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) Abstract:
Crackter Background: Microneedle (MN) technology represents a paradigm shift in drug
delivery, bridging the gap between conventional transdermal patches and
Published on: hypodermic injections. By creating micron scale conduits through the stratum
09.06.2026 corneum, MNs enable the delivery of both small molecules and large biologics
Published by: with minimal pain and patient discomfort.
Futuristic Objective: This review comprehensively examines recent advances in MN
Publications formulation strategies including dissolving, hollow, coated, solid, and hydrogel-
2026| All rights forming systems and integration with nanocarriers such as liposomes, polymeric
reserved. nanoparticles, and lipid nanoparticles. It also critically appraises recent clinical
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trial data and regulatory considerations.

Methods: A systematic literature search was conducted using PubMed, Scopus,
Web of Science, and Clinical Trials.gov (2015-2024). Studies reporting
preclinical or clinical outcomes of MN mediated drug or vaccine delivery were
included.

Results: Dissolving MNs fabricated from hyaluronic acid, polyvinylpyrrolidone,
and silk fibroin demonstrate excellent biocompatibility and reproducible
pharmacokinetics for vaccines, hormones, and peptides. Clinical trials confirm
non-inferior immunogenicity for influenza, measles-rubella, and COVID-19
vaccines, with marked improvements in patient preference. Nanocarrier
integrated MN systems further improve thermostability, drug encapsulation
efficiency, and targeted release. Challenges including mechanical robustness,
drug stability during fabrication, regulatory pathways, and scale-up
manufacturing remain active areas of investigation.

Conclusion: MN technology is transitioning from bench to bedside, with several
systems in advanced clinical trials. Continued interdisciplinary collaboration
among materials scientists, pharmacologists, and clinicians is essential to
accelerate regulatory approval and widespread clinical adoption.

Keywords: Microneedles, Transdermal drug delivery, Dissolving microneedles,
Vaccine delivery, Nanoparticles, Clinical trials

INTRODUCTION

Conventional drug delivery routes, including oral administration and parenteral injections, are associated
with well recognised limitations. Oral delivery is hampered by first pass hepatic metabolism,
gastrointestinal degradation, and poor bioavailability of macromolecules, while hypodermic injections
provoke needle phobia, require trained personnel, and generate hazardous sharps waste.!”” Transdermal
drug delivery systems (TDDS) offer a non-invasive alternative; however, the outermost layer of skin the
stratum corneum (SC, approximately 10-20 um thick) acts as an impenetrable barrier for most therapeutics
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exceeding 500 Da.> Microneedles (MNs) are micro-scale projections, typically 25-2000 pum in length and
1-25 pum in tip diameter, arranged in arrays on a supporting base patch. When applied to the skin, MNs
painlessly penetrate the SC and create aqueous conduits into the viable epidermis or upper dermis
bypassing the barrier without reaching pain-sensitive nerve fibres or blood vessels.*> This strategy enables
dermal delivery of hydrophilic and lipophilic compounds, vaccines, peptides, nucleic acids, and even
nanoparticles encapsulated therapeutics.

Since the landmark report by Henry et al. in 1998, the field has witnessed exponential growth.°
The global MN market was valued at USD 1.3 billion in 2023 and is projected to exceed USD 4.7 billion
by 2032, driven by demand for self-administered biologics, vaccine delivery, and personalised medicine.’
This review aims to provide a comprehensive and current synthesis of MN types, formulation strategies,
nanocarrier integration, clinical trial outcomes, and future directions.

CLASSIFICATION AND TYPES OF MICRONEEDLES

MNss are broadly classified into five major types based on their structural architecture and mechanism of
drug delivery (Table 1).%°

Table 1: Classification of Microneedle Types, Mechanisms, and Key Advantages

Type Structure Mechanism of Action Key Advantages

Non-hollow solid tips Pre-treat skin; removed Robust; simple

Solid MN o before patch applied (poke-  fabrication; no drug
(silicon, metal, polymer) and-patch) loading in needle
. Dissolves rapidly in Precise dosing; fast
Coated MN Drug coated on solid interstitial fluid; bolus release; stable solid
needle surface . .
delivery coating
. . . High drug volume;
Hollow bore, open tip; Pressure-driven flow into . .
Hollow MN . . continuous delivery
connected to reservoir dermis .
feasible
Dissolvin Water-soluble polymers Needle dissolves after No sharps waste; self-
& (PVP, PVA, HA) insertion; sustained/burst administrable;
MN . X
encapsulating drug release biodegradable
Hydrogel- Cross-linked hydrogel; Absorbs ISF; forms conduit  Controlled release; can
forming MN  swells on insertion for drug diffusion also extract biomarkers
Solid Microneedles

Solid MNss, fabricated from silicon, stainless steel, or rigid polymers, are primarily used in the 'poke-and
patch' strategy. The array is pressed into skin to create transient microspores, removed, and a conventional
drug-loaded patch is applied. Gupta et al. demonstrated a 10,000 fold enhancement in transdermal
permeation of erythropoietin using solid silicon MNs.!? the major limitation is the two step process, which
introduces patient compliance challenges.

Coated Microneedles

Drug is coated onto the needle surface using dip coating, layer by layer assembly, or inkjet printing. Upon
insertion, the coating dissolves rapidly in interstitial fluid, delivering a precise bolus dose. Coated MN
patches for influenza vaccine have shown clinical equivalence to intramuscular injection in Phase I trials.!!
Coating uniformity and limited drug loading capacity (typically < 1 mg per array) remain technical
hurdles.

Hollow Microneedles

Hollow MNs contain a central bore connected to an external reservoir, enabling pressure driven infusion of
liquid formulations at controlled rates. Khanna et al. reported hollow MN mediated insulin delivery with
pharmacokinetics comparable to subcutaneous injection.'> These systems are suited for large volume or
continuous drug delivery but require sophisticated fabrication (deep reactive ion etching, two photon
polymerisation) and anti-clogging designs.
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Dissolving Microneedles

Fabricated from water-soluble or biodegradable polymers (hyaluronic acid [HA], polyvinylpyrrolidone
[PVP], polyvinyl alcohol [PVA], carboxymethyl cellulose [CMC], silk fibroin), dissolving MNs
encapsulate drug within the matrix. After insertion, the needle tips dissolve within minutes to hours in
interstitial fluid, releasing the payload without leaving sharps waste.!*>!# Dissolving MNs are currently the
most extensively investigated type in clinical trials, owing to ease of use, self administration potential, and
regulatory acceptability.

Hydrogel forming Microneedles

Cross-linked hydrogel MNs (e.g., crosslinked HA, poly [methylvinylether-co-maleic anhydride]) rapidly
absorb interstitial fluid after insertion, swelling to form a continuous hydrogel conduit between the
reservoir and the dermis. Drug diffuses from the external reservoir through the swollen needle tips into the
skin.!* uniquely, these systems can also be used for minimally invasive biomarker extraction (glucose,
biomarker sampling), making them attractive for theranostic platforms.

FABRICATION MATERIALS AND METHODS

Material selection is governed by biocompatibility, mechanical strength (minimum 0.1 N/needle to
penetrate SC), drug compatibility, degradability, and manufacturing scalability.'® Table 2 summarizes the
principal material classes employed.

Table 2: Material Classes Used in Microneedle Fabrication

Material MN Type Sl
Class Examples Suitability Limitations
Silicon Monocrystalline silicon ﬁgﬂg;v Brittle; high cost; not biodegradable
Solid,

Stainless steel, titanium, Biocompatible; non-biodegradable;

Metals palladium hollow, complex fabrication

coated
Synthetic PLGA, PLA, PCL, Dissolving, Tunable degradation; variable
polymers polycarbonate solid mechanical strength
Natural HA, CMC, silk fibroin, Dissolving, = Biocompatible, biodegradable;
polymers gelatin, chitosan hydrogel moisture-sensitive
Ceramics Calcium phosphate, alumina  Solid, coated High S.t 1.ffness; brittle; poor

scalability

Glass Borosilicate glass Hollow Fragile; specialty fabrication needed
Carbohydrates Maltose, trehalose, dextrin Dissolving Biocompatible; poor mechanical

strength under humidity

Fabrication Techniques

Microfabrication techniques include: (i) Micromoulding: centrifugal or vacuum casting of polymer
solutions into PDMS or metal moulds the most scalable method for dissolving MNs (ii) Photolithography
and etching: used for silicon MNs with sub micron precision (iii) Two photon polymerisation (2PP):
enables complex 3D geometries including back bevelled hollow tips (iv) Drawing lithography:
thermoplastic polymers are elongated to form sharp tips at controlled temperatures (v) 3D printing
(stereolithography, fused deposition modelling): increasingly used for rapid prototyping and personalised
geometry.!”!® Critical quality attributes for MN fabrication include needle height uniformity (CV < 5%),
tip radius (< 5 um for skin penetration), aspect ratio, and inter-needle spacing.'® Continuous roll-to-roll and
injection moulding processes are being developed for GMP-compliant, high throughput manufacture.

THERAPEUTIC APPLICATIONS AND DRUG CATEGORIES

The broad penetration capabilities of MNs have enabled transdermal delivery across virtually all
therapeutic categories (Table 3). The intradermal space is particularly immunologically rich (Langerhans
cells, dendritic cells), rendering MNs especially advantageous for vaccine delivery.?’
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Table 3: Drug Categories, Representative Agents, and Key Findings in Microneedle Delivery

Therapeutic Representative -
Category Agents MN Type Used Key Findings
. . Equivalent immunogenicity to
Vaccines Influenza HA, OVA, - Dissolving, coated, IM with dose sparing; needle-

BCG, HPV L1 VLPs

hollow

free

Proteins & peptides

Insulin,
erythropoietin,
desmopressin,
parathyroid hormone

Dissolving, hollow

Comparable bioavailability to
SC; painless; improved
compliance

Small molecules

Metformin, caffeine,

Coated, hollow,

Bypasses first-pass; rapid onset;

lidocaine, naltrexone  dissolving controlled flux
siRNA, mRNA,
Macromolecules / plasmid DNA, . . Epidermal/dermal delivery;
. . Dissolving, coated . . L
Biologics monoclonal transfection without injection
antibodies
Antifungals / Amphotericin B, Coated. dissolvin Local skin infection treatment;
Antimicrobials cefazolin, methicillin ’ & reduced systemic toxicity

5-FU, doxorubicin,

Dissolving, hollow,

Intra-tumoral delivery;

Anti-cancer curcumin enhanced penetration; reduced
. coated .

nanoparticles systemic SE

Estradiol, . . Sustained transdermal delivery;
Hormones testosterone, Dissolving, hydrogel . .

avoids oral side effects

levonorgestrel

Ophthalmic drugs Bevacizumab, Dissolving, coated Suprachoroidal/intrascleral

latanoprost, timolol

delivery; reduced IOP; painless

Vaccine Delivery

The skin contains approximately 20,000 dendritic cells per cm?, rendering intradermal immunisation
highly efficient.?! Dissolving and coated MN patches for influenza vaccines have demonstrated
seroconversion rates non-inferior to intramuscular injection at equivalent or lower antigen doses in human
trials.!'?? A landmark Phase 1 study by Rouphael et al. found that 70% of participants preferred the MN
patch over needle injection and reported minimal pain.?* More recently, MN patches for measles-rubella,
SARS-CoV-2 mRNA, and typhoid vaccines are advancing through Phase I trials, offering the additional
advantages of thermostability at room temperature and potential self-administration.?*?3

Insulin and Peptide Delivery

Insulin delivery via MNs addresses two major unmet needs: pain-free administration and prevention of
injection-site lipodystrophy. Hollow MNs delivering liquid insulin formulations have shown glucose-
lowering efficacy comparable to subcutaneous injection in both animal models and early human studies.'*
26 Glucose responsive 'smart' dissolving MN patches incorporating phenylboronic acid (PBA) modified HA
or enzymatic glucose oxidase systems have demonstrated closed-loop insulin release in diabetic mouse
models, paving the way for autonomous glycaemic control.?’

Nucleic Acid Delivery

The integration of lipid nanoparticles (LNPs) into dissolving MN matrices enables intradermal mRNA
delivery with expression efficiency comparable to intramuscular LNP-mRNA injection in murine models.?3
siRNA loaded exosome MN systems have achieved targeted gene silencing in cutaneous tumours with
negligible systemic off-target effects.?” These approaches circumvent cold chain requirements for mRNA
preservation, particularly relevant for low resource settings.

Ocular Drug Delivery

Intraocular MN arrays are emerging as minimally invasive alternatives to intravitreal injections.
Suprachoroidal delivery of bevacizumab via hollow MNs achieved sustained anti VEGF drug levels for up
to six months in ex vivo porcine eyes.>* Scleral dissolving MN patches loaded with latanoprost have
reduced intraocular pressure by 30-40% in rabbit models of glaucoma.?!
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INTEGRATION OF NANOCARRIERS WITH MICRONEEDLE SYSTEMS

A major advancement in MN technology is the integration of nanoparticulate drug delivery systems within
MN matrices, combining the skin penetration advantage of MNs with the controlled release, protective
encapsulation, and targeting capabilities of nanotechnology (Table 4).3% 33

Table 4: Nanocarrier Integrated Microneedle Systems: Formulation and Outcomes

Nanocarrier Type Loaded Drug MN Type Findings

Enhanced tumour penetration; pH-sensitive

Liposomes Doxorubicin  Dissolving release at TME

Prolonged antigen release; strong CTL

PLGA nanoparticles = OVA antigen Dissolving response in mice

Lipid nanoparticles Dermal transfection; comparable Ab titres to

(LNP) mRNA Dissolving IM-LNP

Polymeric micelles Curcumin Coated ¥mproved solubility & permeation; anti-
inflammatory effect

Exosomes siRNA Dissolving Targeted gene silencing in skin; low
immunogenicity

. . L . ]
Gold nanoparticles Prqtem Coated Photothermal immune adjuvant effect;
antigens enhanced DC activation
. . Dissolving Mucoadhesive; improved buccal-skin
Chitosan NP Insulin (HA) bioavailability

Liposome-MN Systems

Liposomal encapsulation within dissolving MN matrices improves drug stability during fabrication and
enables pH-triggered or temperature-sensitive release within the dermis. Zhang et al. demonstrated that
liposomal doxorubicin-loaded dissolving MNs enhanced intratumoural drug accumulation fivefold
compared to topical application in a melanoma xenograft model.>*

Polymeric Nanoparticle-MN Systems

PLGA nanoparticles embedded within HA MN tips provide sustained antigen release over 14-28 days,
prolonging germinal centre reactions and antibody titres.> Chitosan nanoparticles improve mucoadhesion
and permeation of encapsulated insulin across skin layers.3¢

Lipid Nanoparticle-MN Systems for mRNA

Kim et al. demonstrated that LNP-mRNA complexes embedded within PVP-based dissolving MNs
retained >90% mRNA integrity after lyophilised storage at 4°C for six months and generated neutralising
antibody titres against SARS-CoV-2 spike protein equivalent to intramuscular LNP injection.?® This
represents a major step towards thermostable, self administered mRNA vaccines.

Stimuli Responsive Nanocarrier-MN

Temperature-responsive poly(N-isopropylacrylamide) (PNIPAM) nanoparticles embedded within hydrogel
MNs release payload upon skin temperature fluctuation, enabling pulsatile drug delivery.’’” Photo-
responsive gold nanorod loaded MNs have been investigated for photothermal cancer therapy combined
with antigen release for in situ tumour vaccination.*

RECENT CLINICAL TRIALS AND HUMAN STUDIES

The clinical translation of MN technology has accelerated substantially since 2015. Table 5 summarizes
landmark clinical studies.”- %

235



Vijay Prakash et al / Int. Cont. |. Pharm. Inv. Res. 13(2) 2026 {231-241}

Table 5: Landmark Clinical Trials and Human Studies of Microneedle Drug Delivery Systems

NCT/

Reference Drug/ Vaccine  MN Type Indication Phase Key Outcomes

Non-inferior

Rouphael et Influenza <solvi Influenza h seroco.nveor ston
al. 2017 vaccine Dissolving prophylaxis Phase 1 vs IM; 70%
’ preferred MN

patch

Bioavailability
R0 .
Hirobe et al. . . . Central DI / 8_0 %0 of SC;
Desmopressin Dissolving . Phase I painless;
2015 nocturia .
reproducible
PK

Glucose
lowering
Zhu et al. . . comparable to
2020 Insulin Hollow T2DM Pilot SC insulin;
good

tolerability

Robust

Prausnitz . ) o Phase I antibody
roun 2021 Measles/Rubella  Dissolving Vaccination (ongoing) response;
SO gomg thermostable;

self-applicable

Steady plasma
Qp101d use Phase 11 !eyels'; redgced
disorder injection-site

reactions vs IM

NCTO03301337 Naltrexone Coated

Equivalent
Kim et al. COVID-19 . . Preclinical/Phase nputralizing Ab
2022 mRNA Dissolving SARS-CoV-2 I titers to IM,

dose-sparing

potential

Bioavailability
>95% vs SC;
preferred by
patients

Nguyen etal.  Parathyroid

2001 hormone Coated Osteoporosis Phase I

Suprachoroidal

Arya et al. . Hollow/MN  Neovascular . dellv§ry;
2021 Bevacizumab Preclinical sustained

patch AMD release up to 6

months

Influenza Vaccine Patch (Phase I/II)

The Phase I randomised controlled trial by Rouphael et al. (2017) enrolled 100 healthy adults comparing
dissolving MN influenza vaccine patches (Micron Biomedical) to intramuscular injection and intradermal
needle injection.”* All three routes achieved seroprotection rates >70% for all three vaccine strains. The
MN patch was associated with significantly lower pain scores (VAS 3.5 + 1.2 vs. 25.1 + 3.6 for IM) and
70% of participants indicated preference for future MN patch use. A Phase II extension demonstrated
sustained immunity at 6 months.

Desmopressin MN Patch

Hirobe et al. (2015) evaluated a dissolving MN patch (CMC matrix) loaded with desmopressin in 12
healthy volunteers.*! The MN patch achieved an AUC 0—4h of 80% relative to subcutaneous injection,
with @ Tmax of 90 minutes. Urine output was significantly reduced, confirming pharmacodynamic
equivalence. No significant adverse events were reported.
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Naltrexone Coated MN Array (Phase II)

NCT03301337 evaluated coated MN arrays delivering extended-release naltrexone for opioid use
disorder.*” Compared to intramuscular depot naltrexone (Vivitrol®), MN patches achieved comparable
steady-state plasma concentrations with a significantly lower rate of injection site reactions (8% vs. 33%)
and improved patient acceptability scores.

COVID-19 mRNA MN Patch

A Phase I-ready investigational MN patch incorporating Moderna mRNA-1273 in LNPs within a
dissolving PVP MN matrix demonstrated neutralising antibody titres equivalent to IM injection in a Syrian
hamster model, with dose sparing potential of up to 40%.2® IND enabling studies are ongoing as of 2024.

COMPARATIVE PERFORMANCE OF MICRONEEDLE TYPES

A systematic comparison of key parameters across MN types is presented in Table 6, to guide formulation
scientists and clinicians in selecting the most appropriate platform for specific therapeutic applications.” **

Table 6: Comparative Assessment of Microneedle Types across Key Parameters

Parameter Solid MN Coated MN Dissolving MN Hollow MN
. . Medium-high . .
Drug loadin None inneedle  Low (~ High (reservoir
g g (~1g) (1g—mg) gh( )
Release profile Bolus (patch) Rapid bolus Sustained/burst Programmable
Fabr1cat19 n Moderate High Moderate High
complexity
Biocompatibility Depel.lds on High (polymer Excellent Variable
material coat)
Sharps waste Yes Yes No Yes
Scalability High Moderate High Moderate
Patient . Good Good Excellent Good
acceptability
Regulatory status CE/FDA (few Research/trials M.OSt advanced in Research/trials
approved) trials

CHALLENGES AND LIMITATIONS
Mechanical Integrity and Skin Penetration

Needle fracture during insertion represents a critical safety concern; regulatory guidance requires
demonstration that broken MN fragments do not remain embedded in skin.** Polymer dissolving MNs
must maintain sufficient mechanical strength (typically > 0.3 N/needle) in humid environments prior to
insertion.

Drug Stability during Fabrication

High temperatures during moulding, centrifugal casting, or UV curing may degrade thermolabile biologics.
Lyophilisation and spray drying are being explored as low-temperature alternatives for protein and mRNA
loaded MNs.* Residual organic solvents from fabrication must be controlled to ICH Q3C limits.

Drug Loading Capacity

Array surface areas limit drug loading, particularly for coated MNs (< 1 mg total). Dissolving MNs offer
higher payloads but remain constrained by needle volume (typically 1-100 pg per needle for proteins).
High density arrays and optimized tip geometry are strategies to increase payload.*

Regulatory Pathway

The FDA has issued draft guidance for MN products (2020), classifying them as combination products
(drug + device). The European Medicines Agency similarly requires demonstration of sterility, material
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biocompatibility (ISO 10993), and drug device compatibility.*’ as of 2024, no MN drug product has
received full FDA approval, though several are in advanced review.

Reproducibility and Scale-Up

Variability in skin penetration depth due to differences in skin thickness, hydration, and application force
remains challenge.*® Applicator devices with spring-loaded or impact driven application mechanisms are
being co-developed to standardize insertion force across users.

FUTURE DIRECTIONS
Several transformative innovations are anticipated to define the next generation of MN technology:

Smart/Closed-Loop Systems: Integration of biosensors (glucose, lactate, and cortisol) with actuated drug
release within a single wearable MN patch, enabling autonomous feedback controlled therapy for diabetes,
pain management, and stress disorders.*’

4D-Printed MNs: Shape-memory polymers and thermally programmable 4D-printed MNs that alter
geometry post insertion to improve mechanical anchoring and controlled release.>

Theranostic MN Platforms: Dual-function MN patches that simultaneously deliver therapeutics and
extract skin interstitial fluid for real time biomarker quantification, enabling point of care diagnosis and
treatment. 3

Self-Amplifying RNA (saRNA) Delivery: MN patches loaded with saRNA-LNPs could generate immune
responses at 10—100 fold lower doses than conventional mRNA, increasing vaccine dose output per
manufacturing batch.>!

Biodegradable and Sustainable Materials: Silk fibroin, rice starch, and other agro waste derived
materials are being explored as green, cost-effective, and resource appropriate alternatives for dissolving
MN fabrication in low-income settings.*

CONCLUSION

Microneedle technology has evolved from a theoretical concept into a clinically validated drug delivery
platform. The diversity of MN type’s solid, coated, hollow, dissolving, and hydrogel forming combined
with the integration of nanocarrier systems, positions MNs uniquely to address longstanding challenges in
parenteral and transdermal drug delivery. Clinical evidence from Phase I and II trials confirms non-inferior
efficacy for vaccine delivery, improved patient acceptability, and favorable safety profiles. While
challenges related to scale-up manufacturing, regulatory harmonization, drug loading, and long term
stability persist, the pace of innovation particularly in smart, stimuli-responsive, and nanocarrier integrated
MN systems suggests that commercially approved MN drug products are on the near term horizon.
Interdisciplinary collaboration between pharmaceutical scientists, biomedical engineers, immunologists,
and regulatory agencies will be critical to realizing the full potential of this transformative technology.
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