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Abstract 

 Conventional hypodermic needle vaccination suffers from barriers of needle phobia, sharps-waste generation, cold-

chain dependence and reliance on trained personnel that together undermine global immunization equity. Microneedle 

arrays (MNAs) are a revolutionary intradermal delivery platform that offers painless, minimally invasive antigen 

deposition in the antigen-presenting-cell-rich epidermis and dermis. This review covers four canonical MNA 

architectures (solid, coated, dissolving, and hollow) and hydrogel-forming and hybrid designs, and discusses the 

fabrication materials, release mechanisms, and immunological rationale. Peer-reviewed pre-clinical and clinical 

studies on influenza, COVID-19, HPV, dengue, rabies and Ebola vaccines are critically assessed. Clinical data show 

seroprotective immune responses with MNA-based intradermal vaccination comparable or superior to IM injection at 

antigen doses reduced by up to 80%. Key translational barriers such as antigen stability, dose-volume limitations, 

regulatory complexity and aseptic manufacturing are reviewed alongside emerging solutions such as 3D-printed 

geometries, delivery in conjunction with iontophoresis and stimulus-responsive polymers. MNAs are a scientifically 

mature platform, requiring accelerated clinical validation and regulatory harmonization to make a transformative 

impact on global public health. 
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Figure 1: Graphical abstract of Microneedle Array (MNA) vaccination. MNAs 

 

It overcome conventional injection barriers (needle phobia, cold chain, and sharps waste) through four distinct 

architectures (solid, coated, dissolving, and hollow). By precisely targeting the antigen-presenting cell (APC)-rich 

epidermal and dermal layers (25-800 micrometre), MNAs trigger a robust immune cascade—from dendritic cell 

activation to antibody production—offering clinical advantages such as 80% dose sparing, thermal stability (40 C), 

and enhanced patient preference. 

Introduction 

Vaccination represents the most cost-effective public health intervention in modern medicine contributing to the 

eradication of smallpox and near-elimination of poliomyelitis worldwide [1]. But the global vaccination infrastructure 

has structural problems ongoing. The use of hypodermic needle and syringe for delivering injections leads to an 

estimated 16 billion sharps-waste objects each year, causes needle-stick injuries to an estimated 3.5 million health-

care workers annually and is associated with major needle phobia in up to 25% of adults and 63% of children [2, 3]. 

More than 50% of vaccines require refrigerated cold-chain logistics between 2°C and 8°C, which can account for up 

to 80% of the total cost of immunization programs and frequently fail in low- and middle-income country (LMIC) 

settings [4].  

 Microneedle arrays (MNAs), ordered arrays of micro-scale projections (typically 25–2,000 μm in height), overcome 

each of these limitations. The MNAs are capable of delivering antigens directly to the viable epidermis and upper 

dermis with near painless administration by penetrating the stratum corneum (SC, ~10–15 μm thick) without 

penetration of nerve-rich subcutaneous tissue [5]. These layers are populated with Langerhans cells (LCs) (500–1,000 

cells/mm2) and interstitial dendritic cells professional antigen presenting cells (APCs), which are largely absent at 

conventional IM injection sites, making the skin an immunologically superior vaccine target with the ability to elicit 

potent immune responses at substantially lower antigen doses [6]. The conceptual basis for MNA delivery was laid in 

1998 when Henry et al. [7] demonstrated that silicon microneedles could increase skin permeability by up to four 

orders of magnitude. The COVID-19 pandemic increased interest in the field, as the need for scalable, cold-chain 

independent platforms drew unprecedented scientific and industrial investment [8, 9]. By 2025, several MNA vaccine 
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candidates are being evaluated in phase I–II clinical trials for multiple targets and regulatory agencies are beginning 

to develop product-specific guidance frameworks [10]. This review provides a critical synthesis of the design 

principles, immunological mechanisms, clinical evidence and translational challenges for MNA, in a structured 

manner for pharmaceutical scientists, vaccinologists and regulatory professionals. 

 The Skin as an Immunological Target 

 

The rationale of skin-targeted vaccination is based on the unique cutaneous immune architecture. Epidermal 

Langerhans cells constantly sample the local microenvironment through pattern recognition receptors and 

phagocytosis [6]. After antigen uptake, they mature, upregulate costimulatory molecules (CD80, CD86) and MHC 

class II, and then migrate via afferent lymphatics into the draining lymph nodes, where they prime naïve T and B 

lymphocytes and initiate germinal center reactions that produce long-lived plasma cells and memory B cells [11]. The 

dermis also harbours dermal dendritic cells, plasmacytoid dendritic cells and tissue-resident macrophages, each of 

which has specific immunomodulatory functions [12].  

 It has been shown repeatedly in comparative studies that intradermal (ID) vaccination induces seroconversion 

equivalent to IM administration with a dose of the antigen reduced by one-fifth to one-tenth, called dose sparing. In a 

landmark randomized controlled trial published in the New England Journal of Medicine, Belshe et al. showed that 

40% of the standard IM hemagglutinin dose given intradermally elicited antibody responses that were non-inferior to 

full-dose IM injection in healthy adults aged 18–60 years, with seroprotection rates of 84–100% [13]. One-fifth the 

standard IM dose (3 μg versus 15 μg) given intradermally elicited HAI titer increases equivalent to or greater than 

those of standard IM injection. H1N1 X 15.2 (ID) versus X 14.9 (IM), H3N2 X 19.0 (ID) versus X 7.1 (IM) [14]. 

Meta-analyses of intradermal influenza vaccination show a consistent dose-sparing factor in study populations [15]. 

Moreover, the mechanical perturbation of skin caused by the insertion of MNA also triggers danger-associated 

molecular pathways, upregulating IL-1β and TNF-α at the site of delivery, an endogenous adjuvant effect that may 

enhance immunogenicity of co-delivered antigens [16]. 

Types and architectures of microneedle arrays 

Six MNA design classes are currently recognized in the literature, each offering distinct advantages suited to specific 

vaccine formulations and deployment contexts. Table 1 presents a structured comparative overview of all MNA types 

with respect to fabrication material, delivery mechanism, thermostability, sharps-waste profile. 

Table 1: Comparative Overview of Microneedle Array Architectures: Materials, Mechanisms, and Properties  

MNA Type Material(s) Delivery 

Mechanism 

Thermostability Sharps 

Waste 

Ref. 
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Solid Silicon, stainless steel, 

polycarbonate 

Poke-and-patch: 

passive antigen 

diffusion through SC 

micropores (50–200 

μm) 

Depends on 

secondary topical 

formulation 

Yes — 

requires 

sharps 

disposal 

[17, 

18] 

Coated SS/Ti needle + CMC, 

trehalose, PVP surface 

coat 

Antigen coat 

dissolves in 

interstitial fluid 

within seconds to 

minutes 

Excellent in dry 

form; cold-chain 

optional 

Yes — 

metal needle 

remains 

[19] 

Dissolving PVP, PVA, HA, PLGA, 

sucrose, trehalose 

Entire polymer tip 

dissolves in 5–20 

min; antigen released 

directly in dermis 

Excellent — sugar 

matrices enable 

ambient RT storage 

None — 

fully sharps-

free  

[21, 

22] 

Hollow Silicon, stainless steel, 

engineered polymers 

Active liquid vaccine 

infusion via internal 

microchannel under 

applied pressure 

Standard liquid 

formulation; cold 

chain typically 

required 

Yes — 

metal/Si 

structure 

remains 

[10, 

24] 

Hydrogel-

forming 

Crosslinked Gantrez® S-

97, PMVE/MA 

copolymers 

Swells in interstitial 

fluid; releases 

antigen by diffusion 

gradient; no polymer 

residue in skin 

Moderate — 

polymer crosslink 

density-dependent 

None — 

polymer 

dissolves in 

situ  

[25] 

Hybrid / 

Iontophoretic 

Polyacrylamide/chitosan 

hydrogel + integrated 

circuit 

Active iontophoretic 

electrical drive 

enhances 

macromolecular 

antigen flux across 

SC 

Formulation-

dependent 

Device 

component 

retained 

[26] 
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 Solid Microneedles 

 Solid MNAs are fabricated from silicon, stainless steel or non-biodegradable polymers and operate via a 'poke-and-

patch' mechanism. The array generates transient SC micropores (50–200 μm diameter) through which a separately 

applied topical vaccine formulation passively diffuses [17]. Solid MNAs are mechanically robust and inexpensive, 

but they require a secondary delivery step, introduce variability in antigen uptake, and generate biohazardous sharps 

waste that requires structured disposal [18]. They are primarily used as skin pretreatment devices rather than as 

standalone vaccination platforms. 

Coated Microneedles 

Coated MNAs deliver the vaccine directly to the needle surface as a thin solid film that dissolves in interstitial fluid 

within seconds to minutes upon insertion, releasing the antigen payload. Biocompatible excipients such as 

carboxymethylcellulose (CMC), trehalose and polyvinylpyrrolidone (PVP) stabilize the antigen during the drying and 

storage [19]. Gill and Prausnitz have reproducibly demonstrated 0.6 μg-per-tip coatings with preserved antigenicity 

after lyophilization [20]. The main advantage is thermostable delivery of dry antigen. The main limitation is limited 

total dose capacity limited by the needle-tip coating surface area. 

Dissolving Microneedles 

Dissolving MNAs consist of antigens encapsulated in water-soluble or biodegradable polymer matrices that 

completely dissolve after insertion into the skin, resulting in payload release without any sharps waste [21]. Sullivan 

et al. developed dissolving MNA patches from poly(vinylpyrrolidone) (PVP), a biocompatible water-soluble polymer 

commonly used in medicine, by encapsulating inactivated influenza vaccine for insertion and dissolution in murine 

skin within minutes [22]. Microneedle vaccination elicited robust antibody and cellular immune responses, conferring 

complete protection upon lethal challenge; moreover, microneedle vaccination was more efficient in lung viral 

clearance than conventional intramuscular injection [22]. PDMS micromolding fabrication allows high-throughput 

batch production but formulation challenges include complete dissolution within 5–20 min and maintenance of antigen 

integrity during casting and drying [23]. 

Hollow Microneedles and Emerging Designs 

 Hollow MNAs have internal microchannels for active infusion of liquid vaccine into the dermis, compatible with 

conventional formulations without reformulation. The FDA approved transdermal drug delivery with the 3M Hollow 

Microstructured Transdermal System (hMTS), setting a regulatory precedent [10]. However, hollow MNAs require 

infusion devices, are prone to the channel occlusion and cannot be used for unaided self-administration [24]. MNAs 

that form hydrogels are made up of lightly crosslinked polymers, which swell in situ and release encapsulated antigen 

by concentration-gradient diffusion, leaving no residual polymer in the skin [25]. Hybrid iontophoresis-MNA devices 

incorporate active electrical drive circuits to greatly improve transdermal flux of vaccine macromolecules compared 

to passive dissolving devices, to overcome high-molecular-weight antigen delivery limitations [26]. 

 

 



 

43 

 

Fabrication materials and manufacturing 

Material selection determines the mechanical integrity, biocompatibility and thermostability of MNA. Metallic MNAs 

have high fracture toughness but are not biodegradable and need surface passivation [17]. Deep reactive-ion etching 

(DRIE) can provide silicon MNAs with sub-micron dimensional fidelity, but they are brittle and prohibitively 

expensive at commercial scale [7]. MN polymer has been replaced for vaccine applications due to biodegradability, 

compatibility with antigen encapsulation, and lower unit cost [27]. Sugar-based excipients (trehalose, sucrose, 

sorbitol) are employed to thermostabilized labile protein and nucleic acid antigens by forming protective glassy 

matrices during lyophilization to restrict molecular mobility and suppress hydrolytic degradation [28]. MNA-

compatible formulations with ambient temperature stability are a priority for LMIC immunization infrastructure, as 

defined by the WHO Prequalification Programme [4]. Terminal sterilization (gamma irradiation, autoclaving) is not 

compatible with biological payloads, and the unit production costs of aseptically manufactured products are 

significantly higher than those of conventionally sterilized drug products [23]. 3D printing based on two-photon 

polymerization and digital light processing has evolved as a flexible fabrication platform for rapid prototyping of 

custom geometries, microfluidic channels, and integrated antigen reservoirs that are not feasible with conventional 

PDMS molding [29]. 

Preclinical and clinical evidence 

Influenza Vaccines 

Influenza vaccination is the most clinically advanced MNA application, with hollow MNA-based ID delivery in wide 

clinical use in selected markets [30]. In a landmark randomized Phase I clinical trial published in The Lancet, Rouphael 

et al. evaluated dissolving MNA patches loaded with trivalent inactivated influenza vaccine (TIV) in 100 adult 

volunteers in three MNA groups and a standard IM comparator. The study showed comparable antibody responses to 

IM injection, high acceptability scores of 4.5–4.8 out of 5 immediately after vaccination, and 70% of MNA recipients 

preferred the patch over conventional injection at 28 days. At six months, no serious adverse events were reported, 

and the patch was stable for one year at 40°C outside of cold-chain conditions, a landmark finding for logistics-free 

deployment [31]. Sullivan et al. have shown in murine models that dissolution of PVP-based MNA patches containing 

inactivated influenza vaccine could induce strong antibody and cellular immune responses, providing full protection 

against lethal viral challenge and higher efficiency of lung viral clearance compared to conventional IM injection at 

equivalent doses [22]. 

COVID-19 Vaccines 

The SARS-CoV-2 pandemic has accelerated the development of MNA vaccines. Kuwentrai et al. showed that 

dissolution of patches containing recombinant SARS-CoV-2 receptor-binding domain (RBD) generated strong 

neutralizing antibody responses and splenic germinal center responses in BALB/c mice at doses much lower than IM 

formulations [32]. In murine models, 3D-printed MNA patches delivering spike protein were reported by Caudill et 

al. to induce systemic IgG responses and antigen-specific CD8⁺ T cell populations greater than conventional IM 

delivery [29]. Niyomnaitham et al. reported a Phase I clinical study to evaluate the safety and immunogenicity of 
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fractional intradermal COVID-19 vaccination with BNT162b2, ChAdOx1 and CoronaVac (17–20% of standard IM 

doses) in accelerated two-dose regimens (n = 60, aged 18–60 years). The study showed significant RBD-specific IgG 

and pseudovirus neutralizing antibody responses in all groups, and local and systemic adverse reactions were milder 

than conventional IM boosters, providing an early-phase proof-of-concept for fractional intradermal COVID-19 

vaccination [33]. 

Other Vaccine Targets 

MNA platforms are broadly applicable to different pathogens. A Qβ virus-like particle MNA vaccine for HPV was 

stable at room temperature for 6 months, with high-titer neutralizing antibodies and seroprotection comparable to IM 

at one-fifth the dose [36]. A chimeric dengue vaccine manufactured as a dry-coated patch for delivery by high density 

microarray patch maintained 100% relative potency after 6 months at 4°C [37]. Fluoropolymer-modified rabies 

nanovaccines delivered by dissolving MNA improved virus neutralizing antibody titers and conferred complete 

protection in mice for six weeks [38]. Polyphosphazene-adjuvanted MNA patches containing Ebola glycoprotein 

antigen elicited long-lasting IgG responses and complete lethal-challenge protection in mice at doses 10-fold lower 

than conventional IM formulations [39]. 

 

Challenges and translational barriers 

 

Despite major advances, MNAs still face several interrelated translational challenges. First, dose-volume constraints 

restrict the total antigen that can be delivered to the microgram range for most designs, which is not enough for 

vaccines that need milligram-scale antigen loads per dose [23]. 

 Second, the preservation of the antigen during the fabrication process requires validation specific to the formulation: 

thermal and mechanical stresses during polymer casting and drying can denature proteins or decrease mRNA 

encapsulation efficiency, necessitating orthogonal biophysical characterization for each antigen-polymer combination 

[28].  

Third, inter-individual variation in the biomechanical properties of the skin (Young’s modulus 0.04–0.1 MPa for the 

dermis), hydration state, and applied force affect insertion depth consistency, directly affecting the antigen dose 

deposited in viable tissue [40]. Spring-loaded applicator devices are being actively developed to standardize insertion 

force and velocity.  

Fourth, the regulatory complexity of the combination-device classification of the antigen-loaded MNA patches, 

which are both a biological drug and a medical device, demands compliance with pharmaceutical GMP and device 

quality system regulations under separate regulatory jurisdictions simultaneously, which significantly increases 

approval timelines and development costs [10].  

Fifth, terminal sterilization is incompatible with biological payloads, which need to be fully aseptically manufactured 

in ISO 5 clean room environments, significantly increasing the unit production cost and limiting the manufacturing 

scalability compared to conventionally sterilized drug products [23]. 
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Emerging innovations and conclusion 

The MNA field is moving in several converging directions. Stimulus-responsive polymer systems with pH-sensitive, 

reactive oxygen species (ROS)-responsive or enzyme-responsive matrices provide programmed antigen release in 

response to the physiological microenvironment of the skin, which may enable the maintenance of antigen presentation 

for days to weeks from a single application—reducing or even eliminating the need for booster doses [27]. 

Nanoparticle-MNA hybrid systems, where lipid nanoparticles or virus-like particles are encapsulated in dissolving 

polymer tips, have the benefit of nanoparticulate immunostimulation and precise intradermal localisation to enhance 

immunogenicity and formulation thermostability [41]. Pharmacoeconomic modelling indicates that MNA-based 

immunisation programs might be able to realise 4065% cost savings compared to cold-chain campaigns over a 10-

year time horizon, due to the elimination of cold-chain infrastructure and reduced healthcare worker requirements 

[42]. Microneedle array technology has transitioned from proof-of-concept to a clinically validated vaccine delivery 

platform. Targeting the immunologically privileged skin compartment, elimination of needle pain and sharps hazard, 

thermostable dry formulation and potential self-administration, and the documented dose sparing of up to 80 %, 

MNAs, we offer a compelling, technically feasible solution to the major barriers to global vaccine equity. Dissolving 

and coated designs are the best profiles for cold-chain independence, self-administration and sharps-free disposal. 

Next steps include well-powered Phase II and Phase III randomised controlled trials demonstrating non-inferiority to 

licensed IM comparators, international regulatory harmonisation to enable streamlined combination-device 

development pathways, and standardised applicator devices to minimise inter-user variability in insertion. With the 

right scientific, regulatory and industrial commitment, MNA-based vaccination has the credibility and readiness to 

fundamentally transform the global immunisation landscape in this decade. 

 

Figure 3: Emerging fabrication and delivery innovations in MNA technology. 
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(A) 3D-printed MNA tips fabricated via two-photon polymerization enabling sub-micron geometric precision and 

integrated microfluidic antigen reservoirs [29]. (B) Stimulus-responsive polymer matrix with triggered antigen release 

upon pH or ROS change in skin interstitial fluid, enabling extended antigen presentation [27]. (C) Cross-sectional 

view of lipid nanoparticle-encapsulating dissolving MNA tip combining nanoparticulate immunostimulation with 

precise intradermal antigen localization [41]. (D) Iontophoresis-coupled smart patch integrating MNA delivery with 

active electrical drive for enhanced high-molecular-weight antigen flux [26] 
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