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A B S T R A C T

Ensuring equitable access to medicines and vaccines remains a major global health challenge, especially in low- 
and middle-income countries (LMICs), where infrastructure, cost, and supply chain constraints limit the reach of 
essential therapies. Conventional delivery methods often rely on cold-chain logistics, multi-dose regimens, 
trained personnel, and centralized manufacturing—factors that hinder effective distribution in resource-limited 
settings. This review highlights how emerging drug and vaccine delivery technologies can overcome these 
barriers and advance global health equity. We discuss key design requirements—such as thermostability, ease of 
administration, single-dose potential, and scalable production—that must be met for delivery platforms to be 
viable in low-resource environments. Promising technologies include controlled-release systems that provide 
sustained or pulsatile dosing, microneedle patches that enable painless, self-administered delivery, and dry 
formulation strategies like lyophilization and spray drying that reduce cold-chain dependence. Oral and edible 
vaccines leveraging nanoparticle carriers offer non-invasive immunization routes, while digital tools such as 
smart packaging, ingestible sensors, and wearable devices improve adherence and support remote care. Despite 
their potential, these innovations face challenges in regulatory approval, large-scale manufacturing, and end-user 
adoption. Global initiatives such as the Vaccine Innovation Prioritisation Strategy (VIPS) and the African Vaccine 
Manufacturing Accelerator (AVMA) reflect growing efforts to address these hurdles and translate innovation into 
access. By aligning technical advances with the practical realities of underserved communities, next-generation 
delivery technologies offer a pathway toward more inclusive and sustainable healthcare systems.

1. Introduction

Ensuring equitable access to essential medicines and vaccines re
mains one of the most urgent challenges in global health [1,2]. Dis
parities in access disproportionately affect low- and middle-income 
countries (LMICs), where systemic limitations in infrastructure, supply 
chains, and healthcare delivery restrict the availability of life-saving 
interventions. The COVID-19 pandemic exposed and exacerbated these 
inequities, with delayed vaccine rollouts and treatment access gaps 
leading to preventable morbidity and mortality [1,3]. Beyond emer
gency response, sustained progress in global health depends on creating 
systems that not only develop effective therapies but also ensure their 
timely and universal distribution [4]. As the global burden of both 
communicable and non-communicable diseases grows, achieving drug 

and vaccine equity is not just a matter of innovation—it is a matter of 
global economic responsibility.

Multiple barriers prevent the realization of this goal. First, conven
tional pharmaceutical products often require cold-chain storage and 
transport, posing significant logistical and financial hurdles in regions 
lacking reliable electricity or refrigeration [5–8]. Vaccines, in particular, 
are sensitive to temperature fluctuations, and degradation during 
transport or storage can compromise both efficacy and safety [9,10]. 
Second, many drugs and vaccines are administered via multi-dose reg
imens and invasive injections, which necessitate repeated healthcare 
visits and trained personnel—resources that may be unavailable in 
remote or underserved communities [11–15]. These limitations 
contribute to incomplete treatment courses, poor compliance, and 
reduced effectiveness at the population level [16–19]. Third, the 
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centralization of manufacturing, packaging, and distribution increases 
dependence on global supply chains that are vulnerable to disruption, as 
seen during recent geopolitical and public health crises [11,20–23]. 
Finally, even when physical access exists, sociocultural factors such as 
fear of needles, lack of trust in healthcare systems, or limited health 
literacy can hinder uptake, especially among historically marginalized 
groups [12,24].

Innovations in drug and vaccine delivery technologies offer a 
promising path to bridge these gaps and facilitate more equitable 
healthcare access [25–27]. Unlike traditional delivery modalities, 
advanced platforms are specifically engineered to overcome 
context-specific limitations—whether through thermal stability, ease of 
administration, single-dose functionality, or decentralized production 
[5,21,28,29]. Controlled-release systems, such as polymeric micropar
ticles and hydrogels, enable pulsatile or sustained release of therapeu
tics, reducing the need for repeated administrations and supporting 
patient adherence in settings with limited healthcare infrastructure [16,
30]. Microneedle (MN) patches, composed of biodegradable projections 
capable of painlessly penetrating the skin barrier, eliminate the need for 
hypodermic needles and enable self-administration—making them 
particularly suitable for mass vaccination efforts in LMICs [25,29]. 
Thermostabilization techniques, including lyophilization and spray 
drying, allow for ambient storage and transport of biologics without 
compromising efficacy, directly addressing cold-chain dependency [31,
32]. Oral and edible vaccines, enabled by nanoparticle-based platforms, 
provide non-invasive alternatives that can activate mucosal immunity 
while improving patient compliance [33,34]. In parallel, digital health 
technologies such as ingestible sensors, smart packaging, and wearable 
devices are enhancing patient monitoring, enabling real-time feedback, 
and supporting adherence—features particularly important for chronic 
disease management in low-resource settings [35,36].

These technologies not only simplify logistics but also empower 
patients and healthcare systems by reducing barriers related to cost, 
infrastructure, and human resources. For example, single-injection 
vaccine formulations mimicking multi-dose regimens can dramatically 
increase immunization rates by removing the need for follow-up visits 
[16,27]. Similarly, point-of-care manufacturing enabled by microneedle 
“printing” platforms reduces dependence on centralized facilities and 
international transport [29]. By addressing the multifaceted challenges 
of access—from technical and economic to behavioral and regulator
y—innovative delivery systems represent a critical axis of global health 
equity [9].

This mini-review explores how emerging delivery technologies can 
close the gap between innovation and access. We begin by examining 
the practical and economic requirements that delivery systems must 
meet to enable equitable distribution in low-resource settings—such as 
stability without refrigeration, ease of administration, and scalable 
manufacturing. We then highlight a range of delivery platforms, 
including controlled-release microparticles, microneedle patches, ther
mostabilized formulations, oral vaccines, and digital health tools, dis
cussing how each addresses key limitations of conventional approaches. 
Along the way, we consider examples of technologies already in devel
opment or early deployment, and the potential they hold for expanding 
access across diverse populations. Finally, we reflect on the real-world 
challenges of bringing these innovations from the lab to widespread 
use—including regulatory complexity, manufacturing scale-up, and user 
acceptance—and consider how they can be overcome to ensure delivery 
solutions reach those who need them most.

2. Requirements for delivery technologies to achieve equitable 
access

Achieving equitable access to drugs and vaccines in LMICs requires 
delivery technologies to fulfill specific practical and economic criteria. A 
critical requirement is thermostability and reduced cold-chain de
pendency, as vaccine and drug potency can significantly degrade 

without controlled storage. Thermostable formulations maintaining 
effectiveness under ambient temperatures and varying environmental 
conditions (humidity, heat) substantially reduce logistical costs and 
wastage. [5], [6] [7], Another essential aspect is ease of administration, 
particularly through needle-free or painless methods. Needle-free 
delivery—including jet injectors, microneedle patches, mucosal, and 
transdermal delivery—enhances patient compliance and simplifies 
administration by minimally trained personnel, crucial for 
resource-limited regions [28,37]. Effective drug and vaccine delivery 
should also incorporate single-dose or self-boosting capabilities to 
overcome challenges associated with multi-dose schedules. Single-dose 
vaccines against HPV and hepatitis A have demonstrated comparable 
efficacy to traditional multi-dose regimens, greatly enhancing coverage 
and reducing health disparities [13–15]. Moreover, affordable and 
scalable manufacturing is fundamental to widespread access. Emerging 
manufacturing platforms and modular processes significantly reduce 
production costs and facilitate local or regional drug production, 
thereby lessening reliance on complex international supply chains 
[21–23]. Finally, delivery technologies require compact and durable 
packaging to ensure stability and efficient distribution in harsh transport 
environments. Robust and lightweight packaging solutions maintain 
product integrity during transit to remote or low-resource settings [38,
39]. Expanding beyond vaccines, successful translation of drug delivery 
technologies to LMICs also requires consideration of local infrastructure, 
device simplicity, low-cost diagnostics integration, and cultural 
acceptability. Innovative drug delivery devices and diagnostics designed 
for low-resource settings must be affordable, user-friendly, durable, and 
aligned closely with the unique operational constraints of local health
care systems to enable sustainable adoption and meaningful health 
impacts [40].

2.1. Controlled-release and self-boosting platforms

Controlled-release delivery platforms—including polymeric micro
particles, nanoparticles, and injectable hydrogels—have emerged as 
powerful tools to overcome limitations in conventional vaccine and drug 
regimens requiring multiple administrations. Designed to elicit pro
longed therapeutic or immune responses from a single dose, these sys
tems improve adherence, reduce healthcare burden, and expand 
access—particularly in settings where follow-up visits and cold-chain 
infrastructure are limited [27,41].

Microparticles have gained particular attention due to their tunable 
degradation rates, biocompatibility, and high encapsulation efficiency. 
Poly(lactic-co-glycolic acid) (PLGA) is the most widely used polymer in 
this space, though alternatives such as polyanhydrides, poly-ε-capro
lactone (PCL), and hydrogels offer distinct degradation profiles and 
stabilization strategies for sensitive cargo [30,42–44]. Despite formu
lation challenges, advances in materials and fabrication have enabled 
these platforms to support both immunization and long-acting therapy 
in resource-constrained environments. In vaccine delivery, 
controlled-release platforms have demonstrated the ability to replicate 
multi-dose schedules within a single injection. A key example is the 
StampEd Assembly of polymer Layers (SEAL) technique, which fabri
cates PLGA microparticles with discrete compartments that release an
tigens at programmed intervals, mimicking prime-boost regimens while 
preserving antigen stability [16]. Such technologies could reduce 
dropout from multi-dose regimens and simplify mass immunization ef
forts (Fig. 1). PLGA-based microspheres encapsulating ovalbumin or 
inactivated polio vaccine have elicited strong immune responses com
parable to conventional multi-dose regimens [17,18]. Beyond PLGA, 
polyanhydride microspheres and PCL-based nanoparticles have enabled 
controlled antigen release with robust immune activation [42,43,45]. 
Hydrogels and dynamic layer-by-layer coatings offer additional strate
gies to enable pulsatile or sustained antigen delivery and have shown 
promise in enhancing humoral immunity [30,44,46]. In addition, 
emerging nanomaterials such as zeolitic imidazolate framework–8 
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(ZIF-8) offer intrinsic adjuvant properties and pH-responsive delivery, 
enhancing SARS-CoV-2 vaccine immunogenicity via endosomal Toll-like 
receptor activation [47]. These materials are particularly valuable in 
low-resource settings, where simplified delivery and reduced cold-chain 
needs support broader access. Controlled-release strategies have also 
been applied to disease-specific vaccine targets, such as HPV. 
Long-acting PLGA microparticles have successfully encapsulated HPV 
virus-like particles and sustained antigen release, offering a potential 
single-dose alternative to multi-dose commercial HPV vaccines, which 
could improve coverage in low-income settings [48,49].

Beyond vaccines, controlled-release platforms are increasingly used 
in therapeutic applications to improve treatment outcomes and reduce 
adherence barriers in chronic care. In cancer immunotherapy, SEAL- 
fabricated PLGA microparticles have been used for pulsatile delivery 
of a stimulator of interferon gene (STING) agonist, producing durable 
antitumor immunity with a single injection [50]. In diabetes manage
ment, PLGA microspheres have enabled once-weekly dosing of exena
tide while maintaining therapeutic levels [51]. These approaches reduce 
clinical visits and extend treatment to patients with limited healthcare 
access. Long-acting parenteral systems, including depots and nano
formulations, are being adapted for infectious diseases such as HIV and 

tuberculosis, where nonadherence remains a major barrier. By reducing 
dosing frequency to monthly or quarterly intervals, these systems sup
port better retention in care and health outcomes across diverse pop
ulations [52–54]. As more of these platforms gain regulatory approval 
and scale-up, they offer a path to democratize access to life-saving 
therapies and enhance equity in global healthcare.

2.2. Microneedle (MN) patches

Microneedle (MN) patches represent a transformative innovation in 
transdermal drug and vaccine delivery, closing health gaps through their 
innovative potential to advance global health equity. These devices are 
also commonly referred to as Microneedle Array Patches (MAPs) due to 
their characteristic array design, and the terms MNs and MAPs are 
sometimes used interchangeably. Consisting of arrays of micron-scale, 
dissolvable projections mounted on a backing layer, these patches can 
painlessly penetrate the skin barrier to deliver therapeutic payloads 
directly into the dermis or epidermis—tissue layers rich in immune or 
vascular targets. Critically, dissolvable MN patches eliminate the need 
for hypodermic needles, enabling self-administration or use by mini
mally trained personnel. This ease of use is particularly advantageous in 

Fig. 1. Single-injection vaccine and drug delivery using SEAL-fabricated microparticles. (a) Schematic comparison of traditional multi-injection vaccines and 
emerging single-injection vaccine platforms. Single-injection approaches aim to reproduce multi-dose immune responses through controlled antigen release from a 
single administration, reducing logistical barriers and improving accessibility. (b) Overview of a single-injection cancer immunotherapy platform based on the 
StampEd Assembly of polymer Layers (SEAL) technique. After intratumoral injection, microparticles composed of poly(lactic-co-glycolic acid) (PLGA) release a 
stimulator of interferon gene (STING) agonist in timed pulses, promoting immune activation through infiltration of tumor-infiltrating lymphocytes (TILs). The 
microparticles are fabricated by loading therapeutic cargo into square polymer bases and sealing them with matching caps via localized heating. The accompanying 
images illustrate the geometric uniformity of microparticle arrays, structural integrity of individual sealed particles, and spatial organization of filled cargo within 
each particle [50]. (Reproduced with permission, 2020, American Association for the Advancement of Science).
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low-resource settings where healthcare workers, sterile environments, 
and cold-chain infrastructure are limited [25,55].

One of the most important features of dissolvable MN systems is their 
ability to deliver thermostable formulations. Vaccine and biologic 
instability at elevated temperatures has long posed barriers to immu
nization in LMICs. MNs can be fabricated with stabilizing excipients and 
drying methods that eliminate cold chain requirements—extending 
shelf life while retaining potency. A recent study introduced a micro
needle “printer” that integrates mRNA lipid nanoparticles into dissolv
able patches stable for at least six months at room temperature (Fig. 2) 
[29]. These patches induced strong immune responses and could be 
manufactured at point-of-care, bypassing the need for centralized pro
duction and cold-chain transport.

MN patches have also shown promise in delivering vaccines for 
diseases with substantial global health impact. In the case of measles and 
rubella, MN patches enabled room-temperature storage for months with 
minimal loss of potency and elicited robust immune responses in animal 
models [56,57]. Preclinical and early clinical studies on influenza vac
cines demonstrated that MN delivery could match or exceed the 
immunogenicity of intramuscular injection, while also being more 
acceptable to users and safer to administer [58,59]. Moreover, 
self-administered MN patches for measles and rubella vaccines were 
found to be as effective as those delivered by healthcare professionals, 
underscoring their potential for decentralized immunization campaigns 
[59,60].

Beyond infectious diseases, MN platforms are also expanding access 
to essential medications for chronic conditions. MN patches have been 
investigated for pain management, wound care, and hormonal thera
pies, but perhaps the most progress has been made in the area of insulin 
delivery. Compared to subcutaneous injection, MN-based insulin sys
tems offer painless and user-friendly alternatives that can be self- 
administered without technical expertise [61,62]. Various MN for
mats—including dissolving, coated, and hydrogel designs—have been 
developed to support rapid or sustained insulin release while avoiding 
the risks of hypoglycemia and needle-associated injuries. The potential 
for long-acting delivery through biodegradable MNs is particularly 
beneficial for patients with poor access to regular care.

MN have also been used to deliver analgesics and wound-healing 

agents for patients with neuropathic pain and chronic skin injur
ies—conditions disproportionately affecting vulnerable populations 
[63,64]. Beyond drug and vaccine delivery, microneedle systems have 
also been engineered to store on-patient medical records using invisible 
near-infrared markers embedded in the skin, enabling healthcare pro
viders to access treatment history in settings where reliable documen
tation is lacking [65,66]. These applications demonstrate how MN 
technology can enhance therapeutic access, reduce dependency on 
healthcare infrastructure, and improve patient quality of life.

By addressing barriers such as cold-chain dependency, injection 
discomfort, sharps waste, and the need for skilled personnel, micro
needle patches offer a practical pathway to democratize delivery of both 
preventative and therapeutic agents. Their adaptability across diseases 
and patient populations makes them a versatile platform for closing 
global health gaps through technological innovation.

2.3. Lyophilization and spray drying for thermostable delivery

Effective storage and distribution of vaccines and biologics in low- 
resource settings is often hindered by strict cold chain requirements. 
Drying-based stabilization technologies—particularly lyophilization 
(freeze-drying) and spray drying—are pivotal for addressing this chal
lenge, enabling the development of heat-stable formulations that can 
withstand transport and storage at ambient or elevated temperatures.

Lyophilization is a well-established method that removes water by 
sublimation under low temperature and vacuum, preserving structural 
and functional integrity of labile biological components. This method 
has shown promise in extending the stability of sensitive lipid nano
particle (LNP)-formulated mRNA vaccines. For instance, lyophilized 
mRNA-LNP formulations retained immunogenicity and structural 
properties for over 12 weeks at room temperature and even longer under 
refrigeration—offering a feasible route to eliminate cold chain con
straints in mRNA-based immunization [31]. Similarly, lyophilization 
has been essential in stabilizing oral rehydration formulations and 
injectable peptide drugs like carbetocin for postpartum hemorrhage, 
with successful storage at temperatures up to 60 ◦C [32].

Spray drying, by contrast, is a rapid, scalable technique that trans
forms liquid formulations into dry powders through atomization and 

Fig. 2. On-demand microneedle vaccine printing for decentralized, thermostable vaccine production. (a) Modular ink formulations combining mRNA, lipids, 
and polymers enable tunable microneedle vaccine printing. (b,c) The microneedle vaccine printer (b) is designed for deployment in remote or resource-limited 
settings to enable localized production (c) of thermostable microneedle patches. (d) During fabrication, the polymer–vaccine solution is dispensed into micro
needle molds under vacuum via a polydimethylsiloxane (PDMS) interface, followed by transfer to a drying station to accelerate solidification [29]. (Reproduced with 
permission, 2023, Springer Nature).
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thermal drying. While the high temperatures used may seem counter
intuitive for biologics, careful formulation design—including the use of 
stabilizing excipients—enables the preservation of bioactivity for ther
mally sensitive payloads. Optimized spray drying processes have ach
ieved stable powders of adenoviral vector vaccines and monoclonal 
antibodies with high yield and activity retention, suitable for long-term 
storage and global distribution [67,68]. This is especially relevant for 
vaccines and therapeutics needed in decentralized regions, where bulk 
powder storage provides a more resilient and logistically simple 
solution.

Advances in drying-based particle engineering are also expanding 
beyond vaccines. Spray drying and freeze-drying have been widely 
adopted to encapsulate bioactive compounds in pharmaceutical and 
food systems, improving shelf life, solubility, and delivery efficiency 
[69,70]. Their increasing adoption in the stabilization of 
next-generation biologics and functional foods points to their broader 
role in global health strategies that demand both technological robust
ness and equitable accessibility.

Together, lyophilization and spray drying are enabling technologies 
that help bridge the infrastructure gap between high-income and low- 
resource settings. By reducing reliance on the cold chain, extending 
shelf life, and supporting decentralized distribution, these formulation 
strategies directly contribute to more equitable access to life-saving 
medicines.

2.4. Digital and mobile health technologies in drug delivery

The convergence of digital and mobile health technologies has 
significantly transformed the landscape of drug delivery by facilitating 
real-time monitoring, personalized dosing, and remote patient man
agement [26,71]. These advancements collectively enhance medication 
adherence, enable tailored therapeutic interventions, and foster more 
efficient and patient-centric healthcare delivery [72]. Key technologies 
in this domain include wearable medical devices, mobile health 
(mHealth) applications, and ingestible biosensors, all of which 
contribute to precise and individualized therapeutic strategies [73–75].

A prominent example is the FDA-approved Abilify MyCite® system, 
developed by Otsuka Pharmaceuticals Co., Ltd. (Japan) and Proteus 
Digital Health (USA), which integrates the antipsychotic medication 
aripiprazole with an ingestible biosensor, a wearable patch, and a mo
bile application to enable real-time monitoring of medication adherence 
(Fig. 3) [36]. Upon ingestion, the embedded sensor transmits signals to 
the wearable patch, which then forwards adherence data securely to a 
mobile application accessible by patients, caregivers, and healthcare 
providers. This technology has demonstrated significant benefits in 
managing adherence among patients with psychiatric disorders, allow
ing clinicians to promptly assess treatment efficacy and adjust thera
peutic interventions accordingly [76].

Wearable medical devices have similarly shown considerable 

potential in the management of chronic diseases, including diabetes and 
respiratory conditions. For instance, the MiniMed™ 780G system 
developed by Medtronic (USA) integrates advanced insulin pump tech
nology with continuous glucose monitoring (CGM), enabling automated 
adjustment of insulin delivery based on continuous real-time glucose 
measurements [77]. Another notable example is Propeller Health’s 
smart inhaler, which incorporates electronic sensors to track inhaler 
usage patterns in patients with asthma and chronic obstructive pulmo
nary disease (COPD) [35]. These devices provide valuable real-time data 
to both clinicians and patients, facilitating enhanced adherence to 
medication regimens and improved respiratory management outcomes.

Despite these promising advancements, several challenges remain, 
particularly related to data privacy and security, regulatory approval 
processes, and interoperability with existing healthcare infrastructure 
[78]. Addressing these issues will be essential to fully exploit the 
transformative potential of digital and mobile health technologies in 
drug delivery and patient management.

2.5. Innovative packaging in drug delivery

Medication non-adherence remains a significant challenge in man
aging chronic diseases, often leading to suboptimal therapeutic out
comes and increased healthcare costs [79,80]. To address this issue, 
advanced packaging solutions—collectively known as smart pack
aging—are being developed by integrating technologies such as elec
tronic sensors, indicators, and wireless communication modules into 
pharmaceutical packaging [39]. These innovations aim to enhance 
medication adherence, patient safety, and patient engagement.

Several smart packaging systems have already been introduced, 
including smart blister packs, electronic pill bottles, and multi-dose 
dispensing systems. A notable example is the Electronic Dosepak® 
(EDP) (Fig. 4), developed by Westrock Healthcare Packaging (Atlanta, 
USA) in collaboration with the Medication Event Monitoring System 
(MEMS®) by AARDEX Group (Belgium) [81]. This smart blister pack 
incorporates embedded electronic sensors to accurately record the exact 
times when medications are accessed. The captured adherence data can 
then be transmitted wirelessly in real-time to patients, caregivers, or 
healthcare providers. This approach enables timely interventions, 
potentially improving medication adherence and clinical outcomes in 
patients with chronic conditions.

Additionally, smart packaging often employs visual or tactile feed
back mechanisms to help patients use medications correctly. For 
instance, time-temperature indicators (TTIs) such as LogTag® Record
ers—compact temperature monitoring devices used by humanitarian 
organizations like Médecins Sans Frontières (MSF)—allow precise 
monitoring of medication storage conditions throughout the supply 
chain [82,83]. Similarly, VaxAlert™ tags (Sensitech, Inc.) provide 
easy-to-interpret visual signals indicating whether 
temperature-sensitive medications have remained within the required 

Fig. 3. Schematic depiction of the Abilify MyCite® system, a digital medicine platform designed for the antipsychotic medication aripiprazole. The system 
integrates an ingestible biosensor embedded within the medication tablet, a wearable patch that detects ingestion events and physiological data, a mobile application 
for real-time monitoring by the patient, and a web-based dashboard for healthcare providers to track medication adherence and patient activity.
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storage parameters, thus ensuring drug efficacy and patient safety upon 
administration [84].

However, despite these advances, several challenges currently 
hinder wider adoption of smart packaging technologies [85]. These 
include the high cost associated with production and implementation, 
complexities in integrating packaging-generated data into healthcare 
systems, patient privacy concerns, and regulatory hurdles related to the 
classification of smart packaging as medical devices. Addressing these 
issues is essential for broader acceptance and more effective integration 
into clinical practice.

2.6. Nanoparticle-based oral and edible vaccines

Currently, most vaccines are administered via intramuscular in
jections, which are associated with discomfort, patient anxiety, and low 
compliance rates [33]. To address these issues, oral and edible vaccines 
have emerged as innovative, non-invasive, cost-effective, and 
patient-friendly alternatives [34]. These novel vaccination methods can 
stimulate both systemic and mucosal immune responses by delivering 

antigens orally, making them particularly valuable for large-scale im
munization programs, especially in resource-limited settings [86]. 
However, oral vaccine development faces significant challenges. Anti
gens must survive the harsh gastrointestinal (GI) environment, including 
highly acidic pH, proteolytic enzymes, and bile salts. Furthermore, 
vaccines must overcome biological barriers such as thick mucosal layers 
and tight epithelial junctions to effectively deliver antigens to immune 
cells [87]. Due to these inherent challenges, only a limited number of 
oral vaccines are currently approved, including formulations for polio, 
rotavirus, typhoid, adenovirus, and cholera [88–90]. Notably, oral 
vaccine formulations for COVID-19 are currently undergoing clinical 
evaluation [91].

To enhance antigen stability, absorption, and immune response, 
nanoparticle-based oral vaccine delivery systems have been developed 
[92]. These systems enable co-delivery of antigens and adjuvants, pro
tecting the payload while facilitating efficient delivery to mucosal im
mune tissues. Major categories (Fig. 5), include lipid-based 
nanoparticles [93], polymer nanoparticles [94], inorganic nano
particles [95], niosomes [96], and exosome-based vesicular delivery 

Fig. 4. Schematic figure depicting the Electronic Dosepak® (EDP), an example of electronic smart blister packaging designed to monitor and support 
medication adherence. The system records the date and time of each blister removal, providing objective data on patient dosing behavior [79].

Fig. 5. The schematic illustrates the concept of oral vaccine delivery using various nanoparticle-based carriers. After ingestion, the vaccine delivery system 
navigates the gastrointestinal tract to reach the intestinal lining. Different types of nanocarriers—polymeric nanoparticles, exosomes, liposomes, niosomes, and 
inorganic nanoparticles—can be used to encapsulate and protect the vaccine payload.
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systems [34].
Liposomes are lipid-based nanoparticles self-assembled from phos

pholipids into bilayer structures containing an aqueous core [97]. Hy
drophilic antigens can be encapsulated within the aqueous 
compartment, whereas hydrophobic molecules may integrate into the 
lipid bilayer. Liposomes exhibit several advantages for oral vaccine 
delivery, such as efficient uptake by intestinal microfold cells, protection 
of encapsulated antigens, and potential induction of cytotoxic T 
lymphocyte responses through targeted antigen presentation to endog
enous pathways [98]. Surface modifications can enhance encapsulation 
efficiency, mucosal adhesion, stability, and targeted delivery. However, 
liposomes are limited by disadvantages such as low antigen-loading 
capacity, instability during storage, and susceptibility to degradation 
under gastrointestinal conditions, all of which complicate their practical 
application.

Polymer nanoparticles are submicron-sized carriers composed of 
biodegradable and biocompatible polymers that can encapsulate or 
adsorb antigens within their core or on their surfaces [99]. Common 
polymers for vaccine encapsulation include polylactic acid (PLA), 
polylactic-co-glycolic acid (PLGA), and poly(β-amino ester) (PAE) [100,
101]. These polymer-based systems protect antigens against GI degra
dation, prolong antigen release after administration, and improve 
immunogenicity. However, disadvantages include potential difficulties 
in precisely controlling particle size and distribution, challenges in 
achieving consistent antigen release rates, and the complexity involved 
in scaling up manufacturing processes for clinical use.

Inorganic nanoparticles, typically ranging from 1 to 100 nm, have 
attracted interest as vaccine carriers due to their unique physicochem
ical properties, including stable structures and versatile surface chem
istry [102]. By adjusting surface properties, inorganic nanoparticles can 
efficiently encapsulate antigens, improve colloidal stability, and achieve 
targeted delivery to mucosal immune sites. Their robust surface char
acteristics effectively protect antigens from denaturation in the gastro
intestinal environment. Nevertheless, inorganic nanoparticles face 
challenges related to potential toxicity, long-term biocompatibility 
concerns, and limited biodegradability, raising regulatory and safety 
issues for widespread clinical applications.

Niosomes are vesicular structures composed of nonionic surfactants 
and cholesterol [103]. Their bilayer structure enables efficient encap
sulation of various biomolecules, such as antigens or therapeutic pro
teins. A notable example is the use of polyoxyethylene alkyl ether-based 
niosomes to orally deliver recombinant human insulin, providing pro
tection against enzymatic degradation by gastrointestinal proteases, 
including α-chymotrypsin, trypsin, and pepsin [104]. Advantages of 
niosomes include enhanced chemical stability, flexibility in formulation, 
and reduced cost compared to traditional lipid-based vesicles. Despite 
these benefits, challenges such as variable encapsulation efficiency, 
potential surfactant toxicity, and stability issues under gastrointestinal 
conditions must be addressed for broader clinical acceptance.

Exosome-based Vesicular Delivery Systems are naturally derived 
extracellular vesicles (40–160 nm) originating from endosomal com
partments and secreted by various cell types [105]. Due to their intrinsic 
biocompatibility, low immunogenicity, and efficient cellular uptake, 
exosomes represent promising carriers for oral vaccine delivery. Drugs 
or nucleic acid antigens, such as mRNA vaccines, can be encapsulated 
into exosomes using methods like electroporation, providing precise 
antigen delivery to immune cells [106]. For example, Tsai et al. devel
oped an exosome-based mRNA vaccine (LSNME-SW1) demonstrating 
broad immunity against COVID-19 by successfully delivering mRNA 
into target cells both in vitro and in vivo [107]. Despite their significant 
advantages, exosomes face critical challenges, including the difficulty of 
obtaining sufficient yields, batch-to-batch variability, and challenges in 
scalable manufacturing processes, as well as precise loading efficiency 
control, all of which limit current translation into clinical practice.

In summary, oral and edible vaccine platforms leveraging advanced 
nanoparticle delivery technologies offer significant potential for 

improving global immunization strategies. Continued research 
addressing formulation stability, scalability, safety, and regulatory 
challenges is essential to fully realize their clinical and public health 
benefits.

3. Translation and implementation considerations and 
challenges

While scientific advances in drug and vaccine delivery offer 
tremendous promise, their translation into real-world impact requires 
overcoming complex regulatory, logistical, manufacturing, and socio
cultural barriers. This section outlines key considerations to bridge the 
gap between laboratory innovation and population-scale 
implementation.

3.1. Regulatory pathways for clinical translation

All drug and vaccine candidates must undergo stringent regulatory 
review to ensure safety, efficacy, and manufacturing quality. For bi
ologics and pharmaceuticals, this includes preclinical studies, phased 
clinical trials, and post-approval monitoring. Clinical testing begins only 
after an Investigational New Drug (IND) application is submitted and 
approved by the U.S. Food and Drug Administration (FDA), supported 
by preclinical data and compliance with Good Laboratory Practices 
(GLP) [108].

In public health emergencies, the FDA may grant Emergency Use 
Authorization (EUA), allowing use of unapproved products based on a 
favorable benefit-risk assessment [109]. Outside of emergencies, the 
FDA provides four expedited pathways—accelerated approval, priority 
review, fast track, and breakthrough therapy designations—to facilitate 
access to therapies for unmet medical needs while maintaining safety 
standards [108]. Comparable mechanisms exist through the European 
Medicines Agency (EMA) [110].

Medical devices follow a distinct regulatory pathway. Devices are 
classified into three categories by risk level. Class I and II devices 
generally require premarket notification (510(k)), while high-risk Class 
III devices necessitate premarket approval (PMA) supported by clinical 
evidence. Clinical studies of novel devices require an Investigational 
Device Exemption (IDE), and devices without existing predicates may be 
evaluated under PMA or De Novo pathways [111].

3.2. Platform technologies and regulatory efficiency

Platform-based delivery systems enable accelerated development by 
building on previously approved components. For example, mRNA and 
viral vector vaccines can be adapted by modifying the nucleic acid 
sequence without altering the delivery scaffold [112,113]. This regula
tory flexibility proved effective during the COVID-19 pandemic, allow
ing rapid deployment of updated vaccines while preserving good 
manufacturing practice (GMP) standards [114,115]. A notable case is 
Moderna’s swift transition from COVID-19 vaccines to clinical testing of 
mRNA influenza vaccines, with 39 candidates in development as of 
March 2025 [116]. Such platforms streamline approval, manufacturing, 
and deployment across disease targets.

3.3. Manufacturing, regulatory classification, and scale-up

Advanced delivery technologies, particularly MAPs, face additional 
manufacturing hurdles. As combination products, MAPs must meet 
regulatory requirements for both the drug and the device [8,117]. 
Moreover, large-scale manufacturing infrastructure for MAPs is still 
emerging. The complexity of fabrication processes and high capital costs 
pose significant barriers to commercialization [8,9]. Nevertheless, 
reduced cold chain dependency and improved patient compliance may 
help offset these costs over time [117].

Global initiatives are supporting the scale-up of promising 
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technologies. The Vaccine Innovation Prioritisation Strategy (VIPS), a 
partnership among WHO, Gavi, UNICEF, PATH, and the Gates Foun
dation, has prioritized MAPs for increasing access in LMICs [10]. The 
African Vaccine Manufacturing Accelerator (AVMA), launched by Gavi 
in 2024, is further investing in flexible mRNA and viral vector platforms 
[11,20]. Companies such as Vaxxas and Micron Biomedical are 
advancing aseptic MAP production, and academic innovations—such as 
our group’s scalable, vacuum-assisted microneedle printing system—are 
contributing to the global infrastructure for MAP deployment [11].

3.4. Public acceptance and sociotechnical considerations

Widespread adoption of novel delivery systems hinges on public 
trust, clear communication, and user-friendly design. The COVID-19 
pandemic underscored the importance of addressing vaccine hesi
tancy, misinformation, and access barriers. In response, U.S. public 
health agencies emphasized expanding vaccination sites and tailoring 
messaging to diverse communities [12].

For MAPs, reliable performance across age groups is essential, as skin 
thickness and elasticity vary with age131 [24]. To ensure effective 
administration, design innovations such as feedback indicators are being 
incorporated to confirm proper application. Finally, digital tools for 
immunization tracking are essential to support recordkeeping and pri
vacy in emergency contexts, especially in regions with limited health 
infrastructure [19].

4. Conclusion

Innovative vaccine delivery platforms, such as mRNA-based tech
nologies and microneedle array patches (MAPs), offer promising solu
tions to global immunization challenges. These advancements can 
streamline regulatory approval through platform-based approaches, 
enhance vaccine stability with thermostable dry formulations, and in
crease accessibility via self-administration and simplified logistics. 
However, their successful integration into public health strategies 
hinges on establishing scalable manufacturing processes, generating 
robust regulatory evidence, and ensuring cultural and patient-centered 
acceptance. As global initiatives like VIPS and AVMA highlight, the 
future of equitable vaccine access will rely on embracing these in
novations while aligning regulatory, logistical, and social frameworks to 
support widespread implementation.
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