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Abstract 
_______________________________________________________________________________________________________________ 
Vitiligo is a chronic autoimmune depigmenting disorder characterized by the progressive 
destruction of melanocytes, resulting in the appearance of white patches on the skin. The 
multifactorial pathogenesis of vitiligo involves oxidative stress, autoimmune responses, 
inflammatory cytokines, genetic predisposition, and melanocyte apoptosis. Although conventional 
therapies such as phototherapy, corticosteroids, calcineurin inhibitors, and surgical interventions 
are available, their efficacy remains limited due to adverse effects, recurrence, prolonged 
treatment duration, and poor patient compliance. Herbal medicines have gained significant 
attention because of their antioxidant, anti-inflammatory, immunomodulatory, and 
melanogenesis-promoting properties. However, poor aqueous solubility, instability, low 
bioavailability, and inadequate skin permeation restrict their clinical application. Nanotechnology-
based drug delivery systems provide an innovative platform for improving the therapeutic efficacy 
of herbal compounds by enhancing stability, penetration, targeted delivery, and controlled release. 
This review discusses the pathogenesis of vitiligo, the rationale for herbal nanoformulations, 
nanoparticle systems, formulation approaches, characterization parameters, biological evaluation 
methods, regulatory considerations, and future perspectives in vitiligo therapy. 

Keywords: Vitiligo, Herbal Nanoparticles, Nanotechnology, Melanogenesis, Drug Delivery 
Systems, Skin Targeting, Nanomedicine. 

 

1. Introduction 

Vitiligo is a chronic, acquired depigmenting disorder 
characterized by the progressive loss of functional 
melanocytes from the epidermis, resulting in well-
demarcated, milky-white macules and patches on the 
skin 1. The condition affects approximately 0.5–2% of 
the global population, with no significant predilection 
for gender or race; however, its clinical visibility is often 
more pronounced in individuals with darker skin tones, 
leading to greater psychosocial burden 2,3. 

The disease manifests in various clinical forms, 
including segmental, non-segmental (generalized), 
acrofacial, and universal vitiligo, depending on the 
distribution and progression of depigmented lesions. 
Although vitiligo is not life-threatening or contagious, it 
is associated with social stigma, significant 
psychological distress, and reduced quality of life, often 
contributing to anxiety, depression, and decreased self-
esteem in affected individuals 4,5. 

The exact etiology of vitiligo remains complex and 
multifactorial, involving an interplay of genetic 

predisposition, environmental triggers, immune 
dysregulation, and oxidative stress. Among the proposed 
hypotheses, the autoimmune and oxidative stress 
theories are the most widely accepted 6. In the 
autoimmune paradigm, melanocytes are selectively 
targeted and destroyed by autoreactive CD8+ cytotoxic T 
lymphocytes, mediated through the release of pro-
inflammatory cytokines such as interferon-gamma (IFN-
γ) and tumor necrosis factor-alpha (TNF-α). 
Concurrently, oxidative stress plays a pivotal role by 
inducing the accumulation of reactive oxygen species 
(ROS), which leads to lipid peroxidation, mitochondrial 
dysfunction, and ultimately melanocyte apoptosis 7,8. 

Recent studies have demonstrated that melanocytes in 
vitiligo patients exhibit impaired antioxidant defense 
mechanisms, including reduced levels of catalase, 
glutathione peroxidase, and superoxide dismutase. This 
imbalance between oxidants and antioxidants renders 
melanocytes highly susceptible to oxidative damage. 
Additionally, the release of damage-associated 
molecular patterns (DAMPs) further amplifies immune 
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activation, creating a vicious cycle of melanocyte 
destruction 9,10. 

Conventional therapeutic approaches for vitiligo 
primarily aim at halting disease progression and 
promoting repigmentation 11. These include topical 
corticosteroids, calcineurin inhibitors, systemic 

immunosuppressants, and phototherapy modalities 
such as narrowband ultraviolet B (NB-UVB) and 
psoralen plus ultraviolet A (PUVA)12. Although these 
treatments may provide symptomatic relief, their long-
term use is often limited by adverse effects, including 
skin atrophy, irritation, carcinogenic risk, and variable 
therapeutic outcomes13,14. 

 

 

Figure 1. Overview of Vitiligo Pathogenesis, Conventional Therapies, and Herbal Approaches for Repigmentation 
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In recent years, there has been a growing interest in herbal 
and plant-based therapies as alternative or complementary 
approaches for vitiligo management. Traditional systems of 
medicine, particularly Ayurveda, have long utilized 
medicinal plants such as Psoralea corylifolia (Bakuchi) 15, 
Curcuma longa (turmeric) 16, and Piper nigrum (black 
pepper)17 for the treatment of depigmentation disorders. 
These herbal agents possess a wide spectrum of 
therapeutic activities, including anti-inflammatory, 
antioxidant, immunomodulatory, and melanocyte-
stimulating properties. Phytoconstituents such as 
curcumin, piperine, psoralens, flavonoids, and polyphenols 
have been extensively studied for their potential role in 
modulating key pathways involved in vitiligo pathogenesis. 
For instance, curcumin exhibits potent antioxidant activity 
by scavenging ROS and inhibiting inflammatory signaling 
pathways such as NF-κB, while piperine enhances 
melanocyte proliferation and improves the bioavailability 
of curcumin. Similarly, psoralens act as photosensitizing 
agents that stimulate melanogenesis upon exposure to 
ultraviolet radiation. 

Furthermore, advancements in pharmaceutical technology 
have facilitated the development of novel herbal 

formulations, including nanoparticles, liposomes, and film-
forming topical systems, which enhance drug stability, skin 
penetration, and therapeutic efficacy. These innovative 
delivery systems represent a promising frontier in the 
integration of traditional herbal medicine with modern 
dermatological therapeutics 18. Therefore, this review aims 
to provide a comprehensive overview of herbal approaches 
in vitiligo management, focusing on their mechanisms of 
action, key phytoconstituents, and recent advancements in 
formulation strategies. Emphasis is placed on 
understanding how herbal therapies can address the 
multifactorial nature of vitiligo and offer safer, effective 
alternatives to conventional treatments. 

2. Vitiligo: Disease Overview 

Vitiligo is a chronic acquired depigmenting disorder 
characterized by the selective destruction or dysfunction of 
melanocytes, resulting in the appearance of depigmented 
macules and patches on the skin 19,20. The disease affects 
individuals of all ages and ethnic groups and is associated 
with considerable psychological and social burden. Clinical 
presentation and disease progression vary among patients, 
leading to the classification of vitiligo into different clinical 
subtypes. 

 

Table 1. Clinical Characteristics and Classification of Vitiligo 

Parameter Description 

Etiology Multifactorial disorder involving autoimmune, oxidative stress, inflammatory & genetic mechanisms. 

Prevalence Affects approximately 0.5–2% of the global population. 

Main Clinical Feature Loss of skin pigmentation due to melanocyte depletion. 

Disease Nature Chronic, progressive, and non-contagious disorder. 

Impact on Patients Causes cosmetic disfigurement, psychological stress, anxiety, and reduced quality of life. 

Table 1 summarizes the general characteristics of vitiligo, including its definition, etiology, prevalence, and clinical 
significance. Vitiligo is a multifactorial disorder primarily associated with melanocyte loss and remains one of the most 
common acquired depigmenting diseases worldwide. 

Table 2. Clinical Manifestations of Vitiligo 

Clinical Manifestation Description 

White Macules and Patches Well-defined depigmented areas resulting from melanocyte destruction. 

Symmetrical Distribution Lesions frequently occur symmetrically on both sides of the body. 

Leukotrichia Depigmentation of hair present within vitiliginous lesions. 

Mucosal Involvement Depigmentation may affect oral, genital, or other mucosal surfaces. 

Progressive Enlargement Existing lesions may increase in size and number over time. 

Koebner Phenomenon Development of lesions at sites of trauma or skin injury. 

Table 2 highlights the major clinical manifestations of vitiligo. The disease typically presents as depigmented macules and 
patches that may gradually enlarge and affect both cutaneous and mucosal tissues.  

Table 3. Classification of Vitiligo 

Type Subtype Characteristics 

Non-Segmental Vitiligo (NSV) Generalized Vitiligo Most common form; widespread symmetrical lesions. 

Non-Segmental Vitiligo (NSV) Acrofacial Vitiligo Involves face, hands, fingers, and feet. 

Non-Segmental Vitiligo (NSV) Universal Vitiligo Extensive depigmentation involving more than 80–90% of body 

surface area. 

Non-Segmental Vitiligo (NSV) Mucosal Vitiligo Limited primarily to mucosal surfaces. 

Segmental Vitiligo (SV) Unilateral Vitiligo Lesions occur on one side of the body following a dermatomal pattern. 

Segmental Vitiligo (SV) Early-Onset Vitiligo Typically develops at a younger age. 

Segmental Vitiligo (SV) Stable Vitiligo Exhibits rapid progression followed by stabilization. 

Table 3 presents the major classifications of vitiligo. Non-segmental vitiligo is the predominant form and is generally 
associated with autoimmune mechanisms, whereas segmental vitiligo usually demonstrates unilateral distribution and earlier 
stabilization 5,6. 
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4. Role of Herbal Therapeutics in Vitiligo 

Vitiligo is a multifactorial pigmentary disorder involving 
oxidative stress, autoimmune dysregulation, 
inflammatory responses, melanocyte apoptosis, and 
impaired melanogenesis. Since multiple pathogenic 
pathways are involved simultaneously, therapeutic 
agents capable of acting on several targets are highly 

desirable. Herbal therapeutics contain diverse 
phytoconstituents such as polyphenols, flavonoids, 
alkaloids, terpenoids, glycosides, and phenolic 
compounds that exhibit antioxidant, anti-inflammatory, 
immunomodulatory, anti-apoptotic, melanogenic, and 
photoprotective activities 21,22,23. 

 

 

 

Figure 2. Major Therapeutic Mechanisms of Herbal Bioactives in Vitiligo 

Unlike conventional therapies that generally focus on a 
single mechanism, herbal therapeutics can exert 
pleiotropic effects by regulating multiple cellular 
pathways involved in melanocyte survival and 
pigmentation. These properties make herbal bioactives 
attractive candidates for the management of vitiligo. 

Figure 2 illustrates the multi-target therapeutic actions 
of herbal bioactives in vitiligo. By simultaneously 
reducing oxidative stress, inflammation, immune-
mediated melanocyte destruction, and apoptosis while 
promoting melanogenesis, herbal therapeutics 
contribute to repigmentation and disease stabilization.
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Table 4. Therapeutic Actions of Herbal Bioactives in Vitiligo 

Therapeutic Activity Mechanism of Action Target 
Molecules/Pathways 

Expected Outcome 

Antioxidant Activity Neutralization of reactive 
oxygen species and free radicals 

ROS, H₂O₂, MDA, Nrf2, 
SOD, Catalase, GSH 

Reduced oxidative stress and 
melanocyte protection 

Anti-inflammatory 
Activity 

Suppression of inflammatory 
mediator production 

TNF-α, IL-1β, IL-6, IL-17, 
NF-Κb 

Reduced inflammation and 
lesion progression 

Immunomodulatory 
Activity 

Regulation of immune cell 
activation and cytokine release 

CD4+ T cells, CD8+ T cells, 
Dendritic cells, IFN-γ 

Prevention of autoimmune 
melanocyte destruction 

Anti-apoptotic 
Activity 

Inhibition of apoptosis signaling 
pathways 

Bax, Caspase-3, Caspase-9, 
Bcl-2 

Enhanced melanocyte survival 

Melanogenesis 
Promotion 

Stimulation of melanin 
synthesis pathways 

MITF, Tyrosinase, TRP-1, 
TRP-2 

Increased melanin production 
and repigmentation 

Photoprotective 
Activity 

Protection against UV-induced 
oxidative injury 

ROS, DNA damage 
pathways 

Prevention of melanocyte 
damage and phototoxicity 

Table 10 summarizes the major therapeutic actions of herbal bioactives in vitiligo. These compounds exert beneficial 
effects through multiple biological pathways, making them attractive candidates for multifunctional vitiligo therapy. 

 

4.1 Antioxidant Activity 

Excessive accumulation of reactive oxygen species (ROS) 
results in cellular damage and melanocyte 
destruction.Herbal bioactives possess strong free- 

 

 

radical scavenging activity and enhance endogenous 
antioxidant defense systems. They reduce oxidative 
damage by increasing the activity of antioxidant 
enzymes such as superoxide dismutase (SOD), 
glutathione peroxidase and catalase 10.  

Table 5. Role of Antioxidant Activity in Vitiligo Management 

Oxidative Stress Factor Effect on Melanocytes Protective Effect of Herbal Bioactives 

Reactive Oxygen Species (ROS) Cellular damage Free radical scavenging 

Hydrogen Peroxide (H₂O₂) Mitochondrial dysfunction Detoxification of oxidative species 

Lipid Peroxidation Membrane damage Preservation of membrane integrity 

DNA Damage Cellular dysfunction DNA protection and repair support 

Protein Oxidation Loss of protein function Prevention of oxidative protein modifications 

Table 5 demonstrates how antioxidant-rich herbal compounds counteract oxidative stress-mediated melanocyte 
damage, thereby preventing disease progression. 

 

4.2 Anti-inflammatory Activity 

Chronic inflammation contributes significantly to 
melanocyte destruction. Activated immune cells release 
pro-inflammatory cytokines that perpetuate tissue 

damage. Herbal bioactives suppress inflammatory 
pathways, particularly NF-κB and MAPK signaling, 
leading to reduced cytokine production and 
inflammatory cell infiltration. 

 

Table 6. Anti-inflammatory Effects of Herbal Therapeutics 

Inflammatory Mediator Role in Vitiligo Effect of Herbal Bioactives 

TNF-α Induces melanocyte apoptosis Downregulation 

IL-1β Promotes inflammation Inhibition 

IL-6 Stimulates immune activation Reduction 

IL-17 Enhances chronic inflammation Suppression 

NF-κB Controls inflammatory gene expression Inactivation 

Table 6: highlights the ability of herbal therapeutics to suppress inflammatory mediators involved in melanocyte 
destruction. 
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4.3 Immunomodulatory Activity 

Vitiligo is widely recognized as an autoimmune disorder 
in which immune cells target melanocytes as foreign 
antigens. 

Herbal therapeutics help restore immune balance by 
regulating T-cell responses and reducing excessive 
cytokine secretion.  

Table 7. Immunomodulatory Effects of Herbal 
Bioactives 

Immune 
Component 

Role in Disease 
Progression 

Therapeutic 
Effect 

CD8+ T Cells 
Direct melanocyte 
destruction 

Reduced 
activation 

CD4+ T Cells 
Cytokine 
production 

Immune 
regulation 

Dendritic 
Cells 

Antigen 
presentation 

Suppressed 
activation 

Natural Killer 
Cells 

Cytotoxic activity 
Controlled 
immune response 

IFN-γ 
Autoimmune 
signaling 

Downregulation 

Table 7 summarizes the role of herbal bioactives in 
regulating immune responses and minimizing 
autoimmune-mediated melanocyte damage. 

4.4 Anti-apoptotic Activity 

Melanocyte apoptosis is a major pathological event 
responsible for depigmentation. Herbal bioactives 
inhibit apoptotic signaling pathways by suppressing 
pro-apoptotic proteins while enhancing anti-apoptotic 
protein expression. 

Table 8. Anti-apoptotic Mechanisms of Herbal 
Therapeutics 

Apoptotic 
Marker 

Biological Function 
Effect of Herbal 
Bioactives 

Bax Promotes apoptosis Downregulated 

Caspase-3 Execution of apoptosis Inhibited 

Caspase-9 Initiates apoptosis Reduced 

Bcl-2 Prevents apoptosis Upregulated 

Bcl-xl Supports cell survival 
Increased 
expression 

Table 8 demonstrates the protective role of herbal 
compounds in preserving melanocyte viability through 
modulation of apoptosis-related proteins. 

4.5 Melanogenesis Promotion 

Melanogenesis refers to the synthesis of melanin within 
melanocytes. Enhancing melanin production is essential 
for achieving repigmentation in vitiligo. 

Herbal bioactives stimulate melanogenic pathways by 
increasing the expression of melanogenesis-associated 
genes and enzymes. 

Table 9. Melanogenesis-Promoting Effects of Herbal 
Bioactives 

Melanogenic 
Marker 

Function 
Therapeutic 
Outcome 

MITF 
Master regulator of 
melanogenesis 

Increased 
melanocyte 
activity 

Tyrosinase 
Rate-limiting 
enzyme in melanin 
synthesis 

Enhanced 
melanin 
production 

TRP-1 
Melanin 
biosynthesis 

Increased 
pigmentation 

TRP-2 Melanin maturation 
Improved 
pigment stability 

Table 9 describes key molecular targets involved in 
melanogenesis that are stimulated by herbal bioactives, 
resulting in enhanced pigmentation. 

4.6 Photoprotective Activity 

Ultraviolet radiation can induce oxidative stress and 
melanocyte damage. Herbal bioactives provide 
photoprotection through antioxidant and anti-
inflammatory mechanisms. 

Table 10. Photoprotective Effects of Herbal 
Therapeutics 

UV-Induced 
Damage 

Consequence 
Protective 
Action 

ROS Generation 
Oxidative 
stress 

Free radical 
scavenging 

DNA Damage Cell death DNA protection 

Lipid 
Peroxidation 

Membrane 
damage 

Membrane 
stabilization 

Inflammatory 
Response 

Tissue injury 
Cytokine 
suppression 

Table 10 illustrates the photoprotective effects of herbal 
bioactives that help protect melanocytes from UV-
induced cellular damage. 

 

5. Limitations of Herbal Drugs in Vitiligo 
Therapy 

Despite their significant therapeutic potential, herbal 
bioactives face several pharmaceutical and 
biopharmaceutical challenges that limit their clinical 
effectiveness. These limitations often result in 
insufficient drug concentrations reaching the target site, 
thereby reducing therapeutic outcomes 24.
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Table 11. Major Limitations of Herbal Drugs and Their Impact on Therapeutic Efficacy 

Limitation Description Consequence 

Poor Aqueous Solubility Inability to dissolve efficiently in biological fluids Low absorption and reduced efficacy 

Chemical Instability Susceptibility to oxidation, hydrolysis, and 

photodegradation 

Drug degradation during storage and 

application 

Poor Skin Permeability Limited penetration through stratum corneum Reduced delivery to melanocytes 

Low Bioavailability Inadequate systemic or local drug concentration Limited therapeutic response 

Rapid Metabolism Fast enzymatic degradation Short biological half-life 

Poor Targeting Non-specific distribution Drug wastage and reduced effectiveness 

Table 11 summarizes the major formulation challenges associated with herbal bioactives. These limitations significantly 
restrict their therapeutic potential and necessitate the development of advanced delivery systems. 

 

Figure 3. Need for Nanoparticle-Based Delivery Systems 
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Figure 3 demonstrates how nanoparticle-based delivery 
systems overcome the major pharmaceutical limitations 
of herbal bioactives. By enhancing solubility, stability, 
penetration, and bioavailability, nanotechnology 
significantly improves the therapeutic effectiveness of 
herbal treatments for vitiligo. 

6. Rationale for Nanoparticle-Based Herbal 
Delivery 

Herbal bioactives possess significant therapeutic 
potential for vitiligo management; however, their clinical 
efficacy is often limited by poor solubility, instability, 
inadequate skin penetration, and low bioavailability. 
Nanotechnology-based delivery systems can effectively 
overcome these barriers by improving drug stability, 
targeted delivery, and sustained release. Nanoparticles 
facilitate enhanced accumulation of bioactive 
compounds within vitiliginous lesions, thereby 
improving therapeutic outcomes. 

 

Table 12. Advantages of Nanoparticle-Based Herbal Delivery Systems in Vitiligo 

Advantage Mechanism Therapeutic Benefit 

Enhanced Solubility Reduction in particle size, increases surface area and 
dissolution rate 

Improved absorption and bioavailability 

Improved Skin 
Penetration 

Facilitates transport through stratum corneum, hair 
follicles, and sweat glands 

Enhanced delivery to melanocytes 

Controlled Release Sustained release of encapsulated compounds over 
time 

Reduced dosing frequency and 
prolonged action 

Improved Stability Protects bioactives from oxidation, hydrolysis, and 
photodegradation 

Enhanced shelf-life and therapeutic 
efficacy 

Targeted Delivery Selective accumulation at depigmented lesions Increased local drug concentration 

Reduced Side Effects Minimizes systemic drug exposure Improved safety profile and patient 
compliance 

Table 12 summarizes the major advantages of nanoparticle-mediated herbal delivery. These systems significantly 
improve the pharmaceutical and therapeutic performance of herbal bioactives by enhancing solubility, penetration, 
stability, and targeting efficiency. 

 

7. Types of Nanoparticles Used in Vitiligo Therapy 

Various nanoparticle systems have been explored for topical vitiligo treatment owing to their ability to improve drug 
delivery and skin retention 25. 

 

Table 13. Types of Nanoparticles Used for Herbal Delivery in Vitiligo 

Nanoparticle Type Composition Advantages Limitations 

Polymeric Nanoparticles Biodegradable 
polymers 

Sustained release, high stability, 
controlled delivery 

Complex manufacturing 

Solid Lipid Nanoparticles 
(SLN) 

Solid lipids and 
surfactants 

Skin hydration, occlusive effect, 
enhanced penetration 

Limited drug loading 

Nanostructured Lipid 
Carriers (NLC) 

Solid and liquid lipids High drug loading, better stability, 
controlled release 

Formulation 
optimization required 

Liposomes Phospholipid vesicles Biocompatibility, improved 
permeation, reduced irritation 

Physical instability 

Nanoemulsions Oil-water dispersions Rapid absorption, enhanced 
solubilization 

Possible phase 
separation 

Nanogels Hydrogel-based 
nanoparticles 

Moisturization, prolonged skin 
retention 

Lower mechanical 
stability 

Table 13 compares the major nanoparticle systems investigated for vitiligo treatment. Lipid-based systems and 
polymeric nanoparticles are the most widely studied due to their superior skin-targeting properties. 
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8. Formulation Development of Herbal Nanoparticles 

Formulation development begins with preformulation studies to evaluate the physicochemical characteristics of herbal 
bioactives and their compatibility with formulation excipients. 

Table 14. Comprehensive Evaluation Parameters for Herbal Nanoparticle-Based Vitiligo Therapy 

Category 
Evaluation 
Parameter 

Purpose/Significance Method/Instrument Ideal Outcome/Criteria 

Preformulation 
Studies 

Solubility 
Analysis 26 

Selection of suitable 
formulation components 

Solubility studies in 
water, buffers, oils, 
solvents 

Maximum solubility 
achieved 

 FTIR Analysis26 
Drug-excipient 
compatibility 

FTIR Spectroscopy No significant interaction 

 DSC Analysis27 
Thermal behavior and 
stability 

Differential Scanning 
Calorimetry 

Stable thermal profile 

 XRD Analysis 28 
Crystallinity 
determination 

X-Ray Diffractometer 
Reduced 
crystallinity/amorphous 
conversion 

Physicochemical 
Characterization 

Particle Size 29 
Influences penetration, 
release, uptake 

Dynamic Light 
Scattering (DLS) 

50–300 nm 

 
Polydispersity 
Index (PDI)30 

Particle size distribution DLS < 0.3 

 
Zeta Potential 
30 

Colloidal stability Zeta Analyzer ±30 mV or above 

 
Entrapment 
Efficiency 
(%EE) 31 

Drug encapsulation 
efficiency 

Centrifugation + 
UV/HPLC 

>70% 

 
Drug Loading 
Capacity 
(%DL)31 

Amount of drug loaded UV/HPLC High drug loading 

 pH32 Skin compatibility Digital pH Meter 5.0–7.0 

 Viscosity32 Rheological behavior Brookfield Viscometer 
Suitable topical 
application 

Morphological 
Characterization33 

Surface 
Morphology 

Shape and aggregation SEM 
Smooth, spherical 
particles 

 
Internal 
Structure 

Nanostructure 
confirmation 

TEM Uniform nanoparticles 

 
Surface 
Roughness 

Topographical analysis AFM Homogeneous surface 

Thermal & 
Crystallinity 
Analysis33 

Melting Point Thermal stability DSC Stable thermal behavior 

 Crystallinity 
Physical state 
determination 

XRD 
Amorphous or reduced 
crystallinity 

In Vitro Drug 
Release34 

Initial Burst 
Release 

Immediate drug 
availability 

Dialysis Bag Method Controlled release 

 
Sustained 
Release 

Prolonged therapeutic 
action 

Diffusion Studies Extended-release profile 

 
Cumulative 
Drug Release 
(%) 

Total release efficiency UV/HPLC Analysis >80% release 
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Zero-Order 
Kinetics 

Constant drug release Mathematical modeling Desired release pattern 

 
First-Order 
Kinetics 

Concentration-
dependent release 

Mathematical modeling Mechanistic evaluation 

 Higuchi Model 
Diffusion-controlled 
release 

Mathematical modeling 
Drug diffusion 
assessment 

 
Korsmeyer-
Peppas Model 

Release mechanism 
identification 

Mathematical modeling 
Fickian/non-Fickian 
release 

Skin Permeation 
Studies 35 

Flux (J) Drug permeation rate Franz Diffusion Cell High permeation 

 
Permeability 
Coefficient (Kp) 

Skin penetration 
efficiency 

Franz Diffusion Cell Increased permeability 

 Drug Retention Drug retained in skin Skin extraction method High local retention 

Biological 
Evaluation31 

Cytotoxicity 
Assay 

Cellular safety 
assessment 

MTT Assay Cell viability >80% 

 
Cytotoxicity 
Assay 

Metabolic activity 
assessment 

Alamar Blue Assay Cell viability >80% 

 Cellular Uptake 
Nanoparticle 
internalization 

Fluorescence 
Microscopy 

Enhanced uptake 

 Cellular Uptake Intracellular localization Confocal Microscopy Efficient internalization 

 ROS Assay Antioxidant activity DCFH-DA Assay Reduced ROS levels 

Anti-Vitiligo 
Evaluation36 

Melanin 
Content Assay 

Pigmentation 
assessment 

Spectrophotometric 
Analysis 

Increased melanin 
content 

 
Tyrosinase 
Activity Assay 

Melanogenesis 
evaluation 

Enzyme Activity Assay Increased activity 

 
MITF 
Expression 

Melanocyte regulation RT-PCR/Western Blot Upregulated 

 TYR Expression Melanin synthesis RT-PCR/Western Blot Upregulated 

 
TRP-1 
Expression 

Melanogenesis marker RT-PCR/Western Blot Upregulated 

 
TRP-2 
Expression 

Pigment maturation RT-PCR/Western Blot Upregulated 

 
Nrf2 
Expression 

Antioxidant defense RT-PCR/Western Blot Upregulated 

 
HO-1 
Expression 

Cytoprotection RT-PCR/Western Blot Upregulated 

 Bax Expression Pro-apoptotic marker RT-PCR/Western Blot Downregulated 

 
Bcl-2 
Expression 

Anti-apoptotic marker RT-PCR/Western Blot Upregulated 

 
Caspase-3 
Expression 

Apoptosis marker RT-PCR/Western Blot Downregulated 

 
TNF-α, IL-6, 
IFN-γ 

Inflammatory markers ELISA Reduced levels 

In Vivo 
Evaluation36 

Chemically 
Induced Vitiligo 
Model 

Disease simulation Animal Study Repigmentation observed 

 
UV-Induced 
Vitiligo Model 

Repigmentation 
evaluation 

Animal Study Enhanced pigmentation 
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Repigmentation 
Rate (%) 

Pigment recovery Image Analysis Increased pigmentation 

 Histopathology Tissue architecture H&E Staining Normal skin morphology 

 
Melanocyte 
Count 

Melanocyte restoration Histological Analysis Increased melanocytes 

 
Inflammatory 
Infiltration 

Immune response 
assessment 

Histopathology Reduced infiltration 

Stability Studies 
37 

Particle Size 
Stability 

Physical stability DLS No significant change 

 PDI Stability Uniformity maintenance DLS <0.3 maintained 

 
Zeta Potential 
Stability 

Colloidal stability Zeta Analyzer Stable charge 

 
Drug Content 
Stability 

Chemical stability HPLC/UV >90% retained 

 
Drug Release 
Stability 

Functional stability Release Studies Similar release profile 

 
Physical 
Appearance 

Visual stability Visual Inspection 
No 
aggregation/separation 

 pH Stability 
Formulation 
compatibility 

pH Meter Stable pH 

 
Long-Term 
Stability 

Shelf-life determination 
25°C ± 2°C / 60% RH ± 
5% RH 

Stable for 12 months 

 
Accelerated 
Stability 

Predict formulation 
robustness 

40°C ± 2°C / 75% RH ± 
5% RH 

Stable for 6 months 

Future Evaluation 
Stimuli-
Responsive 
Behavior 

Triggered drug release 
pH/Temperature 
Studies 

Controlled release 

 
Follicular 
Targeting 

Delivery to melanocyte 
reservoir 

Skin Distribution 
Studies 

Enhanced follicular 
deposition 

 
Gene-Based 
Evaluation 

Melanocyte regeneration 
potential 

Molecular Biology 
Techniques 

Improved gene regulation 

 
This comprehensive table 14 summarizes all critical 
parameters involved in the development and evaluation 
of herbal nanoparticle formulations for vitiligo therapy. 
It encompasses preformulation studies, physicochemical 
characterization, morphology, thermal behavior, drug 
release kinetics, skin permeation, biological safety, anti-
vitiligo efficacy, in vivo performance, stability 
assessment, and future nanomedicine approaches. 
These parameters collectively determine the quality, 
safety, efficacy, and clinical translation potential of 
nanoparticle-based herbal therapeutics for vitiligo 
management. 

Conclusion 

Herbal drug-loaded nanoparticles represent a promising 
next-generation therapeutic strategy for vitiligo 
management. By addressing the fundamental limitations 
of conventional herbal formulations, nanoparticle 
systems improve solubility, stability, skin penetration, 
controlled release, and targeted delivery. 
Comprehensive characterization involving particle size, 
zeta potential, entrapment efficiency, morphology, 

thermal behavior, drug release, skin permeation, 
cytotoxicity, melanogenesis, gene expression, and 
stability studies is essential for successful formulation 
development. Future advances in nanotechnology, 
follicular targeting, and precision medicine are expected 
to transform herbal nanoparticle-based therapies into 
clinically effective treatments for vitiligo, offering safer 
and more efficient alternatives to conventional 
approaches. 
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