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Subunit vaccine delivery systems have emerged as groundbreaking strategies to enhance immunogenicity and
efficacy, overcoming the limitations of traditional vaccine approaches. This review article delves into the vast
landscape of subunit vaccine delivery systems, encompassing diverse platforms, such as polymer-based, lipid-based,
micelle-based, phage-based, hydrogel-based, inorganic-based, and emulsion-based carriers. This review aimed to
comprehensively explore the advancements, challenges, and potential of these delivery systems in revolutionizing
vaccine development. Key findings revealed that polymer-based systems offer tunable properties for sustained
release, while lipid-based and micelle-based carriers enable efficient encapsulation of hydrophobic antigens. Phage-
based platforms leverage host—pathogen interactions, whereas hydrogel-based carriers provide localized delivery
and adjuvant effects. Inorganic nanoparticles and emulsions offer targeted delivery and improved immune responses.
These findings offer opportunities to enhance the immunogenicity of subunit vaccines, optimize antigen delivery, and
tailor responses to specific diseases. This review can guide researchers, clinicians, and policymakers in harnessing
the strengths of diverse delivery systems to improve vaccination strategies. By shedding light on their design,
applications, and impacts, this review serves as a roadmap for the development of next-generation vaccines with the

potential to transform global health-care paradigms.

1. INTRODUCTION

Vaccines have emerged as a highly efficacious and economically
viable medical strategy, resulting in the preservation of countless
lives [1]. Mass vaccination campaigns have led to the eradication of
pathogens such as the smallpox virus, which has inflicted significant
casualties [2]. Nevertheless, despite remarkable achievements
have been made, the development of efficacious vaccines remains
incomplete for intricate pathogens responsible for severe diseases,
such as malaria, HIV/AIDS, and tuberculosis [3].

Generally, vaccines have been formulated using whole pathogens,
which involve either attenuated strains (classified as live-attenuated
vaccines) or inactivated variants (inactivated through heat or formalin
treatment) [1], as summarized in Table 1. However, the persistence of
these traditional methodologies to engineer whole-pathogen vaccines
presents several complex technical obstacles [4]. Moreover, such
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vaccines carry substantial safety concerns, including the potential to
revert to virulent states, inducing severe reactions in individuals with
compromised immune systems, and triggering undesirable outcomes
such as allergic or autoimmune responses [5,6].

Subunit vaccines, which consist of specific antigenic components
of pathogens, offer a safer alternative to whole-pathogen vaccines
and hold promise for addressing vaccine challenges [7]. Notably,
subunit vaccines have gained traction because of their safety profile
and efficacy against diverse infectious diseases such as hepatitis B,
diphtheria, shingles, tetanus, and cervical cancer [8]. This approach
also has significance in the context of COVID-19, where numerous
subunit vaccine candidates are in clinical and pre-clinical stages.
Notably, the NVX-COV2373 COVID-19 subunit vaccine demonstrated
comparable CD4" T-cell memory responses and neutralizing antibodies
to those of mRNA vaccines [9]. In addition, subunit vaccines targeting
well-defined epitopes hold potential in cancer immunotherapy, as
exemplified by ongoing clinical trials for tumor neoantigen-based
subunit vaccines (ChiCTR2000029301 and ChiCTR1800016628)
and the 9-valent human papillomaviruses (HPV) subunit vaccine
(NCT05266898) [10]. The landscape includes 103 neoantigen-based
subunit vaccine clinical studies registered at ClinicalTrials.gov [10].
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Table 1: Different types of vaccines [4].
Vaccine platform Vaccine component

Viruses or bacteria are cultured
in vitro and inactivated.

Inactivated vaccine

Live attenuated vaccine Viruses or bacteria are obtained by

reverse genetics or adaption.

Subunit vaccine Antigen-specific proteins or
peptides are expressed by

cell-expressing systems.

DNA vaccine Antigens are encoded by a

recombinant plasmid.

mRNA vaccine mRNA encodes protein antigens

encapsulated by vectors.

Modified viruses with weakened
replication and antigen-encoding
genes.

Viral vector vaccine

VLP vaccine Structural proteins form vaccine

immunogens.

Vaccine feature

Immunogenicity is lower than live attenuated vaccine. Immunity
is short-lived, requiring multiple vaccinations.

Attenuated pathogens mimic live pathogen infection but are
weakly pathogenic. Poor stability and low safety may cause
virulence re-emergence.

Subunit vaccines offer better safety, purity, scalability, suitability,
and stability for immunocompromised people.

Plasmid DNA is economical, safe, and stable. However, delivery
to the nucleus can be difficult, leading to insertional mutagenesis.

mRNA does not enter the nucleus and does not alter the genome.
It has an immune-activating effect, but safety and stability are
issues.

Viral vector has an immune-stimulating effect. Its immune and
safety effects need improvement.

Vaccines similar to actual virions but without the virus genome,
are safe, stable, structured, appropriately sized, and modifiable.

Despite their advantages, subunit vaccines exhibit limitations
in generating robust immune responses compared to whole
pathogens [7]. Recent progress, notably in identifying
immunostimulatory elements [11] and optimizing vaccine delivery
platforms [12], has enabled the rational design of potent subunit
vaccines capable of conferring enduring protective immunity [13].
However, a key challenge in subunit vaccine development is the
selection of efficient delivery systems with minimal or no toxicity.

This review aims to comprehensively examine the recent advances
in subunit vaccine delivery systems, including polymer-based, lipid-
based, micelle-based, phage-based, hydrogel-based, inorganic-based,
and emulsion-based vaccine delivery systems. Their advantages,
disadvantages, research gaps, and future directions were also discussed.

2. SUBUNIT VACCINE-INDUCED IMMUNITY PATHWAYS

2.1. Innate Immune Responses

The innate immune system has evolved mechanisms to identify
evolutionarily conserved pathogen-associated molecular patterns
(PAMPs), facilitating recognition through pattern recognition receptors
(PRRs) found on various innate immune cells, such as neutrophils, mast
cells, macrophages, and dendritic cells (DCs) [14]. The engagement
of receptors triggers innate immune cell activation, prompting an
inflammatory response that promotes the migration of immune cells,
including antigen-presenting cells (APCs) and neutrophils, from
circulation to infection sites [Figure 1] [15]. Distributed widely, DCs
play a pivotal role as professional APCs, strategically positioned on
lymphoid organs and mucosal surfaces [ 16]. PRRs enable migratory and
tissue-resident DCs to effectively sense pathogens, internalize antigens
through phagocytosis and micropinocytosis, and undergo maturation
[17]. Maturation results in diminished antigen uptake heightened
antigen-processing machinery expression, and the surface translocation
of antigen peptide-bound major histocompatibility complex (MHC)
molecules [18]. To trigger adaptive immune responses, DC maturation
facilitates clonal expansion and differentiation of antigen-specific naive
T cells into effector T cells, thus contributing to immune defense [19].

DC maturation prompts alterations in adhesion molecules and
chemokine receptor expression, which enable migration to peripheral

lymphoid organs that are crucial for initiating adaptive immunity
[Figure 1] [18]. Whole pathogen vaccines, typified by live-attenuated
variants, are characterized by multiple PAMPs that facilitate robust
recognition by PRRs and potent innate immune responses [20]. In
contrast, (non-viral) subunit vaccines that comprise specific antigens
lack inherent PAMPs, necessitating the inclusion of adjuvants or
immunostimulators to induce robust adaptive immune responses [21].

2.2. Adaptive Immune Responses

Adaptive immune responses are initiated in the peripheral lymphoid
organs after antigen presentation by mature DCs, stemming from
the innate immune reaction [Figure 1] [22]. Essential to the onset
of adaptive immunity, T-cell activation hinges on encountering
pathogen antigens presented by mature DCs. Notably, three signals
underpin naive T-cell activation: Signal 1 involves T-cell receptor
(TCR) interaction with antigen peptide-MHC, signal 2 encompasses
CD28-B7 co-stimulation, and signal 3 orchestrated by DC-secreted
cytokines, directs T-cell differentiation into effector subsets [23].
Naive T cells will then differentiate into CD4* and CD8" T cells
based on the presence of TCR coreceptors. CD8" T cells, which
recognize MHC-I-presented antigens, differentiate into cytotoxic T
lymphocytes (CTLs) that are vital for intracellular pathogen defense
[Figure 1] [24]. Intracellular pathogen infection triggers MHC-I-
presented cytosolic antigen peptides, which render CTLs capable of
identifying and eliminating infected cells [24]. In contrast, inactivated
or subunit vaccines, which are extracellular antigens, predominantly
employ MHC class Il presentation by the APCs [25]. Nevertheless,
selected extracellular antigens, potentially virus-like particle (VLP)
vaccines, may undergo MHC-I-mediated “cross-presentation,”
activating CD8" T cells [Figure 1] [24]. Enhancing cross-presentation
efficacy, particularly against intracellular pathogens, is a key focus in
optimizing subunit vaccines [26].

In contrast, CD4" T cells recognized the antigenic peptides displayed
by MHC-II [Figure 1]. In contrast to CD8" T cells and CD4" T cells
exhibit diverse effector differentiations, termed helper T (Th) cells,
each governed by distinct cytokines [27]. Thl effectors, which are
driven by interferon y (IFNy) and interleukin 12 (IL-12), combat
intracellular pathogens. Th2 cells, activated by IL4 and IL2, primarily
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Figure 1: Innate and adaptive immune response upon vaccination.

target the extracellular parasites. Th17 cells, induced by IL21, IL6,
IL23, and transforming growth factor-f, target extracellular bacteria and
fungi [28]. Tth cells, localized in lymphoid tissue follicles, play a pivotal
role in fostering an antigen-specific humoral immune response [27].

B cells, which act as precursors to antibody-secreting plasma cells, play
crucial roles in humoral immunity by protecting against extracellular
pathogens. The efficient activation of B cells typically requires the
assistance of effector Th cells [Figure 1]. Within lymphoid tissues, B and
T cells occupy separate domains (B-cell zones and T-cell zones) [29].
Naive T cells arriving in lymphoid tissues interact with activated DCs
and differentiate into Th cells [30]. Naive B cells will then enter the
T-cell zone, engage with Th cells, and subsequently move to the B-cell
zone [29]. Activation of B cells typically relies on dual signals: Pathogen
antigen interaction with surface immunoglobulin (or B-cell receptor),
leading to internalization and pathogen peptide presentation through
MHC-II (signal 1) [30]. Recognition of MHC-II-bound peptides
provides a second signal involving CD40-CD40L interaction and Th
cell-secreted cytokines. Subsequently, activated B cells move to the
lymphoid follicles, establishing germinal centers. Here, B cells undergo
somatic hypermutation and affinity-driven selection [29]. Emerging
from germinal centers, some B cells develop into either memory B cells
in circulation or antibody-secreting plasma cells [30].

3.SUBUNIT VACCINE DELIVERYAND ADMINISTRATION

Effective vaccine delivery approaches are essential for triggering
appropriate immune responses and establishing long-lasting

immunological memory, which is crucial for preventing future
infections [31]. The efficacy of immunization and vaccine delivery
is heavily contingent on the chosen route of administration
because suboptimal administration may compromise vaccine
effectiveness [32]. Ideally, administering vaccines in proximity to
lymph nodes or lymphatic vessels amplifies immune responses,
although this is modulated by antigenic epitopes and adjuvant
functionality [33]. Two principal avenues have been explored for
optimizing vaccine delivery: Parenteral and non-parenteral.

The parenteral vaccine delivery approach involves vaccine
administration bypassing the gastrointestinal tract and is typically
administered through injection or infusion using hypodermic
needles. Common examples are the intradermal, subcutaneous, and
intramuscular routes [34]. This widely adopted strategy tailors vaccine
placement according to anatomical site characteristics: The epidermis,
hypodermis, and dermis [35]. Optimal site selection is critical for
efficient vaccine delivery. In adults, the deltoid region serves as the
choice for intradermal and intramuscular administration, while the
outer triceps area is preferred for subcutaneous delivery. Conversely,
the anterolateral thigh region becomes significant in toddlers and
infants [36]. Precision in needle selection, accounting for tissue
thickness, muscle size, and diverse factors contingent on age, body
mass, and sex, is imperative for this approach [37].

Although needle-based injection devices have offered promising
vaccine delivery solutions, drawbacks such as needle stick injuries
and cost inefficiencies have emerged as significant concerns [38].
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Needle-free devices have been developed to enhance efficiency
and alleviate pain during vaccine administration [38]. Various non-
parenteral needle-free strategies have emerged, including powder,
liquid, and projectile approaches as well as jet injectors such as spring-
loaded, battery-powered, and gas-powered devices [37]. Nevertheless,
these methods have limitations in eliciting mucosal immunity [38].
Conversely, non-parenteral vaccine strategies leverage live or
inactivated antigen molecules to induce antigen-mediated immune
responses. This approach includes oral, intranasal, and transcutaneous
routes of administration [36].

4. DELIVERY SYSTEMS FOR SUBUNIT VACCINES

4.1. Polymer-based Vaccine Delivery

Recently, there has been a surge in interest in polymers as potential
antigen carriers. These adaptable molecules have dual roles as both
delivery systems and immunostimulants in vaccine formulations
[Figure 2]. Polymers with inherent immunostimulatory attributes
engage immune cell receptors, direct antigen delivery to specific
uptake sites, and initiate distinct immune pathways. Typically,
immunostimulants are co-administered with antigens, either through
physical mixing or chemical linkage, to evoke targeted and tailored
immune responses [39,40]. These polymer-based adjuvants are
discussed below.

4.1.1. Polysaccharide polymers

4.1.1.1. Chitosan

Chitosan, an eco-friendly and biocompatible polymer, has distinctive
attributes such as mucoadhesion and cationic properties stemming
from its abundant free amine groups, which can form salts in low-
pH conditions [41]. The hydroxyl groups allow for facile attachment
or modification of peptides or proteins [42]. The immunostimulatory
effects of chitosan include augmented cellular and humoral immune
responses [43]. By interacting with diverse receptors on APCs,
including dectin-1, mannose receptors, leukotriene B4, and toll-like
receptor (TLR)-2, this polymer and its derivatives further underscore
their potential for immune modulation [44].

Chitosan is an exceptional adjuvant for mucosal delivery, due to
mucoadhesion and ability to induce junction openings, thus facilitating
the paracellular passage of vaccine antigens [45]. The cationic nature
of chitosan promotes intensified cellular interactions with anionic
epithelial cells, extending the presence of antigens within the nasal
cavity [46]. By leveraging charge-based interactions, influenza A virus
matrix protein 1 (M1, 100 pg) co-administered with chitosan through

intranasal delivery resulted in elevated immunoglobulin (Ig)G and IgA
titers against the virus in mice [47].

4.1.1.2. Alginate

Alginate, a bioadhesive polysaccharide polymer renowned for its
anionic character, has gained prominence as a drug delivery system
due to its capacity for gastric contractions and intestinal cargo release.
Recent efforts have extended the applicability of alginate to vaccine
delivery. The research underscores the adjuvant potential of alginate
as it stimulates monocytes/macrophages [48]. Particularly noteworthy
is the role of alginate in facilitating site-specific vaccine antigen
delivery to mucosal tissues. Its inclusion in formulations enhances
phagocytosis and bolsters formulation adhesion to DCs, amplifying
its influence [49].

Alginate has emerged as a promising contender for subunit vaccine
delivery, demonstrating versatility in formulations such as conjugates,
nanogels, and microparticles. An illustrative case involves the linkage
of Pseudomonas aeruginosa-derived peptide antigens (peptide294
and peptide176) with alginate [49]. Subcutaneous administration
of the peptide294-alginate conjugate emulsified with incomplete
Freund’s adjuvant (IFA) produced robust levels of protective and
opsonophagocytic antibodies in mice. In contrast, peptide294
administered with IFA alone failed to trigger a marked humoral
response [49].

4.1.1.3. Hyaluronic acid (HA)

HA, also termed hyaluronan, is a linear mucopolysaccharide with
several biomedical applications [50]. HA’s exceptional hydrophilicity
of HA establishes it as nature’s most hydrophilic polymer [51].
A notable trait of HA is its non-immunogenic and non-antigenic nature,
attributed to its extensively conserved structure across species. This
innate polymer is widespread among prokaryotes and eukaryotes and
is widely distributed within the extracellular and pericellular matrix, as
well as intracellularly [51].

HA has emerged as a key player in transdermal immunization because
of its skin-hydrating properties and facilitation of skin surface
absorption and permeation. In collaboration with antigenic peptides,
HA enables deep delivery into the skin layers, capitalizing on its skin-
penetrating and hygroscopic characteristics [52]. HA interacts with
dermal DCs and epidermal Langerhans cells through HA receptors and
immune-cell-present TLRs. Intriguingly, low-molecular-weight HA
acts as an intrinsic danger signal, activating TLR2- and TLR4-mediated
transduction pathways [53]. Moreover, it exerts immunostimulatory
effects by fostering chemokine and cytokine production. TLR2
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Figure 2: Polymers used in vaccine delivery.
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and TLR4 pathway activation through low-MW HA reinforces
the skin’s self-defense mechanisms, culminating in [-defensin 2
production [54]. In a study targeting transdermal immunotherapy for
Duchenne muscular dystrophy, myostatin fragment (MstnF)-derived
antigenic peptides, namely MstnF and scrMstnF, were conjugated
with HA [52]. Transdermal immunization of mdx mice with HA-
MstnF conjugate showed a substantial surge in myostatin-specific
antibody titers. This translates to remarkable enhancements in skeletal
muscle biochemistry and pathology, along with notable functional
improvement [52].

4.1.1.4. Dextran

Dextran is an intricately branched polysaccharide with notable water
solubility and controlled degradation. Various dextran derivatives
have garnered attention owing to their adjuvant properties. In
particular, dextran sulfate presents compelling prospects as a
material for controlled pharmaceutical release. The notable charge
density of dextran sulfate, arising from the high sulfate-to-glucosyl
ratio, facilitates the enhanced loading of positively charged
molecules [55].

Conjugation of dextran with bovine serum albumin has
demonstrated remarkable efficacy in eliciting robust and sustained
antibody responses in mice, even in the absence of supplementary
adjuvants. Remarkably, detectable antibody titers were achieved
at a mere 10 ug dosage, with a clear dose-dependent elevation in
titers at higher dosages. The molecular weight of dextran emerged
as a pivotal determinant of antibody titers, with dextran within the
500-2000 kDa range proving essential, whereas 70 kDa dextran
failed to trigger detectable antibody production [56]. Moreover,
dextran has emerged as a versatile platform for the conjugation of
TLR7 agonist 1V209 and CpG oligodeoxynucleotide (CpG ODN)
adjuvant, yielding heightened targeting precision and enhanced
immunostimulatory profiles for these adjuvants [57]. These
findings underscore the adaptable nature of dextran for enhancing
adjuvant functionality, thus broadening its potential applications in
the field [56].

4.1.1.5. Carrageenan

Carrageenan from red seaweed has emerged as a promising
adjuvant for peptide vaccines, attracting notable attention in recent
research. The distinctive anionic character of carrageenan stems
from its hemisulfate ester groups owing to its unique attributes.
The structural foundation of carrageenan involves a polymer chain
consisting of hemisulfated galactose and 3,6-anhydrogalactose
residues. Based on the positioning and arrangement of ester sulfate
groups within recurring galactose monomers, carrageenans can be
classified into three main types: Kappa (k-), lambda (A-), and iota
(1-) carrageenans [58].

The use of carrageenan as a delivery system stems from its unique
ability to provoke antigen-specific immunity and exhibit antitumor
effects. In an experimental context involving mice immunized with a
blend of carrageenan and an E7 protein-derived peptide from HPV-
16, carrageenan notably amplified immune responses directed at the
E7 antigen through TLR4 pathway activation [59]. Crucially, the
augmented immune reaction induced by carrageenan was similar to
that induced by established TLR4 ligands, including monophosphoryl
lipid A and dextran [59]. This discovery underscores the promising
adjuvant characteristics of carrageenan, reaffirming its potential
to enhance immune responses similar to those of established
immunostimulants.

4.1.2. Polyesters

4.1.2.1. Poly(e-caprolactone) (PCL)

PCL is a polyester with inherent biodegradability because its ester
linkages hydrolyze under physiological conditions. Notably, PCL’s
degradation rate of PCL is slower than that of polylactide (PLA)
polymers [60]. A distinctive trait of PCL is its ability to avert acidic
environment generation upon dissolution, which is in contrast to other
polyesters such as poly(lactic-co-glycolic acid) (PLGA). This feature
is particularly advantageous as it prevents potential harm to the
antigenicity of loaded proteins or peptides. PCL biodegradability and
safety have led to the Food and Drug Administration’s approval of long-
term implantable devices. Moreover, PCL’s attributes of PCL include
hydrophobicity, biocompatibility, and cost-effectiveness, thereby
positioning it as a versatile polymer in various applications [61].

PCL has emerged as a prominent choice for sustained-release antigen
delivery, negating the requirement for prime-boosting, owing to its
naturally slow biodegradation in vivo. This dual impact allowed the initial
surface-released antigen from the PCL microspheres to act as a priming
dose. Prolonged antigen release, facilitated by diffusion or microsphere
degradation, serves as a boosting effect. An illustrative study explored
immunogenicity using 23 um PCL microspheres loaded with ovalbumin
(OVA) [62]. Administration of these microspheres induced elevated IgG
responses compared with standalone OVA, although notably lower than
OVA paired with complete Freund’s adjuvant.

4.1.2.2. PLGA

PLGA is a copolymer in which glycolic or lactic acid monomers are
linked by ester bonds. PLGA, as a delivery platform for vaccines, has
considerable potential because of several crucial factors. Notably,
controlled degradation of PLGA particles before their uptake by
APCs enhances their desirability. Moreover, the inherent non-toxic
nature and ability to facilitate precise antigen release [63] contribute
significantly to its utility in vaccine delivery.

The degradation mechanism of PLGA involves bulk erosion, which
allows water to infiltrate the polymer matrix. This triggers ester
bond hydrolysis and the regeneration of glycolic acid and lactic acid
monomers. Importantly, these by-products have minimal toxic effects,
owing to their involvement in physiological pathways. Simultaneously,
this degradation leads to heightened matrix porosity, facilitating
gradual antigen release as degradation proceeds [64].

In an experimental study, PLGA microspheres incorporating adjuvant
calcium phosphate gel were utilized to encapsulate the OVA antigen.
Nasal immunization with these microspheres, sized 7 um and carrying
a —22 mV surface charge, predominantly induced IgGl titers in both
the serum and local mucosa. These 1gG1 titers signify a Th2 immune
response and were found comparable to those induced by administering
OVA along with cholera toxin subunit B (CTB). Thus, the PLGA
formulation exhibited adjuvant-like properties similar to those of the
established mucosal adjuvant CTB [65]. These results highlight the
potential of PLGA microspheres combined with calcium phosphate gel
as a promising approach for mucosal immunization.

4.1.3. Polyglutamic acid (PGA)

PGA is a non-toxic, biocompatible, and biodegradable polymer
composed of repetitive glutamic acid units. This versatile polymer has
two forms, y-PGA and o-PGA, with distinct linkages: o-carboxylic
acids in oi-PGA and y-carboxylic acids in y-PGA. Notably, a-PGA is
typically synthesized chemically, whereas y-PGA is biosynthesized by
Bacillus species [66].
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PGA nanoparticles have emerged as effective vaccine carriers,
facilitating targeted delivery of antigenic proteins to APCs and
generating robust immune responses. One approach involves grafting
y-PGA polymer with L-phenylalanine ethyl ester (L-PAE) [67]. These
y-PGA-L-PAE NPs efficiently encapsulated OVA, exhibited effective
uptake by immature DCs, and promoted DC maturation. Compared
to OVA alone, OVA-loaded Yy-PGA-L-PAE NPs demonstrated
enhanced efficiency in inducing cellular CTL responses, comparable
to OVA with complete Freund’s adjuvant [68]. In a separate study,
immunization with y-PGA-L-PAE NPs coated with the CDS8"
T-cell epitope listeriolysin O (LLO) peptide (VAYGRQVYLKLS)
resulted in a remarkable 11-day survival period post-challenge and a
significant improvement in mice receiving PBS or LLO alone [69].
These findings underscore the potential of modified y-PGA NPs as
a promising platform for enhancing vaccine efficacy and immune
response modulation.

4.1.4. Polyacrylates

Poly(methyl methacrylate) (PMMA), a synthetic homopolymer
derived from methyl methacrylate monomers, has attracted
significant attention in the biomedical field owing to its remarkable
biocompatibility. Although inherently hydrophobic, PMMA exhibits
a modest increase in hydrophilicity upon contact with water. Its
well-established biocompatibility and safety profile have led to its
application in various biomedical contexts, such as implant materials
for total hip replacements [70].

The potential of PMMA as a vaccine delivery system was initially
demonstrated by Kreuter and Speiser. In their work, PMMA was
shown to enhance immune responses when combined with inactivated
influenza virus, highlighting its adjuvant capabilities [71]. In addition,
PMMA microspheres have been observed to be absorbed by gut-
associated lymphoid tissues, suggesting their potential for oral vaccine
delivery [72]. Despite being non-biodegradable, PMMA has been
investigated as a vaccine delivery strategy. For example, core-shell
nanoparticles incorporating anionic cores and Eudragit-derived shells
featuring adsorbed HIV Tat protein (220 nm in size) were developed
through emulsion polymerization [73]. Administration of these
nanoparticles induced significant anti-Tat [gG titers, with intramuscular
vaccination promoting a Thl immune response characterized by
elevated IFN-y and IL-2 responses, and reduced IL-4 levels [70]. The
multifaceted potential of PMMA nanoparticles as vaccine adjuvants
warrants further investigation in immunology.

4.2. Liposomes-based Vaccine Delivery

Liposomes are bilayer lipid vesicles composed of natural amphiphilic
lipids and phospholipid molecules that offer diverse possibilities
through the inclusion of components such as sterols, polypeptides,
antioxidants, and polymers. These additional elements enable
structural modulation, extended blood circulation, enhanced
antioxidative properties, and targeted approaches to these lipid
vesicles [74,75]. Liposomes improve the encapsulation, release, and
delivery of bioactive compounds, thereby increasing their stability
and effectiveness [75]. The preference for bilayered formulations with
cholesterol and polyethylene glycol (PEG) incorporation optimizes
cellular endocytosis and shields against immune cell attack [76].

The roots of liposomes in mRNA vaccine technology were traced
back to 1978 when rabbit globin mRNA was delivered to mouse
lymphocytes [76]. In recent decades, liposomes have been developed
to enhance subunit vaccines [77]. However, optimizing liposome
efficacy requires refinement of factors such as surface charge, size, and

lipid bilayer composition [78]. Depending on the desired outcomes,
a plethora of strategies enable the conjugation or encapsulation of
ligands, such as drugs, peptides, cytokines, RNA or nucleotides, and
antibodies within liposomes [79].

The drive to engineer liposomal vaccines stems from the goal of
customizing immune responses by targeting specific immune cell
subsets [80]. As delivery systems or adjuvants, cationic liposomes
have the potential to augment various subunit vaccines, owing to their
strong attraction to anionic immune cells [77]. Combining cationic
liposomes with immunostimulatory factors enhances interactions with
APCs, yielding robust cellular and humoral immune responses [81].

The utilization of virosome-based technology in approved liposomal
vaccine formulations, such as Inflexal® V and Epaxal®, involves
the coupling of viral proteins to the liposome surface [82]. Diverse
techniques have been investigated to enhance formulation stability
during storage [82], presenting promising avenues for advancing
liposomal vaccines in future immunization strategies.

4.3. Micelle-based Vaccine Delivery

Micelles  spontaneously undergo self-assembly in aqueous
environments to form core-shell nanoparticles. The size and shape
of these assemblies are dictated by thermodynamically driven self-
assembly, which is influenced by hydrophilic and hydrophobic
block sizes. Originally utilized for drug delivery by encapsulating
hydrophobic compounds within the core, micellar nanoparticles have
gained attention as promising vaccine delivery carriers [83].

4.3.1. PLA-based micelles

The utilization of PLA-based nanoparticles as adjuvants has
attracted interest because of their favorable biodegradability and
biocompatibility [84]. Jiménez-Sanchez et al. demonstrated the
potential of micelles formed from a PLA-b-P(N-acryloxysuccinimide-
co-N-vinylpyrrolidone) block copolymer [85]. These micelles allowed
surface coupling of HIV-1 Gag p24 and encapsulation of imiquimod
within the PLA core. Notably, encapsulated imiquimod demonstrated
enhanced stimulation and maturation of DCs in vitro compared with
its free form [85].

Jain et al. conducted a comparative assessment of the immunogenicity
of hepatitis B surface antigen (HBsAg) using PLA polymer and PEG-
PLA-PEG co-polymer formulations [86]. These findings demonstrated
the superior efficacy of PEG-PLA-PEG micelles over PLA
nanoparticles in augmenting and extending HBsAg-induced mucosal
antibody responses following oral and intranasal immunization [87].
These findings underscore the potential of micelle-based nanosystems
using a PLA platform for effective vaccine delivery.

4.3.2. Polypeptide-based micelles

Luo er al. (2013) pioneered the development of novel micelles using
a PEG-b-poly(L-lysine) (PLL)-b-poly (L-leucine) architecture [88].
Through interactions between cationic PLL and anionic OVA and
polyriboinosinic: Polyribocytidylic acid (PIC), a TLR3 agonist, these
polypeptide micelles achieved simultaneous encapsulation of OVA
and PIC, leading to synergistic enhancement of tumor-specific CTL
responses. To address tumor-associated DC dysfunction linked to
hyperactive STAT3 signaling, researchers incorporated STAT3 siRNA,
PIC, and OVA within micelles for cancer vaccine purposes [89].

Investigating the adjuvant potential of y-PGA micelles alongside
influenza A viral antigen (PRS), researchers have noted significant
outcomes. Intranasal PR8 immunization in the presence of the
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micelles led to elevated PR8-specific IgG levels in mouse sera
and mucosal IgA antibody levels compared to PR8 immunization
alone. Furthermore, PR8 with y-PGA micelles induced robust IFN-
y-producing cells, indicating the capacity of the micelle system to
serve as an effective delivery system eliciting both humoral and
cellular immunity. Remarkably, mice immunized with PR8 and
y-PGA micelles demonstrated 100% immunity against the lethal
PR& virus [90]. This study highlights the potential of y-PGA-based
micelles in enhancing mucosal immunity and improving vaccine
efficacy.

4.3.3. pH-responsive micelles

The use of pH-responsive micelles enhances the delivery of antigens
to APCs in draining lymph nodes [91]. The subcutaneous injection of
mice with OVA-polymer conjugates led to a significant increase in
antigen-specific CD8+ T-cell responses, which was higher than the
responses observed in mice immunized with soluble protein, OVA-
polymer mixtures, or control micelle-immunized mice. Furthermore,
the incorporation of a CpG ODN binding TLR9 into micelles amplified
immune responses through electrostatic interactions with the cationic
sections of the micelle [92].

Boudier ef al. introduced pH-responsive micelles composed of
polymethacrylic acid-b-polyethylene glycol/PLL for antigen peptide
delivery [93]. In vitro investigations revealed the efficient loading,
uptake, and release of antigen peptides in DCs. Furthermore, micelles
notably induced DC maturation, underscoring their immunostimulatory
properties [94]. This study emphasizes the potential of pH-responsive
micelles to promote antigen uptake and DC activation, potentially
enhancing the immune response.

4.4. Phage-based Vaccine Delivery

Bacteriophages (phages) hold significant potential as versatile subunit
vaccine platforms owing to their favorable attributes such as size,
surface architecture, safety, stability, biodegradability, and cost-
effectiveness [95]. This section highlights various bacteriophages
that offer distinct structural benefits for assembling and delivering
pathogenic molecules, including proteins and DNAs, into VLP
subunits, resulting in robust immune responses [Table 2].

4.4.1. Phage T4

Utilizing insights from T4 structure and assembly, VLP subunit vaccines
have been engineered against diverse pathogens, including Bacillus
anthracis [96], Yersinia pestis [97], HIV-1 [98], foot-and-mouth
disease virus (FMDV) [99], classical swine fever virus [100,101], and
bursal disease virus [102].

A T4 VLP vaccine was engineered for anthrax by fusing protective
antigens (PA) to the NH2-terminus of Hoc and assembling them on T4
capsids using hoc—soc—T4 phage nanoparticles [103]. Intramuscular
administration of T4 displayed PA-induced 6.5-fold and 4.7-fold
higher neutralizing antibodies against lethal toxins in mice, surpassing
soluble PA immunization [103]. Moreover, Soc fusion variants of PA
were also efficiently displayed on T4 phage through NH,-terminus or
COOH-terminus fusion [104].

A T4 VLP-based vaccine for Y. pestis was also generated, resulting in
approximately 660 F1mutV copies on each capsid [97]. Administered
without an adjuvant, these T4 VLPs elicited robust F1V-specific
antibodies, surpassing their soluble counterparts adjuvanted with
Alhydrogel [105]. Notably, the T4 VLP-based vaccine generated a
balanced Thl and Th2 response, whereas the soluble FImutV vaccine
predominantly triggered Th2 and weak Thl responses. This aligns
with the potential of subunit vaccines to induce both innate and
adaptive immunities. This was corroborated by the finding that the
T4 VLP-based vaccine generated higher IFN-y levels than the soluble
FlmutV vaccine did. Critically, the T4 VLP-based vaccine conferred
full protection against Y. pestis CO92 strain challenge even at high
doses [105,106].

In addition to vaccines against bacterial pathogens, T4 phages have been
used to develop vaccines against viral infections. Sathaliyawala et al.
obtained HIV-1 p24-gag displayed on T4 capsids [98]. This yielded
robust and durable anti-p24 antibody responses compared with the
soluble p24 antigen, which generated weaker responses. Impressively,
T4-p24 VLPs triggered potent CD4* and CD8" T-cell responses in
contrast to soluble p24, which elicited limited responses [98].

4.4.2. Filamentous phages
Filamentous phages are extensively employed for presenting short
random peptide libraries. Although these phages are modestly

Table 2: Bacteriophages used in virus-like particle-based subunit vaccine development [97].

Parameters M13 T7
Capsid size (nm) 900x9 56
Phage protein (s) used for display pVIII (2700) PIII (5) gplOB (415)

(copies/capsid)

Preferred molecule for in vivo display ~ Peptide Peptide
Maximum copy number 2700 415
Main display scheme In vivo In vivo
Co-delivery of DNA (capacity) and No No
protein

High density multiple antigen display ~ No No
Targeted delivery of antigen Yes No
Adjustable copy number No No
Display of mammalian expressed No No

antigen

A T4 MS2 QB
60 120x86 26 28
gpD (405-420) Hoc (155) Soc (870) CP (180) A1 (3-5)
Peptide Full-length protein, Peptide ~ Peptide Peptide
420 1025 180 86
In vivo In vivo In vivo In vivo
In vitro In vitro
Possible (up to 48 kb)  Yes No No

(up to 170 kb)
Possible (In vitro) Yes No No
No Yes No No
Possible (In vitro) Yes No No

(In vitro)
Possible (In vitro) Yes No No

(In vitro)
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explored as vaccine-delivery systems to convey peptide antigens,
their potential is slowly being recognized [107]. These elongated
phages, approximately 900 nm in length, encompassed approximately
2700 copies of pVIII major capsid protein. Peptides derived from
N20 pathogens have demonstrated substantial immunogenicity
in diverse animal models, inducing robust cellular and humoral
immunity [108,109]. Nevertheless, the assembly of filamentous
phages necessitates extrusion of the pVIII capsid protein, making
the display size-dependent. Typically, short peptides containing B- or
T-cell epitopes are ideal for antigen presentation [110]. Although larger
peptides can be displayed, their copy numbers are constrained because
of their incorporation alongside the wild-type capsid protein [111].
Although both plIl and pVIII capsid proteins are deployable, the
limited copy number of plII diminishes their attractiveness for vaccine
delivery.

4.4.3. Phage A

The icosahedral capsid of the A phage, measuring 60 nm, formed both
the hexagonal capsid lattice and the majority of pentameric vertices.
In addition, 405-420 copies of gpD embellish the capsid, adopting
trimeric arrangements on quasi-three-fold axes [112]. In contrast to
T4 phage Soc, gpD plays an essential role in stabilizing the capsid
enclosing the 48.5 kb genome [113], although its necessity diminishes
for capsids carrying shorter genomes [114]. They have been widely
applied in peptide displays [115]. Although both amino- and carboxy-
termini are suitable for antigen peptide fusion [116], the apparent
interaction of the amino-terminus with gpE makes it a less preferred
choice [117]. Therefore, the carboxy-terminus is the preferred site for
displaying antigenic peptides and proteins [118,119].

4.4.4. Phage T7

The T7 capsid, measuring 56 nm and enclosing a 40 kb genome,
contains two capsid proteins: gplOA and gplOB [120]. Although
gplOB arises from a —1 frameshift at the COOH-terminus of the
gpl0A reading frame, this is not crucial for phage capsid assembly.
Consequently, gp10B is harnessed in phage display, allowing antigenic
peptides to fuse at the COOH terminus [121]. This strategy effectively
displayed antigenic peptides with up to 50 amino acids. Notably, Tan
et al. established strong immunogenicity of a 46-amino acid HBsAg
peptide conjugated to T7 phages in rabbits [122]. In addition, Xu ef al.
demonstrated that a T7 phage with a 40-aa GH loop peptide of FMDV
VP1 exhibited high immunogenicity and conferred 80% survivability
after the swine virus challenge [123]. Similarly, displaying the
ectodomain of the influenza virus channel protein M2 (24 amino
acids) on T7 elicited robust cellular and humoral responses, effectively
safeguarding mice against challenges from influenza HIN1 and H3N2
viruses [124].

4.4.5. Phage MS2

By employing the “two-domain” approach, Peabody et al. effectively
demonstrated the high immunogenicity of an MS2 phage by displaying
a 10aa residue from the V3 loop peptide of the HIV envelope [125].
Similarly, the MS2 phage presenting a 15aa peptide epitope from the
minor capsid protein of HPV16 generates neutralizing antibodies,
conferring protection against different HPV pseudovirus types
in vivo [126]. However, certain peptide insertions can affect capsid
protein assembly. Basu ef al. found that 5 out of 6 Zika virus envelope
protein B-cell epitopes disrupted MS2 VLP assembly, hampering CP
assembly [127]. Heal et al. also demonstrated that MS2 phage presenting
the malaria parasite Plasmodium falciparum’s protective epitope T1
elicited robust immunity in vivo [128]. Dong et al. highlighted the
high immunogenicity of phage MS2 with FMDV epitopes in vivo,

which induced significant levels of neutralizing antibodies [129].
Although these instances underscore the effectiveness of MS2 VLPs
for delivering short antigens, it is evident that they are less suitable for
conveying larger antigens.

4.4.6. Phage Qf

QB, a compact bacteriophage, has been utilized for antigen
delivery [130]. The QP phage capsid is 28 nm in diameter and
comprises 180 copies of the major coat protein [131]. Antigenic
proteins and peptides can be presented on the capsid through fusion
with the read-through domain of A1 [132]. Optimization by Vasiljeva
et al. shortened the read-through domain to only 6aa, boosting A1 copy
numbers to 86 per capsid [133]. On the other hand, antigen peptides
can be linked to the QP capsid [134]. QB phage-displaying antigens
exhibit remarkable immunogenicity [135]. Intranasal administration
of QB VLPs showcasing the M2 protein ectodomain of the influenza
virus triggered robust M2-specific IgG and IgA production in a
mouse model, safeguarding against influenza virus challenge [135].
Furthermore, QP has been explored for generating vaccine candidates
against non-infectious ailments such as hypertension, nicotine
addiction, diabetes, cancer, Alzheimer’s disease, and allergies, with six
candidates advancing to Phase I or II clinical trials [136].

4.5. Hydrogel-based Vaccine Delivery

Various studies have examined polymeric hydrogel-based vaccine
delivery platforms owing to their capacity and effectiveness in antigen
delivery. Hydrogel systems possess distinctive attributes, efficiently
directing antigens/vaccines to specific anatomical/physiological sites,
potentially serving as delivery systems, and aiding antigen-triggered
immune responses [137].

Peptide-based gels and nanogels have emerged as effective platforms
for the delivery of vaccines. Li et al. introduced a novel peptide
nanofiber hydrogel serving as a carrier for respiratory syndrome
virus vaccines [138]. Supramolecular peptide hydrogels have been
developed as carriers for West Nile virus vaccines to induce significant
immune responses [139]. Peptide-hydrogel systems are promising
vaccine adjuvants, robustly enhancing antigen-triggered immune
responses [140]. A nanogel for nasal vaccine delivery was formulated,
whereas another nanogel-based system effectively delivered
immunogenic proteins through interactions with ethylenediamine
groups, demonstrating high antigen delivery efficiency [141].
Notably, nanogel devices efficiently entrap and interact with antigenic
molecules, utilizing hydrophobic interactions within the polymeric gel
network [142].

Various injectable hydrogel-based systems were developed for
effective vaccine delivery. Wu et al. designed an injectable hydrogel
from PCL and PEG, exhibiting notable immunogenicity upon antigen
exposure [143]. Another injectable hydrogel harnessed a pentablock
copolymer of PEG, PLA, and PCL for sustained vaccine release and
demonstrated significant antigen-specific immunity [144]. A novel
injectable self-assembled hydrogel composed of poly (L-valine)
was developed for the dual delivery of antigens and TLR agonists,
which exhibited prolonged antigen persistence and antitumor effects
in melanoma-bearing mice [145]. In addition, an injectable hydrogel
formulation was engineered to encapsulate both the model antigen
(OVA) and granulocyte-macrophage colony-stimulating factor,
effectively delivering antigens and enhancing immunogenicity [146].
A vaccine system combining PEG-b-poly (L-alanine) facilitated the
co-delivery of an immune checkpoint inhibitor and tumor vaccine,
successfully inducing tumor-infiltrating CD8" T cells and was
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effective against BI6F10 melanoma [147]. An injectable polypeptide
hydrogel was introduced for sustained cargo antigen delivery [148].
Furthermore, injectable polymer-nanoparticle hydrogels have been
developed for the efficient delivery of subunit vaccines, expanding the
array of vaccine delivery strategies [149].

4.6. Inorganic-based Vaccine Delivery

Researchers have extensively explored the application of inorganic
NPs in vaccine development. These NPs, characterized by their
controllable synthesis and rigid structure, offer advantages for
vaccine delivery. However, their limited biodegradability is a concern.
Inorganic NPs were employed as carriers and adjuvants to augment
immune responses. Notable examples of inorganic NPs include silica,
carbon, aluminum-based, calcium phosphate, magnetic, and gold
nanoparticles [150].

Gold nanoparticles (AuNPs) can be readily shaped (spherical, rod-
shaped, cubic, etc.), and their diverse forms can elicit both cellular and
humoral responses [151]. By attaching antigens to gold nanorods, they
effectively delivered respiratory syncytial virus antigens [152]. Other
forms of AuNPs have been used as adjuvants for DNA vaccines against
HIV and as carriers for antigens from viruses, such as influenza and foot-
and-mouth disease [153,154]. Carbon NPs were also engineered into
mesoporous spheres and nanotubes and linked to protein and peptide
antigens to amplify the IgG response [155]. Silica-based NPs are good
nanocarriers for vaccine delivery, targeting specific tumors [156], and
enabling real-time multimodal imaging [157]. Structural adjustments
enable these nanoparticles to selectively interact with cells [158].
Calcium phosphate nanoparticles represent another class of inorganic
nanoparticles formed by combining sodium citrate, dibasic sodium
phosphate, and calcium chloride under specific conditions [159]. These
non-toxic nanoparticles can range in size from 50 nm to 100 nm [160].

Gold nanorods were functionalized with polyethyleneimine, resulting
in remarkable enhancement of humoral and cellular immunity. This
effect is attributed to the activation of APCs. This improvement was
observed in comparison with treatment with naked HIV envelope
plasmid DNA in vivo [161]. Wang et al. conducted research involving
the conjugation of trimetric influenza HA to AuNPs. They also
employed the TLR-5 agonist flagellin as an adjuvant. This approach
triggers the proliferation of CD4" and CD8" cells upon intranasal
vaccination in mice, subsequently elevating influenza-specific IgA and
IgG antibody titers [162]. In addition, investigations have indicated
that certain types of inorganic NPs can induce toxic effects in the male
reproductive system of rodents [163].

4.7. Emulsion-based Vaccine Delivery

Emulsions showed a significant part in vaccine formulation and are
currently being investigated for their potential use in vaccine delivery
systems. Due to their inherent thermodynamic instability, emulsions
can segregate into distinct oil and water phases [164]. They have
been employed to administer vaccines by incorporating antigens into
their structures or combining them with antigens. Nanoemulsions
demonstrate better performance in delivering antigens to APCs than
larger emulsions because of their ability to effectively penetrate the
nasal mucosa. Many of these nanoemulsions are used as adjuvants
during vaccine formulation [165].

Microemulsions (MEs) represent a novel class of vaccine delivery
systems with enhanced target specificity and therapeutic efficacy
compared to nanoemulsions owing to their spontaneous generation

and thermodynamic stability [166]. Researchers have shown that MEs
can enhance the immune-boosting effects of flavonoid compounds
and adjuvants used in influenza vaccines when administered nasally.
In addition, ME formulations comprising propylene glycol, isopropyl
myristate, and polysorbate 80 as carriers for rabies and bluetongue
virus vaccines have yielded no topical reactions [167]. MEs proved
highly effective in rabies immunization while showing limited
humoral immunity for the bluetongue vaccine, possibly due to particle
size-mediated adjuvanticity control. Particle sizes of 20-50 nm
facilitate optimal cellular absorption, promoting enhanced uptake
into the lymphatic system and DC activation [168]. Emulsifiers, such
as Cremophor (CreEL, Polyoxyl 35 castor oil) and Solutol HS15
(Macrogol 15 hydroxystearate), which mitigate interfacial tension and
confer emulsion stability, are crucial for the spontaneous generation of
effective MEs [169].

To combat Acinetobacter baumannii infections, Yang et al. created a
vaccine that combined the OmpK/Omp22 fusion protein with MF59,
a vaccine adjuvant composed of an oil-in-water emulsion containing
squalene and two surfactants, polysorbate 80 and sorbitan trioleate [ 170].
These constituents were emulsified within citrate buffer, yielding
droplets of approximately 160 nm in diameter. Following intratracheal
immunization and two booster doses in BALB/c mice, this approach
yielded neutralizing antibodies, diminished bacterial concentrations in
lung and blood tissues, and abated inflammatory cytokines [170].

5. CONCLUSIONS

In this comprehensive review, we explore an array of subunit
vaccine delivery systems, each offering unique attributes to enhance
immunogenicity and therapeutic efficacy. The diversity of these
vaccine delivery systems highlights the dynamic landscape of
vaccine development driven by the pursuit of safer and more effective
vaccination strategies. Through the synthesis of research findings, we
delineated the capabilities and limitations of polymer-based, lipid-
based, micelle-based, phage-based, hydrogel-based, inorganic-based,
and emulsion-based platforms.

Despite significant progress in subunit vaccine delivery, several
challenges remain. There remains a need to decipher the complex
interplay between the physicochemical properties of carriers and
immune response outcomes. In addition, the long-term safety and
biocompatibility of these systems warrant further scrutiny, particularly
in the context of human applications. Comparative studies elucidating
the relative strengths of different systems and their compatibility with
diverse antigens are essential.

The future holds promising direction for subunit vaccine delivery.
Integrating cutting-edge technologies, such as nanomedicine, gene
editing, and synthetic biology, could unleash new frontiers for enhanced
antigen presentation and immune modulation. Rational design
approaches based on structural biology and computational modeling
will foster the creation of precisely engineered carriers. Tailoring
delivery systems to specific target populations, such as the elderly
or immunocompromised, could enhance the efficacy of vaccines.
Advances in personalized medicine may enable the customization of
vaccines based on individual immune profiles.

In conclusion, the rapid evolution of subunit vaccine delivery systems
has marked an exciting era in vaccinology. As we navigate the intricate
landscape of immune responses and harness the power of innovative
delivery platforms, we are poised to shape a future in which vaccines
are safer, more effective, and accessible to all.
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