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Lipid-based vaccines, such as liposomes, emulsions, and lipid nanoparticles, play a key role in the de-
velopment of antiviral vaccines due to their unique immunomodulatory properties, capacity to serve
as antigen depots, ability to protect antigens, and adjuvant effect. Among the various approved vac-
cines, the vast majority utilize lipid-based adjuvants and delivery systems, such as ASO1, AS03, MF59,
and BNT162b2. These formulations establish an inflammatory microenvironment at the injection site, re-
cruit immune cells, and activate innate immune pathways, thereby enhancing the immunogenicity of the
antigen. Concurrently, they protect antigens from enzymatic degradation and thereby maintain the stabil-
ity of antigens. This review comprehensively summarizes approved lipid-based antiviral vaccines, encom-
passing their composition, structure, and underlying immunological mechanisms. Furthermore, it outlines
emerging trends in the development of diverse lipid-based vaccine platforms, including strategies to en-
hance antigen loading capacity, achieve more precise targeting of antigen-presenting cells, and imple-
ment novel combinatorial approaches involving multi-platform and multi-pathway strategies. Finally, the
review addresses the prevalent challenges, future development directions, industrial-scale manufacturing
considerations, and quality control requirements for lipid-based vaccines, with the aim of advancing this

promising field.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Viral infections remain a significant global health threat that
causes tissue damage, immune disorders, organ damage and even
death [1,2]. Against viruses with high replication and mutation
rates, vaccination remains the most effective strategy for prevent-
ing and combating viral infections. Traditional vaccines, which in-
clude inactivated or attenuated whole viruses (e.g., poliovirus),
elicit robust immune activation and durable protection but carry
inherent safety risks [3]. Subunit vaccines, comprising proteins,
peptides, DNA, RNA, and other pathogen-derived components, ad-
dress these safety concerns by eliminating the risk of pathogenic-
ity [4-6]. However, their simplified molecular structures undergo
rapid systemic clearance and fail to efficiently activate antigen-
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presenting cells (APCs), resulting in suboptimal antibody titers and
inadequate immune memory [7].

Adjuvants constitute a class of substances that non-specifically
enhance host immune responses to antigens. Following Glenny’s
1926 discovery that aluminum salts potentiated diphtheria tox-
oid immunogenicity compared to individual antigens, alum be-
came the first approved human adjuvant. While alum predomi-
nantly induces Th2-biased humoral immunity, it exhibits limited
capacity for cellular immunity [8]. In addition, recombinant pro-
teins and peptides are difficult to effectively activate the natural
immune system, resulting in insufficient adaptive response, which
drives the development of a new generation of adjuvants, includ-
ing MF59, AS03, and ASO1. By mimicking pathogen-associated sig-
nals, these adjuvants can effectively engage the immune system,
significantly enhancing both Thi1-type cellular immunity and an-
tibody responses [9-12]. More recently, RNA-based antigens have
garnered significant attention due to their design flexibility and
rapid development potential. However, this class of antigens faces
a unique set of challenges: Rapid enzymatic degradation, high
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Fig. 1. The development of lipid-based adjuvants and delivery systems in antiviral
vaccines.

systemic clearance, low bioavailability, and the critical require-
ment for efficient intracellular delivery [13]. These challenges have
spurred the development of next-generation adjuvants centered on
advanced delivery systems, notably lipid nanoparticles (LNPs) (Fig.
1). LNPs have become the pivotal delivery platform for mRNA vac-
cines [14]. Their core advantages lie in the ability to efficiently en-
capsulate and protect the fragile RNA antigen, facilitate uptake by
immune cells, and optimize intracellular trafficking of the antigen.
Furthermore, this delivery strategy substantially enhances antigen
presentation efficiency and T/B cell activation, leading to a signifi-
cant boost in overall immunogenicity [15-20].

With growing recognition of the essential role of adjuvants in
modern vaccine formulations, a variety of adjuvant platforms have
been developed to optimize antigen delivery and immunogenic-
ity [21-25]. Compared with inorganic materials and viral vectors,
lipid-based adjuvants are considered among the most flexible and
promising platforms due to their excellent biocompatibility, high
loading capacity, and ease of surface modification [26-31]. For ex-
ample, ASO1, used in the Shingrix herpes zoster vaccine, is a li-
posomal adjuvant that co-delivers monophosphoryl lipid A (MPL)
and quillaja saponaria molina, fraction 21 (QS-21), facilitating colo-
calization and cellular uptake of both immunostimulants [32]. As
an immunostimulatory lipid-based adjuvant, ASO1 enhances innate
immune activation and drives a potent Th1-biased response. Sim-
ilarly, ASO3, an oil-in-water emulsion used in pandemic influenza
vaccines, relies on squalene-based lipid droplets to recruit innate
immune cells and enhance local antigen presentation [33]. Lipid-
based adjuvants not only function as immune enhancers but also
serve as delivery platforms in vaccine systems [34]. LNPs self-
assemble with negatively charged mRNA via electrostatic interac-
tions, which is crucial for protecting the mRNA, as it is rapidly de-
graded by extracellular nucleases [35]. The most prominent exam-
ples are BNT162b2 and mRNA-1273, in which ionizable lipids not
only protect the mRNA from enzymatic degradation but also facil-
itate endosomal escape through pH-responsive membrane destabi-
lization, ensuring successful antigen expression in the cytosol [36].
Furthermore, lipid-based delivery systems are highly efficient in fa-
cilitating cellular uptake and intracellular trafficking, particularly
when engineered with optimized surface charge and lipid compo-
sition [37].

In the face of the current severe viral epidemic landscape (e.g.,
influenza, mpox virus), lipid-based adjuvants and delivery sys-
tems have become critical technological pillars for enhancing vac-
cine efficacy and curbing viral transmission. This review provides
a comprehensive analysis of the application of lipid-based deliv-
ery systems in antiviral vaccines, encompassing liposomes, emul-
sions, LNPs, and expanded lipid adjuvants. Our coverage spans
their design principles, formulation strategies, and immune activa-
tion mechanisms, with particular emphasis on clinically approved
lipid carriers that enhance antigen stability, immune targeting, and
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synergistic adjuvant functions. We highlight emerging trends in
lipid adjuvant development-such as novel lipid architectures, mul-
tifunctional systems, and modular platforms-positioned to address
future viral threats.

2. Liposomes as adjuvants and delivery systems in antiviral
vaccines

Liposome-based adjuvants are nanoscale vesicular systems
composed mainly of phospholipids and cholesterol, widely used in
antiviral vaccines to enhance antigen stability and immunogenic-
ity (Table 1). By co-encapsulating immunostimulatory agents such
as MPL and QS-21, they not only potentiate immune activation
but also protect antigens from enzymatic degradation and prolong
their systemic half-life. When properly engineered, liposomal ad-
juvants enable targeted delivery to lymph nodes and APCs, elicit-
ing strong humoral and cellular immune responses. Owing to their
excellent biocompatibility, structural versatility, and synergistic im-
munostimulation, representative systems such as ASO1 and CAFO01
(cationic adjuvant formulation 01) have shown outstanding efficacy
in vaccines against herpes zoster, malaria, and human immunode-
ficiency virus (HIV).

2.1. ASO1

Developed by GlaxoSmithKline (GSK) in the early 2000s, ASO1
is a liposome-based adjuvant system containing MPL and QS-21.
It forms hollow vesicles (~100nm) composed of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and cholesterol (Fig. 2A). MPL
activates Toll-like receptor 4 (TLR4), inducing proinflammatory sig-
naling, while QS-21 triggers NLRP3 inflammasome activation and
subsequent IL-18/IL-18 release. Acting through these pathways,
AS01 enhances both cellular and humoral immunity and enables
tunable delivery via compositional adjustments. Following injec-
tion, ASO1 and its associated antigen rapidly migrate to draining
lymph nodes, where chemokine-mediated recruitment of dendritic
cells (DCs) and activation of tissue macrophages amplify innate
signaling and promote NK cell activation. This cascade efficiently
primes antigen-specific T cells, drives B cell maturation, and estab-
lishes robust immune memory [38,39].

Hence, ASO1 is suitable for vaccines that require strong cellu-
lar and/or humoral immunity, such as antiviral, antibacterial, and
anti-tumor vaccines. ASO1 is used in three approved vaccines: The
malaria vaccine Mosquirix® (European Medicines Agency (EMA),
2015), the shingles vaccine Shingrix® (Food and Drug Administra-
tion (FDA), 2017), and the RSV vaccine AREXVY® (U.S. FDA, 2025).
Shingrix®, administered intramuscularly in two doses, demon-
strated 97.4% efficacy against shingles, increasing glycoprotein E
(gE)-specific humoral and CD4* T cell responses by ~40-fold
and 20-fold, respectively [41]. Compared to gE antigen alone,
the ASO1-adjuvanted formulation (gE/ASO1) induced transient IL-6
and IL-18 production and markedly increased neutrophil, Ly6Chigh
monocyte, and DC recruitment-by 53-, 230-, and 8.6-fold, re-
spectively, within 24 h [42]. ASO1 induces durable immune mem-
ory, maintaining high antibody seropositivity for 2-4 years post-
immunization in vaccines such as RTS, S, gp120/NefTat, and HBs
[43]. ASO1 has demonstrated a favorable safety profile in clinical
and post-marketing studies, with transient, controllable local reac-
tions (pain, erythema, induration) as the main adverse effects.

2.2. Matrix-M

Matrix-M, developed by Novavax, is a nanoparticulate adjuvant
composed of two saponin fractions co-formulated with choles-
terol and phosphatidylcholine (Fig. 2B). These components self-
assemble into cage-like nanoparticles (~40nm) that retain potent
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Table 1

The Information of on approved lipid-based adjuvants and delivery systems.
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Lipid-based adjuvant Name Company Composition Mechanism Applied vaccines and limitation
and delivery systems
Liposomes ASO01 GSK MPL, QS-21, DOPC, Draining lymph node aggregation; Herpes zoster virus
cholesterol Th1-polarized immune response (Shingrix®), respiratory
syncytial virus (AREXVY®);
inflammatory side effects
(pain, erythema, or induration)

Matrix-M Novavax Quillaja saponaria, Th1-skewed adaptive response; COVID-19 (Novavax®);
cholesterol, activates NLRP3 inflammasome tenderness and pain at the
phosphatide injection site, fatigue,

headache, and myalgia
Emulsions MF59 Novartis Squalene, Tween 80, Inducing the release of Seasonal influenza (Fluad®),
Span 85 danger-associated molecular A/H1NT1 influenza (Focetria®,
patterns; facilitating germinal Celtura®); local injection-site
center formation reactions (pain, tenderness,
and fatigue)

AS03 GSK Squalene, Activating NF-xB, enhancing A/H1N1 influenza
«a-tocopherol, Tween cytokine secretion; activating B (Pandemrix®), COVID-19
80 cells (Covifenz®); more obvious

local inflammatory reaction
(injection-site pain, redness,
swelling, fever, and headache,
narcolepsy)

AF03 Sanofi Squalene, Span 85, Enhance immune cell recruitment Previously used for A/HIN1
poly-oxyethylene and antigen uptake influenza (Humenza®); most
cetylether are in the clinical research

stage; the mechanism of
action is not yet clear; limited
safety data

ISA 720/206 Seppic Squalene, mannitol Forming an antigen depot; Foot-and-mouth disease, avian
monooleate Enhancing antigen presentation influenza, etc. (Montanide®

series); severe local adverse
reactions; limited human use
LNPs BNT162b2 BioNTech/Pfizer DSPC, cholesterol, ALC-0315 and SM-102 COVID-19; local inflammatory
PEG2000-DMA, encapsulates mRNA in LNPs and response
ALC-0159, ALC-0315 destroys the endosomal

mRNA-1273 Moderna DSPC, Cholesterol, membrane, releasing mRNA in the
PEG2000-DMG, cytoplasm through electrostatic
SM-102 interaction.
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Fig. 2. The rational design of liposome adjuvant. (A) Schematic representation of the cellular mechanism signaling pathways triggered by ASO1. (B) Schematic representation
of the cellular mechanism signaling pathways triggered by Matrix-M. (C) Schematic representation of the cellular mechanism signaling pathways triggered by CAFO01. (D)
Schematic representation of conventional liposomes for peptide antigen delivery and cationic liposomes for nucleic acid delivery. (E) GM-gD-lip polarized CD169 macrophages
toward M1 to eliminate the virus while cross-presenting antigens to CD8* T cells via DCs to activate adaptive immunity. Reproduced with permission [40]. Copyright 2023,

Elsevier B.V.

immunostimulatory activity while reducing the intrinsic toxicity of
free saponins through lipid stabilization [44]. Matrix-M rapidly ac-
tivates innate immune cells at the injection site and in draining
lymph nodes, promotes a Th1-biased adaptive response, enhances
antigen presentation to CD4* and CD8* T cells, and activates the
NLRP3 inflammasome, inducing IL-18 and IL-18 release [45].
Matrix-M was incorporated into the NVX-CoV2373 vaccine
against severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Clinical efficacy of this formulation was initially demon-

strated in a phase 2 study conducted in South Africa and a phase
3 trial in the United Kingdom. These investigations confirmed that
NVX-CoV2373 adjuvanted with Matrix-M was a potent addition
to the existing portfolio of coronavirus disease 2019 (COVID-19)
vaccines targeting the original strain, achieving an efficacy rate of
96.4% [46,47]. Matrix-M also enhanced the immunogenicity of a
seasonal trivalent virosomal vaccine (TVV), doubling hemaggluti-
nation inhibition titers and improving protection relative to non-
adjuvanted TVV. Moreover, in a UK phase 2a trial, the R21 malaria
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vaccine adjuvanted with Matrix-M achieved 81.8% sterile protec-
tion against Plasmodium falciparum infection [48].

Despite its favorable immunogenic profile, Matrix-M can elicit
local reactogenicity, with the most commonly reported adverse
events including tenderness and pain at the injection site, fatigue,
headache, and myalgia.

2.3. CAFO1

Developed by the Statens Serum Institut (SSI), CAFO1 is a lipo-
somal adjuvant composed of two key components: Dimethyldioc-
tadecylammonium bromide (DDA) and trehalose-6,6-dibehenate
(TDB) (Fig. 2C). These molecules self-assemble into uniform,
nanoscale unilamellar vesicles with an average diameter of around
170 nm. Functioning as a depot at the site of administration, CAFO1
extends antigen availability and induces strong Th1- and Th17-
skewed immune responses, thus possessing long-term protection
and immune memory functions [49-51]. It also functions as a po-
tent immunostimulatory adjuvant. DDA, a cationic lipid, electro-
statically binds negatively charged antigens, facilitating their de-
livery to APCs. TDB, a synthetic glycolipid that mimics mycobacte-
rial cord factor derivatives, activates innate immunity via the Min-
cle receptor, initiating the FcRy-Syk-CARD9 signaling cascade and
triggering nuclear factor kappa-B (NF-«B) activation. At an opti-
mal DDA:TDB ratio of 5:1, TDB intercalates into the DDA bilayer,
enhancing hydrophilicity and imparting long-term physicochemical
stability to the liposomes [52].

CAFO1 currently has a limited range of applicable antigens,
mainly focusing on specific recombinant protein vaccines, and re-
mains in early clinical development. It has been primarily eval-
uated in vaccines for tuberculosis, HIV, and influenza preven-
tion. The tuberculosis vaccine Ag85B-ESAT-6-CAFO1 [53] is a two-
vial formulation combining lyophilized recombinant antigen with
CAFO1 suspension. It induces multifunctional CD4* T helper cells
with Th1 characteristics and elicits long-lasting humoral and cel-
lular immunity. Okoth et al. [54] demonstrated that BALB/c mice
receiving a subcutaneous CAF01-adjuvanted P. yoelii 17X vaccine
achieved ~70% survival against P. yoelii 17XL challenge, contrast-
ing sharply with the <30% protection rate in non-adjuvanted vac-
cine groups. Following heterologous rechallenge at 20 weeks post-
immunization, these mice exhibited complete protection (100%
survival) with peak parasitemia levels below 0.1%. This study es-
tablishes that CAFQ1-adjuvanted killed parasite vaccination pro-
vides significant primary infection protection and enhances long-
term immunity against subsequent exposures, effectively modeling
real-world protective responses.

In public data from early development stages and existing clin-
ical studies, the safety of CAFO1 is generally considered acceptable,
with common adverse events being local injection site reactions or
mild systemic reactions.

2.4. The current evolutionary direction of liposomes-based vaccines

Liposome adjuvants were initially used as immunopotentiators
in vaccines, but this ignored the function of liposomes as drug de-
livery systems. The latest research has adjusted the formulation of
liposomes to enable them to load antigens, realize precise targeted
delivery and enhance immunity through reasonable surface modi-
fication.

2.4.1. Liposomes for delivering various types of antigens

The degree of antigen adsorption onto liposomes profoundly
influences vaccine-induced immune responses. Studies show that
non-adsorbed antigens co-administered with the adjuvant CAFO1
elicit minimal T cell activation, whereas liposome-adsorbed anti-
gens induce markedly stronger T cell responses, especially within
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the Th17 subset, highlighting liposomes as potent antigen carriers
[55].

Conventional liposomes are nano- to microscale vesicles com-
posed of phospholipid bilayers capable of encapsulating hy-
drophilic and lipophilic components, widely applied for peptide or
protein antigen delivery in antiviral vaccines (Fig. 2D). For example,
Teplensky et al. [56] designed a liposomal platform densely deco-
rated with radially arranged CpG oligodeoxynucleotides (CpG ODN)
for delivering recombinant SARS-CoV-2 receptor-binding domain
(RBD) protein. Compared with conventional adjuvant formulations
(Alum, ASO1b, CpG ODN, AddaVax), this structured vaccine elicited
a tenfold increase in functional antibody titers and achieved com-
plete protection (100% survival) in mice. Similarly, Shao et al. [57]
engineered a cobalt porphyrin-phospholipid (CoPoP) and MPL-
containing liposomal vaccine delivering the HIV membrane prox-
imal external region (MPER) peptide, inducing ~100-fold higher
anti-MPER IgG titers than conventional Alum or Montanide formu-
lations.

Cationic liposomes composed of positively charged lipids, such
as 1,2-dioleoyloxy-3-trimethylammoniumpropane (DOTAP) [57] en-
hance cellular uptake via electrostatic interactions with negatively
charged membranes and stabilize anionic nucleic acids, making
them effective nucleic acid vaccine carriers [58]. Utilizing DOTAP-
based liposomes, Peletta et al. [59] incorporated a plasmid DNA
(pCMVkan-S) encoding the spike (S) protein, significantly enhanc-
ing neutralizing antibody and T cell responses compared to naked
DNA. Melo et al. [60] employed DOTAP liposomes to deliver eOD-
GT8 60-mer-encoding replicons, an HIV immunogen, achieving el-
evated antigen-specific antibody titers and increased germinal cen-
ter B cells compared with protein vaccination.

2.4.2. APCs-targeted liposomal adjuvant delivery systems

APCs, including DCs and macrophages, initiate T and B cell ac-
tivation. Targeting APCs enhances antigen recognition and process-
ing, prolongs immune responses, and improves vaccine precision
and safety.

Macrophages act as frontline defenders during viral infection,
with CD169* macrophages playing key roles in antigen presen-
tation. Shen et al. [40] designed GM-gD-lip, a GM1-based liposo-
mal vaccine encapsulating HSV-1 glycoprotein D, to target CD169+
macrophages. Subconjunctival administration reduced HSV-1 titers
and herpes simplex keratitis (HSK) symptoms (Fig. 2E), promoted
M1 macrophage polarization, and enhanced DC-mediated cross-
presentation to CD8* T cells, thereby strengthening adaptive im-
munity.

Since antigen processing occurs mainly in the endoplasmic
reticulum (ER) of APCs [61], vaccines targeting both lymph nodes
and the ER can improve cross-presentation via the ER-associated
degradation (ERAD) pathway. You et al. [62] developed a manno-
sylated liposomal system (PM-LIPO) incorporating DSPE-PEG-Man
and DSPE-PEG-Par to achieve receptor-mediated APC targeting and
ER-directed antigen delivery. When loaded with SARS-CoV-2 S pro-
tein and CpG adjuvant, PM-LIPO induced >40% viral inhibition
and sustained neutralizing antibody titers up to eight weeks post-
immunization in mice.

Such strategies enhance the specificity and efficiency of anti-
gen presentation, thereby amplifying antigen-specific immune re-
sponses. Targeted liposomal adjuvants thus hold strong transla-
tional potential as next-generation vaccine platforms, improving
antigen stability, delivery precision, and immunogenicity.

3. Emulsions as adjuvants and delivery systems in antiviral
vaccines

Emulsion adjuvants enhance vaccine immunogenicity through
an oil-water emulsification system composed of an oil phase (e.g.,
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squalene, mineral oil), an aqueous phase (e.g., PBS, citrate), and
an emulsifier (e.g., Tween 80, Span 85) [63]. Some formulations
also include immunostimulatory enhancers such as «-tocopherol.
Based on emulsification structure, they are classified as water-in-
oil (W/O), oil-in-water (O/W), or water-in-oil-in-water (W/O/W)
types [64]. W/O emulsions, such as Freund’s adjuvant, exhibit
prolonged oil-phase retention, often causing local adverse effects
including ulcers, granulomas, and allergies [65], and are there-
fore limited to veterinary use. In contrast, O/W emulsions using
biodegradable and biocompatible oils offer superior safety and tol-
erability [66], supporting their broader application. A notable ad-
vantage of O/W systems is the ability to store antigen and adju-
vant separately and mix them immediately before administration
[65]. Emulsion adjuvants enhance immune responses via multiple
mechanisms, including antigen depot formation for sustained re-
lease, induction of pro-inflammatory signaling to activate innate
immunity, and promotion of antigen presentation, thereby amplify-
ing both humoral and cellular immunity. They also enable antigen
dose sparing and significantly increase antigen-specific antibody
titers, outperforming alum adjuvants in several respects [67]. Sev-
eral emulsion adjuvants have been approved for clinical use (Table
1) [68] and are expected to become a mainstream platform in fu-
ture vaccine development.

3.1. MF59

MF59, developed by Novartis, is a squalene-based O/W emul-
sion originally designed as a delivery vehicle for the immunos-
timulant MTP-PE [69]. Subsequent studies revealed its strong im-
munostimulatory properties, leading to its use as a standalone
adjuvant. MF59 consists of squalene, nonionic surfactants (Tween
80, Span 85), and citrate buffer, forming negatively charged par-
ticles (~160nm) [65]. Unlike alum or Freund's adjuvant, MF59
does not form a persistent depot but instead induces a tran-
sient pro-inflammatory milieu rich in DAMPs (ATP, dsDNA, uric
acid), cytokines, and chemokines, which recruit neutrophils, mono-
cytes, and DCs to amplify antigen presentation (Fig. 3A) [70]. Re-
cruited immune cells carrying antigen/adjuvant complexes migrate
to draining lymph nodes, where MF59 promotes monocyte-to-DC
differentiation, germinal center formation, and antibody affinity
maturation. MF59 enhances humoral immunity via MyD88/ASC-
dependent pathways [66] and CD8* T cell activation through
RIPK3, and can induce antigen-specific immunity independently of
CD4* T cell help [68]. Importantly, MF59’s immunogenic effects
rely on the intact emulsion formulation, as its individual compo-
nents lack comparable adjuvanticity [71].

MF59 has demonstrated robust efficacy as an adjuvant in
various licensed vaccines, including influenza and recombinant
protein-based COVID-19 vaccines [68]. Fluad®, approved in Italy in
1997 for individuals >65 years, reduces influenza-related hospital-
izations by up to 58.5% [76] and its pediatric formulation, Fluad
Pediatric®, was later approved for children aged 6 months-2 years
[77]. MF59 can be applied to a variety of antigens with different
physicochemical properties, ranging from monomeric (HIV gp120)
to particulate (HBV surface antigen) in nature, and from soluble
gD2 antigen of HSV to insoluble hemagglutinin (HA) antigen of in-
fluenza virus in water [78]. In addition, MF59 not only reduces the
amount of antigen in vaccines, but also exhibits a favorable safety
profile. Compared with non-adjuvanted vaccines, MF59-adjuvanted
formulations are indeed associated with local injection-site reac-
tions such as pain, tenderness, and fatigue; however, serious side
effects, including narcolepsy, that are closely associated with MF59
adjuvant have not been reported [68,79,80]. Despite clinical suc-
cess, its precise mechanisms remain incompletely defined, as most
insights derive from murine studies. Further research is needed to
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clarify how administration routes and demographics affect MF59-
mediated immunity [68].

3.2. ASO3

ASO03, developed by GSK in 2009, is a squalene-based O/W
emulsion adjuvant comprising squalene, «-tocopherol, and Tween
80 [81], with a mean particle diameter of ~160 nm (Fig. 3A). AS03
enhances immune activation through multiple mechanisms: It trig-
gers NF-xB signaling at the injection site, inducing cytokine and
chemokine release, which in turn facilitates the recruitment of
monocytes, macrophages, and DCs to draining lymph nodes. This
promotes antigen uptake by APCs and stimulates B cell activation
via CD4* T cell help, ultimately enhancing antigen-specific anti-
body production [65]. Similar to MF59, ASO3 is formulated with
squalene as a core component [82] and predominantly elicits a
Th2-skewed immune response, with relatively limited induction of
Th1-type immunity [83]. What distinguishes AS03 is the addition
of a-tocopherol, which is the most biologically active core ingre-
dient in vitamin E [84]. Studies indicate that compared to ASO3
with «-tocopherol removed, the a-tocopherol-containing version
can further increase cytokine levels, shorten the migration time
of early eosinophils and neutrophils to draining lymph nodes, en-
hance antigen load in monocytes, and increase antibody levels
[82].

AS03 is primarily utilized with glycoprotein antigens located
on the surface of enveloped viruses, such as influenza virus HA
and the SARS-CoV-2 spike protein. Its advantage is that it en-
hances the immunogenicity of antigens and promotes immune
responses in people with weaker immunoreactivity. In addition,
the addition of ASO3 adjuvant can reduce the amount of vac-
cine antigens used, thereby reducing production costs [85]. Con-
sequently, ASO3 is now widely used in various antiviral vaccines,
such as Pandemrix® for influenza A (HIN1) and avian influenza
vaccines for H5N1 [83,86]. Compared to non-adjuvanted vaccines,
these vaccines induce a stronger humoral immune response. A
randomized controlled trial showed that 28 days after a single
primary dose of a chimeric HA influenza vaccine, the Geomet-
ric Mean Concentration (GMC) of anti-H1 stem antibodies induced
by the AS03-adjuvanted group was ~5.3 times that of the non-
adjuvanted group under the same conditions [87]. Furthermore,
Medicago Inc. of Canada, in collaboration with GSK, developed a
COVID-19 vaccine, Covifenz®, which combines AS03 with plant-
derived coronavirus-like particles (CoVLP). This combination in-
duces potent and durable neutralizing antibody levels. After two
doses, the geometric mean titer (GMT) of neutralizing antibodies
induced in the AS03-adjuvanted group was over 100 times higher
than that of the non-adjuvanted group [88], and it showed a bal-
anced T cell response [89]. ASO3 adjuvant has been widely used
in various vaccines. However, beyond the common adverse events
attributable to its inflammation-inducing effects, such as injection-
site pain, redness, swelling, fever, and headache [65], it is of partic-
ular concern that the ASO3-adjuvanted HIN1 vaccine Pandemrix®
was associated with an increased incidence of narcolepsy among
adolescents in Sweden and Finland within 3-6 months following
vaccination during the 2009 pandemic [90,91]. Although the exact
mechanism remains unclear, several studies have explored the po-
tential link between Pandemrix® and narcolepsy. One study found
that the onset of narcolepsy after Pandemrix® vaccination may be
related to an autoimmune response triggered by the combination
of ASO3 and the antigen [67,77,91].

3.3. ISA 720/206

Freund’s adjuvant is a W/O emulsion composed of paraffin oil
and lanolin, and exists in two forms: Complete Freund’'s adju-
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vant (CFA), which includes heat-killed mycobacterium tuberculo-
sis, and incomplete Freund’'s adjuvant (IFA), which lacks the my-
cobacterial component [92]. To mitigate granuloma formation and
chronic inflammation, Seppic developed Montanide™ ISA 720 by
replacing mineral oil with metabolizable squalene and using man-
nide monooleate as an emulsifier [93]. ISA 720 encapsulates water-
soluble antigens within the oil phase, forming a depot that al-
lows sustained antigen release and prolonged immune stimula-
tion (Fig. 3B) [94]. It is compatible with diverse purified or syn-
thetic antigens and induces strong antibody and CTL responses
[95]. For instance, CpG+ISA 720 induced a Th1-skewed anti-HCV
response with enhanced IFN-y secretion and IgG2a-dominant im-
munity [96]. Currently, ISA 720 is primarily used in veterinary
vaccine adjuvants, such as antiviral vaccines for poultry, fish, and
other livestock. Additionally, this emulsion adjuvant is being in-
vestigated for use against HIV, malaria, and tumors [97]. However,
its prolonged retention at the injection site often causes signifi-
cant local adverse reactions, including pain, swelling, and sterile
abscesses, limiting its application in human vaccines.

W/O/W emulsions have emerged as improved alternatives with
greater injectability and reduced local side effects. Montanide™
ISA 206 VG, widely used in veterinary vaccines, elicited higher and
longer-lasting neutralizing antibody titers against foot-and-mouth
disease virus than alum-based formulations [98].

3.4. The current evolutionary direction of emulsions-based vaccines

While conventional emulsion adjuvants have proven success-
ful, current research is focused on developing next-generation plat-
forms to overcome their inherent limitations and further enhance
vaccine efficacy. These development trends primarily aim to im-
prove antigen stability, broaden the types of immune responses
induced, and increase overall potency. Key strategies include in-
novating the physical structure of the emulsion for superior anti-
gen protection, developing novel stabilization platforms that offer

multifunctionality, and employing synergistic combinations of ad-
juvants to engage multiple immune pathways for more compre-
hensive protection.

3.4.1. Pickering emulsions

Pickering emulsions, stabilized by solid particles at the oil-
water interface, prevent droplet coalescence, improve antigen pro-
tection, and promote antigen-APC interactions [99]. They mimic
pathogen-like dynamics, enhancing antigen uptake and cross-
presentation. In recent years, pickering emulsions have become
a new platform for vaccine adjuvants and carriers due to their
unique interfacial stabilization mechanism and strong immunos-
timulatory properties, especially in the development of antiviral
vaccines, and have broad prospects for clinical translation.

As the functional characteristics of Pickering emulsions are
largely governed by the physicochemical properties of the solid
particles used, tailoring the particulate stabilizers allows for tun-
able immunological outcomes. Guo et al. [72] engineered a metal-
based Pickering emulsion, termed HMANE, for adeno-associated
virus (AAV) delivery (Fig. 3C). This system employed HAS-Mn
nanoparticles and alum to stabilize a squalene core, enabling
efficient AAV adsorption onto the emulsion interface. HMANE
markedly improved AAV biodistribution, retention, and internal-
ization. Moreover, it activated the cyclic GMP-AMP synthase-
stimulator of interferon genes (cGAS-STING) pathway, upregulated
AAV transgene expression, and promoted strong cellular immune
responses, as evidenced by elevated cytokine levels (IL-2, IL-4,
IEN-y) (Fig. 3D). Upon immunization against various SARS-CoV-2
variants, HMANE-AAV induced high-titer, cross-reactive antibodies,
demonstrating broad protective efficacy (Fig. 3E). Similarly, Peng
et al. [73] developed an alum-stabilized squalene Pickering emul-
sion (PAPE) that enhanced DC uptake and cross-presentation (Fig.
3F). Pan et al. [100] constructed a mannose-functionalized chitosan
nanoparticle (MCNP)-stabilized emulsion achieving 54.1% cellular
uptake and potent humoral and cellular responses with strong
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antigen retention, highlighting its promise as a subunit vaccine
platform.

3.4.2. Combined adjuvant emulsions

Traditional emulsions (e.g., MF59, AS03) enhance humoral im-
munity but have limited ability to induce cellular responses. In-
corporating innate immune agonists can address this limitation.
One study showed that although the O/W emulsion adjuvant IDRI
SE alone could enhance antibody responses, its ability to activate
CD8* T cells was limited; however, the addition of the TLR9 ag-
onist CpG activated inflammatory pathways, markedly enhanced
CTL activity, promoted the secretion of pro-inflammatory cytokines
(IFN-y and IL-2), and reduced the proportion of regulatory T
cells (Tregs) by ~20% [101]. In addition, natural infection with
the influenza virus activates multiple pattern recognition recep-
tors (PRRs). Therefore, combining multiple adjuvants can more ac-
curately mimic natural infection and is expected to enhance im-
munogenicity and broaden the protective range against influenza
viruses through multiple mechanisms [64,102]. Baker’s group [74]
combined two mechanistically complementary adjuvants for an in-
tranasal influenza vaccine (Fig. 3G). The oil-in-water nanoemulsion
(NE), primarily composed of cetylpyridinium chloride, Tween 80,
ethanol, soybean oil, and water, can activate TLRs, stimulate im-
munogenic cell death, and enhance cellular uptake of the anti-
gen, thereby achieving a balanced Th1/Th2/Th17 response upon
intranasal administration. In contrast, the RNA-type RIG-I agonist
strongly induces IFN-I and a Th1-polarizing response. The com-
bined NE/RNA adjuvant can synergistically increase IFN-8 secre-
tion, promote antibody affinity maturation, and enhance Th1 and
Th17 cellular immunity.

3.4.3. S/0/W emulsions

In conventional O/W emulsions, antigens are often unstable or
prematurely released. To overcome this limitation, Yoshiro et al.
[75] designed a solid-in-oil-in-water (S/O/W) emulsion by encap-
sulating the antigen as solid nanoparticles within the squalene oil
phase, significantly improving antigen encapsulation efficiency and
stability (Fig. 3H). Experimental data showed that even after one
week of incubation in different media and buffers, the encapsula-
tion rate of antigen remained above 60%. Through this design, the
antigen can be more effectively co-delivered with the oil droplets
to APCs, thereby inducing a stronger immune response. In vivo ex-
periments further confirmed its superiority, as the S/O/W emulsion
induced significantly higher serum IgG levels than the O/W emul-
sion and effectively activated CTLs to promote cellular immunity.
Compared with the antigens in the aqueous phase of O/W emul-
sions that are rapidly transported to lysosomes and degraded, the
key advantage of S/O/W emulsions as vaccine carriers is that the
antigens are encapsulated in the oil phase and the antigens and
oil-based adjuvants are delivered to APCs at the same time, which
increases the number of APCs that capture antigens at the injec-
tion site and reduces the co-localization of antigens and lysosomes,
thereby effectively activating humoral immunity and cellular im-
munity. As a novel emulsion adjuvant, the S/O/W emulsion has
good biosafety and provides an innovative delivery platform for the
development of antiviral vaccines.

4. LNPs as delivery systems in antiviral vaccines

Lipid nanoparticles (LNPs) have become the leading platform
for nucleic acid delivery, offering significant potential for next-
generation antiviral vaccines. Unlike liposomes or micelles, LNPs
are specialized lipid-based nanocarriers that protect nucleic acids
from degradation, promote cellular uptake and intracellular traf-
ficking, and enable efficient endosomal escape for cytosolic deliv-
ery. LNPs are typically ~100 nm-sized carriers composed of four
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components: An ionizable cationic lipid, a helper phospholipid,
cholesterol, and a PEGylated lipid (Fig. 4A). The ionizable lipid
plays a pivotal role-its amine groups protonate under acidic con-
ditions, allowing electrostatic complexation with nucleic acids and
subsequent ion-pair formation with endosomal lipids. This pro-
cess destabilizes the endosomal membrane, facilitating fusion and
cargo release into the cytosol. Owing to their high transfection ef-
ficiency, scalable production, nanoscale uniformity, and serum sta-
bility, LNPs have become a cornerstone platform for antiviral vac-
cine delivery.

4.1. BNT162b2

The BNT162b2 vaccine, developed by BioNTech in partnership
with Pfizer, was the first to receive Emergency Use Authorization
(EUA) from the FDA on December 11, 2020 [104]. This vaccine
consists of a nucleoside-modified mRNA encoding the full-length,
prefusion-stabilized SARS-CoV-2 spike protein, encapsulated within
LNPs. The LNP formulation includes ALC-0315, DSPC, cholesterol,
and ALC-0159 at a molar ratio of 46.3:9.4:42.7:1.6, respectively (Fig.
4B) [105]. ALC-0315, a biodegradable ionizable lipid featuring es-
ter linkages and protonatable amines, enables effective mRNA en-
capsulation (pKj, 6.09) [106], and facilitates endosomal escape un-
der acidic conditions through electrostatic disruption of the endo-
somal membrane. Following administration, muscle cells take up
and translate the mRNA, presenting the spike protein to APCs. This
leads to the activation of naive T cells, their differentiation into
effector and CTLs, and concurrent B cell maturation driven by T
follicular helper cells, culminating in robust antibody production.
Clinical trials demonstrated that BNT162b2 conferred 52 % protec-
tion 12 days post-initial dose and 95% efficacy following the sec-
ond dose administered 3-4 weeks later in SARS-CoV-2-naive indi-
viduals [107].

4.2. mRNA-1273

The Moderna vaccine (mRNA-1273), granted EUA by the World
Health Organization (WHO) on April 30, 2021, employs a com-
parable LNP platform comprising SM-102, DSPC, cholesterol, and
PEG2000-DMG at a molar ratio of 50:10:38.5:1.5 (Fig. 4B) [108].
SM-102, also a biodegradable ionizable lipid, promotes nucleic acid
encapsulation and endosomal escape, with a measured pK, of
6.68 [106]. The mRNA encodes the SARS-CoV-2 spike glycoprotein,
which is central to viral entry and infection [109]. Following ad-
ministration, muscle cells take up and translate the mRNA, pre-
senting the spike protein to APCs. This leads to the activation of
naive T cells, their differentiation into effector and CTLs, and con-
current B cell maturation driven by T follicular helper cells, cul-
minating in robust antibody production [110]. Two-dose adminis-
tration of mRNA-1273 demonstrated >90% efficacy in preventing
symptomatic COVID-19. Observational data further indicate that
both mRNA vaccines provide strong protection against the original
strain and early variants (alpha, beta), though efficacy is reduced
against the delta variant [111].

BNT162b2 and mRNA-1273 have shown acceptable safety in
the application of COVID-19 vaccines, but there are still poten-
tial side effects, such as local inflammatory response. This is at-
tributed to the ability of ionizable cationic lipids to perturb cellular
and nuclear membranes, causing cellular damage. To address this
substantial shortcoming of ionizable cationic lipids, for one thing,
biodegradable alternatives may be introduced that are rapidly de-
graded in vivo to preferably endogenous metabolites; for another,
optimizing the organ or cell targeting of ionizable cationic lipids
may reduce non-specific uptake, thereby reducing local toxicity.
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Fig. 4. The structure and composition of LNPs. (A) Illustration of the components of LNPs. Copied with permission [103]. Copyright 2018, American Chemical Society. (B)

Structures and compositions of lipids applied to BNT162b2 and mRNA-1273.

4.3. The current evolutionary direction of LNPs-based vaccines

Despite the unique advantages of higher delivery efficiency and
easier scale-up production in comparison with other lipid-based
nanocarriers, LNPs loaded with mRNA still face several critical
challenges. First, the LNP compositions indicate a critical challenge
for the cytosolic delivery of mRNA to targeted cells in the clinic.
mRNA-1273 and BNT162b2 fail to target APCs directly and the in-
teraction between mRNA and non-APCs at the intramuscular injec-
tion site may consequently elicit undesirable side effects. Second,
sufficient mRNA translation within APCs is crucial for robust im-
mune activation, requiring LNPs to optimize both cellular uptake
and endosomal escape. However, LNP-mediated nucleic acid deliv-
ery efficiency remains below 2% [112,113] and needs further im-
provement. Recent studies have demonstrated that it is possible to
enhance the targeting capabilities and transfection efficiency by re-
fining the composition of LNP.

4.3.1. Design and screening of novel ionizable cationic lipids for
efficient delivery of nucleic acid

The rational design and screening of ionizable cationic lipids
have attracted growing interest due to their critical roles in nu-
cleic acid encapsulation within LNPs and endosomal escape for
cytosolic delivery. Vitamin B5 contains three modifiable groups-
primary hydroxyl (RA), secondary hydroxyl (RB), and carboxylic
acid (RC)-providing versatile scaffolds for lipid design. Yoo et al.
[114] leveraged vitamin B5 as the core to synthesize ionizable
lipids classified into three structural groups (I7X, 18X, 19X) based
on tail-headgroup conjugation: (1) 17X, with RA as the headgroup
and RC-linked tail; (2) I8X, with RA as headgroup and tails at
RB and RC; and (3) 19X, with RC as headgroup and tails at RA
and RB (Fig. 5A). The optimal formulation, LNP 5097, was identi-
fied through evaluation of size, surface pKj, transfection efficiency,
and in vivo immunogenicity. LNP 5097, composed of the ioniz-
able lipid 197, 6,6'-trehalose dioleate (TDO), DMG-PEG2000, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and n-butyl
lithocholic acid (L-Bu) at a molar ratio of 25:25:1.5:10:38.5, exhib-
ited a diameter of 92 £+ 0.7 nm, high monodispersity, and a pK, of
6.23. Compared with SM-102-based LNPs, LNP 5097 achieved 1.37-
fold higher mRNA transfection and induced stronger HA mRNA
vaccine-elicited neutralizing antibody responses in mice. Given the
spleen’s central role in adaptive immunity, Dong et al. [115] devel-
oped a class of imidazole-based ionizable lipids (IMILs) and per-
formed structural optimization via a high-throughput screen of a
multidimensional IMIL library containing diverse headgroups, tail
architectures, and linker chemistries. Through in vivo screening,
A3B7C2 emerged as a lead candidate, achieving spleen-targeted
mRNA delivery with an exceptional 98% transfection efficiency
in splenic tissue. Furthermore, A3B7C2-formulated LNPs displayed
potent transfection capabilities in splenic DCs. Comparative analy-

ses revealed that A3B7C2-based LNPs achieved 2.8- and 12.9-fold
higher mRNA expression in the spleen compared to SM-102 and
DLin-MC3-DMA-based systems, respectively.

4.3.2. lonizable cationic lipids with immunological adjuvant potential

Beyond serving as delivery vehicles, LNPs can recruit im-
mune cells at the injection site, trigger local inflammation, and
prime early immune responses [118], highlighting their inher-
ent adjuvant-like properties. Zhang et al. [116] synthesized ioniz-
able aminolipids (SALs) with intrinsic STING activation capacity.
Among them, SAL12 induced strong IFN-B production in BMDCs
even without mRNA. Immunization with SARS-CoV-2 spike mRNA-
loaded SAL12-LNPs (SAL12 AS-LNPs) increased S1-specific IgG
titers 5- and 3-fold compared to ALC-0315 LNPs at 4 and 10 weeks,
respectively, confirming SAL12’s potent adjuvanticity (Fig. 5B). Sim-
ilarly, Miao et al. [119] synthesized and evaluated the immunostim-
ulatory effect of over 1000 lipid formulations by using a one-step
three-component reaction. The top candidates shared key struc-
tural traits: Unsaturated tails, dihydroimidazole linkers, and cyclic
amine headgroups. Particularly, six-membered piperidinyl rings ac-
tivated STING independently of MYD88 (TLR7/8) or RLR (RIG-I,
MDA?5) signaling. These STING-responsive lipids enhanced intracel-
lular activation through improved endocytic uptake and cytosolic
trafficking.

NLRP3, a key inflammasome sensor, activates caspase-1 and
drives IL-18 and IL-18 secretion [120]. Zhou et al. [121] introduced
a nanoparticle-based lipid adjuvant (NLA) platform derived from
a structurally diverse library of 124 ionizable lipids (ILs). In vitro
assays identified R2C18-2 NLA as a lead candidate capable of acti-
vating NLRP3, as evidenced by its induction of IL-18 production
in BMDCs. In vivo, co-administration of R2C18-2 NLA with the
RSV pre-fusion (pre-F) antigen via intramuscular injection elicited
strong cellular and humoral immune responses, notably expand-
ing both central and effector memory T cell subsets. Challenge ex-
periments demonstrated that this formulation conferred protection
comparable to ASOle-like liposomal adjuvants.

Toll-like receptor (TLR) agonists act as strong immune adju-
vants by promoting DC maturation, enhancing antigen presenta-
tion, and stimulating pro-inflammatory cytokines such as tumor
necrosis factor-alpha (TNF-«), thereby bridging innate and adap-
tive immunity [122]. Han et al. [123] synthesized an ionizable
lipid adjuvant, C12-TLRa, via ring-opening of C12 epoxide with
an amine-functionalized TLR7/8 agonist. C12-TLRa imparted dual
functionality-enhanced mRNA delivery and TLR7/8 agonism. SARS-
CoV-2 mRNA vaccines formulated with SM-102/TLRa LNPs induced
5.4-fold higher anti-RBD IgG titers and robust Th1-biased immune
responses compared to standard SM-102 LNPs.

4.3.3. Construction of selective organ-targeting LNPs
Unmodified LNPs exhibit strong liver tropism following intra-
venous administration, limiting their application to hepatic dis-



Y.-Q. Zhao, Z.-]. Cheng, D. Cai et al.

Chinese Chemical Letters 37 (2026) 112059

A C
: e T o
RE\ ‘ Functional group Examples of novel ionizable lipids P
Errm— . 7 HOW_ ..
/m W ‘ Heads | Tails 4 vy LKI/M ' o( . 8 T
o (N /)(’1( \/\0(0 E NSNS
Vitamin 55 backbone —_— & 3| oo ° j L O= 6.,6-trehalose diolcate
r:’\/ \‘ovké S I
A oH
lonizable lipid type Q’:i/:\/\/:/ %\R’\ U,}
Design N
9 Tx | ex (x| < ,.;\ YR i
(71~79) | (81~84) | (91-38) s :
P i 182 §1 4k & D2
NS X N ~ o/%\g \. S ;8
2 lonizabie)fonizabte| || C H( = & Nsoo-e
3 | head || head B % o) ) ;.‘
5 [ S . A
T FRa = o T i {w 508
2 || radd T f 25 [O08 &5
s o — mRNA © LNP S050L
5 o o lonizable N 3 L 3 P
Tail Tail i el 0. O i st
- . head j ’7(‘7; © ! Substitute for ionizable lipid @?
v H-bonding with mRNA 2
Ionizable cationic lipids with STING agonistic activity ¥ DY Isen 50 [npHiee
Fopr ~ QTgoTTTEEEEEET H ¥" Lower toxicity for heart and liver
e - Bty .
SARS- ggg __ = RS s H R R
CoV-2 ok ™ mRNA B 85, s o 'l '
- N = O NSNS R
> . S 8 7 P L, T
- — "u S SAL-LNP
IFN-4 Beell STING agonist
. Nculrallzmg )i \ Cellular
‘Receptor® antibody " uptake
R S i .
\ Spiki z R
. pike c
\ protem1 Y -% LV. spleen LM. lymph node
Y ———— 2 :
mRNA® e R — = Tropronin I ALT AST
\\ translation Endosomalv-;v_ i 2 — S
o IFN-$ 40“ 4 escape Neutralizing 2 o .
hd b o Spike B » 5 1 : s,
o Production i L antibody g g™ :
° JEp mRNA & 2 o
e © 7 STING S e
e - ¥ e \ STING ™\ il cbkml kel
agonist Log,, (plasma dilution)

Fig. 5. The rational design of LNPs and application for the treatment of infectious diseases. (A) Structural design and representative architectures of vitamin B5-derived
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eases and vaccines [124]. For mRNA tumor vaccines, efficient anti-
gen expression by professional APCs is essential, as translation by
non-APCs may cause cytotoxicity [125]. To fully leverage their po-
tential in antiviral vaccines, it is essential to develop strategies to
enhance delivery to targeted organs or tissues beyond the liver for
maximum efficacy and minimum toxicity.

Rationally engineered mRNA-LNPs targeting APCs show great
promise for infectious disease vaccines. Bae et al. [117] devel-
oped trehalose glycolipid-based LNPs (S050L) that induced HA
mRNA-elicited immune responses comparable to SM-102 LNPs but
with improved lymphatic trafficking, accumulation in lymph nodes
and spleen, and reduced systemic toxicity (Fig. 5C). Similarly, Lei
et al. [126] synthesized a mannose-modified ionizable lipid (Man-
lipid) incorporated as the fifth LNP component to form “sweet”
LNPs (STLNPs). STLNPs-Man achieved fourfold higher DC uptake
than ALC-0315 LNPs via mannose-CD206 interactions, markedly
enhancing mRNA delivery to DCs. To further improve target-
ing, Cao et al. [127] developed DC membrane-coated nanoparti-
cles (DCMNPs) composed of mRNA, ionizable lipid YK009, and
DOPE. The positive charge of YKO009 facilitated mRNA encapsu-
lation and cytosolic release, while the DC membrane shell con-
ferred lymphoid homing and enhanced biodistribution. A three-
dose DCMNP-based SARS-CoV-2 mRNA vaccine elicited strong
Spike-specific IgG, high neutralizing titers, and Th1-skewed cellular
immunity.

In summary, LNPs significantly align with clinical requirements
for therapeutic nucleic acids in the treatment of infectious dis-
eases. Ongoing advancements aim to enhance their transfection ef-
ficiency and achieve precise targeting of APCs within lymph nodes

or spleen to reduce adverse effects and optimize therapeutic out-
comes.

5. Other lipid-based adjuvants and delivery systems in antiviral
vaccines

5.1. Peptide-lipid conjugate based antiviral vaccines

Peptide-based vaccines offer distinct advantages over conven-
tional platforms but often suffer from low immunogenicity, neces-
sitating adjuvant use. To address this, lipopeptides have emerged
as self-adjuvanting systems composed of a hydrophobic lipid chain
covalently linked to a hydrophilic peptide head group. This am-
phiphilic architecture promotes supramolecular self-assembly in
aqueous media, enhancing antigen presentation and immune ac-
tivation [128].

Certain lipid moieties, such as tripalmitoylated cysteine
(Pam3C) and dipalmitoylated cysteine (Pam2C), act as TLR2 ago-
nists that trigger immune signaling upon antigen conjugation. Zeng
et al. developed influenza vaccine candidates by linking Pam2C to
the matrix protein 2 ectodomain (M2e) of influenza A virus. The
resulting M2e-Pam2C lipopeptides elicited strong antigen-specific
antibody responses in mice without additional adjuvants [129].
Lipopeptides can also serve as adjuvants to enhance the immuno-
genicity of co-administered antigens. Bao et al. synthesized am-
phiphilic lipopeptide adjuvants (LAAs) for co-delivery with mon-
keypox virus (MPXV) antigens. Among them, C16-GCV2E3 (C16),
characterized by a twisted band-like nanostructure, markedly en-
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Fig. 6. The composition of the lipid-polymer hybrid based antiviral vaccines and their mechanism for enhancing cellular immunity. (A) The structure of lipid-polymer
hybrid nanoparticles (PDCD) nanoparticles and its immune responses. Reproduced with permission [133]. Copyright 2024, American Chemical Society. (B) Constituents and
immunoenhancing mode of action of the HBsAg/PPLNP formulation. Copied with permission [134]. Copyright 2024, Springer Nature. (C) The structure of PNP/L-PBAE NPs.
Reproduced with permission [135]. Copyright 2020, Wiley-VCH. (D) The structure of LPHFNPs@siGFP. Reproduced with permission [136]. Copyright 2025, American Chemical

Society.

hanced antigen presentation and immune protection against vac-
cinia virus challenge [130].

Collectively, lipopeptide-based vaccines provide a promising
self-adjuvanting strategy through receptor binding and self-
assembly into ordered nanostructures. Minor alterations in lipid
chain length, saturation, or linkage site can profoundly influence
assembly behavior, receptor affinity, and Th1/Th2 polarization, em-
phasizing the importance of rational, structure-activity-guided de-
sign.

5.2. Lipid-polymer hybrid based antiviral vaccines

Lipid-polymer hybrid nanoparticles (LPHNPs), comprising lipid
shells and polymeric cores, combine the mechanical stability and
controlled release of polymeric systems with the fusogenicity and
biocompatibility of liposomes. The polymeric core protects nucleic
acids or proteins from degradation, while the lipid layer enhances
cell uptake and endosomal escape [131].

Evidence suggests that the lipid coating surrounding poly
(lactic-co-glycolic acid) (PLGA) cores can impart muco-inert prop-
erties to these hybrid systems, thereby aiding the passage of nu-
cleic acid cargo across mucus-covered human airway epithelial bar-
riers [132]. Due to the neutral nature of PLGA, it is often com-
bined with cationic lipids for mRNA encapsulation. Zhang et al. de-
signed a ready-to-use mRNA vaccine formulation (PCDD) by inte-
grating DOTAP, DOPE, cholesterol, and PLGA into hybrid nanoparti-
cles (Fig. 6A). PCDD loaded mRNA encoding an HIN1 HA-M2e fu-
sion antigen, inducing both antibody and T-cell responses in mice
[133]. In another approach, a novel polymer-lipid hybrid nanoparti-
cle was constructed using FDA-approved PEG-b-PLLA (polyethylene
glycol-block-poly(L-lactic acid)) and DOTAP as an adjuvant plat-
form, enabling efficient delivery of the TLR3 agonist poly I:C along-
side immobilized hepatitis B surface antigen (HBsAg) (Fig. 6B). This
HBsAg/PPLNP formulation significantly promoted antigen uptake
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and poly I:C delivery, leading to enhanced type I interferon pro-
duction, improved antigen retention and lymph node trafficking,
and robust Th1-skewed immune responses, as evidenced by ele-
vated antigen-specific antibodies, cytotoxic T cell activity, and cy-
tokine secretion [134]. In another study, Li et al. synthesized lipid-
modified poly(S-amino ester)s (L-PBAEs) via enzyme-catalyzed es-
terification and subsequently co-assembled them with PLGA-PEG
to generate “particles-in-particles” (PNP) nanostructures for gene
delivery (Fig. 6C). Among the candidates, PNP/C12-PBAE nanopar-
ticles were identified as optimal carriers for DNA and mRNA de-
livery both in vitro and in vivo, exhibiting superior transfection
efficiency, sustained gene release kinetics, and excellent stabil-
ity. Notably, these nanoparticles retained their transfection capa-
bilities after lyophilization and storage at —20°C for up to 12
months [135]. Cabibbo et al. further advanced pulmonary delivery
strategies by engineering lipid-polymer hybrid nanoparticles for
siRNA transport. This platform was built using a novel copolymer
derived from «, B-poly(N-2-hydroxyethyl)-p,L-aspartamide, which
was functionalized with 35 mol% 1,2-bis(3-aminopropylamino)
ethane, 0.4 mol% fluorescent tracer, and 4.5 mol% PLGA to en-
capsulate GFP-targeting siRNA (siGFP). The lipid shell was com-
posed of 1,2-dipalmitoyl-sn—-glycero-3-phosphocholine and DSPE-
PEG5qq0. The resulting siRNA-loaded lipid-polymer hybrid nanopar-
ticles (LPHFNPs@siGFP) displayed favorable colloidal properties in-
cluding a hydrodynamic diameter of 164 nm, positive zeta poten-
tial, 99% encapsulation efficiency, and a distinct core-shell struc-
ture. These nanoparticles achieved efficient cellular uptake and re-
sulted in ~50% silencing of GFP expression in human lung carci-
noma cells [136].

Compared with LNPs or single polymer nanoparticles, LPHNPs
prevent drug leakage, prolong circulation, and enhance intracel-
lular escape while avoiding burst release, yielding up to fourfold
higher transfection efficiency [137]. They also demonstrate superior
immune responses, stability, and safety. Nonetheless, their com-
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plex core-shell architecture poses challenges for large-scale manu-
facturing, reproducibility, and pharmacokinetic consistency, which
remain critical barriers to clinical translation.

5.3. Glycolipid adjuvant

Lipopolysaccharide (LPS) activates immune cells via TLR4 but is
too toxic for human vaccines; thus, chemical modification is re-
quired. Monophosphoryl lipid A, a detoxified LPS derivative, retains
strong immunostimulatory activity with reduced toxicity, making
it widely used in vaccines and immunotherapies. AS04, a commer-
cial adjuvant combining MPL with aluminum hydroxide, enhances
TLR4 activation and has been approved for HPV and HBV vaccines.
Compared with aluminum salts, AS04 elicits stronger humoral and
Th1-biased cellular responses [138]. In addition, some other glycol-
ipids, such as glycolipid-c-galactosylceramide (aGalCer), show bet-
ter adjuvant effects on HIV and malaria vaccines [139]. In addition
to MPL/ASO4 and «-GalCer, several other glycolipid-based adju-
vants have progressed into clinical development or advanced pre-
clinical testing, providing instructive case studies for mechanism
and translation. Synthetic glycolipid agonists like glucopyranosyl
lipid A (GLA) have entered clinical evaluation. In a phase 1 trial,
the tuberculosis vaccine candidate ID93 combined with GLA-SE
induced higher ID93-specific antibody titers, increased IgG1/IgG3
levels, and expanded multifunctional CD4* T-cell responses com-
pared with ID93 alone [140].

Despite these advances, several challenges remain. Excessive
TLR4 or iNKT activation may raise safety concerns, and many gly-
colipid adjuvants rely on complex formulations (e.g., QS-21 lipo-
somes, synthetic LPS emulsions), complicating large-scale manu-
facturing and batch consistency.

6. Future directions

Despite their transformative impact, lipid-based adjuvants still
face challenges in safety, targeting specificity, and dosing. Safety
concerns stem from the intrinsic immunostimulatory properties of
lipid components. lonizable lipids can trigger systemic cytokine
release (e.g., IL-6, TNF-«) and flu-like symptoms, while cationic
lipid accumulation in the liver may cause hepatotoxicity and el-
evated transaminases, highlighting the need for safer biodegrad-
able analogs [141]. Targeting specificity is another limitation, as
apolipoprotein E-mediated uptake directs most LNPs to the liver,
restricting delivery to immune tissues such as the spleen or
lymph nodes. Moreover, inefficient endosomal escape reduces anti-
gen availability and vaccine efficacy. Although rational design has
improved extrahepatic delivery, tissue-specific targeting often re-
quires complex surface engineering or localized administration.
Additionally, multiple doses are usually required to achieve durable
immunity due to limited antigen retention, transient mRNA expres-
sion, and suboptimal memory activation, which can increase toxic-
ity risks and reduce compliance.

6.1. Organelle and tissue-specific targeting

Rationally engineered lipid-based systems enable organ and
tissue-specific delivery, enhancing vaccine efficacy, safety, and pre-
cision [142]. By directing immunogens to immunologically rele-
vant sites such as the lung, spleen, liver, or CNS, localized im-
mune responses can be strengthened. For instance, mucoadhesive
or pH-responsive lipid formulations administered intranasally pro-
mote antigen retention and uptake by airway macrophages and
DCs, eliciting strong mucosal immunity. Reus et al. [143] devel-
oped targeted liposomes (LipNaf) modified with apolipoprotein B-
derived peptide (ApoB-P) as a specific lung-targeting ligand. Stud-
ies demonstrated that this liposomal formulation possessed favor-
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able physicochemical properties, including a nanoscale size (119-
147nm) and a neutral surface charge. The experimental results
indicated that the targeted LipNaf exhibited a trend towards re-
duced viral load in the lungs of SARS-CoV-2-infected mice, with
no observable side effects. Lv et al. [144] designed a biodegrad-
able ketoester lipid with reduced hepatic tropism and enhanced
spleen targeting, yielding stronger mRNA vaccine responses than
MC3 or SM-102. Similarly, lymph node targeting can be improved
through albumin-binding or mannose ligands, as shown by Dasari’s
AMP-CpG system [145]. For hepatotropic viruses such as HBV or
HCV, ionizable LNPs efficiently deliver mRNA to hepatocytes [146].
Although the CNS remains difficult to access, RVG-modified lipid
vesicles successfully delivered mRNA to neurons and reduced Zika-
induced neuroinflammation [147].

6.2. Toward long-acting, single-dose, pulsatile vaccines

Sustained antigen exposure (>21 days) is essential for germi-
nal center reactions, high-affinity antibody maturation, and mem-
ory formation. However, conventional vaccines have short antigen
half-lives (<72 h), requiring boosters. Lipid-based adjuvant systems
can achieve long-acting immunization via lipid depots or polymer-
lipid hybrids that sustain antigen release for weeks or months.

Lipid depots or hybrid systems incorporating phase-transition
lipids and polymeric cores (e.g., PLGA-lipid hybrids) can achieve
sustained antigen release over weeks to months. Yang et al. [148]
engineered a nanocomposite adjuvant, termed MIL@A-SWO01-C, by
integrating polyacrylic acid-coated metal-organic framework MIL-
53 (Al) (MIL@A) with a squalene-based O/W emulsion (SWO01).
MIL@A-SWO01-C has good biocompatibility, high antigen loading
capacity and continuous antigen release. Compared with con-
ventional adjuvants such as aluminum salts and ISA 201, vac-
cines formulated with MIL@A-SWO01-C elicited significantly ele-
vated antigen-specific serum antibody titers, promoted splenocyte
proliferation and cytokine production, and induced a more bal-
anced Th1/Th2 immune response profile. In murine challenge stud-
ies, a single immunization with this adjuvant achieved a survival
rate of 86.7 %. Furthermore, when administered to pigs followed by
challenge with wild-type PRV, a single dose of the MIL@A-SWO01-
C-based vaccine conferred complete protection (100 %), markedly
surpassing the protective efficacy offered by commercial adjuvant
formulations.

6.3. Co-delivery of multiple immune-modulatory components

Co-delivery of antigens and immune-modulatory agents within
a single lipid nanoparticle ensures synchronized delivery to APCs
and coordinated immune activation. Lipid-based carriers provide a
versatile platform for co-delivery, allowing simultaneous encapsu-
lation of nucleic acid antigens (e.g.,, mRNA, DNA), protein or pep-
tide epitopes, and a wide array of immunostimulatory molecules.
Notably, the co-delivery of antigen and pattern recognition recep-
tor agonists-such as TLR or STING agonists-has shown superior
immunogenicity compared to antigen alone. For example, mRNA-
LNPs co-loaded with TLR7/8 agonists or STING agonists (e.g., cyclic
dinucleotides) have been demonstrated to induce robust DC mat-
uration, type I interferon responses, and Th1-skewed adaptive im-
munity in preclinical models of viral infection and cancer. This co-
delivery not only enhances antigen presentation via MHC class I
and II pathways but also promotes the recruitment and activation
of CD8* CTLs and CD4* helper T cells. Additionally, co-delivery
enables combination adjuvant strategies that mimic natural infec-
tion cues more effectively. Emulsion-based adjuvants such as AS01,
for instance, incorporate both MPL and QS-21, which synergize to
activate different signaling cascades, resulting in enhanced germi-
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nal center formation, antibody affinity maturation, and long-lived
memory responses.

6.4. Multivalent vaccines

The lipid-based vaccine system provides a reasonable frame-
work for multivalent preparations. Lipid-based vaccines can simul-
taneously encode or encapsulate multiple viral antigens, thereby
expanding immune coverage and reducing the impact of antigenic
variation. Recent studies have included tetravalent or hexavalent
mRNA-LNP pharmaceutical preparations for different influenza HA
subtypes, which have induced cross-protective responses to mis-
matched strains in animal challenge studies [149]. Similarly, the
multivalent LNP vaccine combined with the SARS-CoV-2 mutant
spike protein showed a stronger breadth advantage than the mono-
valent preparation in terms of neutralization [150]. The synergistic
delivery ability of the lipid-based system ensures the simultane-
ous display of multiple antigens in the same APC, reduces immune
interference, and improves protection persistence. These character-
istics indicate that the LNP-based adjuvant platform can accelerate
the clinical application of multivalent vaccines (group protection
against diverse or rapidly evolving viral threats).

7. Manufacturing, regulatory and broader challenges
7.1. Fabrication

Scalable manufacturing of lipid-based adjuvants remains chal-
lenging. Techniques such as ethanol injection and microfluidics im-
prove liposome uniformity but face issues of reproducibility, ef-
ficiency, and cost [151,152]. Industrial-scale LNP production using
film hydration, extrusion, homogenization, or T-junction mixing re-
quires optimization of encapsulation efficiency and particle unifor-
mity [153]. Similarly, MF59 emulsions rely on microfluidization for
precise droplet control but involve high equipment costs and oper-
ational complexity [65].

7.2. Quality control

Quality assurance for lipid-based adjuvants represents a critical
pharmaceutical imperative, particularly in liposomal vaccine de-
velopment and therapeutic liposome production, to ensure prod-
uct safety, efficacy, and stability. Ensuring consistent particle size
(<100 nm), drug retention, near-neutral zeta potential, and stability
is essential for liposomal and LNP vaccines [154]. For mRNA-LNPs,
key quality attributes include particle size (60-150 nm), encapsu-
lation efficiency (assessed via RiboGreen), and apparent pK, [155].
Emulsion-based adjuvants like MF59 also demand strict control of
particle size (~160nm), viscosity, and oil-to-water ratio.

7.3. Additional considerations

Intellectual property, technology transfer, and regulatory har-
monization influence global vaccine access. Expedited regulatory
pathways, such as Health Canada’s rolling review during COVID-
19, can accelerate deployment without compromising safety. Cold-
chain logistics remain critical, as vaccines must be transported
under validated temperature conditions [156,157]. Batch-to-batch
variability in emulsions or liposomes and differing regulatory re-
quirements across regions (e.g., delayed MF59 approval in the U.S.)
complicate global rollout. Strengthening IP governance, manufac-
turing capacity, and regulatory coordination will be key to building
a resilient global vaccine ecosystem.
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8. Conclusion and outlook

The continuous emergence of viral epidemics and pandemics
has underscored the urgent need for vaccine platforms that are not
only effective and safe, but also adaptable, scalable, and capable of
inducing broad and durable immune responses. Lipid-based deliv-
ery systems have rapidly emerged as a transformative technology
in this context, enabling the successful development and deploy-
ment of nucleic acid vaccines at an unprecedented speed and scale.

From liposomes and oil-in-water emulsions to LNPs, these sys-
tems provide versatile platforms that can encapsulate and pro-
tect diverse antigens, enhance the uptake of APCs, modulate im-
mune responses through co-delivered adjuvants, and be tailored
for tissue-specific or mucosal delivery. Their physicochemical prop-
erties, modular design, and clinical track record offer significant
advantages over polymeric, viral, and inorganic vectors, especially
in terms of biocompatibility, manufacturability, and regulatory ac-
ceptance. Nevertheless, antigenic diversity and rapid viral evolu-
tion demand next-generation lipid systems capable of support-
ing multivalent and variant-proof vaccine designs. Tissue targeting
and mucosal immunity require further innovations in formulation
and administration routes. Additionally, large-scale manufacturing,
cold-chain logistics, and equitable global distribution must be ad-
dressed in tandem with scientific advances to ensure that lipid-
based vaccines can fulfill their global public health potential.

In summary, lipid-based vaccines hold significant promise for
the prevention and management of epidemic viral infections. Con-
tinuous exploration and innovation in lipid carriers are crucial to
unlocking their full potential in addressing the challenges posed by
viral epidemics and rapid evolution. Lipid-based vaccine platforms
will remain at the forefront of vaccinology, enabling rapid contain-
ment of emerging viral threats and fundamentally enhancing our
capacity to prevent and control infectious diseases.

CRediT authorship contribution statement

Yan-Qi Zhao: Writing - original draft, Conceptualization.
Zi-Jian Cheng: Writing - original draft. Dian Cai: Writing - origi-
nal draft. Yue-Lin Fang: Writing - original draft. Jian Xu: Writing
- original draft. Hong-Lan Dai: Writing - original draft. Wen-Qi
Liu: Writing - original draft. Xin-Xin Zhang: Writing - review &
editing, Supervision, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

This work was supported by the National Key Research and De-
velopment Program of China (No. 2022YFC2304104), the National
Natural Science Foundation of China (Nos. 82222066, U24A20783),
the Taishan Scholars Program.

References

[1] C. Wang, ]. Wang, D. Liu, Z.L. Zhang, Chin. Chem. Lett. 35 (2024) 110302.

[2] H. Yan, ]. Sun, K. Wang, et al., Acta Pharm. Sin. B 11 (2021) 2850-2858.

[3] Y. Hou, M. Chen, Y. Bian, et al., Acta Pharm. Sin. B 13 (2023) 3321-3338.

[4] M.S. Bijker, C.J.M. Melief, R. Offringa, S.H. van der Burg, Expert. Rev. Vaccines
6 (2007) 591-603.

[5] A. Mohta, M.K. Sharma, P. Kumari, B.C. Ghiya, R.D. Mehta, Dermatol. Pract.
Concept. 12 (2022) e2022068.

[6] C. Wang, E. Yuan, Adv. Drug Deliv. Rev. 210 (2024) 115340.

[7] C. He, M. Qin, X. Sun, Acta Pharm. Sin. B 10 (2020) 1175-1191.

[8] Z. Su, H. Boucetta, J. Shao, et al., Acta Pharm. Sin. B 14 (2024) 4665-4682.

[9] D. Zhu, C. Hu, F. Fan, et al., Biomaterials 206 (2019) 25-40.



Y.-Q. Zhao, Z.-]. Cheng, D. Cai et al.

[10] H. Chen, L. Wang, X. Zhao, et al., ACS Nano 18 (2024) 9160-9175.

[11] R. Kuai, X. Sun, W. Yuan, et al,, J. Control Release 282 (2018) 131-139.

[12] P. Shinde, V. Bharat, A. Rodriguez-Oquendo, B. Zhou, A.T. Vella, Expert. Opin.
Biol. Ther. 18 (2018) 1073-1083.

[13] N. Pardi, M.J. Hogan, EW. Porter, D. Weissman, Nat. Rev. Drug Discov. 17
(2018) 261-279.

[14] Y. Tian, M. Li, Y. Yang, et al., Chin. Chem. Lett. 35 (2024) 109270.

[15] Z. Jiang, Y. Xu, G. Du, X. Sun, J. Control. Release 370 (2024) 287-301.

[16] J. Lee, D. Kim, J. Byun, et al., Adv. Drug Deliv. Rev. 186 (2022) 114325.

[17] Y. Ding, Z. Li, A. Jaklenec, Q. Hu, Adv. Drug Deliv. Rev. 179 (2021) 113914.

[18] CJ. Lee, M. Koizumi, T. Kosaka, J. Food Drug Anal. 2 (2020) 255-264.

[19] T. Liu, Y. Liang, L. Huang, Front. Bioeng. Biotechnol. 9 (2021) 766764.

[20] M. Moradi, F. Vahedi, A. Abbassioun, et al, Immun. Inflamm. Dis. 11 (2023)
e867.

[21] K.S. Kim, H. Kim, Y. Park, et al., Adv. Funct. Mater. 26 (2016) 2512-2522.

[22] S. Nooraei, H. Bahrulolum, Z.S. Hoseini, et al., ]. Nanobiotechnology. 19 (2021)
59.

[23] M. Pei, . Liang, C. Zhang, et al., Carbohydr. Polym. 224 (2019) 115172.

[24] F. Shen, H. Wang, Z. Liu, L. Sun, Angew. Chem. Int. Ed. 63 (2023) e202312624.

[25] C. Keda, W. Xiaoxin, W. Qingjing, et al., Chin. Chem. Lett. 34 (2023) 107446.

[26] B.N. Aldosari, .M. Alfagih, A.S. Almurshedi, Pharmaceutics. 13 (2021) 206.

[27] A. Bolhassani, Mol. Biotechnol. 65 (2022) 669-698.

[28] X. Zhang, Y. Li, Z. Zhou, ACS Omega 9 (2024) 6219-6234.

[29] Y. Ke, E. Zhang, ]. Guo, et al., Acta Pharm. Sin. B 13 (2023) 4856-4874.

[30] Q. Bi, X. Song, Y. Zhao, et al., Acta Pharm. Sin. B 13 (2022) 1287-1302.

[31] Y. Wan, L. Li, R. Chen, et al.,, Acta Pharm. Sin. B 14 (2023) 1362-1379.

[32] C.L. Smith, B. Richardson, M. Rubsamen, et al., Vaccine 42 (2023) 229-238.

[33] C. Givord, 1. Welsby, S. Detienne, et al., NP]. Vaccines. 3 (2018) 20.

[34] ]J. Liau, S. Hook, C.A. Prestidge, T.J. Barnes, Eur. ]. Pharm. Biopharm. 97 (2015)
15-21.

[35] S. He, W. Fan, N. Wu, et al., Nano Lett. 18 (2018) 2411-2419.

[36] L. Zhang, K.R. More, A. Ojha, et al., NP] Vaccines 8 (2023) 156.

[37] J. Liu, W. Sun, B. Xiao, et al., ACS Appl. Mater. Interfaces 17 (2025)
13552-13564.

[38] M. Coccia, C. Collignon, C. Hervé, et al., NPJ Vaccines 2 (2017) 25.

[39] V.V. Stylianou, K.M. Bertram, V.A. Vo, et al,, J. Clin. Invest. 134 (2024) e174144.

[40] W.H. Shen, C.C. Wang, ].X. Jiang, et al., ]. Control. Release 365 (2024) 208-218.

[41] M.A. Monslow, S. Elbashir, N.L. Sullivan, et al., Vaccine 38 (2020) 5793-5802.

[42] A.M. Didierlaurent, C. Collignon, P. Bourguignon, et al., ]. Immunol. 193 (2014)
1920-1930.

[43] S.T. Agnandji, B. Lell, J.F. Fernandes, et al, N. Engl. ]. Med. 367 (2012)
2284-2295.

[44] L. Stertman, A.E. Palm, B. Zarnegar, et al., Hum. Vaccin. ImmunOther 19
(2023) 2189885.

[45] S.E. Magnusson, A.F. Altenburg, K.L. Bengtsson, et al., Inmunol. Res. 66 (2018)
224-233.

[46] PT. Heath, E.P. Galiza, D.N. Baxter, et al, N. Engl. J. Med. 385 (2021)
1172-1183.

[47] V. Shinde, S. Bhikha, Z. Hoosain, et al., N. Engl. ]. Med. 384 (2021) 1899-1909.

[48] N. Venkatraman, G. Bowyer, N.J. Edwards, et al., Am. J. Trop. Med. Hyg. 97
(2017) 594.

[49] A.T. Kamath, A.F. Rochat, D. Christensen, et al., PLoS One 4 (2009) e5771.

[50] D. Christensen, Chapter 17-development and evaluation of CAFO01, in:
V.EJ.C. Schijns, D.T. O’'Hagan (Eds.), Immunopotentiators in Modern Vaccines
(Second Edition), Academic Press, 2017, pp. 333-345.

[51] M. Henriksen-Lacey, V.W. Bramwell, D. Christensen, et al., ]. Control. Release
142 (2010) 180-186.

[52] D. Christensen, D. Kirby, C. Foged, et al., Biochim. Biophys. Acta Biomembr.
1778 (2008) 1365-1373.

[53] J.T. van Dissel, S.A. Joosten, S.T. Hoff, et al., Vaccine 32 (2014) 7098-7107.

[54] W.A. Okoth, M.E. Ho, M. Zaman, et al., mBio 14 (2023) e0254723.

[55] K. Worzner, J. Hvannastein, S.T. Schmidt, et al., Eur. J. Pharm. Biopharm. 165
(2021) 293-305.

[56] M.H. Teplensky, M.E. Distler, C.D. Kusmierz, et al., Proc. Natl. Acad. Sci. US.A.
119 (2022) €2119093119.

[57] S. Shao, W.C. Huang, C.Y. Lin, et al., Ann. Biomed. Eng. 48 (2020) 1991-2001.

[58] EA. Hamid, N.M.N. Le, D. Song, et al., ]. Control. Release 384 (2025) 113901.

[59] A. Peletta, E. Prompetchara, K. Tharakhet, et al., Vaccines 9 (2021) 874.

[60] M. Melo, E. Porter, Y. Zhang, et al., Mol. Ther. 27 (2019) 2080-2090.

[61] I. Mantel, B.A.A. Sadiq, ].M. Blander, Mol. Inmunol. 142 (2022) 105-119.

[62] L. Luo, Z. Luo, L. Wang, et al., Mol. Pharm. 20 (2023) 5668-5681.

[63] D.T. O’Hagan, R. van der Most, R.N. Lodaya, M. Coccia, G. Lofano, NP] Vaccines
6 (2021) 158.

[64] J. Xing, X. Zhao, X. Li, et al., Front. Immunol. 16 (2025) 1557415.

[65] Z. Huang, H. Gong, Q. Sun, et al., Heliyon 10 (2024) e24662.

[66] E.C. Lavelle, C.P. McEntee, Immunity 57 (2024) 772-789.

[67] P. Pellegrino, E. Clementi, S. Radice, Autoimmun. Rev. 14 (2015) 880-888.

[68] W. Zhang, H. Cui, ]. Xu, et al,, ]. Control. Release 378 (2025) 573-587.

[69] G. Ott, G.L. Barchfeld, D. Chernoff, et al., Pharm. Biotechnol. 6 (1995) 277-296.

[70] G. Del Giudice, R. Rappuoli, A.M. Didierlaurent, Semin. Immunol. 39 (2018)
14-21.

[71] S. Calabro, E. Tritto, A. Pezzotti, et al., Vaccine 31 (2013) 3363-3369.

[72] Z. Guo, F. Wu, C. Guo, et al., Adv. Mater. 37 (2025) e2412627.

[73] S. Peng, F. Cao, Y. Xia, et al., Adv. Mater. 32 (2020) e2004210.

[74] P.T. Wong, PH. Goff, RJ. Sun, et al., Mol. Pharm. 18 (2021) 679-698.

[75] Y. Tahara, R. Mizuno, T. Nishimura, et al., Biomaterials 282 (2022) 121385.

13

Chinese Chemical Letters 37 (2026) 112059

[76] B.L. Coleman, R. Sanderson, M.D.M. Haag, I. McGovern, Influenza Other Respir.
Viruses 15 (2021) 813-823.
[77] A.L. Wilkins, D. Kazmin, G. Napolitani, et al., Front. Immunol. 8 (2017) 1760.
[78] V. Schultze, V. D’Agosto, A. Wack, et al., Vaccine 26 (2008) 3209-3222.
[79] D.T. O’'Hagan, G.S. Ott, G.V. Nest, R. Rappuoli, G.D. Giudice, Expert. Rev. Vac-
cines 12 (2013) 13-30.
[80] A. Podda, G. Del Giudice, Expert. Rev. Vaccines 2 (2003) 197-203.
[81] A.M. Harandi, Semin. Immunol. 39 (2018) 30-34.
[82] S. Morel, A. Didierlaurent, P. Bourguignon, et al, Vaccine 29 (2011)
2461-2473.
[83] T. Zhao, Y. Cai, Y. Jiang, et al., Signal. Transduct. Target. Ther. 8 (2023) 283.
[84] D. Wu, S.N. Meydani, J. Leukoc. Biol. 84 (2008) 900-914.
[85] J.S. Tregoning, R.F. Russell, E. Kinnear, Hum. Vaccin. Immunother. 14 (2018)
550-564.
[86] A. Facciola, G. Visalli, A. Lagana, A. Di Pietro, Vaccines 10 (2022) 819.
[87] N. Folschweiller, C. Vanden Abeele, L. Chu, et al., Lancet Infect. Dis. 22 (2022)
1062-1075.
[88] B.J. Ward, P. Gobeil, A. Séguin, et al., Nat. Med. 27 (2021) 1071-1078.
[89] P.M. Maharjan, S. Choe, Vaccines 9 (2021) 992.
[90] H. Nohynek, J. Jokinen, M. Partinen, et al., PLoS One 7 (2012) e33536.
[91] Z. Li, Y. Zhao, Y. Li, X. Chen, Vaccines 9 (2021) 75.
[92] M.M. Melssen, C.T. Fisher, C.L. Slingluff, CJ.M. Melief, ]. Immunother. Cancer
10 (2022) e004709.
[93] A.P. Miles, H.A. McClellan, K.M. Rausch, et al., Vaccine 23 (2005) 2530-2539.
[94] A. Slepenkin, S. Pal, A. Rasley, M.A. Coleman, L.M. de la Maza, NPJ Vaccines 9
(2024) 104.
[95] G.A. Oliveira, K. Wetzel, ].M. Calvo-Calle, et al., Infect. Immun. 73 (2005)
3587-3597.
[96] Q. Qiu, RY. Wang, X. Jiao, et al., Vaccine 26 (2008) 5527-5534.
[97] LJ. Peek, C.R. Middaugh, C. Berkland, Adv. Drug Deliv. Rev. 60 (2008) 915-928.
[98] M. Taghizadeh, S.M. Azimi, M. Dabaghian, Arch. Razi. Inst. 78 (2023)
1843-1851.
[99] Y. Yang, Z. Fang, X. Chen, et al., Front. Pharmacol. 8 (2017) 287.
[100] Y. Pan, S. Liu, H. Zhao, et al,, Int. J. Biol. Macromol. 310 (2025) 143268.
[101] S.R. Makinen, Q. Zhu, H.L. Davis, RD. Weeratna, Int. Immunol. 28 (2016)
453-461.
[102] J.K. Tom, TJ. Albin, S. Manna, et al., Trends Biotechnol. 37 (2019) 373-388.
[103] J.A. Kulkarni, M.M. Darjuan, J.E. Mercer, et al., ACS Nano 12 (2018) 4787-4795.
[104] Y.N. Lamb, Drugs 81 (2021) 495-501.
[105] L. Schoenmaker, D. Witzigmann, J.A. Kulkarni, et al., Int. J. Pharm. 601 (2021)
120586.
[106] C. Zhang, Y.F. Ma, J.J. Zhang, et al., Molecules 27 (2022) 1943.
[107] EP. Polack, SJ. Thomas, N. Kitchin, et al, N. Engl. J. Med. 383 (2020)
2603-2615.
[108] R. Verbeke, I. Lentacker, S.C. De Smedt, H. Dewitte, ]. Control. Release 333
(2021) 511-520.
[109] G.T. Rijkers, N. Weterings, A. Obregon-Henao, et al., Vaccines 9 (2021) 848.
[110] C.L. Lorentzen, J.B. Haanen, O. Met, LM. Svane, Lancet Oncol. 23 (2022)
E450-E458.
[111] T. Fiolet, Y. Kherabi, CJ. MacDonald, J. Ghosn, N. Peiffer-Smadja, Clin. Micro-
biol. Infect. 28 (2022) 202-221.
[112] ]. Gilleron, W. Querbes, A. Zeigerer, et al., Nat. Biotechnol. 31 (2013) 638-646.
[113] Y.H. Wang, L. Huang, Nat. Biotechnol. 31 (2013) 610-611.
[114] S. Yoo, M. Faisal, S.H. Bae, et al., Adv. Healthc. Mater. 14 (2025) e2403366.
[115] W. Dong, Z.B. Li, T.L. Hou, et al., J. Am. Chem. Soc. 146 (2024) 15085-15095.
[116] Y.B. Zhang, J.Y. Yan, X.C. Hou, et al., Nano Lett. 23 (2023) 2593-2600.
[117] S.H. Bae, S. Yoo, ]. Lee, et al., Bioact. Mater. 38 (2024) 486-498.
[118] E. Liang, G. Lindgren, A. Lin, et al., Mol. Ther. 25 (2017) 2635-2647.
[119] L. Miao, L.X. Li, Y.X. Huang, et al., Nat. Biotechnol. 37 (2019) 1174-1185.
[120] E. Borsic, T.Z. Ramuta, S. Orehek, et al., Nat. Commun. 16 (2025) 4887.
[121] Y.Z. Zhou, Z. Gao, Z.P. He, et al., Sci. China Mater. 68 (2025) 2545-2557.
[122] M. Belabed, M.D. Park, C.M. Blouin, et al., Nat. Immunol. 26 (2025) 188-199.
[123] X.X. Han, M.G. Alameh, K. Butowska, et al., Nat. Nanotechnol. 18 (2023)
1105-1114.
[124] S. Kimura, H. Harashima, J. Control. Release 362 (2023) 797-811.
[125] Y.L. Yu, M.Y. Wang, X.A. Zhang, et al., Signal. Transduct. Target. Ther. 6 (2021)
346.
[126] J.Q. Lei, S.L. Qi, X.Y. Yu, et al., Angew. Chem. Int. Ed. 63 (2024) e202318515.
[127] Y.M. Cao, J.R. Long, H.S. Sun, et al., Adv. Sci. 10 (2023) e2302423.
[128] D. Ariawan, J. van Eersel, A.D. Martin, Y.D. Ke, L.M. Ittner, Biomater. Sci. 10
(2022) 4037-4057.
[129] W.G. Zeng, A.C.L. Tan, K. Horrocks, D.C. Jackson, Vaccine 33 (2015) 3526-3532.
[130] W.X. Bao, Y.W. Zhang, C. Shang, et al., Chem. Eng. ]. 507 (2025) 160670.
[131] S. Brusco, G. Conte, A. Corteggio, et al., Adv. Healthc. Mater. 13 (2024)

€2402688.

[132] G. Conte, G. Costabile, D. Baldassi, et al., ACS Appl. Mater. Interfaces 14 (2022)
7565-7578.

[133] Y.Y. Zhang, X.Y. Zhuang, Y.Y. Hu, et al., Biomacromolecules 25 (2024)
4281-4291.

[134] X. Liu, Q. Min, Y. Li, S. Chen, Biomater. Res. 28 (2024) 0096.

[135] Z. Li, X.Q. Zhang, W. Ho, et al., Adv. Funct. Mater. 32 (2022) 2204462.

[136] M. Cabibbo, C. Scialabba, E.F. Craparo, et al., Biomacromolecules 26 (2024)
163-177.

[137] M. Maeki, S. Uno, K. Sugiura, et al., ACS Appl. Mater. Interfaces 16 (2023)
2110-2119.

[138] S.Q. Yuhong Jiang, Canquan Mao, Acta Pharm. Sin. B 15 (2025) 1796-1815.



Y.-Q. Zhao, Z.-]. Cheng, D. Cai et al.

[139] H.P. Feng, N. Nakajima, L. Wu, et al., Front. Microbiol. 10 (2019) 2157.
[140] R.N. Coler, T.A. Day, R. Ellis, et al., NPJ Vaccines 3 (2018) 34.

[141] Y. Miao, L. Li, Y. Wang, et al., Nat. Commun. 15 (2024) 1159.

[142] J. Guo, M. Gu, Y. Chen, et al., Chin. Chem. Lett. 36 (2025) 110849.

[143] P. Reus, H. Guthmann, N. Uhlig, et al., J. Control. Release 364 (2023) 654-671.

[144] K. Lv, Z. Yu, J. Wang, et al., Adv. Sci. 11 (2024) e2404684.

[145] V. Dasari, LK. McNeil, K. Beckett, et al., Nat. Commun. 14 (2023) 4371.
[146] J. Yi, X. Lei, F. Guo, et al., Antiviral Res. 215 (2023) 105618.

[147] R. Zhang, Y. Fu, M. Cheng, et al., Mol. Ther. 30 (2022) 2078-2091.
[148] B. Yang, ]. Nie, A. Guo, et al., Acta Biomater. 183 (2024) 330-340.

[149] C.P. Arevalo, M.J. Bolton, V.Le Sage, et al., Science (1979) 378 (2022) 899-904.

[150] C.M. Kackos, J. DeBeauchamp, C.J.H. Davitt, et al., NP] Vaccines 8 (2023) 157.

14

Chinese Chemical Letters 37 (2026) 112059

[151] A. Costa, X. Xu, M. Khan, D. Burgess, Pharm. Res. 33 (2016) 404-416.

[152] E. Yanar, A. Mosayyebi, C. Nastruzzi, D. Carugo, X. Zhang, Pharmaceutics 12
(2020) 1001.

[153] M. Evers, ]. Kulkarni, R. van der Meel, et al., Small Methods 2 (2018) 1700375.

[154] T. Allen, P. Cullis, Adv. Drug Deliv. Rev. 65 (2013) 36-48.

[155] K. Lemdani, R. Marlin, C. Mayet, et al., NP] Vaccines 9 (2024) 113.

[156] WHO, Management of cold chain for vaccines and safe-injection equip-
ment: Guidelines for primary-health-care facilities (2015) https://iris.who.int/
handle/10665/204442.

[157] FDA, Guidance for Industry: Q1A(R2) Stability Testing of New Drug Sub-
stances and Products (2003) https://www.fda.gov/media/71707/download.



