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Abstract:- Microneedling, a minimally invasive technique 

involving the creation of microchannels in the skin, has 

emerged as a promising platform for vaccine delivery. The 

use of microneedles for vaccination represents a new era in 

immunization techniques, wherein patients no longer 

dread sharp pricks. Their breakthrough potential lies in 

their ability to deliver vaccines directly into the epidermis 

or dermis where a high density of immune cells improve 

the particularly relevant effects of vaccines. Their intro-

duction has met various challenges often experienced with 

traditional methods like bites caused by fear, pain from 

needles, or even that any medical doctor may take a long 

to administer them. 

 

Microneedles could improve stability and lessen the 

dependence on cold chain transport systems since they can 

be prepared in dry form. In addition to providing an al-

ternative to syringes, they are also considered less painful 

than them. The review highlights the potential of mi-

croneedles to improve vaccination rates, especially in un-

derserved populations, and identifies key areas for future 

research and development. 

 

Keywords:- Microneedles, Vaccine delivery, Needle phobia, 

Cold chain storage. 

 

I. INTRODUCTION 

 

Vaccination has been one of the most successful public 
health interventions, drastically reducing the prevalence of 

infectious diseases worldwide. Despite this success, conven-

tional needle-based vaccination methods have inherent draw-

backs, including pain, needle phobia, and the need for trained 

healthcare personnel to administer injections [1]. These limita-

tions have driven the exploration of alternative delivery meth-

ods, among which microneedles have emerged as a revolu-

tionary approach[2]. 

 

Microneedles, typically ranging from 50 to 900 mi-

crometers in length, are designed to deliver vaccines through 
the skin in a minimally invasive and painless manner[3]. The 

skin, being rich in antigen-presenting cells such as Langerhans 

cells, serves as an ideal target for vaccine delivery, potentially 

enhancing immunogenicity compared to traditional intramus-

cular injections [4]. Microneedles offer significant logistical 

advantages that enhance their appeal as a drug delivery meth-

od. These advantages include ease of administration, which 

simplifies the delivery process and reduces the need for 

healthcare professional involvement. This is particularly im-

portant in settings with limited medical resources. Additional-

ly, microneedles lower the risk of infection compared to tradi-
tional injections because they are minimally invasive and typi-

cally do not penetrate deeply enough to reach blood vessels 

[5]. 

 

The development of microneedles spans several decades, 

with early research focusing on material science and the me-

chanical properties required for effective skin penetration. 

Today, microneedles are fabricated from a variety of materi-

als, including metals, polymers, and ceramics, and are de-

signed in multiple configurations such as solid, coated, dis-

solvable, and hollow [6]. These diverse designs allow for the 
delivery of a wide range of vaccines, from traditional live-

attenuated and inactivated vaccines to modern mRNA-based 

platforms[7]. Recent advances have further refined micronee-

dle technology, improving their safety, efficacy, and scalabil-

ity for mass production [8]. Clinical trials have demonstrated 

that microneedle-based vaccines can elicit robust immune 

responses, comparable to or even exceeding those achieved by 

conventional methods [9]. Additionally, their painlessness and 

user-friendly nature have been shown to significantly increase 

vaccine acceptance, particularly among individuals with nee-

dle phobia and in pediatric populations [10]. As the global 

healthcare landscape continues to evolve, the need for innova-
tive vaccination strategies becomes increasingly apparent. The 

ongoing COVID-19 pandemic has highlighted the importance 

of rapid and equitable vaccine distribution, underscoring the 

potential role of microneedles in future vaccination campaigns 

[11]. This review will explore the current state of microneedle 

technology, its applications in vaccine delivery, and the chal-

lenges and future directions in this field. 

 

II. TYPES OF MICRONEEDLES: 

 

Microneedles are a novel drug delivery system that can 
bypass the skin's outer barrier, the stratum corneum, allowing 

for efficient and minimally invasive delivery of drugs, vac-

cines, and other therapeutic agents. They are typically small 

and sharp, penetrating only the superficial layers of the skin 

without reaching deeper tissues, which reduces pain and tissue 
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damage compared to conventional needles. Microneedles are 

classified into various types based on their structure, composi-

tion, and functional mechanisms. These include solid mi-
croneedles, coated microneedles, dissolvable microneedles, 

hollow microneedles, and hydrogel-forming microneedles. 

 

Solid microneedles have demonstrated significant poten-

tial in enhancing transdermal drug delivery by creating mi-

cropores that increase skin permeability. Various studies have 

focused on improving the design and application methods of 

solid microneedles to increase their efficiency and minimize 

discomfort during application [12]. 

 

Coated microneedles are typically fabricated from metal 

or polymer substrates and coated with the drug or vaccine that 
needs to be delivered. The coating dissolves upon skin inser-

tion, releasing the active substance directly into the skin’s tis-

sue. One of the main challenges with coated microneedles is 

achieving a uniform and consistent coating that can deliver an 

accurate dosage. Despite this, they offer advantages like rapid 

drug release and reduced pain compared to traditional injec-

tions [13].  

 

Hollow microneedles, unlike solid or coated variants, are 

designed with a hollow bore that allows the injection of liquid 

drugs directly into the skin. These microneedles function like 
tiny hypodermic needles, delivering drugs at a controlled rate. 

Hollow microneedles are particularly suitable for delivering 

larger molecules such as proteins and vaccines. However, the 

design and manufacturing of hollow microneedles can be 

more complex due to the need for precise control over the 

internal microfluidics [14]. 

 

Dissolvable microneedles provide a safe and efficient 

method for drug delivery, eliminating the need for sharp dis-
posal and reducing risks associated with conventional needles 

(See figure no.1).These microneedles are made from biocom-

patible and biodegradable materials such as sugars or water-

soluble polymers that dissolve in the skin, releasing the encap-

sulated drug.  

 

The simplicity of use and the absence of sharps make  

dissolvable microneedles particularly attractive for  mass 

vaccination campaigns and self-administration [15]. 

 

Hydrogel-forming microneedles (HFMs) are a revolu-

tionary transdermal drug delivery system that combines mi-
croneedle technology with hydrogel materials. These tiny nee-

dles, typically 500-700 μm in length, are arranged in a small 

patch and painlessly create micro-channels in the skin, allow-

ing for efficient delivery of therapeutics, vaccines, or biomol-

ecules. The microneedles are  coated with a hydrogel layer 

that swells upon exposure to skin moisture, releasing the en-

capsulated biomolecules over time. Currently, HFMs are still 

in development, with ongoing research focused on optimizing 

hydrogel formulations, scaling up manufacturing, and con-

ducting clinical trials. While showing promising results, hy-

drogelforming microneedles require further investigation to 
ensure safety, efficacy, and commercial viability [16]. (Table 

1, provides a comprehensive overview of different types of 

microneedles, highlighting their advantages, disadvantages, 

applications, and the materials used in their design.) 

 

 
Fig 1 (A) SEM Image of a Dissolving Polymeric Microneedle (size: 430 μm, scale 200 μm). (B) Optical Microscope Image of the 

Same Microneedle Array Patch. 
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Table 1. Types of Microneedles 

MN Type Characteristic Advantages Disadvantages Application Material Ref. 

Hollow 

 

Empty shape to be 
filled with the drug. 

Ability to control drug 

release over time. 

Handles a large 
dose/amount of drug 

solution. 

Weak needles. 
Might cause leakage 

and clogging. 

Disease diagnosis Silicon [17] 

Coated 

Ability to deliver the 

proteins and DNA in a 

minimally invasive 

manner. 

Deliver the drug 

quickly to the skin. 
Prone to infection 

Drug, 

Vaccine delivery 
Silicon [17] 

Dissolving 

Facilitates rapid re-

lease of macromole-

cule. 

One step application. 
Requires technical ex-

pertise to manufacture. 

Drug, 

Cosmetic, 

Vaccine delivery 

Polymer [17] 

Hydrogel 

Hydrogel micronee-

dles are typically com-

posed of hydrophilic 
polymer networks that 

can swell upon contact 

with moisture. 

Most hydrogel materi-

als are biocompatible 

and non-toxic, mini-
mizing adverse reac-

tions. 

Hydrogels can be sensi-

tive to environmental 
conditions. 

Transdermal Drug 

Delivery 
Biosensing 

Polymer [18] 

 

III. MATERIALS FOR MICRONEEDLE FABRICA-

TION 
 

Microneedles can be made from a variety of materials, 

including metals, polymers, and ceramics. Each material of-

fers unique advantages. 

 

 Polymers 

Polymers such as polyvinylpyrrolidone (PVP) and car-
boxymethyl cellulose (CMC) are commonly used to create 

dissolving microneedles. These materials allow for the encap-

sulation of vaccines and facilitate their release upon dissolu-

tion in the skin. For example, dissolving microneedles made of 

PVP have been shown to effectively deliver inactivated influ-

enza vaccines while maintaining stability and immunogenicity 

[19]. 

 

 Metals 

Microneedles are typically made of metals like stainless 

steel, titanium, or silicon. Stainless steel is frequently used for 
solid microneedles due to its strength and ability to penetrate 

the skin effectively. Metal microneedles can be coated with 

antigens to enhance vaccine delivery. Recent advancements 

include nanopatterning the surfaces of stainless-steel mi-

croneedles to improve antigen coating efficiency, which has 

been shown to enhance immune responses in vivo [20]. 

 

 Ceramic 

Ceramic materials, particularly alumina and zirconia, are 

increasingly utilized in the fabrication of microneedles due to 

their superior mechanical strength and biocompatibility. The 

preparation of ceramic microneedles typically involves tech-
niques such as micro-molding and sintering, which allow for 

the creation of precise microneedle arrays. These ceramic mi-

croneedles exhibit excellent thermal and moisture stability, 

making them suitable for various biomedical applications, 

including vaccine delivery [21]. 

 

 Silk Fibroin 

It is a natural polymer derived from silkworms, gaining 

attention in the development of microneedles for drug and 

vaccine delivery due to its excellent biocompatibility, mechan-

ical properties, and biodegradability. Silk-based microneedles 
can be fabricated using various methods, including molding 

and 3D printing, allowing for precise control over their shape 

and size. These microneedles can effectively penetrate the skin 

and dissolve upon insertion, releasing their payload directly 

into the dermal layer [22] . 

 

IV. MICRONEEDLES AND GLOBAL HEALTH 

 

Microneedles (MNs) are emerging as a transformative 

technology in global health, particularly for enhancing vac-

cination coverage in developing countries. Their unique de-
sign and functionality address several challenges associated 

with traditional vaccine delivery methods. 

 

 Pain-Free Administration 

Microneedles are designed to penetrate only the outer 

layers of the skin, avoiding nerve endings and blood vessels, 

which significantly reduces pain during administration. This 

characteristic can help alleviate the fear associated with injec-

tions, making vaccinations more acceptable, especially for 

children and those in rural areas where access to healthcare is 

limited [23]. 
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 Overcoming Cold Chain Limitations: 

One of the significant hurdles in vaccine distribution, 

particularly in developing nations, is the requirement for cold 
chain storage to maintain vaccine efficacy. Microneedles can 

deliver vaccines in a dry form that does not require refrigera-

tion, thus minimizing waste due to temperature fluctuations. 

This stability at ambient temperatures allows for easier trans-

portation and storage, which is crucial in regions lacking reli-

able infrastructure [24]. 

 

 Increased Accessibility 

The self-administration capability of microneedle patch-

es allows individuals to administer vaccines without needing 

trained healthcare professionals. This feature is particularly 

beneficial for populations with limited access to medical facil-
ities, such as those living in remote areas [25]. 

 

 Enhanced Immune Response 

Research indicates that microneedle delivery can induce 

a robust immune response comparable to traditional methods. 

Studies have shown that vaccines delivered via microneedles 

can achieve higher antibody levels and better long-term im-

munity [26]. 

 

V. MICRONEEDLES FOR SPECIFIC DISEASES: 

 
 Influenza Vaccination 

Microneedles have been extensively studied for deliver-

ing influenza vaccines. Research indicates that they can induce 

robust immune responses comparable to traditional intramus-

cular injections while allowing for significant dose sparing—

sometimes using as little as 4% of the standard dose. Clinical 

trials have demonstrated that microneedle-administered influ-

enza vaccines are safe and immunogenic, making them a via-

ble alternative for seasonal vaccination campaigns [27]. 

 

 COVID – 19 Vaccines 
The application of microneedles for COVID-19 vaccines 

has gained traction due to their ability to eliminate the cold 

chain storage requirement, which is crucial for vaccine distri-

bution [28]. Various formulations, including viral vector and 

mRNA vaccines, have shown promise in preclinical studies. 

Microneedles can enhance immune responses by delivering 

antigens directly to the skin's immune-rich layers, potentially 

leading to improved efficacy and compliance [27]. 

 

 Pediatric Vaccines 

Microneedles are particularly appealing for pediatric 

vaccination due to their pain-free application and reduced anx-
iety associated with needle use6. Studies indicate that parents 

perceive microneedle vaccines as more acceptable for their 

children compared to traditional methods. This could signifi-

cantly improve vaccination rates in younger populations [29]. 

 

 

 

VI. FUTURE RESEARCH DIRECTION 
 

Future research directions in microneedle technology are 
poised to significantly enhance their applications in drug de-

livery and diagnostics. Key areas of focus include theranostic 

applications, where microneedles can serve dual purposes of 

drug administration and biomarker detection, thus improving 

patient monitoring and treatment personalization [30]. 

 

Innovations in fabrication techniques, such as 3D print-

ing and advanced microfabrication, are expected to enable the 

development of more complex microneedle designs that can 

deliver a wider range of therapeutic agents, including large 

biomolecules and nanoparticles [31]. Additionally, addressing 

current limitations—such as scaling up production, ensuring 
consistent drug delivery profiles, and minimizing inflammato-

ry responses—will be crucial for broader clinical adoption 

[32]. Research is also likely to explore smart microneedle sys-

tems that can provide controlled release of drugs in response 

to physiological signals, thereby enhancing efficacy and safety 

[33].  

 

VII. CONCLUSION 

 

Microneedle technology represents a groundbreaking ad-

vancement in vaccine delivery, addressing many challenges 
posed by conventional needle-and-syringe methods. By creat-

ing microchannels in the skin, microneedles offer minimally 

invasive, effective vaccine administration, improving patient 

compliance and enabling broader immunization. Different 

types of microneedles—solid, hollow, coated, and dissolv-

ing—allow for design flexibility, making them ideal for pre-

cise, targeted delivery. Their ability to deliver stable, needle-

free vaccines painlessly makes them particularly useful for 

pediatric populations and underserved regions. This technolo-

gy can significantly enhance vaccine access in resource-

limited areas, reducing the need for trained healthcare workers 
and specialized storage equipment. Early trials have shown 

promising results in safety and efficacy, with potential for 

self-administration. Despite these benefits, challenges like 

manufacturing processes, vaccine stability, and skin penetra-

tion depth must be addressed before widespread adoption. 

Regulatory frameworks also need to adapt to ensure safety 

standards. Looking forward, microneedles hold great promise 

for transforming vaccination practices globally, potentially 

improving access, affordability, and acceptance, especially in 

regions most in need. Continued innovation and collaboration 

are key to overcoming hurdles and advancing immunization 

efforts worldwide. 
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