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Vaccine formulation design: challenges and
opportunities

Saman Zafar,® Ambreen Akhtar,? Elshaimaa Sayed,”© Ekhoerose Onaiwu,”
Muhammad Sohail Arshad*® and Zeeshan Ahmad & *°

The rise in activity and multi-faceted impact of infectious agents such as human immunodeficiency virus
and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused an unprecedented increase
in morbidity and mortality around the globe. The spread of infectious diseases at an alarming rate has led to
accelerated research on vaccine therapeutics, which can be further exemplified with COVID (coronavirus
disease) vaccine development as a global emergency. This review aims to provide insights into vaccine
development, components, manufacturing processes, types/platforms and strategies to improve their
efficacy. The development of vaccines comprises four stages: (1) exploratory and preclinical, (2) clinical, (3)
approval and (4) manufacturing and post-marketing surveillance. Vaccine formulations comprise antigens,
adjuvants, preservatives, stabilizers, antibiotics, diluents and trace components. Vaccine manufacturing is a
multi-step process involving antigen generation, release, purification, addition of other ingredients (e.g.,
adjuvants, preservatives, stabilizers, etc.), quality control testing and filling. Conventional vaccine platforms
include live attenuated, inactivated/killed, toxoid, polysaccharide and polysaccharide conjugate, synthetic
peptide and virus-like particles. Advanced technologies include viral vectors, bacterial vectors, DNA (deoxyr-
ibonucleic acid) and RNA (ribonucleic acid) vaccines. These platforms provide rapid development of vac-
cines at a relatively low cost compared to conventional counterparts. Several approaches have been
adopted for improving vaccine efficacy such as the inclusion of adjuvants and delivery of vaccines via
mucosal and transcutaneous routes. Efficient uptake of vaccine antigens by microfold cells (found in the
epithelium covering mucosa-associated lymphoid tissues) with subsequent transfer to the underlying
antigen-presenting cells provides an efficient vaccine delivery route. In the case of the transcutaneous
route, abundant antigen presenting cells found in the skin layer (e.g., Langerhans) ensure efficient vaccine
delivery and induction of potent immune responses. Additionally, both these routes can overcome limit-
ations associated with traditionally employed parenteral routes, such as risk of disease transmission in unhy-
gienic conditions and reuse of contaminated needles, production of biohazardous waste, requirement of
trained personnel for administration, invasiveness and poor patient compliance. Identification of conserved
pathogenic sequences using advanced genetic engineering methods, machine learning, and artificial intelli-
gence can help in developing efficient vaccines. Moreover, global partnerships, funding and provision of
resources from the World Health Organization (WHO) can ensure vaccine development, testing and
research activities for developing countries.

In addition to infectious diseases, chronic non-communicable
disorders are considered the leading cause of morbidity and

Recent outbreaks such as the Ebola epidemic (2014)" and coro-
navirus disease 2019 (COVID-19)> pandemic indicate that
infectious diseases remain unpredictable and pose a real and
serious threat to public health as well as the global economy.
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mortality around the globe. Chronic non-communicable dis-
eases including cancer, diabetes, Alzheimer’s, cardiovascular
and respiratory diseases are responsible for ~71% of all
deaths. Vaccination is the most effective technique to prevent
or eradicate serious infectious diseases and treat non-commu-
nicable ailments.> ® Vaccines, whether applied as a prophylac-
tic or therapeutic modality, can limit infection transmission,
prevent clinical manifestation of disease and establish herd
immunity. Mass vaccination campaigns have led to reduced
morbidity and mortality associated with several infections
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such as smallpox, poliomyelitis, hepatitis, diphtheria, tetanus
and COVID-19. Various therapeutic vaccines are currently in
clinical trials against chronic non-communicable diseases
including cancer (e.g., lipid nanoparticle-based mRNA-4157),”
diabetes (e.g., interleukin-1p-targeted epitope peptide
(1BEPP))® and hypertension (e.g,, angiotensin II vaccine
AGMGO0201). As per World Health Organization (WHO)
reports, approximately 2-3 million deaths are prevented
annually through vaccination programs.>'® This review pro-
vides insights about vaccine development, components, manu-
facturing, safety, efficacy, types, techniques, delivery platforms,
current challenges and strategies to improve their efficiency.

2. Vaccine development and
manufacturing

2.1. Vaccine development stages

The development of a new vaccine will typically take up to
~10-15 years. The process of vaccine development comprises
four stages including (1) exploratory and preclinical, (2) clini-
cal, (3) approval and (4) manufacturing and post-marketing
surveillance (Fig. 1). The first stage takes ~2-3 years and
involves basic laboratory research as well as reverse vaccinol-
ogy/computational modelling to identify antigens capable of
serving as vaccine candidates. Trials are conducted using cell/
tissue-culture systems, organ chips and animal models to
assess vaccine safety, efficacy and immunogenicity.""'> The
second stage takes approximately 6-8 years and involves
human clinical trials in three different phases i.e., I, II and III.
During phase I, a small number of healthy and immunocom-
petent individuals are administered developed vaccine primar-
ily to assess safety. Additionally, appropriate dose and
immune responses are evaluated as secondary effects. During
phase II, the developed vaccine is administered to a large
number (hundreds) of individuals divided into different
groups (e.g., elderly versus young) to evaluate safety, dose,
interval between doses and immunogenicity. During phase III,
the vaccine is administered to thousands of individuals to
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Fig. 1 Stages of vaccine development.
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assess efficacy measured as the percentage of reduction in the
rate of incidence of infection in the vaccinated group com-
pared to the placebo counterpart. The data is assessed by arti-
ficial intelligence and machine learning tools.'™'*'* After
completion of human trials and confirmation of vaccine
safety, efficacy and immunogenicity, the developed vaccine
moves to the third stage which takes approximately 1-2 years.
During the approval stage, the concerned regulatory bodies
(e.g., Food and Drug Administration (FDA), European
Medicines Agency) review the results of preclinical and clinical
trials and approve the developed vaccine for the fourth stage
which takes ~1-2 years. During the manufacturing and post-
marketing surveillance stage, the vaccine is produced on a
large scale, marketed and monitored for effectiveness within
the population. During this stage, adverse effects are also
recorded.'™"*

During recent years, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) vaccine was developed quite rapidly
(within ~1 year) compared to the conventional time duration.
Several factors accelerated the development of SARS-CoV-2
vaccine, including hefty financial investment, past research
experience, rapid regulatory review and clinical testing.
Globally, billions of dollars were invested from different public
and private sources due to the pandemic urgency and massive
demand; this accelerated the research and development of
SARS-CoV-2 vaccine. Previous research related to innovative
vaccine platform technologies, including viral vectors and mes-
senger ribonucleic acid (mRNA), with other coronaviruses like
severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1)
and Middle East respiratory syndrome (MERS) providing a
background to build upon. The previous research experience
offered developers with a better understanding of virus struc-
ture, transmission mechanism and target (e.g., the spike
protein in mRNA-, viral vector- and protein-based vaccines) for
inducing an immune response. Moreover, advanced genome
editing technologies such as clustered regularly interspaced
short palindromic repeats (CRISPR)-Cas9 reduced the timeline
for developing the vaccine.'®'® Regulatory bodies adopted
a proactive approach by setting minimum manufacturing
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requirements of clinical and non-clinical data. In addition, the
regulators prioritized SARS-CoV-2 vaccine reviews over other
medicinal products which improved the timeline. Clinical
trials in countries with a high burden of SARS-CoV-2 and at
sites with adjustable research capacity as well as infrastructure
led to a rapid development of vaccine. This indicates that the
conventional time consuming barriers to the development and
commercialization of vaccines can be effectively addressed;
this will lead to their rapid manufacturing in the future."

2.2. Vaccine components

Generally, vaccines comprise active ingredients, adjuvants, pre-
servatives, stabilizers, antibiotics, diluents and other trace
components (Fig. 2). The active ingredient is an antigen that is
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a modified or partial form of disease-causing microbe and
stimulates the immune system without causing disease.
Vaccines are divided into several categories based on the types
of antigens e.g, live attenuated,"”””'® inactivated/killed,"
toxoid,>® polysaccharide and polysaccharide conjugate,'®?*
synthetic peptide,®*** virus-like particles,> bacterial vectors,*
viral vectors,”® DNA*"*® and RNA.'*?*° These vaccine types will
be discussed later in the manuseript.

Adjuvants or enhancers, also known as immune potentia-
tors or modulators, improve efficacy and immunogenicity of
vaccines. The addition of adjuvants helps induce a rapid,
robust and long-lasting immune response. Adjuvants exert
their action through different mechanisms. The first mecha-
nism involves an enhanced antigen presentation and depot
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Fig. 2 Common constituents of vaccine formulation.
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formation resulting in a high antigen concentration at the site
of injection; in turn, this leads to an improved uptake by
antigen presenting cells such as macrophages, dendritic cells
and B cells.*® Examples of adjuvants reported to enhance
antigen presentation at the site of injection include aluminum
salts (e.g., aluminum hydroxide, aluminum phosphate, and
aluminum hydroxy phosphate sulphate), liposomes (e.g:,
monophosphoryl lipid A-based liposomal adjuvants), emul-
sions (e.g., MF-59, a squalene-based oil-in-water emulsion) and
nanoparticles (e-g., polylactic-co-glycolic acid-based
nanoparticles).’*>> A series of four different adjuvants has
been developed by GlaxoSmithKline (GSK), Brentford, UK:*>®
AS01 (monophosphoryl lipid A and a saponin derivative QS-21
combination-based liposomal adjuvant),®® AS02 (monopho-
sphoryl lipid A and QS-21-based oil-in-water emulsion),**?*
AS03 (alpha-tocopherol, squalene and polysorbate 80-based
oil-in-water emulsifier)*® and AS04 (comprising a combination
of monophosphoryl lipid A and an aluminum salt).’” The
second mechanism involves transient secretion of chemokines
and cytokines that recruit various immune cells at the site of
injection, leading to the generation of a local pro-inflamma-
tory environment. The recruited cells express several pathogen-
recognition receptors both on the surface (e.g., toll-like recep-
tors and C-type lectin receptors) and intracellularly (e.g.,
nucleotide-binding and leucine-rich repeat receptors and reti-
noic acid-inducible gene I-like receptor). These pathogen-reco-
gnition receptors are recognized by the adjuvants resulting in
the maturation and activation of recruited cells. The activated
cells then migrate to draining lymph nodes, interact with the
antigen-specific B or T cells and activate immune response.*”
An example includes activation of monocytes and macro-
phages by aluminum salts.*® In recent years, several polysac-
charides (e.g., saponins,’® chitosan,”* glucans,*” fructans,*
mannans,*® hyaluronic acid,*>*® alginate,”” polyglutamic
acid,*® polyethyleneimine,*® polylactic acid®® and polymethyl
methacrylate®') have been investigated as adjuvants. Other
recently explored new adjuvants include CAF01 (combination
of dimethyldioctadecylammonium and trehalose dibehe-
nate),”> JVRS-100 (combination of octadecenolyoxy[ethyl-2-
heptadecenyl-3 hydroxyethyl] imidazolinium chloride-based
liposome, cholesterol and a DNA plasmid),>® SAF (squalene,
Tween 80 and Pluronic L121-based oil-in-water emulsion),**>*
ISCOMs (based on phospholipids, cholesterol and QS$-21)**°°
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and IC31 (comprises 11-mer antibacterial cationic
peptide (KLK) and ODN1a, which 1is a synthetic

oligodeoxynucleotide).?*>¢>7

Several preservatives have been added to vaccine formu-
lations to prevent bacterial or fungal contamination, such as
phenol, 2-phenoxyethanol and thiomersal. Stabilizers protect
vaccines from adverse conditions including heat, freeze
drying, etc. Amino acids (e.g., glycine, monosodium salt of glu-
tamic acid), proteins (e.g., gelatine, human serum albumin),
sugars (e.g., sucrose, lactose, trehalose) and silk have been
employed to stabilize vaccine formulations. Antibiotics are
added during the manufacturing stage to prevent microbial
contamination. These antibiotics are not part of final vaccine
formulations. Some examples of antibiotics added in vaccine
formulations include neomycin, streptomycin, polymyxin B,
gentamicin and amphotericin B. Diluents or suspending
fluids used in vaccine preparations include sterile water, saline
and protein containing fluids. Other trace constituents may
include residual inactivators (e.g., formaldehyde, glutaralde-
hyde) and cell-culture materials (e.g., chicken egg protein).'%*°

2.3. Vaccine manufacturing steps

Vaccine manufacturing is a multi-step process including
antigen generation, release, purification, addition of other
ingredients (e.g., adjuvants, preservatives, stabilizers etc.),
quality control testing and filling (Fig. 3).>%*°

The first step involves generation of antigen (followed by
inactivation or subunit isolation) or a recombinant protein
derived from the disease-causing agent. Viruses are grown on
primary cells (e.g., chicken fibroblasts) or continuous cell lines
(e.g, MRC-5, a diploid cell-culture line comprising of fibro-
blasts). Bacteria are commonly grown in bioreactors.
Recombinant proteins are produced in bacteria, yeast or cell
culture. Initially, a master cell bank (collection of vialed cells)
is established. The master bank is extensively characterized
with subsequent generation of working cell banks.*

The second step involves release of antigen from the sub-
strate and its isolation from the culture medium. The third
step involves purifying the produced antigen. This step varies
with vaccine type; e.g., inactivation of antigen is performed for
an inactivated viral vaccine without further purification. In
contrast, the purification step involves multiple unit oper-
ations of column chromatography and ultrafiltration in the
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Fig. 3 Basic steps of vaccine manufacturing.
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case of recombinant proteins.®”®" In the next step, other for-
mulation constituents are added, such as adjuvants, preserva-
tives, and stabilizers. All formulation components are
thoroughly mixed in a container.

The fifth step includes quality control tests including
potency, sterility, purity, safety or other product-specific assays.
During this step, sterile single or multiple-dose vials are filled
with formulation followed by sealing with de-pyrogenated stop-
pers/plungers. If the formulation requires freeze-drying, the
stoppers are partially inserted to permit removal of moisture
during the drying process. Finally, outer caps are placed to
secure stoppers. All containers are then inspected critically to
detect any minute cosmetic or physical defects. As with the for-
mulation phase of the vaccine manufacturing operation, exten-
sive control and monitoring of the environment and critical
surfaces are conducted during operations. Quality control
testing is also done at this stage. Throughout all these stages,
extensive control and environmental monitoring are con-
ducted to avoid any contamination.?®~%
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Fig. 4 Representation of immune system responses.
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3. Safety and efficacy of vaccines

3.1. Induction of immune responses by vaccines

A brief presentation of the immune system responses is shown
in Fig. 4. Vaccines are aimed to induce a rapid immunity and
long-term antigen-specific immune memory. Upon adminis-
tration, host immune cells (antigen-presenting cells (APCs)
comprising macrophages, B-lymphocytes, dendritic cells and
Langerhans cells) recognize vaccine antigens. This recognition
is mediated by proteins that can identify pathogen-associated
molecular patterns. These pattern recognition receptors exist
on the surface (e.g., toll-like receptors) and in the cytoplasm
(e.g., retinoic inducible gene I) of antigen-presenting cells. The
interaction between antigens and recognition receptors on the
antigen presenting cells stimulates intracellular signaling
events that can lead to phagocytosis, maturation and secretion
of cytokines.®*®® The internalized antigens are displayed on
cell surface receptors known as major histocompatibility
complex (MHC). Antigens that are generated in or move into
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the cytoplasm (e.g., live attenuated viruses) are exhibited by
MHC-I and are recognized by the T-cell receptor of CD8" T
cells. Antigens which move into cells via phagocytosis (e.g.,
inactivated viruses or antigens that are shed from infected
cells) are exhibited by MHC-II and are recognized by CD4" T
cells.®® Extracellular antigens are displayed on MHC-I through
vacuolar or endosome-to-cytoplasm cross-presentation pathways.®”

Activated antigen-presenting cells displaying antigens on
MHCs move to the draining lymph nodes and spleen to
encounter naive T-cells.®® These naive cells differentiate and
proliferate into effector cells following interaction between
antigen-presenting cells and T-cells through MHC and T cell
receptor binding. CD4" and CD8" cells need additional signals
from co-stimulation and cytokines for activation and differen-
tiation. The interaction between ligands and co-receptors on
antigen presenting and T-cells (e.g., CD80 and CD28, respect-
ively) governs co-stimulation. Cytokines exist in the microenvi-
ronment or are secreted by the antigen-presenting cells. CD4"
T-helper cells differentiate into effector T helper lineages as a
result of MHC-II and T cell receptor binding, ligand-receptor
interaction and signals by cytokines.

Cues from T helper 1 cells (e.g., interferon-gamma) and inter-
action between T cell receptors and MHC-I leads to the differen-
tiation of CD8" T cells into cytotoxic (killer) cells that recognize
and eliminate infected cells. The effector cells, CD4" and CD8"
lymphocytes, differentiate into memory cells (e.g., effector and
central memory). T helper 1 cells promote the production of
Immunoglobulin (Ig) G1 and G3 antibodies by B cells.®® The
production, maturation and differentiation of B cells into
memory B and antibody-secreting plasma cells is facilitated by
Interleukins (IL) 4, 5 and 13 which are secreted by T helper 2
cells. Follicular T helper and T helper 17 cells are responsible
for producing high-affinity antibodies and mucosal immune
responses, respectively. Follicular T helper cells regulate the
affinity maturation of B cells and selection of high-affinity germ-
inal center B cells which differentiate into high-affinity memory
B cells. These memory cells differentiate into antibody-secreting
plasma cells, which move from the draining lymph nodes germ-
inal centers to the bone marrow, followed by the generation of
antibodies over a few months to decades. These antibodies
provide protection against reinfection.'®%7"*

B cells can also identify and respond to antigens before T
helper cells are involved. Upon vaccine delivery, B cells recog-
nize and internalize antigens followed by differentiation into
short-lived antibody-secreting cells (plasmablasts). These cells
generate the first wave of antibodies: IgM.%°

A thorough understanding of immune responses can help
in the development of efficient vaccines. For example, vaccines
capable of promoting the endogenous antigen processing
pathway or cross-presentation and generating a robust cyto-
toxic T-cell response can serve as suitable candidates against
intracellular pathogenic organisms."’

3.2. Strategies for improving the efficacy of vaccines

The route of administration is a key factor that significantly
influences the efficacy of vaccines, just like the inclusion of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adjuvants. Currently, most vaccines are delivered via the par-
enteral route. However, several disadvantages are associated
with this traditional vaccine administration route such as the
requirement of trained personnel, production of biohazardous
waste, risk of transmission of blood-borne diseases by the
reuse of contaminated syringes (particularly in developing
countries), needle-prick injuries/invasiveness and poor patient
compliance. During recent years, needle-free approaches have
been extensively explored to overcome these drawbacks. Needle-
free delivery ensures relatively improved safety for the vaccinator,
vaccinee and community, compliance with vaccination sche-
dules, minimal pain, rapid administration and reduced cost.
More recently, mucosal and transcutaneous immunizations have
emerged as promising needle-free alternatives.>*>”*”3

Mucosal surfaces serve as entry points for the majority of
pathogens due to their higher permeability. The vaccines deli-
vered at mucosal surfaces can mimic natural infectious agents
and act more efficiently. Vaccine antigens are taken up by the
microfold (M) cells residing in the epithelium covering gastro-
intestinal-associated lymphoid tissues, bronchus-associated
lymphoid tissues and nasal-associated lymphoid tissues. The
antigens are then transferred to the underlying antigen-pre-
senting cells such as macrophages, dendritic cells and B cells
(Fig. 5). Vaccines capable of specifically targeting microfold
cells (e.g:, live attenuated) after mucosal delivery induce robust
and potent immune responses.>’*7® Some benefits associated
with mucosal vaccination include the induction of mucosal
and systemic immunity. However, the coating of a mucus layer
on all mucosal surfaces works against successful immuniz-
ation. Other drawbacks associated with this mode include the
risk of antigen instability/dilution before absorption at
mucosal surfaces and difficulty in stimulating a robust IgA
antibody response (practically).””””® An efficient immune
response can be successfully elicited by the addition of strong
mucosal adjuvants (e.g., Escherichia coli heat-labile enterotoxin,
cholera toxin and their nontoxic mutants) to the formulation.
However, the internal use of these adjuvants raises safety con-
cerns due to the ganglioside-binding property of the cholera
toxin B subunit, which permits the migration of these mole-
cules along the olfactory nerve fibers and finally into the olfac-
tory lobes of the brain. A novel adjuvant (CTA1-DD) compris-
ing of cholera toxin A (ADP ribosylating) subunit fused with a
peptide (DD) and capable of targeting B lymphocytes acts as a
strong mucosal adjuvant with a high level of safety. Another
promising adjuvant for mucosal vaccines is chitosan; a polyca-
tionic polysaccharide.””>

Transcutaneous vaccines are also capable of inducing
robust and potent immune responses because the epidermis
serves as a chief immunological organ containing antigen-pre-
senting cells such as Langerhans cells, which are dendritic cell
variants that cover ~25% surface area of the skin (Fig. 6).
However, the keratinized stratum corneum must be breached
to ensure successful vaccine delivery. Disruption of the top
skin layer not only increases permeation of antigens but also
results in the secretion of proinflammatory cytokines; in turn,
this activates the immune system.”*80%
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Fig. 5 Representation of immune responses by the mucosal route.

Several methods used to make stratum corneum permeable
for efficient vaccine delivery include hydration, abrasion, elec-
troporation, iontophoresis, microneedle patches, needle free
jets and powder injections (Table 1).

Stratum corneum hydration is typically achieved by occlu-
sion and wetting of the skin, which leads to the swelling of
keratinocytes that facilitates diffusion of the vaccine formu-
lation into the skin though the intercellular spaces. Abrasion,
commonly achieved by tape striping, result in disruption of
the outer skin layer and an increased permeation of vaccines
through the skin.**°”°® Electroporation involves the appli-
cation of a high voltage (>50 V) electric pulse for a short time
(micro or milli seconds), generating transient and reversible
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aqueous pores in the lipid bilayer of the stratum corneum.
This process results in increased antigen permeation.’®*°" In
iontophoresis, a relatively low voltage (<10 V) electric pulse is
continuously applied to push the antigens into the deeper
skin tissues.*>'%

A microneedle (MN) patch comprises an array of sequen-
tially positioned micron-scaled needles that generate transient
pathways across the stratum corneum without activating the
underlying nociceptors.'®*'%> The MNs directly deliver vac-
cines into the cutaneous layers and achieve stronger immune
responses than the intramuscular injections. However, the dia-
meter, length, tip geometry, and density of MNs may influence

their skin perforation efficiency, thereby affecting antigen

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Representation of immune responses by the transcutaneous route.

delivery and the elicited immune response. The MNs are fabri-
cated in four different designs; solid, coated, soluble/dissol-
ving and hollow. Solid MNs commonly prepared using metals
pierce the skin, resulting in the generation of micropores.
They are removed after piercing followed by the application of
topical formulation that easily diffuses into the deep skin
layers through micron-sized pathways. In case of coated MNs,
vaccines are coated onto the needle surface and administered/
deposited directly into the skin upon piercing. MNs commonly
fabricated using soluble polymers (e.g., polyvinyl pyrrolidone,
carboxymethyl cellulose, and hyaluronic acid) and sugars (e.g.,
maltose and dextrin) dissolve, leading to the rapid distribution
of antigens into the surrounding environment. This polymer/
sugar-based MN design efficiently addresses safety concerns
associated with metal-based counterparts, such as fracture and
the retention of sharp, biohazardous materials in the skin.
Hollow MNs create conduits for the diffusion of liquid vaccine
formulations into the skin. This MN design permits precise
control over the flow rate and the effective concentration of
antigen to be delivered.”®'°¢71°8

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Regional lymph nodes

Jet injectors operate by forcing fluids through a nozzle to
produce high pressure jets at a velocity of 100-200 m s™* using
compressed gas or a spring. The high impact jet leads to pier-
cing of fluid into the skin. A powder injector accelerates dry
vaccine formulations deep in the cutaneous layers by using
fast expansion of helium gas. However, some literature reports
suggest that there is a risk of transmission of blood-borne
infections using these injectors because of the contamination
with body fluids.®>°7~%°

In addition to the above-mentioned needle-free and mini-
mally invasive approaches, biocompatible elastic lipidic vesi-
cles (e.g., liposomes) and micro- or nano-scaled polymeric par-
ticles have been extensively used for efficient, pain-free delivery
of vaccines. However, literature reports suggest that the lipidic
or polymeric carrier mediated vaccine delivery elicited rela-
tively weak immune responses compared with the traditional
intramuscular counterpart due to their insufficient transder-
mal penetration of nanoparticles (NPs). Therefore, efficient
penetration of these carriers requires skin pretreatment to
mitigate the stratum corneum barrier.”®'%%'% Several litera-
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Table 1 Transcutaneous delivery of vaccines by various permeation enhancing/stratum corneum barrier disrupting techniques

Approach Vaccine formulation Observations Ref.
Hydration Heat-labile enterotoxin (LT, obtained from Escherichia The application of the prepared formulation to the skinin 83
coli) absorbed on a single-ply polyester-rayon gauze pad  wet gauze elicited robust LT-antibody responses in humans
with polyethylene backing covered by a dressing
Abrasion Influenza vaccine Antibody response following stratum corneum disruption 84
using emery paper, D-Squame tape or 3 M tape were ~100 and
to ~300 times higher than that elicited by hydration alone 85
Heat-labile enterotoxin (LT, obtained from Escherichia Pretreatment with emery paper or tape stripping followed 84
coli) by application of LT containing gauze patch resulted in a and
relatively anti-LT antibody titre compared to hydration 85
alone in human participants
Electroporation =~ Orthopoxvirus DNA vaccine Immunogen-specific neutralizing antibodies were induced 86
in rabbits, which protected the animals against aerosolizes
rabbitpox virus
DNA vaccine against Middle East respiratory syndrome DNA vaccine delivery using higher voltage (200 V) led to 87
coronavirus (MERS-CoV) 10-fold greater cellular responses than that induced by
lower voltage (100 V) in Guinea pigs
Iontophoresis ~ Rabies vaccine loaded hyaluronic acid, PVP, p-sorbitol- Iontophoresis-MN patch combination treatment led to a 45
based iontophoresis-microneedle (MN) patch ~206% increase in the IgG titre of dogs compared to the
combination untreated counterpart
The virus specific neutralizing antibody titre was increased
by ~2.2 times (compared to threshold value) following
iontophoresis-MN patch combination treatment
mRNA encoding tumour-associated antigen gp100 In the disease model (melanoma-bearing mice), 88
iontophoresis mediated vaccine delivery led to a significant
reduction in tumour volume via generation of cytokines
and stimulation of cytotoxic CD8' T cells
Cancer antigen gp-100 peptide KVPRNQDWL, methoxy-  Accumulation of gp-100 peptide and nanogels in the 89
polyethylene glycol, 2-(N,N-diethylamino) ethyl epidermis
methacrylate
Increase in the number of Langerhans cells in the
epidermis
A significant reduction in tumor growth
Microneedles Dissolving tetanus toxoid vaccine loaded MN patches A significant increase in IgG (~21%), interferon-y (~30%), 72
comprising of sodium carboxymethyl cellulose (CMC), CD4" (~41.5%), and CD8" (~48.5%) cell counts was
polyvinyl pyrrolidone (PVP), p-sorbitol observed in tetanus vaccine containing MN patches treated
albino rats with respect to the untreated group
Influenza virus vaccine, CMC and trehalose comprising =~ Haemagglutination inhibition titres in mice following 90
formulation coated on solid stainless steel MNs vaccine coated MN treatment were comparable with the
intramuscular counterpart
SARS-CoV-2-S1 subunit vaccine loaded dissolving MN Potent antigen specific antibodies elicited in mice 91
patches fabricated using CMC following vaccine loaded MN patch application
Bacillus Calmette-Guérin (BCG) vaccine loaded An increase in IgG antibodies from 3 g L™" t0 5.98 g L ™" 73
dissolving MN patch prepared using sodium alginate
and trehalose
Leucocytes increased from 2.6 x 10° L™" to 18.45 x 10° L™
Granulocytes increased from 14.4% to 29.15%
Lymphocytes increased from 58.75% to 85.3%
Tumor antigen peptide (OVA257-264: SIINFEKL) fused Dendritic cell maturation stimulated 92
with hepatitis B core protein virus like particles and
mesoporous silica nanoparticles
Antigen specific anti-tumor immune response stimulated
Liquid injector ~ Hepatitis A vaccine Virus specific antibody titre elicited in human subjects by 93
a liquid injector was significantly greater than that
induced with a conventional hypodermic needle
Hepatitis B plasmid DNA vaccine In regenerating muscle, the gene transfer was ~10 times 94
more efficient than that in normal mouse muscle
A relatively rapid and potent humoral response was
recorded in regenerating muscle compared with normal
mature muscle
Powder Influenza vaccine formulated with trehalose into a In mice, the antibody titre induced by the powder injector 95
injector powder approach was ~300% and ~700% higher than that elicited
by intramuscular and subcutaneous injection, respectively
Influenza antigen coated gold particles Histological examination indicated the presence of 96
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antigen-coated gold particles in the epidermis
Transmission electron microscopy analysis indicated the
intracellular localization of particles

In mice, antigen-specific cytotoxic T lymphocytes were
recorded as well as antibody responses

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00017c

Open Access Article. Published on 09 April 2025. Downloaded on 4/12/2026 6:35:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

View Article Online

Review

Table 2 Transcutaneous delivery of vaccines using a combination of lipidic/polymeric carriers and skin barrier disruption techniques

Approach

Vaccine formulation

Observations

Ref.

Iontophoresis,
liposomes,
nanoparticles

Iontophoresis,
nanoparticles

Solid MNs, liposomes

Hollow MNs,
nanoparticles

Electroporation,
nanoparticles

Vaccine formulation comprising ovalbumin (as model
antigen) containing liposomes and silver nanoparticles

Hen egg-white lysozyme (model antigen) encapsulated
poly lactic-co-glycolic acid (PLGA) nanoparticles coated
with chitosan hydroxypropyltrimonium chloride

Ovalbumin (model antigen) loaded CD11c monoclonal
antibody immunoliposomes

Ovalbumin, toll-like receptor agonist imiquimod,
monophosphoryl lipid A encapsulated in PLGA
nanoparticles

PLGA nanoparticles containing luciferase encoding
plasmid as a reporter and vaccine plasmids encoding
antigens from the porcine reproductive and respiratory

Iontophoresis mediated delivery led to a 92-fold
increase in the epidermal permeation of ovalbumin
compared to passive delivery

In mice, antibody induction and differentiation of
immune-competent cells was successfully achieved
Iontophoresis mediated delivery led to a ~9.6 times
higher concentration of lysozyme in mouse skin
compared with the amount that permeated in the
absence of iontophoresis

A 2.1 times higher concentration of lysozyme was
recorded in mouse skin following iontophoretic
delivery of antigen loaded nanoparticles compared
to plain antigen solution

Lysozyme specific IgG1 and IgG2a titres were
significantly higher following iontophoresis and
nanoparticle combination treatment compared
with the subcutaneous injection counterpart
Tumour growth was inhibited and overall survival
was prolonged in mice

A potent humoral response (in terms of the
antibody titre ratio of IgG1/IgG2a) was achieved
following solid MN and liposome combination
treatment

Antigen loaded nanoparticles administered using
polymeric hollow MN patch induced a significantly
higher IgG2a antibody response and number of
interferon (IFN)-y secreting lymphocytes compared
with intramuscular delivery of antigen loaded
nanoparticles

Electroporation treatment successfully induced
luciferase expression in the skin

111

114

syndrome virus

ture reports indicate efficient vaccine delivery using a combi-
nation of micro- or nano-scaled carriers and skin treatment/
stratum corneum breaching approaches (Table 2).

Hair follicles offer an opportunity to circumvent the skin
barrier; however, the hair orifices cover only ~0.1% of the skin
surface. Nevertheless, the infundibula of hair follicles, which
can penetrate up to ~2000 mm into the skin, increases the
surface area. Transfollicular delivery allows the uptake of
vaccine antigens by the rich pool of perifollicular and skin
antigen presenting cells. However, approximately 30% of hair
follicles were inactive and closed due to the presence of kerati-
nized materials, lipids, cell debris etc. Pretreatment, such as
hot waxing, can enhance transfollicular permeation of vac-
cines. Hot waxing involves the application of a warm and
viscous liquid wax to the skin, followed by hair depilation. The
enlargement of follicular pores due to hot wax and hair depila-
tion can facilitate vaccine diffusion. Recently, transfollicular
vaccine delivery has received increased attention; however,
research into this area is still in its initial stages.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry

Local production of IL-1p, IL-8 and IL-17 was
achieved

The combination of electroporation and
nanoparticles promoted the recruitment of various
myeloid subsets

A relatively potent and broad interferon-y T-cell
response was recorded compared with the
conventional hypodermic needle mediated delivery
and MN patches

4. Types of vaccines

Vaccines are generally categorized based on their ability to
multiply within the host or the technology employed in their
development. Conventional vaccines typically comprise
single or multiple antigens obtained from inactivated/wea-
kened pathogenic organisms, or their constituents, such as
protein subunits, toxins etc. Currently, most commercially
available vaccines are based on this conventional approach.
However, this traditional methodology cannot generate
efficient vaccines against complex pathogenic microorgan-
isms that display high variability and rapidly evade the
immune system.''® Advanced technologies using recombi-
nant DNA (deoxyribonucleic acid) generate a relatively more
potent immune response.'® A schematic presentation of the
induction of immune responses by these vaccine types is
shown in Fig. 7. In this section, both conventional and
advanced vaccine platforms/types will be discussed in
detail.
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Fig. 7 Schematic of induction of immune responses by different vaccine types.

4.1. Conventional vaccines

Conventional vaccines include live attenuated, inactivated/
killed, toxoid, polysaccharide and polysaccharide conjugate,
synthetic peptide and virus-like particles.

4.1.1. Live attenuated vaccines. Live attenuated vaccines
comprise weakened pathogenic organisms with reduced viru-
lence, meaning that they have a decreased ability to cause
infection. Since the attenuated pathogen mimics natural infec-
tion, it maintains the microorganism’s multiplication ability
without causing disease/reversion to virulence, which is one of
the most significant considerations for developing this vaccine

t}’pe 117

exposing the virulent microbe in suboptimal conditions or

Attenuation can be achieved by serially passaging or
temperatures that induce a selective pressure, thereby reducing

pathogen’s infection potential."®''”*'® An increase in replica-
tion fidelity, meaning a reduction in error rate, is an approach

500 | RSC Pharm., 2025, 2, 490-516

which is currently being investigated to minimize the risk of
virulence. Vignuzzi et al. reported that a reduction in the count
of errors generated from the viral replication machinery (RNA
(ribonucleic acid) dependent RNA polymerase) prevented the
reversion of poliovirus to its virulent wild-type phenotype.'*®
Another promising technique to attenuate pathogens is codon
de-optimization. This approach involves changing the posi-
tions of synonymous codons, whereby the microbial genome is
recoded and the number of suboptimal codon pairs is
increased. This technique is reported to reduce messenger
RNA (mRNA) stability, translation efficiency, protein pro-
duction and attenuation of the deoptimized virus."*°

Live attenuated vaccines induce immunity by activating
molecular sensors of innate immune cells, sustaining antigen
expression and presentation. In addition, this vaccine type
activates pattern recognition receptors on dendritic cells,
which upregulate costimulatory molecules and the expression

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00017c

Open Access Article. Published on 09 April 2025. Downloaded on 4/12/2026 6:35:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

of interferons/cytokines. This is followed by differentiation
and activation of T helper type 1 cells."”"'** These mecha-
nisms result in the induction of potent immune responses.

Most attenuated vaccines confer long-term immunity by a
single dose. For example, live attenuated smallpox vaccine pro-
vides humoral protection for approximately 75 years.'>®'**
However, a major limitation associated with this vaccine type
includes risk of infection in normal and immunocompro-
mised individuals. Moreover, the development of live attenuate
vaccines requires intensive labor, stringent quality control and
trained personnel leading to a high production cost and slow
manufacturing, which is particularly unsuitable in
pandemics.''”"'**1*7 Despite these drawbacks, this traditional
approach has enabled the development of various FDA
approved, commercially available highly effective vaccines
such as measles, mumps, rubella, tuberculosis, cholera, influ-
enza, and smallpox.*®

4.1.2. Inactivated/killed vaccines. Inactivated vaccines are
obtained from killed virulent pathogenic organisms and pri-
marily induce antibody-mediated immunity. Several
approaches are used to inactivate the virulent pathogens,
including chemical, physical and their combination. Some of
the chemicals employed to inactivate virulent pathogens
include B-propiolactone, formaldehyde, hydrogen peroxide,
ethylenimine derivatives, glutaraldehyde and ascorbic acid.
The inactivation process is significantly influenced by the
chemical concentration, duration of exposure and tempera-
ture. Thus, these conditions must be optimized carefully to
attain satisfactory inactivation while preserving the physico-
chemical properties, structure, and immunogenicity.'®'?87133
Formaldehyde or formalin (37% v/v) is the most widely used
chemical to inactivate pathogenic organisms. This aldehyde-
based crosslinker causes inactivation by several chemical
modifications involving methylol groups, Schiff bases and
methylene bridges.'®'** Physical approaches involve the use of
heat, pH, ultraviolet light and gamma irradiation for inactivat-
ing virulent pathogenic microbes. Heat and pH are the com-
monly employed physical approaches; however, inactivation by
formaldehyde under optimal conditions is preferred over these
treatments due to a reduced risk of secondary/tertiary structure
degradation, antigen aggregation and increased thermal
stability.'3*71%°

Whole pathogen-based vaccines, including live attenuated
and inactivated/killed, elicit a broad immune response against
multiple targets. Inactivation prevents replication of the patho-
gen within the host; hence, this vaccine type is relatively safer
than the live attenuated counterpart. Other advantages associ-
ated with inactivated vaccines include relatively cost-effective
manufacturing and thermal stability, which permits long-term
storage. However, inactivated/killed vaccines are unable to
induce potent cellular immunity against intracellular patho-
gens. Furthermore, high doses and booster injections (which
lead to poor compliance and increased production cost) are
required to ensure long-lasting protection because of the
reduced immunogenicity of these vaccines.'® A common
approach to enhance the immunogenicity of these vaccines is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the inclusion of an adjuvant in the formulation. Several inacti-
vated/killed vaccines have been approved by the FDA against
polio, hepatitis A, diphtheria, tetanus toxoid, Japanese ence-
phalitis and zika virus.'®"°

4.1.3. Toxoid vaccines. Toxoid vaccines are obtained by
inactivating toxins (hazardous substances/chemicals produced
and secreted by bacteria). This vaccine type induces immunity
against infection causing agents instead of the pathogenic
microbes. Toxins cause numerous infections, including pseu-
domembranous colitis, diphtheria, tetanus and cholera.'**'*!
Toxin inactivation is achieved using the chemicals mentioned
earlier (subsection 3.1.2 Inactivated/killed vaccines). These
chemicals change specific amino acids and result in confor-
mational modifications in the structure of the toxin, thereby
leading to inactivation.'?*'*?

Toxoid vaccines elicit antibody-mediated immunity, which
prevents the cytopathological effects of toxins on tissues, and
decreases the invading potential and invasiveness of patho-
genic organisms. The toxoid-specific T-cell response is primar-
ily exhibited by CD4" cells, which also promotes a robust
antigen-specific B cell response. As the anti-toxin response
does not target the bacteria, decolonization (the elimination of
infection-causing bacteria) takes place, usually mediated by
engaging the innate immune cells using antibacterial agents
and fostering competition amongst the pathogenic microbe
and normal microbiota.>*!*?

Toxoid vaccines are safe, stable and suitable for long-term
storage; however, they require repeated dosing and the
addition of adjuvants in the formulation to attain a potent
immune response. Some examples of FDA approved clinically
used toxoid vaccines include diphtheria, tetanus toxoid and
acellular pertussis vaccines.'’

4.1.4. Polysaccharide and polysaccharide conjugate vac-
cines. The polysaccharide and polysaccharide conjugate vac-
cines are obtained from carbohydrate-based polymeric
materials (e.g., glycoproteins, teichoic-acids, peptidoglycans
etc.) that form the capsular structure of some pathogenic
organisms such as Streptococcus pneumoniae, Haemophilus
influenzae and Neisseria meningitidis.***

The immune responses generated by this vaccine type are
primarily T cell independent because polysaccharides are not
processed and displayed on major histocompatibility complex
(MHC) molecules. In this case, a specific B cell subtype found
in spleen (marginal zone CD21" B cell) plays a significant role
in the detection and binding of naked or complement-coated
polysaccharide antigens. This interaction amongst polysac-
charide antigens and B cell receptors results in secretion of
immunoglobulin M (IgM). The absence of T cell responses pre-
vents the generation of IgG and durable B cell memory.'*>4°

Polysaccharides serve as promising targets for developing
vaccines, particularly when inactivation methods are unsuita-
ble. However, this vaccine type is unable to elicit protective
responses in individuals <2 years of age. Infant marginal zone
CD21" B cells are underdeveloped and they are unable to
recognize polysaccharides and elicit the required immune
response.’?” Some approaches used to improve the immuno-
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genicity of polysaccharide-based vaccines and stimulate T cell
responses are the inclusion of adjuvants and formation of glyco-
conjugates. The polysaccharides and carrier proteins (e.g,
diphtheria, tetanus toxoid etc.) are covalently attached to develop
conjugates. These conjugates exhibit increased immunogenicity
and improved protection in infants/children.*""*** The action of
polysaccharide conjugate vaccine resembles that of the polysac-
charide counterpart. However, in case of glycoconjugate vaccine,
both the conjugate protein and the polysaccharide are displayed
on MHCII, resulting in recognition by T-cell receptors and
stimulation of the T helper cell response. An improved titer,
quality of antibodies and B cell memory are achieved by this
interaction between T helper and B cells.'****®'*° various poly-
saccharide (e.g:, meningococcal and typhoid) as well as polysac-
charide conjugate (e.g., pneumococcal, meningococcal and hae-
mophilus B) vaccines have been approved by the FDA.'°

4.1.5. Synthetic peptide vaccines. Immune responses to
pathogenic microorganisms are governed by effector cells that
recognize epitopes on antigens. These immunodominant
peptide sequences are identified and synthesized, resulting in
the development of novel vaccine modalities. Extensive in vitro
screening and modelling are conducted to identify suitable
immunodominant peptides. Peptide vaccines are developed
using fragment condensation or solid-phase techniques and
are subjected to rigorous purification and evaluation. As pep-
tides are small-sized molecules, these vaccines are co-formu-
lated with adjuvants to ensure uptake by antigen-presenting
cells and to elicit a potent immune response. The selection of
adjuvants requires careful consideration to avoid denaturation
or emulsification of synthetic epitopes in their presence.*

Peptide vaccines are relatively safer than live attenuated and
inactivated/killed vaccines due to the absence of pathogenic or
toxic contaminants. Another advantage is the ability to induce
epitope-specific immune responses due to complete control
over peptide engineering, synthesis, quality and comprehen-
sive knowledge about the vaccine antigens’ constituents.
Moreover, peptide sequences can be rapidly modified to elicit
strain-specific immune responses.’*>'*' However, immune
breadth is reduced because the response is restricted to a few
epitopes. This limitation can be addressed by using multiple T
and B cell epitopes to increase the immune breadth to
enhance the overall efficiency of the vaccine.>>*'*'>> Another
issue is the difficulty in mimicking the conformational B cell
epitopes because the choice is limited to linear counterparts.
Nevertheless, assembling peptides on appropriate backbones
to reconstitute the native epitope conformation or synthesizing
peptide nanoparticles can lead to an improved immune
response. A drawback associated with the peptide vaccine type
is the risk of cross-reaction between antibodies (elicited in
response to peptides) and normal tissues, particularly when
pathogens mimic the host to evade the immune response.
Despite these issues, synthetic peptide vaccines are highly flex-
ible and can serve as promising candidates alone or in combi-
nation with other types of vaccines. An example of synthetic
peptide formulation approved by the FDA is meningococcal
group B vaccine.'®
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4.1.6. Virus-like particles. Virus-like particles mimic the
morphological attributes of a native virus, such as the size,
shape, and surface epitopes. Virus-like particles are classified
based on the presence or absence of a lipid envelope as well as
the number of protein layers forming the capsid. These vac-
cines are produced in bioreactors following the transfection of
microbial/mammalian/plant cells, insects or yeasts with single
or multiple genetic constructs. At least two structural constitu-
ents of the original virus are encoded in the construct and self-
assembled into replication-incompetent particles.'**>” Some
approaches adopted to enhance the immunogenicity of virus-
like particles include chemical modification of the surface and
the addition of immune-dominant peptides or adjuvants.'>%*°

Virus-like particle-based vaccines generally target B cells
and stimulate a robust immune response following antigen by
displaying on MHC-II and stimulating CD4" cells. Virus-like
particles exhibit multivalent epitopes of specified morphology
on their surface, which facilitates their interaction and cross-
linking with B cell receptors. These particles bind with multi-
valent components of the innate immune system, which med-
iates effective opsonization and uptake by antigen presenting
cells. Virus-like particles are internalized by dendritic cells,
B-cells and sub-capsular macrophages. Their nano-scale size
(~20-200 nm) facilitates their extravasation and drainage into
the lymphatic system. This enables cross-presentation of these
particles on MHC-I, followed by the activation of CD8"
CellS.160’161

Virus-like particle-based vaccines exhibit increased potency
compared with previously described traditional vaccines
due to their multivalent interaction with immune cells leading
to their stimulation. For example, human papillomavirus
vaccine is an FDA-approved virus-like particle-based for-
mulation.'®>*%®  Different carry-over agonists (e.g.,, nucleic
acids, lipids etc.) are typically packaged during the assembly of
virus-like particles, which also leads to enhanced immuno-
genicity of these vaccines. However, manufacturing challenges,
purification, increased production cost and storage issues
hinder successful commercial development of these vaccines
on a large scale.

4.2. Advanced vaccines

The rapid development of conventional vaccines (particularly
during pandemics) faces inherent challenges, such as high
production cost, storage requirements and slow manufactur-
ing. Advanced vaccine platforms or technologies can overcome
the aforementioned limitations associated with traditional
vaccine development approaches. These advanced techno-
logies enable rapid large-scale manufacturing at lower cost.
However, these technologies (particularly nucleic acid based-
platforms) have limitations, such as their inability to encode
non-protein antigens such as polysaccharides. In this scenario,
conventional platforms remain the method of choice for devel-
oping non-protein antigen-based vaccines.'® Advanced vaccine
technologies that will be discussed in this subsection include
viral vectors,'®” bacterial vectors,>® synthetic DNA®>’ and
mRNA"®® vaccines.
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4.2.1. Viral vector-based vaccines. Viral vector-based vac-
cines are obtained from viruses that have been modified to
carry genes encoding single or multiple antigens. Viral vectors
can be engineered to be replication-incompetent, meaning
they cannot replicate within host cells, while still retaining the
ability to infect cells and express the encoded antigens. The
development process of viral vectors involves several steps,
including (1) plug-and-play type of genetic engineering tech-
niques, (2) transfection with subsequent expansion of cultured
mammalian cells, (3) collection of the produced viral vectors,
(4) purification, (5) concentration, (6) diafiltration and (7) for-
mulation of the final vaccine product. Some examples of repli-
cation-incompetent vectors include poxvirus,'®® modified ves-
icular stomatitis virus,'’® Newcastle disease virus,'”* human
adenovirus'’? and chimpanzee adenovirus.>¢*737173

Viral vector-based vaccines mimic natural infections and
induce robust humoral and cellular (CD4" and CD8") immune
responses for several reasons. These include broad tropism,
inherent immunogenicity of vectors (due to the presence of
pathogenic microbe-associated molecular patterns or carry-
over during development), and high transduction efficiency of
vectors into the target cells. Finally, these vaccines result in
potent long-lasting antigen expression achieved by using
strong promoters to drive transcription.>®'7®

Replication-incompetent viral vector-based vaccines are
safer and easier to develop compared with replication-compe-
tent counterparts, which can cause true infections similar to
live-attenuated vaccines. Typically, viral vector-based vaccines
are administered either as a single dose or as part of a mixed
and matched heterologous vaccination regimen. This vaccine
technology has exhibited high immunogenicity in preclinical
studies; however, it failed to show similar efficacy in clinical
trials. The immunogenicity and efficacy of these vaccines can
be enhanced by using adjuvants.”®'’® The major drawbacks
associated with these vaccines include pre-existing immunity
against the vector and decreased efficacy in the case of sub-
sequent administrations because of anti-vector immunity.
These limitations can be circumvented using chimeric vectors,
vectors from other species (such as chimpanzees or cattle),
and vector serotypes with low seroprevalence among the
human population. The seroprevalence can vary across
different parts of the world; hence, it should be considered
cautiously when developing this vaccine type. Examples of
FDA approved viral vector-based vaccines include vesicular sto-
matitis virus-derived Ebola vaccine and human adenovirus ser-
otype 26-based SARS-CoV-2 vaccine.>°

4.2.2. Bacterial vector-based vaccines. Bacteria enter the
human body via mucosal membranes and can serve as car-
riers/vectors for developing mucosal vaccines capable of indu-
cing mucosal immune responses. Live bacterial vectors are
categorized into non-pathogenic and attenuated pathogenic
bacteria. A major limitation associated with bacterial vectors is
the risk of infection, particularly in pediatric-, geriatric- and
immunocompromised populations. Non-pathogenic bacteria
(e.g., Lactobacillus sp.) can act as suitable vaccine vectors.
Advanced genetic engineering approaches can help to identify
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and delete bacterial virulence genes to attenuate pathogenic
bacteria.>>*””

4.2.3. DNA vaccines. DNA vaccines based on DNA plasmid
molecules encoding one or several antigens are large, polya-
nionic and sensitive to nucleases.*°

Intramuscular delivery of DNA transfects tissue-residing
antigen-presenting cells, myocytes and keratinocytes. The
internalized DNA undergoes translocation into the nucleus,
followed by transcription into mRNA which is then exported
for protein translation. The generated antigen displays on
MHC-I and II, leading to a robust T cell response. The resident
antigen-presenting cells that display the antigen drain to the
lymph nodes and subsequently initiate immune responses.
Antigen expression on the myocytes results in the induction of
an immune response by translation and shedding of antigen
into the local microenvironment. As a result, uptake and cross-
presentation (MHC-II) by untransfected antigen-presenting
cells are promoted. B cells are also capable of recognizing the
shed antigen, resulting in their T cell independent stimu-
lation. The soluble antigen itself drains to the lymph nodes
and extends antigen presentation locally, leading to re-expan-
sion of lymph node primed T cells (CD4" and CD8"). MHC-I
and other co-stimulatory molecules (e.g., CD80) prime naive
CD8" T cells and contribute to T cell-based immune
responses.'®'78

DNA vaccines offer several advantages compared to conven-
tional counterparts (e.g., inactivated, live attenuated) such as
the ability to induce both humoral and cellular immune
responses, ease of manufacture, and rapid and cost-effective
development. Over time, advancements in purification
approaches, immune-informatics, immunogen design, codon
optimization, molecular and structural biology have improved
the potency of DNA vaccines.'”®%2 A major limitation associ-
ated with this vaccine type is the safety concern due to the per-
sistence of DNA in the nucleus, which can increase the risk of
integration into the genomic DNA. Nevertheless, experimental
data suggests that integration into genomic DNA is a very rare
event and below the FDA limit for non-persistence (<100
copies of plasmid per mg of host DNA). DNA vaccines are not
currently licensed for human use despite positive clinical data,
possibly because this advanced technique displays less
efficient passive entry into cells and requires multiple doses to
induce a potent B and T cell-base immune response.'%*83184
Several advanced delivery systems enhance the entry of DNA
vaccines into cells, including electroporation and nano-
particles-based approaches.'®* '8¢

4.2.4. RNA vaccines. In vitro transcribed and endogenously
produced (extracted from cells) mRNA can be administered for
protein expression, leading to the induction of immune
responses. mMRNA vaccines induce immunity by transfecting
the mRNA encoding viral antigens into human cells. When the
mRNA reaches the cytosol, the transfected cells translate the
genetic information to specific antigens which are then pre-
sented on the cell surface and recognized by the immune
cells."® In the initial phases of development and use, several
issues associated with mRNA vaccines (such as physico-
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chemical instability, severe inflammation, swelling-mediated
inhibition of protein translation, poor transfection, decreased
in vivo translation because of mRNA’s short half-life and high
sensitivity to nucleases) limited the therapeutic applications of
this vaccine type.'®®°° Several approaches resulted in the pro-
duction of safe and robust mRNA vaccines, such as the
inclusion of modified nucleosides into in vitro transcribed
mRNA and removal of impurities or contaminants by employ-
ing purification chromatography.'®"'°> Over time, advance-
ments in sequence engineering and codon optimization, inno-
vations in cap moieties and capping approaches, and the evol-
ution of advanced delivery systems (e.g., nanoparticles) led to
the development of efficient mRNA-based vaccines.'®®1937193
For example, improved tolerability and enhanced antigen
expression were recorded by modifying nucleoside and remov-
ing double-stranded RNA contaminants produced during
development. Advanced cap analogs and capping strategies led
to a high yield of properly capped mRNA and efficient reco-
gnition by cytoplasmic innate immune sensors,>%'88196:197
mRNA vaccines are broadly divided into three classes,
including conventional mRNA, self-amplifying mRNA and cir-
cular RNA.' Conventional in vitro transcribed mRNAs are
developed using a cell-free template-directed enzymatic syn-
thesis. Linear plasmid DNAs containing a promoter sequence,
50 and 30 untranslated regions and the desired gene are
employed as templates for mRNA synthesis. The polyadenine
tail, responsible for stability and expression of mRNA, is engin-
eered into the plasmid or incorporated enzymatically after syn-
thesis. The stability and expression can be further improved by
incorporating the 5' cap structure either co-transcriptionally or
enzymatically. The conventional technology is further classi-
fied into nucleoside modified or non-modified mRNA.
Nucleoside modified mRNA shows higher protection (~94%)
compared with the unmodified counterpart (~47%)."%"*®
Self-amplifying mRNA comprises viral-derived molecular
machines (e.g., alphavirus-derived replicases) and conserved
sequence elements designed to achieve intracellular amplifica-
tion of mRNA sequence. The architecture of self-amplifying
mRNA is constructed from an expression cassette containing
sub-genomic promoter and the desired antigen. This cassette
is cloned between alphavirus-derived non-structural proteins
1-4 and a polyadenosine tail encoded sequences. The struc-
tural proteins assemble into an RNA-dependent RNA polymer-
ase complex that can recognize the conserved sequence
elements incorporated in the construct. The mRNA vaccine is
replicated within the cytoplasm, resulting in efficient and
long-term antigen expression. The manufacture of self-amplify-
ing mRNA vaccines is relatively more complex and challenging
than the conventional mRNA counterparts because of low
yield and difficulty in purification. Moreover, self-amplifying
mRNA vaccines are prone to autocatalysis and physical degra-
dation. mRNA vaccines are unable to undergo nucleoside
modification because of impaired interactions between RNA-
dependent RNA polymerase and nucleoside modified
sequences. As a result, the amplification of mRNA in target
cells is reduced. Nevertheless, a low dose of self-amplifying
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mRNA vaccines (~100-fold lower compared with conventional
mRNA counterparts) induces robust humoral and cellular
immune responses. A modified approach of self-amplifying
mRNA is trans-amplifying mRNA, which is easier to develop
and manufacture. Self-amplifying mRNA is split into two
different transcripts. One transcript encodes non-structural
proteins 1-4 while the second transcript encodes conserved
sequence elements, sub-genomic promoter and the antigen.
Both the transcripts are co-delivered. The expression of non-
structural proteins 1-4 and their subsequent assembly into
RNA-dependent RNA polymerase permits in-trans (on a
different molecule) amplification of antigen encoding tran-
script  resulting in induction of potent
responses. 97201

Circular RNA is a class of non-coding single-stranded RNAs
produced by back-splicing in eukaryotic cells. Circular RNA
enables antigen expression by incorporating internal riboso-
mal entry sites or specific nucleoside modifications in the 50
untranslated terminal region. The prolonged transcript half-
life (reduced nuclease resistance) in circular RNA technology
generates robust and stable translation in eukaryotic cells.
Circular RNA generates robust antigen-specific cellular and
humoral immunity.2°~2%

Immune responses to mRNA vaccines are significantly
influenced by the immunogenicity of the antigen, the longevity
and subcellular localization of antigen expression and the
delivery system. A high immunogenicity and local cytokine
and chemokine production, which initiates cell recruitment
(such as neutrophils and monocytes) for generating immunity,
are achieved through intramuscular and intradermal delivery
of mRNA vaccines. Unlike DNA vaccines, mRNA vaccines
directly translate in the cytoplasm and the antigens are dis-
played on MHC-I and II. Subsequently, they are presented to T
helper cells in the draining lymph nodes. mRNA is not
required to enter the nucleus; thus, the expression kinetics are
rapid.205207

A major challenge for effective application of these vaccines
is rapid degradation of naked mRNA by extracellular RNases.
Moreover, mRNA alone cannot efficiently penetrate the cell
membranes to be transcribed in the cytosol. Intracellular deliv-
ery overcomes these limitations by facilitating the cellular
uptake of mRNA and protecting it from RNase. Several
methods have been developed for delivering mRNA, including
ex vivo loading of dendritic cells, cationic peptide protamine
and lipid nanoparticles.>*®

Lipid nanoparticles comprising of four components includ-
ing cationic or ionizable lipids, lipid-anchored polyethylene
glycol (PEG), cholesterol and phospholipids have emerged as
promising candidates for delivering mRNA vaccines.>*®>"°
Ionizable lipids remain neutral during systemic circulation
and become cationic in acidic environments, such as endo-
somes. These lipids perform two main roles: improving mRNA
entrapment and facilitating endosomal membrane disruption,
which enables the release of ribonucleic acid into the cytosol.
In addition, these cationic lipids play a significant role in
endosomal uptake by interacting with negatively charged cell

immune
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membrane or by binding to plasma proteins that facilitate cel-
lular uptake. Ionizable lipids may also exert an adjuvant effect
by activating toll-like receptors and inducing proinflammatory
cytokines as well as co-stimulatory molecules. Examples of
ionizable lipids include 1,2-dioleoyl-3-dimethylammonium-
propane (DODAP), 1,2-dioleyloxy-3-dimethylaminopropane
(DODMA) and 1,2-dilinoleyloxy-N,N-dimethyl-3-aminopropane
(DLinDMA).2%%?'1:212 gtereochemistry of ionizable lipids sig-
nificantly influences the delivery efficiency. Stereopure C12-
200-S-based lipidic nanoparticles deliver almost 2.8-fold and
6.1-fold more mRNA in mice compared with the racemic and
C12-200-R counterparts.”’® PEG is employed to prevent particle
clustering, improve particle stability, increase circulation time,
and reduce particle size and uptake by untargeted cells.
Cholesterol stabilizes lipid nanoparticle complexes.?*®>°
Modified cholesterol increases the stability and circulation
time of lipid particles, resulting in an increased delivery
efficiency of mRNA. For instance, substituting 50% cholesterol
with 7a-hydroxycholesterol enhances mRNA delivery efficiency
by 2-fold in primary human T cells ex vivo.>'* Phospholipids
such as phosphatidylcholines, phosphatidylethanolamines
and phosphatidylglycerols support the lipid bilayer.*'®

Lipid carriers are commonly prepared using the batch
method, which involves slow addition of the lipidic phase into
an agitated aqueous solution. Several limitations are associ-
ated with this conventional technique, such as poor control
over particle size and low encapsulation efficiency. During
recent times, microfluidic methods capable of overcoming the
drawbacks of the traditional batch approach have emerged as
promising alternatives for producing lipid nanoparticles.>'*>'#
Usually, the ethanol dilution method is used to prepare lipid
nanoparticles by a microfluidic device. Briefly, the ethanolic
solution of lipid and acetate, citrate or malic acid buffer con-
taining mRNA is introduced into the microfluidic device. The
cationic lipids and anionic mRNA form complexes via electro-
static interactions. The complexes then self-assemble, leading
to the formation of lipidic nanoparticles. Several types of
microfluidic devices (e.g., T-shaped, Y-shaped, sheath-flow and
chaotic mixer) have been employed for fabricating lipid nano-
particles. In the T- or Y-shaped devices, ethanol dilutes by a
diffusion mechanism and the particles form at the liquid-
liquid interface. These types of microfluidic devices produce
large sized nanoparticles due to slow dilution of ethanol as
well as the ethanol concentration gradient at the liquid-liquid
interface. The sheath-flow (three inlet)-type microfluidic device
permits rapid dilution of ethanol because the sheath flow
increases the ethanol-buffer solution interface.>'*>*! The
chaotic mixer design allows mixing of solutions at relatively
low flow rates, which provides efficient control over particle size
compared with T-shaped-, Y-shaped- or sheath-flow type
devices. Some other microfluidic systems reported for lipid
nanoparticle production include three-dimensional (3D)
printed micromixers, capillary-based devices and those invol-
ving electrohydrodynamics and ultrasound.*'®?** More recently,
automated microfluidic systems with an increased productivity
and reduced development lead time have been developed.>'®™2'8
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A major advantage associated with mRNA vaccines com-
pared with viral and DNA-based vaccines is the avoidance of
the risk of integration into the genome, ease of manufacture
and cost-effectiveness. However, mRNA vaccines present some
drawbacks including the requirement of ultra-low cold chain
transport, a narrow safety window, poor long-term stability at
room temperature and high reactogenicity. Despite these chal-
lenges, the FDA has approved an mRNA vaccine against
SARS-Cov-2."°

5. Challenges and strategies for
improving vaccine development

Currently, the high cost ($100 million-1 billion) and time
(10-15 years) associated with the development of vaccines is a
major challenge, particularly during pandemics. Automation
and disposable single use technology can provide a simpler,
faster, and relatively low-cost route to vaccine production com-
pared with the conventional approach.*** Vaccine development
faces challenges owing to genomic variability, their ability to
evade the immune response (e.g., human immunodeficiency
virus, Mycobacterium tuberculosis, plasmodium) and rapid
mutation. Advanced vaccine types offer the advantage of rapid
adaptation to new variants of pathogens; hence, they can help
resolve this problem to a certain extent. The development of
polyvalent vaccines capable of eliciting a robust immune
response against multiple serotypes can serve as a potential
solution to this issue. However, the development of a multi-
valent vaccine is challenging due to several factors such as
increased production cost, time of manufacture, technical
limitations related to the permissible amount of antigens in a
formulation, cross-reactivity between antigens, immunogenic
variations among antigens and increased impurities because
of multiple antigens.”***** In addition, global monitoring and
surveillance play vital roles in rapidly and effectively control-
ling pathogenic outbreaks. Advanced genetic engineering
approaches and vaccine platforms can help in overcoming
antigenic diversity in pathogenic microbes by identifying more
conserved sequences. The structure and the immunogenic
components of pathogens can be efficiently predicted by
machine learning and computational analyses. Artificial intel-
ligence can also predict the pattern  of
pathogens.'®"*

Vaccine development and access is challenging, particularly
in underdeveloped and developing nations where resources
are limited. Global partnerships, increased funding and pro-
vision of resources from the WHO are essential to maintain
vaccine development, testing and research activities.
International efforts are needed to resolve supply chain issues,
share intellectual property as well as prepare vaccines to
ensure global access. ‘Glassification’ approaches involving
drying vaccines in the presence of sugar (e.g, trehalose) render
vaccines resistant to fluctuating temperatures. The develop-
ment of vaccines using this technique can relieve pressure on
the cold chain in developing countries. Moreover, it is desired

evolution

RSC Pharm., 2025, 2, 490-516 | 505


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00017c

Open Access Article. Published on 09 April 2025. Downloaded on 4/12/2026 6:35:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

to develop a single dose novel and potent adjuvant along with
the vaccine that confers long-term immunity. This would
ensure broader access to vaccines, especially in developing
countries where access to immunization services is inconveni-
ent. The robustness and scalability of vaccine development/
manufacturing can be enhanced by process analytical techno-
logy (PAT), design of experiment (DoE) and quality-by-design
(QbD) approaches. %7226

Another challenge in the developing world is malnutrition,
which results in a compromised immune response. Vitamins
can be co-administered with vaccines to resolve this issue.>**
Moreover, edible vaccines prepared by genetically modifying
commercial crops (e.g., banana, potato, and spinach) can serve
as a source of nutrition and elicit a robust immune
response.”*” Currently, research is being conducted on devel-
oping edible vaccines of several antigens, including rabies
(vector: spinach), human immunodeficiency virus (vector:
tomato), cancer (vector: rice), type 1 diabetes (vector: potato)
and Alzheimer’s disease (vector: tomato).>**

6. Future of vaccines

Future vaccines will need to be tailored for different age and
risk groups to ensure optimal efficacy. For example, vaccines
for geriatric population may require higher doses and special
adjuvants because this risk group usually exhibit weaker
immune responses due to immunosenescence. A personalized
approach can be adopted to trigger a potent and robust
immune response (vaccines can be recommended on the basis
of person’s age, genetics, underlying medical conditions etc.)
Disease prevalence driven by multiple strains of the same
pathogen can vary across different age groups. Formulation
scientists would possibly prefer including serotypes that are
prevalent in pediatric populations. These issues would primar-
ily shift focus to younger age groups due to a relatively higher
vaccine efficacy and lower social contact. Another major tech-
nical challenge is identifying appropriate antigens and gener-
ating sufficient immune responses against viruses such as
human immunodeficiency and Ebola. Their virus life cycle
changes could be addressed using machine learning and other
computational studies. A shift from preventive to therapeutic
vaccines is expected in the future to manage serious ailments
such as cancer, diabetes, dementia, hypertension, and rheu-
matoid arthritis. Future research would focus on identifying
microbial antigens and human body antigens for developing
preventive and therapeutic vaccines, respectively. Global atten-
tion would possibly shift to gene-based vaccines such as atte-
nuated viruses, recombinant viral vectors or mRNA for preven-
tive and therapeutic purposes.

Currently, the regulatory process and testing of vaccines is a
slow process. The regulatory process and standard operating
procedures will be more clearly defined and upgraded,
especially for advanced vaccine types such as mRNA and DNA
vaccines. Needleless intradermal and nasal vaccines can
replace immunization approaches involving invasive hypoder-
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mic needles to improve mass vaccination campaigns.
Strategies to accelerate vaccine development would be devel-
oped to overcome the vaccine inequity observed during the
COVID-19 pandemic. Some strategies include decentralized
vaccine production, an artificial intelligence (Al)-ready, auto-
mated, highly integrated continuous manufacturing approach
and efficient supply chain management.

7. Conclusions

The rapid spread of infectious diseases and the associated
high morbidity and mortality rates highlight the importance
of development of efficient vaccines capable of inducing
potent and robust immune responses. A rapid and cost-
effective development of vaccines can be achieved by advanced
vaccine platforms such as viral vectors, bacterial vectors, and
DNA and RNA vaccines. Novel and safe adjuvants must be
developed to improve the efficiency of vaccines. Advanced
delivery methods that promise efficient and safe adminis-
tration of vaccines such as MN patches, iontophoresis, electro-
poration, and lipidic and polymeric carriers should be further
explored and employed to develop commercial vaccines.
Genetic engineering approaches, machine learning and artifi-
cial intelligence should be employed to determine structure
and conserved sequences of pathogens to ensure the develop-
ment of efficient vaccines. Intellectual property sharing,
funding and provision of resources from the WHO to develop-
ing nations would ensure cost-effective development and easy
access to vaccines.

Abbreviations

1PEPP Interleukin-1p-targeted epitope peptide

APCs Antigen-presenting cells

BCG Bacillus Calmette-Guérin

CMC Carboxymethyl cellulose

COVID-19  Coronavirus disease 2019

CRISPR Clustered regularly interspaced short palindro-
mic repeats

DNA Deoxyribonucleic acid

FDA Food and Drug Administration

GSK GlaxoSmithKline

IgG Immunoglobulin G

IFN-y Interferon gamma

IL Interleukin

IgM Immunoglobulin M

MERS Middle East respiratory syndrome

mRNA Messenger ribonucleic acid

MHC Major histocompatibility complex

M cells Microfold cells

MNs Microneedles

MERS-CoV  Middle East respiratory syndrome coronavirus
pH Negative logarithm of H' ion concentration
PEG Polyethylene glycol
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PVP Polyvinyl pyrrolidone

PLGA Poly lactic-co-glycolic acid

RNase Ribonuclease

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
SARS-CoV-1 severe acute respiratory syndrome coronavirus 1
WHO World Health Organization

3D Three dimensional
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