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Abstract—The development of effective vaccine delivery systems remains a major focus of 

modern biomedical research. Conventional vaccine administration primarily relies on 

hypodermic needles, which are associated with several limitations, including needle-related 

anxiety, the need for trained healthcare personnel, generation of biohazardous waste, and 

challenges in large-scale immunization programs. Microneedle patches have emerged as a 

promising alternative for transdermal vaccine delivery by enabling painless, minimally 

invasive administration directly through the skin. The skin contains a dense network of 

immune cells, making it an attractive target for vaccine delivery and immune stimulation. 

Microneedle technology has demonstrated the potential to improve vaccine stability, 

enhance patient compliance, and facilitate self-administration. Despite encouraging 

preclinical and clinical findings, several barriers continue to hinder widespread 

implementation, including manufacturing complexities, regulatory considerations, long-

term safety evaluation, and scalability. This review examines the principles of microneedle-

based vaccine delivery, discusses various microneedle designs, highlights current challenges, 

and evaluates the future clinical prospects of this technology. 

 

Index Terms—Microneedles, Transdermal Drug Delivery, Vaccine Delivery, Immunization, 

Skin Vaccination, Clinical Translation 

 

I. INTRODUCTION 

 

Vaccination has significantly reduced the global burden of infectious diseases and remains one of 

the most effective public health interventions. Traditional vaccine administration is commonly 

performed through intramuscular or subcutaneous injections using hypodermic needles. While 

these methods are effective, they present practical and logistical challenges, particularly in 

resource-limited settings. Needle phobia, accidental needle-stick injuries, and dependence on 

trained healthcare workers may negatively influence vaccination coverage. 
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Advances in transdermal drug delivery have introduced microneedle patches as an innovative 

approach for vaccine administration. Microneedles are microscopic projections, typically ranging 

from a few hundred micrometers to approximately one millimeter in length, designed to penetrate 

the outer skin barrier without reaching deeper pain receptors. This unique characteristic enables 

efficient antigen delivery with minimal discomfort. 

 

The skin serves as an immunologically active organ containing antigen-presenting cells, including 

Langerhans cells and dermal dendritic cells. Delivering vaccines directly to these immune-rich 

regions can potentially generate strong immune responses while reducing the required antigen 

dose. Consequently, microneedle-based vaccination has attracted considerable attention from 

researchers, pharmaceutical industries, and regulatory agencies. 

 

II. MICRONEEDLE TECHNOLOGY AND TYPES 

 

Microneedles are categorized according to their structure, composition, and delivery mechanism. 

 Solid Microneedles 

Solid microneedles create temporary microchannels in the skin through which vaccine 

formulations can subsequently diffuse. Although relatively simple in design, this approach 

generally requires multiple application steps. 

 

 Coated Microneedles 

Coated microneedles contain vaccine formulations deposited on the needle surface. Upon insertion 

into the skin, the coating dissolves and releases the antigen. This method enables precise dosing 

but may be limited by coating capacity. 

 

Dissolving Microneedles 

Dissolving microneedles are fabricated from biodegradable polymers that encapsulate vaccine 

components. Once inserted, the needles gradually dissolve within the skin, releasing the antigen 

while eliminating sharp waste disposal concerns. 

 

Hollow Microneedles 

Hollow microneedles function similarly to miniature hypodermic needles and allow controlled 

injection of liquid vaccine formulations into the skin. These systems offer precise delivery but 

require more sophisticated manufacturing processes. 

 

Hydrogel-Forming Microneedles 

Hydrogel-forming microneedles swell after insertion into the skin and facilitate sustained delivery 

of encapsulated compounds. Their controlled-release capability makes them attractive for next-

generation vaccine platforms. 
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Figure 1. A schematic diagram of microneedle (MN)-based drug delivery approaches with the 

cross section of the upper layer of the skin. The approaches are (a) solid MNs, (b) coated MNs, 

(c) hollow MNs, (d) dissolving MNs, and (e) hydrogel- forming MNs. The step-by-step process 

of each delivery approach is numbered from 1 to 3. Representative microscopic images of MN 

types and examples of deliverable payloads such as drugs and bio-macromolecules are also 

shown. Images was adopted with permission from [9],[10] 

 

III. MECHANISM OF VACCINE DELIVERY THROUGH MICRONEEDLES 

 

The primary barrier to transdermal drug administration is the stratum corneum, the outermost layer 

of the skin. Microneedles bypass this barrier by creating microscopic pathways that permit vaccine 

entry into viable epidermal and dermal tissues. 
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Following antigen deposition, skin-resident dendritic cells capture and process vaccine 

components. These cells migrate to regional lymph nodes, where they activate T lymphocytes and 

stimulate antibody production. Because the skin contains abundant immune surveillance 

mechanisms, vaccine delivery through microneedles may produce immune responses comparable 

to or greater than those achieved with conventional injections. 

 
Figure 2 :- Structure of human skin and microneedle penetration 

 

IV. ADVANTAGES OF MICRONEEDLE VACCINE DELIVERY 

 

Microneedle technology offers several notable advantages over traditional vaccination methods. 

 

 Improved Patient Acceptance 

The minimal penetration depth of microneedles reduces pain and discomfort, potentially 

increasing vaccine acceptance among children and needle-sensitive individuals. 

 

 Enhanced Immunogenicity 

Targeting immune-cell-rich skin layers can improve antigen presentation and immune activation, 

potentially reducing vaccine dosage requirements. 

 

 Simplified Administration 

Many microneedle systems are designed for self-application, decreasing dependence on trained 

healthcare personnel and facilitating mass vaccination campaigns. 
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 Reduced Biohazard Waste 

Dissolving microneedles eliminate the generation of contaminated sharps, thereby reducing 

disposal risks and environmental concerns. 

 

Improved Thermostability 

Certain microneedle formulations exhibit enhanced stability compared with conventional liquid 

vaccines, potentially reducing cold-chain dependence and improving accessibility in remote 

regions. 

 

V. CHALLENGES OF THE MICRONEEDLE DELIVERY SYSTEM 

 

The advancement of microneedle (MN) technology from experimental research settings to large-

scale industrial applications presents significant opportunities as well as considerable challenges. 

Successful commercialization of this emerging technology requires addressing several critical 

scientific, technical, and regulatory issues. Careful consideration of these factors is essential for 

transforming laboratory innovations into practical products suitable for healthcare and other 

commercial markets. The following sections outline the major challenges associated with the 

development and implementation of microneedle-based delivery systems, along with current 

approaches aimed at overcoming these obstacles. A summary of the key concerns affecting the 

progress of microneedle technology is presented in Figure 3. 

 
Figure 3. Factors effecting development of microneedle-based delivery system. 

 

VI. CLINICAL PROGRESS AND RECENT DEVELOPMENTS 

 

Numerous preclinical investigations have demonstrated successful delivery of vaccines against 

influenza, measles, hepatitis, COVID-19, and other infectious diseases using microneedle 
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platforms. Several early-phase clinical studies have reported favorable safety profiles, acceptable 

tolerability, and promising immune responses. 

Influenza vaccine microneedle patches have received particular attention because of their ability 

to induce protective immunity while improving patient convenience. The COVID-19 pandemic 

further accelerated research into alternative vaccine delivery technologies, highlighting the 

potential value of self-administered and thermostable vaccination systems. 

Emerging research is also exploring the integration of nanoparticles, adjuvants, and controlled-

release formulations within microneedle structures to optimize immune responses and prolong 

protection. 

 

VII. FUTURE CLINICAL OUTLOOK 

 

The future of microneedle-based vaccination appears promising. Ongoing advances in materials 

science, microfabrication technologies, and vaccine engineering are expected to address many 

current limitations. Broader clinical validation and regulatory approval will be essential for 

successful commercialization. 

Potential future applications include pandemic preparedness, pediatric immunization programs, 

booster vaccinations, and personalized vaccine strategies. Integration with digital health 

technologies may further improve vaccination tracking and adherence. 

As manufacturing processes become more efficient and clinical evidence continues to accumulate, 

microneedle patches may transition from an emerging technology to a routine component of global 

vaccination programs. 

 

VIII. CONCLUSION 

 

Microneedle patches represent a transformative approach to vaccine delivery by combining 

minimally invasive administration with efficient immune stimulation. Their capacity to improve 

patient compliance, reduce healthcare burdens, and simplify vaccine distribution makes them an 

attractive alternative to conventional injections. Nevertheless, challenges related to manufacturing, 

regulation, cost, and long-term safety must be addressed before widespread adoption can occur. 

Continued interdisciplinary research and clinical evaluation will determine the ultimate role of 

microneedle technology in future vaccination strategies. Current evidence suggests that 

microneedle-based vaccines possess substantial potential to reshape global immunization practices 

and improve public health outcomes. 
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