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Abstract 
Transdermal microneedle patches represent a transformative advancement in vaccine 
delivery technology, offering painless, minimally invasive immunization through 
controlled antigen administration into skin layers enriched with antigen-presenting 
cells. These micron-scale devices circumvent limitations of conventional needle-
syringe vaccination, including cold-chain dependence, needle-phobia, sharps disposal 
hazards, and requirement for trained healthcare personnel. This review 
comprehensively examines the design principles, fabrication methodologies, and 
immunological mechanisms underlying microneedle-based vaccine delivery systems. 
Various microneedle architectures are analyzed, including solid, coated, dissolving, 
hollow, and hybrid configurations, each offering distinct advantages for antigen 
stability, release kinetics, and immunogenicity enhancement. Emphasis is placed on 
materials engineering, manufacturing scalability, dose precision, and immune 
activation pathways mediated by Langerhans cells and dermal dendritic cells in skin 
immunization. Clinical applications spanning viral, bacterial, and subunit vaccines 
demonstrate comparable or superior immunological responses relative to 
intramuscular administration, with particular relevance for pandemic preparedness, 
mass immunization campaigns, and vulnerable populations. Despite promising 
preclinical and clinical data, challenges persist regarding manufacturing 
standardization, regulatory frameworks, long-term stability, and global deployment 
logistics. Future innovations integrating adjuvant incorporation, thermostable 
formulations, and multi-antigen delivery promise to establish microneedle patches as 
mainstream vaccination platforms, advancing patient compliance, healthcare 
accessibility, and immunization coverage worldwide. 
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1. Introduction 

1.1. Evolution of Transdermal Vaccine Delivery 

Conventional vaccine administration via intramuscular or subcutaneous injection, while effective, presents substantial practical 

limitations including needle-phobia affecting 20-50% of adults and children, stringent cold-chain requirements, biohazardous 

sharps waste, and dependence on trained healthcare workers[1,2]. Transdermal microneedle patches have emerged as innovative 

alternatives, leveraging microfabrication technologies to create arrays of micron-scale projections that penetrate the stratum 

corneum and deliver antigens to immunologically active dermal and  
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epidermal layers without stimulating pain receptors located 

deeper in tissue[3,4]. 

 

1.2. Immunological Rationale for Skin-Based Vaccination 

The skin harbors dense populations of professional antigen-

presenting cells, particularly Langerhans cells in the 

epidermis and dermal dendritic cells, constituting a highly 

immunocompetent microenvironment [5]. Comparative 

studies demonstrate that equivalent or lower antigen doses 

delivered transdermally can elicit immune responses superior 

to intramuscular administration due to efficient antigen 

capture, processing, and presentation by skin-resident 

immune cells [6, 7]. This dose-sparing potential holds 

significant implications for vaccine accessibility and 

pandemic response strategies. 

 

1.3. Scope and Objectives 

This review provides comprehensive analysis of transdermal 

microneedle patch technologies for vaccine delivery, 

encompassing design architectures, fabrication 

methodologies, mechanisms of skin penetration and antigen 

release, immunological activation pathways, clinical 

applications across vaccine types, and translational 

challenges. Emphasis is placed on pharmaceutical 

engineering aspects, formulation strategies, and clinical 

evidence supporting microneedle-based immunization 

platforms. 

 

2. Microneedle Patch Technologies for Vaccine Delivery 

2.1. Solid and Coated Microneedles 

Solid microneedles fabricated from biocompatible materials 

including silicon, metals, or polymers create transient 

microchannels through the stratum corneum, facilitating 

subsequent vaccine solution application [8]. However, the 

two-step administration process and potential antigen 

degradation limit clinical utility. Coated microneedles 

address these limitations by incorporating vaccine 

formulations onto needle surfaces using dip-coating, spray-

coating, or electrospray techniques [9, 10]. Metal microneedles 

coated with inactivated influenza virus demonstrate rapid 

dissolution upon skin insertion, delivering precise antigen 

doses within minutes while maintaining structural integrity 

for removal [11]. 

Critical considerations for coated microneedles include 

coating uniformity, antigen stability during drying processes, 

loading capacity constraints (typically 0.1-1.0 μg per needle), 

and potential immunogenicity variations from incomplete 

dissolution[12]. Optimization strategies employ stabilizing 

excipients such as trehalose, polyvinylpyrrolidone, and 

carboxymethylcellulose to preserve antigen conformational 

integrity during fabrication and storage [13]. 

 

2.2. Dissolving and Biodegradable Microneedles 

Dissolving microneedles, fabricated entirely from water-

soluble or biodegradable polymers encapsulating vaccine 

antigens, represent the most clinically advanced microneedle 

platform [14]. Upon skin insertion, these needles dissolve 

completely within minutes to hours, releasing antigens into 

dermal tissues while leaving no sharps waste [15]. Commonly 

employed materials include polyvinylpyrrolidone, polyvinyl 

alcohol, carboxymethylcellulose, hyaluronic acid, and silk 

fibroin, selected based on biocompatibility, mechanical 

strength, dissolution kinetics, and antigen compatibility [16, 

17]. 

Micromolding and microfabrication techniques enable 

precise control over needle geometry, antigen distribution, 

and dissolution profiles [18]. Vaccine antigens can be 

uniformly distributed throughout the needle matrix or 

concentrated in specific regions (tip-loading) to optimize 

release kinetics and dose delivery [19]. Biodegradable 

microneedles utilizing polylactic acid, polylactic-co-glycolic 

acid, or polycaprolactone provide sustained antigen release 

over extended periods, potentially enabling single-

administration vaccination with prolonged immune 

stimulation [20, 21]. 

 

2.3. Hollow and Hybrid Microneedle Systems 

Hollow microneedles function as miniaturized hypodermic 

needles, enabling liquid vaccine formulation delivery into 

dermal or intradermal spaces[22]. These systems 

accommodate larger vaccine volumes and maintain cold-

chain-dependent formulations but require integrated fluid 

delivery mechanisms and seal maintenance to prevent 

backflow[23]. Applications include jet-injector-based systems 

and microinfusion devices for continuous or pulsatile antigen 

delivery. 

Hybrid microneedle designs integrate multiple 

functionalities, such as biodegradable needle tips combined 

with non-dissolving backing layers for controlled insertion 

depth and mechanical support[24]. Separable microneedles 

featuring detachable tips that remain embedded in skin after 

backing removal enable extended antigen release without 

patch retention [25]. 

 

3. Mechanisms of Transdermal Vaccine Delivery 

3.1. Skin Penetration and Antigen Deposition 

Successful vaccine delivery requires microneedle penetration 

through the 10-20 μm stratum corneum into viable epidermis 

(50-100 μm depth) or superficial dermis (100-500 μm depth) 

without reaching pain-sensitive nerve endings located deeper 

than 1000 μm[26]. Needle geometry parameters including 

height (250-1500 μm), base width (50-300 μm), tip radius (1-

10 μm), and inter-needle spacing directly influence 

penetration efficiency, determined by applied force, skin 

elasticity, and needle mechanical strength [27, 28]. 

Optimization studies establish that conical or pyramidal 

needle geometries with aspect ratios (height:base width) of 

2:1 to 4:1 achieve reliable stratum corneum penetration with 

application forces of 5-30 N per array, well within painless 

pressure thresholds [29]. Insertion depths are verified using 

histological analysis, optical coherence tomography, or 

transepidermal water loss measurements confirming 

microstructure creation [30]. 

 

3.2. Controlled and Sustained Antigen Release 

Antigen release kinetics from microneedle matrices depend 

on material composition, polymer molecular weight, 

crosslinking density, antigen-polymer interactions, and local 

tissue hydration [31]. Dissolving microneedles fabricated from 

rapidly soluble polymers release antigens within 5-30 

minutes, generating acute immune stimulation comparable to 

conventional injection[32]. Conversely, slowly biodegrading 

polymers enable sustained antigen presentation over days to 

weeks, potentially eliminating booster dose requirements 

through prolonged immune activation [33]. 

Formulation strategies modulating release profiles include 

layered microneedle architectures with distinct polymer 

compositions in tips versus bases, co-encapsulation of 
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antigens with adjuvants for synchronized delivery, and pH-

responsive or enzyme-degradable polymers responding to 

local tissue microenvironments [34, 35]. Sustained-release 

formulations demonstrate enhanced germinal center 

formation, prolonged antibody production, and improved 

immunological memory compared to bolus 

administration[36]. 

 

3.3. Immune Activation via Skin-Resident Immune Cells 

Transdermal vaccine delivery capitalizes on the skin's 

specialized immune architecture, particularly the dense 

network of Langerhans cells (200-1000 cells/mm²) in the 

epidermis and dermal dendritic cells capable of efficient 

antigen capture, processing, and presentation to T cells in 

draining lymph nodes [37, 38]. Comparative immunological 

studies demonstrate that intradermal vaccination generates 

stronger cellular immune responses, broader antibody 

repertoires, and more durable immunological memory than 

intramuscular routes, attributed to superior dendritic cell 

activation and migration[39,40]. 

The mild inflammatory response induced by microneedle 

insertion may provide adjuvant effects through damage-

associated molecular pattern release, complement activation, 

and cytokine production, enhancing antigen immunogenicity 

without exogenous adjuvant addition [41]. Toll-like receptor 

agonists, particulate adjuvants, or immunostimulatory 

polymers can be co-formulated with antigens in microneedle 

matrices to further amplify immune responses [42, 43]. 

 

4. Therapeutic and Preventive Applications 

4.1. Viral and Bacterial Vaccines 

Microneedle-delivered influenza vaccines represent the most 

extensively studied application, with multiple clinical trials 

demonstrating non-inferior immunogenicity compared to 

intramuscular injection [44]. Dissolving microneedle patches 

containing inactivated influenza virus elicit seroprotective 

antibody titers in over 90% of recipients, with improved 

thermostability enabling storage at 25°C for 12 months 

without potency loss[45,46]. Phase III trials of influenza 

microneedle patches have advanced toward regulatory 

approval, representing a landmark achievement for 

transdermal vaccine technology [47]. 

Additional viral vaccines successfully delivered via 

microneedles include measles, rubella, polio, hepatitis B, 

human papillomavirus, and respiratory syncytial virus, 

demonstrating platform versatility across diverse antigen 

types including live attenuated viruses, inactivated whole 

virions, recombinant proteins, and virus-like particles[48,49,50]. 

Bacterial vaccines targeting tetanus, diphtheria, and pertussis 

delivered via microneedles generate protective antibody 

responses with improved stability profiles compared to liquid 

formulations[51]. 

 

4.2. Pandemic Preparedness and Mass Immunization 

The COVID-19 pandemic highlighted critical vulnerabilities 

in global vaccination infrastructure, including cold-chain 

limitations, healthcare worker shortages, and vaccine 

hesitancy partly attributed to injection fears [52]. Microneedle 

patches address these challenges through thermostable 

formulations eliminating cold-chain requirements, self-

administration potential reducing healthcare system burden, 

and painless delivery improving patient acceptance [53, 54]. 

Clinical trials of SARS-CoV-2 spike protein vaccines 

delivered via dissolving microneedles demonstrate robust 

neutralizing antibody responses and cellular immunity 

comparable to approved intramuscular vaccines [55]. Rapid 

manufacturing scalability through established 

pharmaceutical processing technologies and simplified 

distribution logistics position microneedle patches as 

strategic tools for pandemic response and routine 

immunization programs in resource-limited settings [56]. 

 

4.3. Pediatric and Geriatric Vaccination Strategies 

Needle-phobia represents a significant barrier to pediatric 

vaccination compliance, with studies indicating that pain-free 

microneedle administration substantially reduces vaccination 

anxiety and improves acceptance among children and 

caregivers [57]. Microneedle patch geometry can be optimized 

for pediatric skin thickness and mechanical properties, 

ensuring reliable antigen delivery without age-specific 

dosing concerns [58]. 

Elderly populations, characterized by immunosenescence 

and reduced vaccine responsiveness, may particularly benefit 

from intradermal microneedle delivery due to enhanced 

dendritic cell activation and improved antibody production 

relative to intramuscular routes [59]. Clinical studies in 

geriatric cohorts demonstrate superior seroconversion rates 

for influenza microneedle vaccines compared to standard-

dose intramuscular formulations [60]. 

 

5. Challenges and Future Perspectives 

5.1. Manufacturing, Stability, and Dose Uniformity 

Large-scale microneedle manufacturing presents technical 

challenges including reproducible needle geometry, uniform 

antigen distribution, consistent mechanical properties, and 

high-throughput production capabilities[61]. Micromolding 

techniques scale effectively to industrial production volumes 

but require stringent process controls to maintain batch-to-

batch consistency in needle dimensions, antigen content, and 

dissolution kinetics [62]. 

Dose uniformity across individual needles within arrays and 

between different patches remains a critical quality attribute 

requiring analytical validation. Techniques including 

fluorescence microscopy, Raman spectroscopy, and 

immunoassays assess antigen spatial distribution and 

quantitative content [63]. Stability studies under accelerated 

and real-time conditions establish shelf-life specifications, 

with optimized formulations demonstrating antigen potency 

retention exceeding 24 months at ambient temperatures[64]. 

 

5.2. Regulatory and Large-Scale Deployment Challenges 

Regulatory pathways for microneedle vaccines remain 

incompletely defined, requiring establishment of quality 

standards, manufacturing specifications, bioequivalence 

criteria, and clinical endpoints [65]. Classification as 

combination products (drug-device) necessitates 

comprehensive evaluation of both pharmaceutical and device 

components, including materials biocompatibility, 

mechanical performance, and user interface validation [66]. 

Global deployment strategies must address packaging design 

for tropical climates, simplified instructions for self-

administration, waste disposal considerations for dissolvable 

components, and integration into existing immunization 

programs [67]. Economic analyses indicate that despite higher 

per-unit manufacturing costs, microneedle vaccines offer 

system-level cost savings through cold-chain elimination, 

reduced medical waste, and decreased healthcare workforce 

requirements [68]. 
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5.3. Future Innovations in Microneedle Vaccine Platforms 

Next-generation developments focus on multi-antigen 

microneedle patches enabling combination vaccines within 

single patches, programmed sequential release profiles 

mimicking prime-boost schedules, and integration of 

immunological adjuvants for enhanced responses[69]. Smart 

microneedle systems incorporating biosensors for real-time 

monitoring of antigen delivery, pH-responsive polymers 

triggering release at specific skin depths, and temperature-

indicating labels verifying proper storage conditions 

represent emerging innovations[70]. 

Personalized vaccination approaches utilizing rapidly 

manufactured microneedles loaded with patient-specific 

antigens for cancer immunotherapy or neoantigen vaccines 

exemplify translational opportunities beyond infectious 

disease prevention[71]. Manufacturing advances including 3D 

printing, laser ablation, and continuous flow processing 

promise to reduce production costs and accelerate clinical 

translation[72]. 

 

6. Conclusion 

Transdermal microneedle patches represent a transformative 

vaccination technology addressing critical limitations of 

conventional needle-syringe immunization through painless 

administration, thermostability, self-administration potential, 

and elimination of sharps waste. Diverse microneedle 

architectures including dissolving, coated, hollow, and 

hybrid systems offer versatile platforms for delivering viral, 

bacterial, and subunit vaccines with immunological 

outcomes comparable or superior to intramuscular routes. 

The mechanistic advantages of intradermal antigen delivery 

to skin-resident dendritic cell populations, combined with 

controlled release formulations and dose-sparing effects, 

position microneedle vaccines as particularly valuable for 

pandemic preparedness, mass immunization campaigns, and 

populations with special needs. While manufacturing 

scalability, regulatory frameworks, and stability optimization 

require continued refinement, multiple clinical trials 

advancing toward regulatory approval signal imminent 

clinical implementation. Future innovations integrating 

adjuvant technologies, multi-antigen formulations, and 

personalized medicine approaches promise to establish 

microneedle patches as mainstream vaccination platforms, 

fundamentally transforming global immunization strategies 

and improving healthcare accessibility worldwide. 

 

 
 

Fig 1: Types and structural designs of transdermal microneedle patches 

 

 
 

Fig 2: Mechanism of skin penetration and antigen delivery via microneedles 
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Fig 3: Real-life experimental photograph of a dissolvable microneedle vaccine patch (influenza, Phase I trial by Georgia Tech/Emory), 

showing a flexible, bandage-like patch with a translucent backing and central array of hundreds of tiny (~650 μm) dissolving microneedles 

held between fingers, designed for painless, self-administered skin delivery without needles or refrigeration. 

 

Table 1: Classification of microneedle systems used for vaccine delivery 
 

Microneedle 

Type 
Structural Characteristics Antigen Loading Method Dissolution/Delivery Time Clinical Status 

Solid 
Non-biodegradable silicon, metal, or 

polymer projections 

Applied after microchannel 

creation 

Instant microchannels, separate 

application 
Limited clinical use 

Coated 
Metal or silicon base with surface 

antigen coating 

Dip-coating, spray-coating, 

electrospray 
1-5 minutes coating dissolution 

Clinical trials 

completed 

Dissolving 
Entirely water-soluble/biodegradable 

polymer matrix 

Antigen encapsulation 

during fabrication 

5-30 minutes complete 

dissolution 

Phase III trials 

ongoing 

Biodegradable 
Slowly degrading polymers (PLA, 

PLGA) 

Encapsulation in polymer 

matrix 

Hours to weeks sustained 

release 

Preclinical/early 

clinical 

Hollow Miniaturized needles with central bore Liquid vaccine infusion Seconds to minutes infusion 
Early clinical 

development 

Hybrid 
Dissolving tips + non-dissolving 

backing 

Tip encapsulation, backing 

support 

Variable based on tip 

composition 

Preclinical 

optimization 

 

Table 2: Materials and fabrication techniques for microneedle patches 
 

Material 

Category 
Specific Materials Fabrication Method Advantages Limitations 

Water-soluble 

polymers 

PVP, PVA, CMC, maltose, 

trehalose 
Micromolding, casting 

Rapid dissolution, 

biocompatible, GRAS status 

Limited mechanical strength, 

moisture sensitivity 

Biodegradable 

polymers 

PLA, PLGA, PCL, silk 

fibroin 

Micromolding, hot 

embossing 

Sustained release, tunable 

degradation 

Slower dissolution, organic 

solvents required 

Natural 

biopolymers 

Hyaluronic acid, chitosan, 

gelatin, dextran 
Micromolding, freeze-drying 

High biocompatibility, natural 

origin 

Variable purity, batch 

inconsistency 

Metals Stainless steel, titanium 
Laser cutting, electroplating, 

etching 

High mechanical strength, 

reusable 

Non-biodegradable, coating 

required 

Silicon Monocrystalline silicon 
Photolithography, deep 

reactive ion etching 
Precise geometry, sharp tips 

Brittle, expensive, non-

biodegradable 

Ceramics Alumina, calcium phosphate Sintering, 3D printing Biocompatible, rigid Brittle fracture risk 

Hybrid systems 
Polymer-metal, polymer-

ceramic composites 

Multi-step molding, layer-by-

layer 

Combined advantages, multi-

functionality 

Complex fabrication, higher 

cost 
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Table 3: Vaccine types delivered using microneedle patches and immunological outcomes 
 

Vaccine 

Category 
Specific Vaccines Antigen Type Microneedle System Immunological Outcomes 

Clinical Trial 

Phase 

Influenza 
Seasonal influenza, 

H1N1, H5N1 

Inactivated virus, 

recombinant HA 

Dissolving PVP/PVA 

patches 

Non-inferior antibody titers, 

improved thermostability 
Phase III 

COVID-19 
SARS-CoV-2 spike 

protein 

Recombinant protein, 

mRNA 

Dissolving CMC patches, 

coated arrays 

Neutralizing antibodies, cellular 

immunity 
Phase I/II 

Measles Measles-mumps-rubella Live attenuated virus 
Dissolving maltose 

patches 

Seroconversion >90%, dose-

sparing 
Phase I 

Polio Inactivated poliovirus Killed virus 
Dissolving hyaluronic 

acid 
Protective antibody responses Preclinical 

Hepatitis B HBsAg Recombinant protein 
Coated metal 

microneedles 
Enhanced seroprotection vs IM Phase I 

HPV 
Human papillomavirus 

L1 VLP 
Virus-like particles Dissolving silk fibroin Comparable neutralizing titers Preclinical 

Tetanus-

diphtheria 
Toxoid antigens Inactivated toxins Dissolving PVP patches 

Protective antibody levels 

maintained 
Phase I 

Rabies Inactivated rabies virus Killed virus Coated microneedles 
Rapid antibody response, dose 

reduction 
Preclinical 

 

Table 4: Advantages, limitations, and clinical challenges of microneedle-based vaccine delivery 
 

Aspect Advantages Limitations Clinical Challenges Proposed Solutions 

Patient 

acceptance 

Painless, minimal invasiveness, 

reduced needle phobia 

Initial unfamiliarity, self-

administration training 

User compliance verification, 

application technique variation 

Clear instructions, feedback 

indicators, training 

programs 

Immunological 

response 

Enhanced dendritic cell targeting, 

dose-sparing effect, improved 

cellular immunity 

Inter-individual skin 

variability, insertion depth 

control 

Standardized immune 

response assessment, 

correlates of protection 

Biomarker development, 

controlled insertion devices 

Stability 
Room temperature storage, 

reduced cold-chain dependence 

Moisture sensitivity, 

antigen stability during 

fabrication 

Long-term stability validation, 

tropical climate storage 

Desiccant packaging, 

stabilizing excipients, 

hermetic sealing 

Manufacturing 

Scalable micromolding, 

established pharmaceutical 

processes 

Dose uniformity 

challenges, quality control 

complexity 

Batch consistency, regulatory 

analytical methods 

Process analytical 

technology, automated 

inspection 

Cost-

effectiveness 

Eliminated cold-chain, reduced 

medical waste, self-administration 

Higher per-unit 

manufacturing costs 

Economic modeling, 

reimbursement structures 

Volume production, 

simplified designs, policy 

frameworks 

Regulatory 

approval 

Established vaccine regulatory 

pathways 

Combination product 

classification, novel 

delivery route 

Bioequivalence criteria, 

clinical endpoint definition 

Regulatory guidance 

documents, international 

harmonization 

Global 

deployment 

Simplified logistics, sharps waste 

elimination 

Packaging optimization, 

cultural acceptance 

Distribution infrastructure, 

waste management education 

Stakeholder engagement, 

pilot programs, community 

outreach 
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