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A B S T R A C T 
 
Microneedle-assisted drug delivery has emerged as a promising advancement in transdermal therapeutic systems, addressing the 
limitations of conventional oral, injectable, and topical routes. Traditional transdermal drug delivery systems are restricted by the 
skin’s outermost barrier, the stratum corneum, which limits the permeation of most drugs, particularly macromolecules such as 

proteins and peptides. Microneedles, typically ranging from 50 to 900 µm in length, overcome this barrier by creating transient 
microchannels in the skin, enabling painless and minimally invasive drug delivery without reaching dermal nerves. 

This review provides a comprehensive overview of microneedle technology, including skin anatomy, types of microneedles, 
materials used, fabrication techniques, and mechanisms of drug delivery. Various microneedle systems-such as solid, coated, 

dissolving, hollow, and hydrogel-forming-offer diverse strategies for controlled and targeted drug administration. Materials ranging 
from metals and silicon to polymers and carbohydrates significantly influence performance, biocompatibility, and scalability. 

Microneedles have demonstrated wide-ranging applications in vaccine delivery, diabetes management, cancer therapy, pain 
management, dermatology, and the delivery of proteins, peptides, and genetic materials. Key advantages include improved patient 

compliance, avoidance of first-pass metabolism, enhanced drug permeation, and reduced risk of needle-stick injuries. However, 
challenges such as limited drug loading, mechanical strength issues, manufacturing complexity, and regulatory barriers remain. 

Recent advances, including smart stimuli-responsive systems, biosensor integration, 3D printing, and AI-based optimization, have 
further expanded the potential of microneedles. Despite existing limitations, microneedle technology holds significant promise for 

future healthcare, particularly in personalized medicine, wearable drug delivery, and global vaccination strategies. 

Keywords: Microneedles, transdermal drug delivery, minimally invasive systems, dissolving microneedles, vaccine delivery, drug 
delivery systems, skin permeability. 
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INTRODUCTION 

Drug delivery has evolved significantly from traditional oral 

and injectable routes to advanced controlled delivery systems 

aimed at improving therapeutic efficacy and patient 

compliance. Among these, transdermal drug delivery systems 

(TDDS) offer advantages such as avoidance of hepatic first-

pass metabolism, sustained drug release, and improved 

convenience. 

However, the major limitation of TDDS is the stratum 

corneum, the outermost layer of skin, which acts as a strong 

biological barrier restricting the permeation of most drugs, 

especially macromolecules like proteins and peptides. 

Conventional transdermal patches are therefore limited to a 

small group of drugs with suitable physicochemical 

properties
1
. 
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To overcome this limitation, microneedle (MN) technology 

has emerged as a third-generation transdermal enhancement 

approach
2
. Microneedles are micron-sized structures 

(typically 50-900 µm in length) designed to penetrate the 

stratum corneum without reaching dermal nerves, thereby 

providing painless drug delivery.Recent advances in 

microfabrication and biomaterials have significantly 

expanded the scope of microneedles, enabling their 

application in drug delivery, vaccination, biosensing, and 

personalized medicine. 

The aim of this review is to present a comprehensive 

overview of microneedle-assisted drug delivery systems, 

focusing on their design, types, fabrication methods, 

mechanisms, applications, and future challenges. 

Skin Anatomy and Barrier Function 

Human skin consists of three primary layers: 

 Epidermis 

 Dermis 

 Hypodermis 

 

The outermost layer, the stratum corneum, is the principal 

barrier responsible for limiting drug penetration
3
. It consists 

of tightly packed keratinized cells embedded in lipid layers, 

making passive diffusion of most drugs extremely difficult. 

Only small, lipophilic molecules (<500 Da) can efficiently 

penetrate this barrier, which severely restricts the 

effectiveness of conventional transdermal drug delivery 

systems. This barrier function is the primary reason 

microneedles were developed as a physical enhancement 

strategy to bypass the stratum corneum
4
. 

Microneedle Technology Overview 

Microneedles are micro-scale projections arranged on a patch 

or device that create transient micropores in the skin upon 

application
5
. These microchannels allow drugs to bypass the 

stratum corneum and reach deeper skin layers. 

The concept of microneedles has evolved significantly with 

advancements in materials science and microfabrication 

techniques
6
. Modern microneedle systems are designed to be: 

 Painless 

 Biocompatible 

 Self-administrable 

 Controlled-release capable 

Microneedles are now considered a bridge between topical 

patches and hypodermic injections, combining the 

advantages of both systems. 

 

Figure 1: Concept of Microneedle-Assisted Drug Delivery 

Types of Microneedles 

Microneedles are broadly classified based on structure and 

drug delivery mechanism: 

Solid Microneedles
7 

Used to pre-treat the skin by creating microchannels, 

followed by application of drug formulations. 

Coated Microneedles
8 

Drug is coated on the surface and dissolves rapidly after 

insertion. 

Dissolving Microneedles
9 

Made of biodegradable polymers that dissolve within the 

skin, releasing the drug. 

Hollow Microneedles
10 

Function like miniature syringes to deliver liquid 

formulations directly. 

Hydrogel-Forming Microneedles
11 

Swelling-based systems that allow controlled drug diffusion 

over time. 

Table 1: Classification of Microneedles 

Type of Microneedle Material Used Drug Delivery Mechanism Key Feature Major Limitation 

Solid microneedles Metal, silicon Pre-treatment (create 

microchannels) 

Used before topical drug 

application 

No drug loading 

Coated microneedles Metal, silicon Drug coated on surface Rapid drug release Limited dose capacity 

Dissolving microneedles Polymers (PVP, PVA, 

CMC) 

Needle dissolves in skin Complete drug release in skin Low mechanical 

strength 

Hollow microneedles Metal, silicon Liquid injection through 

microchannels 

Precise dosing Clogging risk 

Hydrogel-forming 

microneedles 

Hydrophilic polymers Swelling-controlled diffusion Sustained release Slow onset 

 

Materials Used in Microneedles 

The selection of materials is one of the most critical aspects 

of microneedle design, as it directly affects mechanical 

strength, biocompatibility, drug stability, dissolution 

behavior, and regulatory acceptability
12

. Broadly, 

microneedle materials are classified into metallic, silicon-

based, polymeric, biodegradable, and carbohydrate-based 

systems, each offering distinct advantages and limitations 

depending on the intended application. 
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Figure 2: Types of Microneedles 

Metals were among the earliest materials used for 

microneedle fabrication due to their excellent mechanical 

strength and ease of precise manufacturing. Commonly used 

metals include stainless steel, titanium, nickel alloys, and 

gold, particularly for biosensing applications. These 

materials provide high structural stability and enable efficient 

skin penetration, making them suitable for solid and hollow 

microneedles, especially in vaccine delivery systems. 

However, they present several drawbacks, such as the risk of 

needle breakage and retention in the skin, potential allergic 

reactions (notably with nickel), non-biodegradability leading 

to disposal concerns, and limited capability for drug loading 

since they are often used as empty structures
13

. 

Silicon-based materials were introduced through 

microelectromechanical systems (MEMS) technology and 

are known for their high precision and ability to form 

extremely sharp microneedle tips. These properties make 

them valuable in experimental and diagnostic applications, 

including biosensing. Despite their precision, silicon 

microneedles suffer from brittleness, which increases the risk 

of fracture during insertion, along with high production costs 

and limited scalability. As a result, their use is largely 

confined to research prototypes rather than commercial 

pharmaceutical products
14

. 

Polymeric materials represent the most widely researched 

and clinically relevant category in microneedle development. 

Common polymers include poly(lactic-co-glycolic acid) 

(PLGA), polylactic acid (PLA), polyvinyl alcohol (PVA), 

polyvinylpyrrolidone (PVP), and carboxymethyl cellulose 

(CMC). These materials are highly valued for their 

biocompatibility, safety, and versatility. They can be 

engineered to dissolve or swell upon application, allowing 

for controlled drug release, and they offer flexible 

mechanical properties suitable for various designs. Polymeric 

microneedles are extensively used in dissolving systems, 

hydrogel-forming arrays, and in the delivery of vaccines and 

proteins. Due to their scalability and adaptability, they are 

considered the future of transdermal drug delivery systems
15

. 

Biodegradable materials, often overlapping with polymeric 

systems, are specifically designed to degrade naturally within 

the body, eliminating the issue of sharp medical waste. 

Examples include polylactic acid (PLA), polycaprolactone 

(PCL), gelatin, hyaluronic acid, and chitosan. These 

materials are particularly advantageous for applications 

requiring repeated use, such as chronic disease management 

or pediatric care, as they ensure safety and reduce disposal 

risks. Additionally, they allow for controlled drug release 

through gradual degradation, making them highly suitable for 

vaccine delivery and long-term therapies
16

. 

Carbohydrate-based materials are commonly employed in 

dissolving microneedles due to their rapid dissolution 

properties. Examples such as maltose, sucrose, and trehalose 

are especially useful in stabilizing sensitive biologics like 

proteins and vaccines. They offer an excellent safety profile 

and enable quick drug release upon insertion into the skin. 

However, their relatively low mechanical strength compared 

to metals and polymers limits their load-bearing capacity and 

may affect their ability to penetrate the skin effectively
17

. 

Ultimately, the selection of an appropriate microneedle 

material depends on several factors, including the type of 

drug being delivered (small molecules, proteins, or vaccines), 

the desired release profile (immediate or sustained), the 

mechanical strength required for effective skin penetration, 

the stability of the drug during fabrication, and regulatory as 

well as safety considerations. Careful optimization of these 

parameters is essential to ensure the efficacy, safety, and 

scalability of microneedle-based drug delivery systems.

 
Table 2: Materials Used in Microneedle Fabrication 

Material Type Examples Advantages Disadvantages Applications 

Metals Stainless steel, titanium High strength, sharp tips Non-biodegradable, risk of breakage Vaccines, solid MNs 

Silicon MEMS silicon High precision Brittle, expensive Research, biosensors 

Synthetic polymers PLA, PLGA, PVP, PVA Biocompatible, tunable Moderate strength Dissolving MNs 

Natural polymers Gelatin, chitosan, hyaluronic acid Biodegradable, safe Lower mechanical strength Drug/vaccine delivery 

Carbohydrates Maltose, sucrose Fast dissolving Poor strength Rapid-release MNs 



Bij  et al                                                                                 Asian Journal of Pharmaceutical Research and Development. 2026; 14(3): 205-215 

ISSN: 2320-4850                                                                                               [208]                                                     CODEN (USA): AJPRHS 

Fabrication Techniques of Microneedles 

Microneedle fabrication is a multidisciplinary process that 

integrates microengineering, polymer science, and 

pharmaceutical technology, with the chosen method 

significantly influencing needle geometry, mechanical 

strength, drug loading efficiency, and scalability. Among the 

various approaches, the micro-molding technique is the most 

widely used industrial method for fabricating polymeric 

microneedles. This process involves the creation of a master 

mold, typically made of silicon or metal, followed by casting 

a polymer solution into the mold. The solution is then 

subjected to centrifugation or vacuum filling to ensure 

complete cavity filling, after which it is dried and demolded 

to obtain the final structure
18

. This technique is cost-

effective, offers high reproducibility, and is suitable for mass 

production; however, it requires high-quality master molds 

and has limited resolution for ultra-fine structures.

 

 

Figure 3: Fabrication Techniques of Microneedles 

Lithography techniques are primarily employed for silicon 

and metallic microneedle fabrication and include methods 

such as photolithography and deep reactive ion etching 

(DRIE). These approaches provide extremely high precision 

and allow for the creation of complex geometries, but they 

are expensive, require cleanroom facilities, and are not ideal 

for large-scale pharmaceutical production. Laser ablation is 

another method in which lasers are used to shape 

microneedles from solid substrates, offering high precision 

and rapid prototyping without the need for physical molds. 

Despite these advantages, the technique may cause thermal 

damage to materials and involves high equipment costs
19

. 

Three-dimensional (3D) printing technology has emerged as 

a promising and innovative approach for microneedle 

fabrication. Techniques such as stereolithography (SLA), 

two-photon polymerization, and fused deposition modeling 

(FDM) enable customizable designs, rapid prototyping, and 

the production of complex geometries, making them 

particularly suitable for personalized medicine. However, 

challenges such as material limitations, surface roughness, 

and difficulties in scaling up for mass production remain. 

Lastly, etching techniques, including both wet and dry 

methods, are used for fabricating silicon microneedles and 

offer high precision and compatibility with 

microelectromechanical systems (MEMS) technology. 

Nevertheless, these methods require expensive infrastructure 

and have limited scalability in pharmaceutical 

manufacturing
20

.

 

Table 3: Fabrication Techniques of Microneedles 

Technique Principle Advantages Limitations Scale Suitability 

Micro-molding Polymer casting in molds Low cost, scalable Mold dependency High 

Lithography Photolithographic etching High precision Expensive setup Low 

Laser ablation Material removal by laser Fast prototyping Thermal damage risk Medium 

3D printing Layer-by-layer fabrication Custom design Material limitations Medium-High 

Wet/Dry etching Chemical removal High accuracy Complex process Low 

 

Mechanism of Drug Delivery via Microneedles 

Microneedle-assisted drug delivery works by temporarily 

disrupting the stratum corneum barrier and enabling 

controlled transport of therapeutic agents into the epidermis 

and dermis. The mechanism varies depending on 

microneedle type, but the overall principle involves 

microchannel formation followed by drug permeation or 

release
21

.
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Figure 4: Mechanism of Drug Delivery via Microneedles 

Skin Insertion and Microchannel Formation
22 

When microneedles are applied with slight pressure: 

 The microneedles penetrate the stratum corneum layer 

 They create micro-scale aqueous channels (5-100 µm diameter) 

 These channels bypass the main diffusion barrier of the skin 

 Importantly, microneedles are short enough to avoid reaching dermal pain receptors and blood vessels 

This results in painless penetration and minimal tissue damage. 

Drug Transport Mechanisms
23 

Once microchannels are formed, drug transport occurs via: 

a) Diffusion 

Drug molecules move passively from high concentration (patch/reservoir) to lower concentration (skin layers). 

b) Dissolution Release (Dissolving MNs) 

Polymer-based microneedles dissolve after insertion, releasing the drug directly into skin tissue. 

c) Active Delivery (Hollow MNs) 

Liquid formulations are actively injected into dermal layers under pressure. 

d) Reservoir-assisted Delivery 

Solid microneedles create pores, and a drug-loaded patch is applied afterward to allow diffusion. 

Absorption Pathways 

After crossing the stratum corneum, drugs enter: 

 Epidermal layers → local effect 

 Dermal capillaries → systemic circulation 

 Lymphatic vessels → immune response (vaccines) 

This enables both local and systemic drug delivery. 

Closure of Microchannels 

One of the key safety features: 

 Microchannels begin closing within hours 

 Full recovery occurs within 24-48 hours 

 Reduces infection risk and long-term tissue damage 
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Table 4: Mechanism of Drug Delivery via Microneedles 

Step Process Description Outcome 

1 Microneedle insertion into skin Stratum corneum disruption 

2 Formation of microchannels Increased permeability 

3 Drug release (diffusion/dissolution/injection) Drug enters skin layers 

4 Absorption into circulation Local or systemic effect 

5 Channel closure Skin returns to normal within 24-48 h 

 

Applications of Microneedle Drug Delivery 

Microneedles have broad applications in pharmaceutical, biomedical, and cosmetic fields due to their versatility and patient-

friendly nature. 

 

Figure 5: Applications of Microneedle Drug Delivery 

Vaccine Delivery
24 

Microneedles are one of the most promising platforms for 

next-generation vaccination systems. 

Advantages 

 Strong immune response due to dermal dendritic cells 

 Needle-free administration reduces fear and pain 

 Can be self-administered (mass vaccination potential) 

 Improved thermostability in some formulations 

Examples 

 Influenza vaccines 

 COVID-19 vaccine research patches 

 Measles and rubella vaccine delivery 

Insulin and Diabetes Management
25 

Microneedles offer a pain-free alternative to daily insulin 

injections. 

Benefits 

 Improved patient compliance 

 Reduced injection anxiety 

 Possibility of controlled or pulsatile insulin release 

 Continuous glucose-responsive systems (smart patches 

under research) 

Cancer Therapy
26 

Microneedles enable localized chemotherapy delivery, 

reducing systemic toxicity. 

Applications 

 Skin cancers (melanoma, basal cell carcinoma) 

 Local tumor drug delivery 

 Immunotherapy delivery systems 

Advantages 

 Higher local drug concentration 

 Reduced side effects like nausea and bone marrow 

suppression 

Pain Management
27 

Microneedles are used for delivering: 

 Local anesthetics (lidocaine) 

 NSAIDs 

 Opioid alternatives in controlled systems 

Benefits 

 Rapid onset of action 

 Reduced gastrointestinal side effects (compared to oral 

NSAIDs) 

Dermatological and Cosmetic Applications
28 

One of the fastest-growing commercial areas. 

Uses 

 Anti-aging therapy 

 Wrinkle reduction 

 Collagen induction therapy 

 Hair growth stimulation (minoxidil delivery) 

 Acne treatment 
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Microneedles improve penetration of cosmetic actives that 

normally cannot cross the skin barrier. 

Protein, Peptide, and Gene Delivery
29 

Microneedles enable delivery of large biomolecules that 

cannot be given orally. 

Applications 

 Insulin and growth hormones 

 Monoclonal antibodies 

 DNA/RNA vaccines 

 Gene therapy vectors 

Table 5: Applications of Microneedle Drug Delivery 

Application Area Drugs/Agents Delivered Advantages Clinical Importance 

Vaccine delivery Influenza, COVID-19 vaccines Needle-free immunization Mass vaccination 

Diabetes Insulin Pain-free delivery Improved compliance 

Cancer therapy Doxorubicin, paclitaxel Localized treatment Reduced toxicity 

Pain management Lidocaine, NSAIDs Fast onset Improved analgesia 

Dermatology/cosmetics Minoxidil, hyaluronic acid Enhanced skin absorption Anti-aging, hair growth 

Gene/protein therapy DNA, RNA, antibodies Macromolecule delivery Advanced therapeutics 

 

Advantages of Microneedle-Assisted Drug Delivery 

Microneedle-based systems offer several significant 

advantages over conventional oral, topical, and injectable 

drug delivery routes. 

Painless and Minimally Invasive
30 

Microneedles are designed to penetrate only the stratum 

corneum and upper epidermis, avoiding dermal nerves and 

blood vessels. This results in: 

 Nearly painless administration 

 Reduced injection anxiety 

 Improved acceptance in pediatric and geriatric 

populations 

Improved Patient Compliance
31 

The simplicity of application (patch-based systems) allows: 

 Self-administration 

 Reduced need for trained healthcare professionals 

 Better adherence in chronic diseases such as diabetes 

Bypass of First-Pass Metabolism
32 

Transdermal entry allows drugs to: 

 Avoid hepatic first-pass metabolism 

 Maintain higher systemic bioavailability 

 Reduce dose requirements 

Enhanced Drug Permeation
33 

Microneedles overcome the major barrier of the stratum 

corneum, enabling: 

 Delivery of hydrophilic and large molecular weight drugs 

 Transport of proteins, peptides, and vaccines 

Controlled and Sustained Release
34 

Depending on design: 

 Dissolving microneedles provide immediate release 

 Hydrogel systems enable sustained delivery 

 Hollow microneedles allow programmable dosing 

Reduced Risk of Needle Stick Injuries
35 

Compared to hypodermic needles: 

 No sharps disposal issues (especially dissolving MNs) 

 Lower infection transmission risk 

 Safer for mass vaccination programs 

Potential for Self-Administration and Home Care
36 

Microneedle patches: 

 Do not require medical supervision 

 Can be used in remote or resource-limited settings 

 Enable decentralized healthcare delivery 

Limitations and Challenges 

Despite promising advantages, microneedle technology faces 

several scientific, industrial, and regulatory challenges. 

Limited Drug Loading Capacity
37 

Due to small size and geometry: 

 Restricted amount of drug can be loaded per patch 

 Not suitable for high-dose therapies 

 Requires frequent dosing in some cases 

Mechanical Strength Issues
38 

Microneedles must balance: 

 Sharpness (for skin penetration) 

 Strength (to avoid breakage) 

 Problems include: 

 Needle fracture during insertion 
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 Retention of fragments in skin (especially brittle 

materials like silicon) 

Skin Irritation and Local Reactions
39 

Although generally safe, possible effects include: 

 Mild erythema 

 Local inflammation 

 Temporary discomfort in sensitive individuals 

Manufacturing and Scale-Up Challenges
40 

Large-scale production is limited by: 

 Complex microfabrication processes 

 Requirement of high-precision molds 

 Batch-to-batch variability in polymer systems 

Stability of Drug Formulations
41 

Particularly important for: 

 Proteins 

 Peptides 

 Vaccines 

 Issues include: 

 Thermal degradation during fabrication 

 Loss of biological activity 

 Moisture sensitivity in dissolving systems 

Regulatory and Approval Barriers
42 

Microneedles are still an evolving technology: 

 Limited standardized regulatory guidelines 

 Complex classification (device vs drug combination 

product) 

 Long clinical validation cycles 

Limited Long-Term Clinical Data
43 

While many studies show safety and efficacy: 

 Large-scale human trials are still limited 

 Long-term effects on repeated use are not fully known

Table 6: Advantages vs Limitations of Microneedle Systems 

Category Advantages Limitations 

Patient comfort Painless, minimal invasion Mild skin irritation possible 

Drug delivery Bypasses stratum corneum, enhanced absorption Limited drug loading capacity 

Safety No sharp injury risk (dissolving types) Needle fracture risk (brittle types) 

Pharmacokinetics Avoids first-pass metabolism Stability issues for biologics 

Usability Self-administration possible Requires correct application technique 

Manufacturing Potential for scalable production High fabrication cost initially 

 

Recent Advances in Microneedle Technology 

Microneedle technology has undergone significant 

transformation, evolving from simple transdermal 

penetration tools into advanced, multifunctional drug 

delivery platforms. Recent advances emphasize precision, 

responsiveness, integration with digital technologies, and 

scalable manufacturing. One of the most notable innovations 

is the development of smart and stimuli-responsive 

microneedles, which can release drugs in response to specific 

biological or external triggers such as pH, temperature, 

enzymes, or glucose levels
44

. For instance, glucose-

responsive systems are being explored for diabetes 

management, while pH-sensitive microneedles show promise 

in targeted cancer therapy. Similarly, temperature-responsive 

polymers and enzyme-triggered systems enable controlled 

and site-specific drug release. These smart systems allow on-

demand drug delivery, reduce the risk of overdosing, and 

support personalized treatment approaches
45

. 

Another major advancement is the integration of biosensors 

into microneedle systems, enabling simultaneous diagnosis 

and therapy. These biosensor-integrated microneedles can 

monitor biomarkers such as glucose, lactate, electrolytes, and 

even drug concentrations in real time by accessing interstitial 

fluid beneath the skin. This approach supports closed-loop 

drug delivery systems, where drug release is automatically 

adjusted based on real-time physiological data, offering 

minimally invasive and continuous health monitoring
46

. 

The adoption of 3D printing and additive manufacturing has 

further revolutionized microneedle fabrication. Techniques 

such as stereolithography (SLA), digital light processing 

(DLP), and two-photon polymerization allow the creation of 

highly customized and patient-specific microneedle 

designs
47

. These technologies facilitate rapid prototyping, 

enable complex geometries, and allow customization of drug 

dose and patch structure, thereby advancing precision 

transdermal therapy while reducing research and 

development costs. 

Recent research has also focused on drug-vaccine 

combination microneedles, which are capable of delivering 

multiple therapeutic agents simultaneously, such as vaccines 

with adjuvants or chemotherapy combined with 

immunotherapy. These systems enhance immune responses, 

reduce the number of required administrations, and provide 

synergistic therapeutic effects. In parallel, wearable 

microneedle patches are being developed as flexible, skin-

adaptive devices designed for long-duration use
48

. These 

patches are particularly useful in chronic disease 

management, hormonal therapies such as contraception or 
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hormone replacement therapy, and pain management, 

offering sustained and controlled drug delivery
49

. 

The integration of Artificial Intelligence (AI) into 

microneedle systems represents another cutting-edge 

advancement
50

. AI is being used to optimize drug release 

kinetics, develop personalized dosing algorithms, assist in 

material selection, and interpret data from smart patches. 

This convergence of microneedle technology with digital 

health is paving the way for intelligent, data-driven 

therapeutic systems
51

. 

The COVID-19 pandemic accelerated the development of 

needle-free vaccine technologies, particularly microneedle-

based vaccine patches. These innovations include 

thermostable formulations that eliminate the need for cold 

chain storage, enabling easier distribution in resource-limited 

settings. Additionally, self-administrable patches and mass 

vaccination platforms have been developed, highlighting 

their potential in global immunization programs and 

pandemic preparedness
52

. 

Hybrid microneedle systems are another emerging trend, 

combining multiple technologies to enhance performance. 

Examples include microneedles integrated with hydrogel 

reservoirs, nanoparticle-based drug carriers, or electrical 

stimulation components. These hybrid systems allow multi-

stage drug release, improved penetration efficiency, and 

better targeting of therapeutic agents
53

. 

From a clinical and commercial perspective, microneedle 

technology has progressed from laboratory research to 

human clinical trials and early-stage commercialization. 

Several systems are currently under clinical evaluation for 

applications such as influenza and COVID-19 vaccination, 

insulin delivery, and local anesthetic administration. Clinical 

studies have demonstrated high patient acceptability, 

minimal skin irritation, and in some cases improved 

immunogenic responses compared to conventional 

injections
54

. Patients also show a strong preference for 

microneedle-based delivery due to its minimally invasive and 

pain-free nature. 

Although fully approved pharmaceutical products are still 

limited, early commercial applications include cosmetic 

microneedle rollers and patches, transdermal analgesic 

systems, and prototype diagnostic sensors for glucose 

monitoring
55

. Major pharmaceutical and biotechnology 

companies are increasingly investing in microneedle 

platforms, focusing on vaccine delivery, alternatives to long-

acting injections, wearable drug delivery systems, and digital 

health integration. This growing interest is driven by the 

potential for needle-free administration, improved patient 

compliance, reduced healthcare burden, and the ability to 

support large-scale immunization programs
56

. 

However, regulatory challenges remain a significant barrier 

to widespread adoption. Microneedle systems are often 

classified as combination products (drug-device), requiring 

complex approval pathways
57

. The lack of standardized 

global guidelines, the need for extensive clinical safety data, 

and long approval timelines further complicate the process. 

Regulatory authorities such as the U.S. Food and Drug 

Administration, European Medicines Agency, and Central 

Drugs Standard Control Organization play key roles in 

evaluating these technologies
58

. 

Despite these challenges, the market potential for 

microneedle technology is substantial. Growth is being 

driven by increasing demand for self-administration systems, 

expansion of global vaccination programs, rising interest in 

cosmetic dermatology, and the growing burden of chronic 

diseases. The future outlook indicates strong growth in the 

transdermal drug delivery sector, with particularly high 

potential in vaccines and biologics, positioning microneedles 

as a transformative technology in modern healthcare. 

CONCLUSION 

Microneedle-assisted drug delivery represents a 

transformative advancement in transdermal therapeutic 

systems, combining the advantages of injections and topical 

formulations while minimizing their limitations. By enabling 

painless, controlled, and efficient delivery of a wide range of 

therapeutic agents, microneedles have expanded the 

possibilities of drug administration beyond conventional 

boundaries. 

Despite significant progress, challenges such as large-scale 

manufacturing, regulatory approval, drug loading limitations, 

and long-term clinical validation must be addressed for full 

commercialization. However, ongoing innovations in smart 

materials, 3D printing, biosensing integration, and AI-driven 

systems indicate a strong future for this technology. 

Microneedles are expected to play a central role in the next 

generation of personalized medicine, vaccine delivery, and 

wearable therapeutic systems, making them a cornerstone of 

modern pharmaceutical science. 

REFERENCES 

1. Ghaferi M, Alavi SE, Phan K, Maibach H, Mohammed Y. Transdermal 

Drug Delivery Systems (TDDS): recent advances and failure modes. 

Molecular Pharmaceutics. 2024 Oct 4;21(11):5373-91. 

2. Zheng M, Sheng T, Yu J, Gu Z, Xu C. Microneedle biomedical devices. 

Nature Reviews Bioengineering. 2024 Apr;2(4):324-42. 

3. Baker P, Huang C, Radi R, Moll SB, Jules E, Arbiser JL. Skin barrier 

function: the interplay of physical, chemical, and immunologic 

properties. Cells. 2023 Nov 30;12(23):2745. 

4. Rajkumar J, Chandan N, Lio P, Shi V. The skin barrier and 

moisturization: function, disruption, and mechanisms of repair. Skin 

Pharmacology and Physiology. 2023 Nov 13;36(4):174-85. 

5. Hamdan I. Microneedle and drug delivery across the skin: An overview. 

Pharmacia. 2024 Jan 10;71:1-2. 

6. Joshi N, Machekposhti SA, Narayan RJ. Evolution of transdermal drug 

delivery devices and novel microneedle technologies: a historical 

perspective and review. JID Innovations. 2023 Nov 1;3(6):100225. 

7. Tariq N, Ashraf MW, Tayyaba S. A review on solid microneedles for 

biomedical applications. Journal of Pharmaceutical Innovation. 2022 

Dec;17(4):1464-83. 

8. Chen BZ, He MC, Zhang XP, Fei WM, Cui Y, Guo XD. A novel 

method for fabrication of coated microneedles with homogeneous and 

controllable drug dosage for transdermal drug delivery. Drug Delivery 

and Translational Research. 2022 Nov;12(11):2730-9. 

9. Sartawi Z, Blackshields C, Faisal W. Dissolving microneedles: 

applications and growing therapeutic potential. Journal of Controlled 

Release. 2022 Aug 1;348:186-205. 

10. Kim J, Jeong J, Jo JK, So H. Hollow microneedles as a flexible dosing 

control solution for transdermal drug delivery. Materials Today Bio. 

2025 Jun 1;32:101754. 



Bij  et al                                                                                 Asian Journal of Pharmaceutical Research and Development. 2026; 14(3): 205-215 

ISSN: 2320-4850                                                                                               [214]                                                     CODEN (USA): AJPRHS 

11. Aroche AF, Nissan HE, Daniele MA. Hydrogel‐forming microneedles 

and applications in interstitial fluid diagnostic devices. Advanced 

Healthcare Materials. 2025 Jan;14(1):2401782. 

12. Luo X, Yang L, Cui Y. Microneedles: materials, fabrication, and 

biomedical applications. Biomedical microdevices. 2023 Sep;25(3):20. 

13. Oliveira C, Teixeira JA, Oliveira N, Ferreira S, Botelho CM. 

Microneedles’ device: design, fabrication, and applications. Macromol. 

2024 May 15;4(2):320-55. 

14. Wu J, Li X, Yan X, Tang G, Li Y, Li Z. Fabrication of self-powered 

silicon microneedles for transdermal drug delivery. InJournal of 

Physics: Conference Series 2024 Nov 1 (Vol. 2884, No. 1, p. 012004). 

IOP Publishing. 

15. Kulkarni D, Gadade D, Chapaitkar N, Shelke S, Pekamwar S, Aher R, 

Ahire A, Avhale M, Badgule R, Bansode R, Bobade B. Polymeric 

microneedles: an emerging paradigm for advanced biomedical 

applications. Scientia Pharmaceutica. 2023 May 31;91(2):27. 

16. Juillard S, Planat-Chrétien A, Texier I. Biodegradable microneedle-

based electrodes for electrophysiological measurements. Journal of 

Materials Chemistry B. 2025;13(32):10009-19. 

17. Barati M, Hashemi S, Sayed Tabatabaei M, Zarei Chamgordani N, 

Mortazavi SM, Moghimi HR. Protein-based microneedles for 

biomedical applications: A systematic review. Biomedical 

Microdevices. 2024 Jun;26(2):19. 

18. Sonetha V, Majumdar S, Shah S. Step-wise micro-fabrication 

techniques of microneedle arrays with applications in transdermal drug 

delivery–A review. Journal of Drug Delivery Science and Technology. 

2022 Feb 1;68:103119. 

19. Tan JY, Li Y, Chamani F, Tharzeen A, Prakash P, Natarajan B, Sheth 

RA, Park WM, Kim A, Yoon D, Kim J. Experimental validation of 

diffraction lithography for fabrication of solid microneedles. Materials. 

2022 Dec 14;15(24):8934. 

20. Al-Nimry SS, Daghmash RM. Three dimensional printing and its 

applications focusing on microneedles for drug delivery. Pharmaceutics. 

2023 May 25;15(6):1597. 

21. Liu Y, Mao R, Han S, Yu Z, Xu B, Xu T. Polymeric microneedle drug 

delivery systems: mechanisms of treatment, material properties, and 

clinical applications—a comprehensive review. Polymers. 2024 Sep 

11;16(18):2568. 

22. Khan S, Minhas MU, Singh Thakur RR, Aqeel MT. Microneedles 

assisted controlled and improved transdermal delivery of high molecular 

drugs via in situ forming depot thermoresponsive poloxamers gels in 

skin microchannels. Drug Development and Industrial Pharmacy. 2022 

Jun 3;48(6):265-78. 

23. Saepang K, Li SK, Chantasart D. Passive and iontophoretic transport of 

pramipexole dihydrochloride across human skin microchannels created 

by microneedles in vitro. International Journal of Pharmaceutics. 2021 

Nov 20;609:121092. 

24. Kim YC, Park JH, Prausnitz MR. Microneedles for drug and vaccine 

delivery. Advanced drug delivery reviews. 2012 Nov 1;64(14):1547-68. 

25. Zahoor I, Singh S, Behl T, Sharma N, Naved T, Subramaniyan V, 

Fuloria S, Fuloria NK, Bhatia S, Al-Harrasi A, Aleya L. Emergence of 

microneedles as a potential therapeutics in diabetes mellitus. 

Environmental Science and Pollution Research. 2022 Jan;29(3):3302-

22. 

26. Moreira AF, Rodrigues CF, Jacinto TA, Miguel SP, Costa EC, Correia 

IJ. Microneedle-based delivery devices for cancer therapy: A review. 

Pharmacological research. 2019 Oct 1;148:104438. 

27. Priya S, Singhvi G. Microneedles-based drug delivery strategies: a 

breakthrough approach for the management of pain. Biomedicine & 

Pharmacotherapy. 2022 Nov 1;155:113717. 

28. Hamed R, Abu Nahia BJ, Alkilani AZ, Al-Adhami Y, Obaidat R. 

Recent advances in microneedling-assisted cosmetic applications. 

Cosmetics. 2024 Apr 2;11(2):51. 

29. Asfour MH. Advanced trends in protein and peptide drug delivery: a 

special emphasis on aquasomes and microneedles techniques. Drug 

delivery and translational research. 2021 Feb;11(1):1-23. 

30. Gowda BJ, Ahmed MG, Sanjana A. Can microneedles replace 

hypodermic needles? Painless drug delivery. Resonance. 2022 

Jan;27(1):63-85. 

31. Du G, Sun X. Current advances in sustained release microneedles. 

Pharmaceutical Fronts. 2020 Mar;2(01):e11-22. 

32. Xie X, Zheng X, Li D, Zhou Q, Liu Q, Liu M, Wang H, Liu N, Zhu Y, 

Zhao Y, Gao Y. Microneedle-based transdermal delivery systems for 

metabolic bone diseases: advances, challenges, and future perspectives. 

Frontiers in Bioengineering and Biotechnology. 2026 Feb 

25;14:1793776. 

33. Li H, Peng Z, Song Y, Dou M, Lu X, Li M, Zhai X, Gu Y, Mamujiang 

R, Du S, Bai J. Study of the permeation-promoting effect and 

mechanism of solid microneedles on different properties of drugs. Drug 

Delivery. 2023 Dec 31;30(1):2165737. 

34. Uppar AL, Patil CC, Namannavar S, Deshmane PA. Formulation and 

evaluation of Caffeine-Loaded Cubosomes hydrogel for topical 

delivery. Journal of Drug Delivery and Therapeutics. 2026 Apr 
15;16(4):39–47. DOI: https://doi.org/10.22270/jddt.v16i4.7666 

35. Davis SP, Landis BJ, Adams ZH, Allen MG, Prausnitz MR. Insertion of 

microneedles into skin: measurement and prediction of insertion force 

and needle fracture force. Journal of biomechanics. 2004 Aug 

1;37(8):1155-63. 

36. Chen BZ, Yang Y, Wang BB, Ashfaq M, Guo XD. Self-implanted tiny 

needles as alternative to traditional parenteral administrations for 

controlled transdermal drug delivery. International Journal of 

Pharmaceutics. 2019 Feb 10;556:338-48. 

37. Lu G, Li B, Lin L, Li X, Ban J. Mechanical strength affecting the 

penetration in microneedles and PLGA nanoparticle-assisted drug 

delivery: importance of preparation and formulation. Biomedicine & 

Pharmacotherapy. 2024 Apr 1;173:116339. 

38. Ando D, Miyatsuji M, Sakoda H, Yamamoto E, Miyazaki T, Koide T, 

Sato Y, Izutsu KI. Mechanical characterization of dissolving 

microneedles: factors affecting physical strength of needles. 

Pharmaceutics. 2024 Jan 30;16(2):200. 

39. Soltani-Arabshahi R, Wong JW, Duffy KL, Powell DL. Facial allergic 

granulomatous reaction and systemic hypersensitivity associated with 

microneedle therapy for skin rejuvenation. JAMA dermatology. 2014 

Jan;150(1). 

40. Nguyen HX, Nguyen LT. Economic analysis of microneedle 

technology: cost-effectiveness, manufacturing scalability, and 

commercialization challenges. Drug Delivery and Translational 

Research. 2026 Apr 7:1-32. 

41. Koenitz L, Crean A, Vucen S. Stress factors affecting protein stability 

during the fabrication and storage of dissolvable microneedles. RPS 

Pharmacy and Pharmacology Reports. 2024 Jul;3(3):rqae018. 

42. Creelman B, Frivold C, Jessup S, Saxon G, Jarrahian C. Manufacturing 

readiness assessment for evaluation of the microneedle array patch 

industry: an exploration of barriers to full-scale manufacturing. Drug 

Delivery and Translational Research. 2022 Feb;12(2):368-75. 

43. Al-Kasasbeh R, Brady AJ, Courtenay AJ, Larrañeta E, McCrudden MT, 

O’Kane D, Liggett S, Donnelly RF. Evaluation of the clinical impact of 

repeat application of hydrogel-forming microneedle array patches. Drug 

delivery and translational research. 2020 Jun;10(3):690-705. 

44. Nagarkar R, Singh M, Nguyen HX, Jonnalagadda S. A review of recent 

advances in microneedle technology for transdermal drug delivery. 

Journal of Drug Delivery Science and Technology. 2020 Oct 

1;59:101923. 

45. Kulkarni D, Damiri F, Rojekar S, Zehravi M, Ramproshad S, Dhoke D, 

Musale S, Mulani AA, Modak P, Paradhi R, Vitore J. Recent 

advancements in microneedle technology for multifaceted biomedical 

applications. Pharmaceutics. 2022 May 20;14(5):1097. 

46. Ingrole RS, Azizoglu E, Dul M, Birchall JC, Gill HS, Prausnitz MR. 

Trends of microneedle technology in the scientific literature, patents, 

clinical trials and internet activity. Biomaterials. 2021 Jan 

1;267:120491. 

https://doi.org/10.22270/jddt.v16i4.7666


Bij  et al                                                                                 Asian Journal of Pharmaceutical Research and Development. 2026; 14(3): 205-215 

ISSN: 2320-4850                                                                                               [215]                                                     CODEN (USA): AJPRHS 

47. Donnelly RF, Prausnitz MR. The promise of microneedle technologies 

for drug delivery. Drug Delivery and Translational Research. 2024 

Mar;14(3):573-80. 

48. Kumar S, Shukla R. Advancements in microneedle technology: current 

status and next-generation innovations. Journal of microencapsulation. 

2024 Nov 16;41(8):782-803. 

49. Bora P, Kumar L, Bansal AK. Microneedle technology for advanced 

drug delivery: Evolving vistas. Curr Res Inf Pharm Sci. 2008 

Jan;9(1):7-10. 

50. Sen O, Poddar P, Sarkar P, Das S, Manna S. Current advancements in 

microneedle technology for therapeutic and biomedical applications. 

Sensors International. 2025 Jan 1;6:100325. 

51. Van Der Maaden K, Jiskoot W, Bouwstra J. Microneedle technologies 

for (trans) dermal drug and vaccine delivery. Journal of controlled 

release. 2012 Jul 20;161(2):645-55. 

52. Parvez S, Pathrathota A, Uppar AL, Yadagiri G, Mudavath SL. 

Influenza virus: global health impact, strategies, challenges, role of 

nanotechnolgy in influenza vaccine development. Vaccines. 2025 Aug 

22;13(9):890. DOI: https://doi.org/10.3390/vaccines13090890 

53. Zhang X, Wang Y, He X, Yang Y, Chen X, Li J. Advances in 

microneedle technology for biomedical detection. Biomaterials Science. 

2024;12(20):5134-49. 

54. Gupta J, Gupta R, Vanshita N. Microneedle technology: an insight into 

recent advancements and future trends in drug and vaccine delivery. 

Assay and drug development technologies. 2021 Mar;19(2):97-114. 

55. Moffatt K, Donnelly RF. Microneedle technology. InDrug delivery 

devices and therapeutic systems 2021 Jan 1 (pp. 345-366). Academic 

Press. 

56. Rajput A, Kulkarni M, Deshmukh P, Pingale P, Garkal A, Gandhi S, 

Butani S. A key role by polymers in microneedle technology: a new era. 

Drug Development and Industrial Pharmacy. 2021 Nov 2;47(11):1713-

32. 

57. Ece E, Eş I, Inci F. Microneedle technology as a new standpoint in 

agriculture: Treatment and sensing. Materials Today. 2023 Sep 

1;68:275-97. 

58. Faraji Rad Z. Microneedle technologies for food and crop health: recent 

advances and future perspectives. Advanced Engineering Materials. 

2023 Feb;25(4):2201194. 

 

 

https://doi.org/10.3390/vaccines13090890

