MNss are primarily classified into five categories: solid, coated, hollow, dissolving, and hydrogen MNs, based on their
composition, configuration, and the morphology of their shafts and tips® (Table 1).
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Table | Summary of Materials, Properties of Various Microneedles, and Their Application Potential in Vitiligo Therapy

Classification Materials Drug- Penetration Controlled Side Pain Suitable for what Types
Selection Loading Capacity Drug Release | Effect of Vitiligo
Capacity
Solid MNs Silicon; Stainless - High - High High Generalized vitiligo
(poke and patch) steel; Metallic glass
Coated MNs Silicon; Stainless Low High - High High -
(coat and poke) steel; Polymers
Hollow MNs Silicon; Glass; Low Low - High | Medium | Localized and stable vitiligo
(poke and flow) Polymers
Dissolving MNs Maltose; Medium Medium - Low Low Localized vitiligo
(poke and release) Carboxymethyl
cellulose
Hydrogel MNs Polymers; Silk Medium Medium Yes Low Low Faciocervical, acral,
(poke and release) mucosal and localized
vitiligo
Solid MNs

Solid MNs are commonly fabricated from materials like silicon, stainless steel, metallic glass, polymers, and others.
Notably, metallic glasses possess exceptional mechanical properties comparable to traditional metals, and while also
offering the flexibility of thermoplastic molding, similar to polymers.” Numerous studies have emphasized their favorable
attributes, including biocompatibility, biodegradability, and antibacterial properties.® ' Manufacturing solid MNs
involves various methods, including laser micromachining, electrodeposition, wet etching, and molding processes. In
an effort to achieve simpler and high-throughput fabrication methodologies, prior research has introduced novel methods
such as thermoplastic drawing of metallic glass and the utilization of KOH etching to create sidewall etch angles in
oriented silicon wafers.”'' Solid MNs devoid of drug content are primarily utilized to generate microchannels on the skin
surface, thereby enhancing skin permeability for subsequent topical treatments. Historically, this approach has been
considered slow and ineffective for delivering hydrophobic drugs, owing to their poor solubility and the rapid closure of
aqueous microchannels. However, the current study has identified that the drug-pretreatment “patch and poke” strategy,
utilizing oscillating MNss, significantly enhances drug penetration. This methodology relies on the mechanical insertion
of the drug and effectively addresses the challenges associated with drug solubility and pore closure.'?

Coated MNs

Coated MNs are consist of a solid-core MN structure coated with a film containing water-soluble inactive excipients and
active drugs.'® Water-soluble excipients fulfil a dual role in the coating of MNs, facilitating the coating process and enabling
the detachment of the film from the microneedle surface. Selection of a coating excipient should adhere to specific criteria,
including solid state at room temperature, biocompatibility, and rapid disintegration upon skin penetration. Crucial properties
sought in the coating process are attaining uniform coating and the ability to selectively coat only the MN shafts while
leaving the MN array base substrate uncoated.'*'® To date, dip-coating and inkjet-coating methods have emerged as the most

promising techniques for achieving selective coating of MN shafts while preventing contamination of the base substrate.'®'”

Hollow MNs

Hollow MNs are typically fabricated from ceramics, metals, silicon, or glass, featuring a void cavity within each needle
and a bore at the tip of each needle. In contrast to other types of MNs, most reported hollow MNs are designed to be
connected to a syringe, serving as both a drug reservoir and a pumping device.'®'? The primary advantage of hollow
MNs lies in their greater drug delivery capacity when compared to solid, coated, and dissolving MN arrays. The
predominant manufacturing method for hollow MNs involves micro-electro-mechanical systems (MEMS), including
processes such as lithography, laser cutting, metal electroplating, etching, and micro-molding.?® Recently, 3D printing
has been employed to achieve superior printing resolutions, enabling the creation of customizable and intricate structures
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at reduced cost and increased printing speed compared to previous techniques.”’ The current research focused on
establishing the feasibility of employing hollow MNs for painless and minimally invasive drug or vaccine delivery, in

addition to their potential applications in monitoring applications.*' >

Dissolving MNs

The manufacturing process for dissolving MNs involves encapsulating the drug within a carrier matrix, achieved through
techniques such as micro-molding, droplet air drying, and lithography/3D printing.?*2® Upon penetration of the SC, the
carrier matrix comprising the needle structure dissolves, enabling the release of encapsulated drugs. The mechanical
properties, drug loading capacity, and drug release characteristics of dissolving MNs are dependent on the strength,
solubility, and biocompatibility of the matrix polymer employed in their fabrication.

Commonly reported matrix materials include hyaluronic acid (HA), polyvinyl alcohol (PVA), polyvinyl pyrrolidone
(PVP), resin, and polysaccharides compounds.?’” These materials possess unique properties that contribute to the
efficacy and functionality of MN devices. For instance, photo-curable resin is notable for its ability to be directly
mixed with solid pharmaceutical agents, enaling polymeric porous MN structures. This approach eliminates the need
for aqueous drug dispersions, which can restrict the drug loading capacity of the MN array. Polysaccharides, a versatile
category of biopolymers, are intriguing due to their ability to modulate biological functions. Polysaccharide-based
MNs offer multifaceted benefits in addressing complex pathophysiological conditions and facilitating bioprinting,
making them promising candidates for advancements in sensing, drug delivery, and biologics restoration.

The utilization of dissolving MNs constitutes a one-step procedure, as they do not require subsequent removal after
application. They possess potential applications spanning a wide range of medical domains, including vaccine admin-
istration, diagnosis and monitoring, cancer treatment, diabetes management, and the management of inflammatory skin

conditions.?®

Hydrogel MNs

Hydrogel MNs, a novel variant, exhibit distinct principles compared to other MNs due to their unique water absorption
and swelling properties.”” Upon insertion into the skin, hydrogel MNs rapidly absorb interstitial fluid, leading in the
swelling and the creation of an unobstructed pathway for drug permeation.>® Drugs can be loaded by incorporating them
into the polymeric structure during the manufacturing process or by loading them into a separate reservoir and
subsequently attaching it to the MNs as a substrate.”'

The development of hydrogel MNs aims to overcome the biocompatibility challenges associated with silicon or metallic
MNss. It is widely that Conventional MNs are acknowledged to potentially exhibit cytotoxicity.*? Penetration disrupts the skin
barrier, eliciting an immune response against the MNs as foreign entities.® Polymers have emerged as the most extensively
employed and highly desirable materials for hollow hydrogel MNs due to their possession of both biocompatibility and
biodegradability properties. Polymer material is a noteworthy poly (methyl vinyl ether-co-maleic acid) (PMVE/MA), known
for its remarkable attributes including high mechanical strength, excellent biocompatibility, low toxicity, and antimicrobial
properties.>*

Controlled drug release is a highly desirable trait in the utilization of MNs. Hydrogel MNs achieve this control
by modulating the crosslinking density of the matrix material. An increase in crosslinking, achieved by increasing
the weight percentage of crosslinker, can result in a slower and more prolonged rate of drug release.’”> PVA is
a commonly used polymer, often employed in the tailoring of desired properties for hollow HMs through blending
with various other polymers, including dextran, carboxymethyl cellulose, and chitosan. The integration of dextran
into PVA has been observed to significantly improve sustained and controlled drug release. Another noteworthy
material is poly (N-isopropyl acrylamide) (PNIPAm), which exhibits a reversible conformational change from
linear to coiled in response to temperature fluctuations. A matrix material utilizing carboxylic end capped PNIPAm
grafted onto gelatin has been developed to fabricate highly crosslinked hydrogel MNs patches. These thermo-

sensitive hydrogel MNs offer the capability for precisely tunable drug release upon application to the skin.*®
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Design of MNs

Various designs of MNs have been utilized, tailored specifically to enhance treatment outcomes for diverse applications

throughout the evolution of MN technology. Multiple designs have been developed to optimize treatment outcomes .

Enhancing Skin Penetration

Several parameters must be carefully considered to achieve an optimal balance between the MNs’ shape and array and their
efficacy in skin penetration. These parameters include geometric features, material selection, and fabrication feasibility.
Geometric features, including length, base width, tip radius, and inter-needle spacing, are pivotal in attaining this balance.
Inadequate length may impede MN from penetrating to adequate depths, whereas excessively long needles may heighten the
risk of activating pain receptors. A previous study demonstrated a sevenfold surge in pain scores from 5% to 37%, when MN
length was augmented from 480 to 1450 um. Conversely, the utilization of standard hypodermic needles resulted in a pain
score of 100%.”” Solid MNs with lengths ranging from 600 to 1100 um have demonstrated superior efficacy in drug delivery
to the epidermal and dermal regions.*® In various research studies involving hydrogel MNs, lengths typically spanning from
500 to 800 pum have been employed.*® The base width of needles is also a critical factor in skin penetration. A width within
ranging from 200 to 300pm has been established as optimal choice for effective skin penetration and minimally invasive drug
delivery.®® The force required for skin penetration exhibits a linear increase in relation to the tip radius, and penetration
efficiency is maximized when the tip radius remained below 7.5 um.*’ Cone and pyramid needle shapes are often preferred
due to their superior skin penetration capabilities compared to other shapes.

Material selection is crucial for optimizing skin penetration, a vital aspect that can be broadly categorized into three main
types: inorganic materials, metal materials, and polymer materials. Inorganic MNs, composed of materials like silicon, glass, and
ceramics, exhibit exceptional mechanical strength, enabling effective skin piercing for drug delivery. However, these inorganic
MNs have certain limitations, including the time-consuming fabrication process, suboptimal biocompatibility, and susceptibility
to fragility.*! Metallic materials possess remarkable hardness, which reduces the risk of mechanical failure in inorganic MNs.
Commonly used metallic materials include stainless steel, titanium, and tungsten. However, these materials have the potential to
contaminate biohazardous waste during their use. Recently, polymer materials have gained popularity due to their inherent
biocompatibility, cost-effectiveness, and ability to regulate drug release. The controlled drug-release properties of polymers can be
precisely adjusted by manipulating factors like concentration, molecular weight, crosslinking density, and charge characteristics.
The diverse range of crosslinking techniques and chemical modifications allows polymers to be seamlessly integrated with
various types of drugs, resulting in hydrogels. Notable examples of polymers include poly (methyl methacrylate) (PMMA), poly-
L-lactic acid (PLA), poly-glycolic acid (PGA), poly-lactic-co-glycolic acid (PLGA), cyclic-olefin copolymer, poly (vinyl
pyrrolidone), and sodium carboxymethylcellulose.** Hydrogels, including HA and chitosan, exhibit relatively modest mechanical
properties, typically measuring below 1 MPa, and possess a shorter degradation duration, usually ranging from a few hours to
several weeks. These properties render hydrogels highly suitable for applications requiring a slow drug release rate. MNs crafted
from these polymers may not match the strength of metal materials but they are significantly more durable than glass and ceramics.

Controlled Drug Release

The predominant controlled release modes include long-acting release and stimulus-responsive release. Long-acting MN
delivery systems are highly suitable for management of chronic illnesses, primarily due to their sustained and precisely
controlled release mechanisms. These advanced drug delivery technologies offer the capability to administer drugs
precisely to where they are most needed, thereby reducing the risk of elevated systemic toxicity exposure.** To extend
drug retention at the application site, MNs can be modified to exhibit enhanced mucosal adhesion properties. PVA
possesses robust adhesive characteristics, making it an ideal choice for developing a topical adhesive system for
controlled drug release. By covalently attaching retinoids to hydrophilic PVA, this polymer-drug conjugate can effec-
tively achieve controlled release of retinoids.** Additionally, drug release can also be finely controlled by manipulating
the wettability of the polymer, which can be achieved through techniques such as electro-spinning or plasma
technology.*® Variations in surface wettability were achieved through pattern-assisted enhancement of surface hydro-
phobicity, a technique that has the potential to mitigate the initial burst release of drugs.
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Stimulus-responsive drug delivery, an emerging and promising drug delivery system, offers the potential for on-demand
drug release and enhanced therapeutic effectiveness. Cross-linked HA emerges as a prevalent material used in the construction
of stimulus-responsive MNs. These MNs can establish a stable internal environment while modulating mechanical strength to
meet the requirements of various stimulus-responsive drug delivery systems.*® Stimulus-responsive MNs release drugs in
response to a range of endogenous and external triggers, including but not limited to pH-based, enzymatic, thermal, photic,
electrical, or mechanical stimuli.*’*** The acidic pH level of the skin (pH < 5.5) is crucial for maintaining homeostasis and its
barrier function. Any disruption in this pH equilibrium can potentially result in cutaneous diseases, such as atopic dermatitis
(pH 7-9). Consequently, pH responsive MNs exhibit significant promise in managing skin disorders associated with pH
dysregulation. Among the various types of stimuli-responsive materials, thermosensitive polymers, such as polycaprolactone,
N-isopropyl acrylamide, and poloxamer, are widely recognized as prevalent options.*’ Thermosensitive materials, character-
ized by a low melting point, undergo a transition from a solid to a liquid state upon exposure to a heat source, resulting in the
release of the encapsulated drugs. Three distinct heat sources are utilized to induce this phase transition: a thermal heater,
photothermal agents, and changes in body temperature.’®>" These thermosensitive MNs exhibit the capability to precisely

regulate drug release, thereby enabling accurate and sustained drug delivery for chronic diseases, such as diabetes.

Targeted Drug Delivery

Targeted drug delivery is a crucial approach for precise treatment, characterized by its ability to prolong drug retention
time and the reduction of toxic side effects. Among the most commonly used strategies, targeted skin delivery via MNs
carrying nanocarriers equipped with targeting ligands is particularly noteworthy.”> The development of ligands that
specifically target pathological cells or tissues can significantly enhance specificity towards these targets, ultimately
improving the efficacy of transdermal drug delivery and enhancing drug retention in the skin.>® For example, psoriasis is
characterized by the overexpression of CD44 protein, which functions as a receptor for HA on the surface of affected
skin. The utilization of HA as a ligand for CD44 offers a promising approach for the development of targeted drug
delivery systems. Furthermore, the interaction between HA and CD44 plays a pivotal role in regulating the proliferation
and differentiation of keratinocytes, while also influencing lipid secretion, ultimately contributing to the maintenance of
homeostasis in the skin permeability barrier.*®

MN techniques themselves constitute effective site-targeted delivery strategies for precise treatment. When combined
with drugs, these exogenous targeting sites can effectively bypass gastrointestinal degradation and hepatic first-pass
metabolism. This approach has the potential to reduce dosage requirements and minimize systemic side effects. Notably,
antimicrobial transdermal MN patches are emerging as a viable option for delivering antibacterial, antifungal, or antiviral
agents, effectively serving as direct platforms for combating pathogens.>*

Delivering drugs to specific skin layers has the potential to enhance drug targeting and minimize drug wastage.
Recent studies have revealed that tip-loaded dissolving MNs, also known as layered MNs, effectively provide a solution
to this requirement. These tip-loaded MNs consist of two distinct layers: a tip layer containing the active medication and
a base layer composed entirely of pure dissolving material. The drugs are concentrated in the tips of the MNs, where they
dissolve into the skin to sustain drug release, significantly reducing drug consumption. The base layer primarily serves to
provide adequate strength for skin penetrating.>

Diagnostic and Theranostic Functions

The ISF surrounding cells within bodily tissues presents a promising reservoir of biomarkers that closely mimic those found in
the blood.”® As the largest organ covering the body’s surface, the skin offers a vast platform for obtaining physiological
information from the ISF.>” However, the SC serves as a fundamental barrier, impeding the identification of biomarkers and
the absorption of medications. To overcome this challenge, there has been a growing focus on MNs-based transdermal
biosensing in the ISF.”® MN patches can penetrate the skin, creating microchannels that enable sampling biomarker molecules
or direct detection in the ISF. MNs-based transdermal diagnostic strategies can be categorized into two approaches: in vivo
sampling of ISF for in vitro testing and in vivo capture for direct detection in ISF. Specifically, the latter method utilizes MNs
as a crucial sensing component for direct biomarker detection in ISF. Consequently, this method offers promising advantages,
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including closed-loop control, simplification, and self-administration.>® Based on the sensing mechanism, in vivo MNs-based
detection methods encompass electrochemical, fluorometric, colorimetric, and Raman approaches.

Patients often display significant individual differences in drug absorption and bodily responses. MNs-mediated
theranostic systems seamlessly integrate MNs-based disease diagnosis, offering promising clinical applications.®® The
operational mechanism of MNs-based theranostic systems comprises three key steps: detection of physiological bio-
markers, precise calculation of drug dosages, and the subsequent on-demand drug delivery. These MNs-mediated
theranostic systems can be classified into two main types: open-loop and closed-loop systems, depending on whether
they rely on direct or indirect feedback mechanisms.®' The MNs-based open-loop theranostic system exhibits limitations
in providing immediate diagnostic and therapeutic feedback. In this system, either the patient or medical personnel serve
as intermediaries, determining the administration dosage based on the data obtained from the analysis. Conversely,
closed-loop MNs-mediated theranostic systems facilitate autonomous self-administration through a self-constructed
control algorithm, thereby eliminating the need for human intervention.’* The administration strategy involves the MNs-
based diagnostic component accurately monitoring physiological signals, while the MNs-based therapeutic component
possesses the ability to dynamically adjust drug release dosages based on real-time feedback data.®®

Pathogenesis and Treatment Mechanisms of Vitiligo

Recently, the understanding of the mechanism underlying vitiligo has progressed, revealing the involvement of auto-
reactive cytotoxic CD8" T cells that target melanocytes. This targeting leads to disease progression through the local
production of IFN-y. Subsequently, neighboring fibroblasts secrete chemokines, which are induced by IFN-y, to further
recruit T cells to the skin via a positive-feedback loop.? Therefore, successful re-pigmentation in vitiligo necessitates the
achievement of two treatment objectives: suppressing autoimmunity and promoting the regeneration of melanocytes from
their stem cell niche within the hair follicle. Targeted immunotherapy utilizing immunosuppressants is employed to
inhibit cytokine signaling. Concurrently, phototherapy and analogues of alpha-melanocyte-stimulating hormone (a-MSH)
are administered to enhance melanocyte proliferation and migration. Moreover, relapse commonly occurs upon dis-
continuation of treatment, attributed to autoreactive resident memory T cells.** Current treatment strategies focus on
eradicating these cells to achieve long-lasting benefits.

MNs in the Treatment of Vitiligo

MNs have emerged as an innovative approach for the treatment of dermatological diseases. The plasticity of MNs
facilitates the creation of diverse lesion configurations, particularly beneficial for treating localized, stable vitiligo lesions
(Figure 1). Conversely, diseases like atopic dermatitis, characterized by lesions with indistinct boundaries, pose
significant challenges for MN-based therapeutic strategies. Moreover, the pathological changes in vitiligo primarily
occur in the epidermal and superficial dermal layers, allowing for easy accessibility by microneedles. Furthermore, unlike
psoriasis, vitiligo lesions do not exhibit hyperkeratosis, thus maintaining the consistency and length of microneedles
during insertion. The unique combination of these factors highlights the potential of MNs as a targeted and efficient
modality for the treatment of vitiligo. Furthermore, the application of MNs demonstrate the capacity to modulate vitiligo-
related immune disorders.®> Several findings validate that MNs significantly enhance the effectiveness of vitiligo
repigmentation, both when used alone and in combination with other therapeutic modalities (Table 2).

MNs Monotherapy

The utilization of MNs affords precise regulation of penetration, thereby negating the necessity for additional topical
anti-infective therapy. Notably, these characteristics surpass needling therapy, an alternative efficacious approach for
promoting re-pigmentation in cases of unresponsive, stable vitiligo.”” To assess the efficacy of MNs monotherapy, two
clinical trials were conducted, focusing on the treatment of localized stable vitiligo.”®’® A more favorable response in re-
pigmentation was achieved through MNs monotherapy, administered over twelve sessions with 2-week intervals,
comparable to the outcomes achieved with twice-daily application of 0.1% tacrolimus ointment for a duration of 6
months.”® A plausible explanation is that MNs induce microlesions, which trigger the recruitment of platelets and
neutrophils, releasing various growth factors and inflammatory mediators, ultimately leading to the migration and
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Figure | MNs-based strategies for vitiligo treatment. (@) MNs monotherapy generates microlesions in the skin, triggering a localized immune response characterized by the
recruitment of platelets and neutrophils to the site of MN application. This immune response leads to the release of various growth factors and inflammatory mediators, ultimately
resulting in the migration and activation of melanocytes. (b) Transdermal drug delivery is enhanced by MNs, facilitating targeted delivery to affected skin areas and potentially
improving treatment outcomes. (c) Combining hollow MNs with autologous cell suspension grafting remarkably increases regimentation by improving the delivery of melanocyte-
containing cell suspensions into targeted areas. (d) Combining MNs with phototherapy significantly enhances treatment effectiveness by creating microlesions in the skin, improving
the penetration of phototherapy, and accelerating regimentation in vitiligo-affected areas (some of contents were Created in BioRender. Yu, Y. (2024) BioRender.com/j311097).

activation of melanocytes. Additionally, this mechanical trauma could induce melanophore aggregation by damaging the
epidermis’s basal cell stratum of the epidermis, potentially leading to post-inflammatory hyperpigmentation. Collectively,
these factors have the potential to enhance and stimulate melanogenesis.*”

MNs Combined with Therapeutic Drugs
MNs are regarded as an optimal adjuvant due to their capacity to create microchannels that facilitate the transdermal
delivery of therapeutic drugs across the SC. This capability has been highlighted by two comprehensive systematic
reviews. >

Calcineurin inhibitor, such as tacrolimus and pimecrolimus, have been utilized in the treatment of vitiligo, where they
inhibit calcineurin in T-cells, thereby preventing the production and release of pro-inflammatory cytokines activated by
these T-cells. Moreover, these inhibitors promote melanocyte migration with minimal impact on melanocyte
proliferation.®”®! A study demonstrated a significantly higher re-pigmentation rate of 66.6% among patients treated
with MNs and tacrolimus, compared to a rate of only 33.3% observed in the topical tacrolimus groups.”® Howyda et al®?
further demonstrated the superior efficacy and tolerability of MNs combined with tacrolimus over tacrolimus ointment
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Table 2 Overview the Studies of MNs Application in the Treatment of Vitiligo

Application method MNs Type Combined with Research Vitiligo Results Reference
Therapy Type Type
MNs monotherapy Solid MNs - Case Localized and 17/30 patients achieving repigmentation [66]
series stable
Solid MNs - Case Localized 5/22 patients achieving repigmentation [67]
series
MNs with therapeutic Solid MNs Tacrolimus Case Localized and 12/24 achieving repigmentation over 75% in MNs with Tacrolimus group, [3]
drugs series refractory while 7/24 in Tacrolimus alone group
Solid MNs Vitamin D Case Stable 52% achieving repigmentation over 50% in MNs with vitamin D group, while [68]
series 40% in MNs alone group
Solid MNs 5-fluorouracil Case Stable 75% repigmentation [69]
report
Hydrogel MNs | Tofacitinib/ a-MSH loaded Basic - Significantly promote the repigmentation of vitiligo mice and reduce localized [70]
research inflammation
Hydrogel MNs a-MSH loaded Basic - Enhance the synthesis of melanin and transportation of melanin granules to [71]
research surrounding cells
MNs with autologous cell Hollow MNs Non-cultured epidermal Case Faciocervical 50% repigmentation [72]
suspension grafting cell suspension (NCES) report
Hollow MNs Non-cultured epidermal Case Acral Combination of MNs, NCES transplantation and topical 5-FU produced far [73]
cell suspension (NCES) report more re-pigmentation (84%) than NCES monotherapy (40%)
MNs with phototherapy Solid MNs NB-UVB Case - No benefit in enhancing repigmentation [74-76]
series
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alone. Notably, patients receiving combination therapy displayed an upregulation of c-kit expression in the vitiliginous
epidermis. C-kit, a cell surface receptor that regulates melanocyte survival and proliferation, is closely associated with
the loss or dysfunction of melanocytes in depigmented regions. These findings emphasize the pivotal dual role of MNs,
acting as an adjuvant and as promoters of melanocyte proliferation and migration from perilesional sites to depigmented
patches.® Furthermore, the combination of topical vitamin D analogs, such as cholecalciferol, with MNs treatment have
been shown to enhance melanocyte functionality and viability, thereby promoting repigmentation.®

Recent evidence suggests that intradermal 5-fluorouracil (5-FU) administration has potential for effectively inducing
re-pigmentation in vitiligo patients resistant to conventional treatments.** It has been established that 5-FU stimulates
dermal fibroblasts to release CXCL12, thereby promoting the chemotactic migration of melanocytes expressing
CXCR4.® Kumar et al®® utilized derma-rollers with MNs along with topical 5-FU solution to effectively manage stable
vitiligo, yielding remarkable re-pigmentation outcomes. The combined use of MNs and 5-FU demonstrated a synergistic
effect, leading to superior re-pigmentation outcomes and increased patient satisfaction compared to the combination of
MNs and tacrolimus, especially in acral regions.* In refractory pediatric vitiligo cases, the combination of MNs with
low-dose oral corticosteroids and topical 5-FU exhibited significant efficacy.®’” Furthermore, this combination of MNs
and 5-FU has proven effective in improving vitiligo, likely due to its ability to up-regulate the expression of matrix
metalloproteinase 2 (MMP2) in depigmented areas. MMP2, synthesized by keratinocytes during epidermal remodeling,
has been found to enhance melanocyte migration.®

The oral and topical formulations of tofacitinib, a selective inhibitor of JAK1 and JAK3, have shown effectiveness in
treating vitiligo.***° As a pathogenesis-directed therapy, the effectiveness of tofacitinib in promoting re-pigmentation can
be attributed to its downregulation of IFN-y signaling.”’ The utilization of MNs provides numerous advantages, including
enhanced targeted drug release and mitigation of tofacitinib-associated side effects. It was observed that dissolving
tofacitinib-loaded MN arrays resulted in the delivery of 835 pg/cm? of the drug into the dermis over a 24-hour period,
whereas the topical cream only delivered 143.98 pg/cm?2.°? This finding indicates a significant potential for the treatment
of vitiligo. a-MSH is a neuroendocrine hormone that stimulates melanin production and protects melanocytes from
oxidative stress.”*** A decrease in a-MSH expression levels has been observed in the serum and skin lesions of patients
with vitiligo.”> Chong et al’' demonstrated that silk fibroin methacrylate (SFMA)/0-MSH hydrogel MNs significantly
promote melanin synthesis, facilitate melanin granule transportation to surrounding cells, and enhance epidermal re-
pigmentation. In our recent study, hydrogel MNs composed of dextran methacrylate (DexMA) and cyclodextrin-
adamantane host-guest assembly polymer (HGSM) were utilized to encapsulate tofacitinib and o-MSH. This approach
significantly enhanced re-pigmentation in both skin and hair in an animal model of vitiligo.”®

MNs with Autologous Cell Suspension Grafting

Cutaneous cell suspension grafting has emerged as a promising treatment modality for vitiligo. Nonetheless, clinical
translation of cell therapy faces various challenges, including the need to deliver an adequate number of cells to the
designated site while maintaining their viability and functionality. Conventional transdermal delivery methods entailed
the use of ablative lasers or skin dermabrasion as an initial procedure before the topical application of cell suspension.
However, these methods are associated with several limitations, including the risk of scaring and infection, and
challenges in achieving a uniform distribution of cell suspension.”>”® In contrast, hollow MNs offer a safe, novel, and
minimally invasive approach for the uniform delivery of functional cells into the skin. A study conducted by Gualeni
et al” revealed that hollow MNs with a length of 500 um and a bore size of 75 um are potentially more suitable for
delivering cells to the skin. The combination of MNs and epidermal keratinocyte-melanocyte cell suspension has
exhibited significant re-pigmentation in the facial region of vitiligo patients after a 6-month treatment protocol.”*
Acral vitiligo is acknowledged as a difficult and refractory form of the condition, often resistant to both medical and
surgical treatments, including transplantation. A study by Albalat et al’> observed that the combination of MNs, non-
cultured epidermal cell suspension (NCES) transplantation, and topical 5-FU led to significantly higher re-pigmentation
rates (84%) compared to NCES monotherapy (40%), indicating its potential as an effective treatment for refractory
vitiligo.
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MNs with Phototherapy
NB-UVB is widely considered as the most effective phototherapy for treating vitiligo. A recent study indicates that
combining MNs or CO, laser with hair transplantation, followed by NB-UVB, achieved comparable therapeutic efficacy
in treating refractory palmar-plantar vitiligo.”® However, several other studies have reported no additional benefits when
combining MNs with NB-UVB.®*7 Similar to CO, laser, MNs enhance the levels of pro-pigmentary cytokines and
promote skin cell proliferation.”®

Conclusion

With the progression of clinical trials involving MNs-based products, it is evident that MNs represent an efficient and
well-tolerated method for the treatment of vitiligo. Their ability to modulate melanocyte migration and proliferation has
significant potential. Notably, the combination of MNs with other therapeutic approaches has exhibited promising
synergistic effects on treatment outcomes. However, further research is necessary to optimize the design and materials
of MNs, enhancing their compatibility with the skin and ensuring the sustained release of therapeutic agents.
Additionally, clinical trials should assess the therapeutic potential of MNs in a diverse population of vitiligo patients,
including individuals with different skin types and disease severities. Addressing these research gaps will further unlock
the potential of MNs in revolutionizing the treatment paradigm for vitiligo and other dermatological conditions.
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