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Abstract: With its unique properties and potential applications, nanoparticle-based delivery platforms for
vaccines have gained significant attention in recent years. Nanoparticles have the advantages of enhancing
immunogenicity, targeting delivery and improving stability, providing a new solution for drug and vaccine
delivery. And in some clinical studies, a variety of nanoparticle delivery platforms have been gradually applied
to a wide range of vaccine applications. Current research priorities are exploring various types of nanoparticles
as vaccine delivery system to enhance vaccine stability and immunogenicity. Lipid nanoparticles have shown
promising potential in preclinical and clinical studies to efficiently deliver antigens to immune cells. Moreover,
lipid nanoparticles (LNPs) and other nanoparticles as nucleic acids especially mRNA delivery system, have
shown vast potential for vaccine development. In this review, we present various vaccine platforms with an
emphasis on nanoparticles for mRNA nanovaccine delivery vehicles. We introduce several novel nanoparticles
delivery platforms for mRNA vaccine such as lipid, polymer, protein-based nanoparticle and so on. In addition,
we overview the anti-tumor immunity of nanovaccine against different tumors in cancer immunotherapy.
Finally, we give an outlook future perspectives and remaining challenges for this promising technology-
nanoparticle-based delivery platforms for vaccines.

Keywords: Vaccine platform; Nanoparticles; mRNA vaccine; Lipid-based nanoparticles; Anti-
tumor immunity

1. Introduction

As a mean to prevent infectious diseases, vaccination has been demonstrated to be the most
efficient and cost-effective. Vaccines administration could activate the immune system and generate
innated and adaptive immunity against pathogens by delivering antigens. In recently years, the use
of nanoparticles in vaccine platform development has gained significant attention due to their unique
properties and potential applications. The advent of smart nanocarriers possessing the potential to
deliver hydrophobic and hydrophilic pharmaceuticals in a controlled manner has mitigated the
diseases treatment scenario [1,2]. As a new therapeutic approach, cancer nanovaccine can deliver
tumor antigens and immune adjuvants simultaneously. At present there are currently around 50 FDA
approved cancer nanomedicines available in the market, illustrating the primary focus of
nanomedicines has been on cancer treatment [3]. Nanoparticles, as a novel drug delivery system,
have been demonstrated extensive prospects in the field of medicine. The advantages of nanoparticles
for vaccine delivery included enhancing immunogenicity, targeted delivery, and improving stability,
providing new solutions for drug and vaccine delivery. Vaccine delivery platform is for delivering
antigens and adjuvants to the immune system that can enhance the stability and immunogenicity of
vaccines. In the current research status of nanoparticle-based vaccine platform development, there is
a growing interest in exploring the potential of nanoparticles as vaccine delivery systems. Nowadays,
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delivery platforms for vaccines especially mRNA (messenger RNA, mRNA) vaccine are actively
investigated in using various types of nanoparticles including lipid-based, peptide-based, polyplexes
and polymeric nanoparticles, and inorganic nanoparticles, and so on [4].

In the past few years, mRNA vaccine technology has drawn increasing research and commercial
attention owing to their potential in tackling both infectious disease prevention and cancer
therapeutics [5-8]. mRNA vaccine administration could inoculate the mRNA to the host, utilize the
translation system of the host cell to synthesize encoding protein, induce and activate the host
immune response. For example, in the nanoparticle delivery platform, lipid-based nanoparticles are
used to encapsulate mRNA and deliver mRNA encoding antigen to immune cells. In particularly,
mRNA vaccines have been urgently approved for use in the COVID-19 pandemic. To overcome the
barriers to safe and effective RNA delivery, scientists have developed various delivery systems that
protect the RNA from degradation, maximize delivery to target cells. The advances of synthetic
materials as delivery vehicles that encapsulate RNA such as lipid nanoparticles, polymers, have
focused on non-viral-based delivery system [9]. The therapeutic potency of lipid nanoparticle-based
mRNA vaccines for tumor treatment, represented by Pfizer/ BioNTech and Moderna, has been
broadly validated in clinical application [10,11]. Besides lipid nanoparticle-based delivery platforms
for vaccine, the development of other nanoparticles also gained tremendous momentum. For
instance, the use of inorganic nanoparticles such as gold, silver and iron oxide nanoparticles for
vaccine delivery is also a focus of ongoing research [12].

Furthermore, development of nanoparticle platforms was also exploring the potential of
nanoparticles to enable targeted vaccine delivery to specific immune cells such as dendritic cells or
tissues [13]. Generally, the surface modification of nanoparticles with targeting ligands that can
selectively bind to receptors on immune cells, thereby enhancing the uptake of vaccines and the
activation of immune responses. In addition to vaccine delivery, current research efforts are also
focused on understanding the immunological mechanisms underlying the interaction between
nanoparticles and the immune system. This includes investigating the impact of nanoparticle size,
shape, surface charge, and surface chemistry on immune cell activation, antigen presentation, and
the generation of immune responses [14]. Overall, the development of nanoparticle-based delivery
platform for vaccine is characterized by a diverse range of studies aimed at optimizing the design,
formulation, and delivery of nanoparticle-based vaccines. These efforts are driven by the potential of
nanoparticles to overcome the limitations of traditional vaccine formulations and to enhance the
efficacy and safety of vaccines for infectious diseases, cancer, and other conditions. Here, we
summarized the advances in the nanoparticle-based delivery platforms for vaccine development
especially mRNA vaccine and their potential prospects in clinical applications.

2. Cancer Vaccines
2.1. Normal Tumor Vaccine Types

Tumor vaccines immunize the body using tumor-specific antigens to stimulate the process of
antigen presentation, enhance the immune system's recognition and attack on tumors. The types of
tumor vaccines mainly include tumor lysate vaccines, dendritic cell-based vaccines, peptide vaccines,
nucleic acid (such as mRNA) vaccines and tumor neoantigen vaccines. Among them, dendritic cell
vaccines are the most commonly studied cell-based tumor vaccines [15]. Dendritic cell vaccines are
prepared from dendritic cells collected from patients, which are genetically engineered to express
tumor-associated antigens, thereby directly activating T cells to attack tumor cells. Qin et al, designed
a dendritic cell-based nanovaccine (TPOP) that regulated lipid metabolism in DCs to restore and
improve their ability to cross-presentation [16]. This vaccine is administered after the tumor cell death
caused by DOX, allowing it to capture the tumor-associated antigens (TAAs). By introducing TAAs
into DCs and inhibiting lipid accumulation, TPOP restores DCs’ cross-presentation which is crucial
for priming T cells. Peptide vaccines are a type of vaccine that utilizes tumor-specific peptide
fragments as antigens. These peptide fragments are typically selected from tumor-associated proteins
and can be recognized by the immune system [17]. By injecting these peptide fragments, T cells can
be activated, prompting the immune system to mount an immune response against tumor cells,
leading to tumor elimination. Tumor neoantigen vaccines are specifically designed vaccines targeting
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new antigens presented on tumor cells. These new antigens arise from mutations in tumor cells and
exhibit high tumor specificity. By activating the immune system to recognize and attack these new
antigens, tumor neoantigen vaccines can aid in clearing tumor cells and achieving therapeutic goals.

The design of traditional cancer vaccines aims to activate the immune system to recognize and
attack cancer cells that contain those shared antigens. However, due to the high heterogeneity and
complexity of tumor, these vaccines often face challenges of limited efficacy and lack of specificity
[18]. Such conventional vaccines have several limitations that may restrict their application in disease
prevention and treatment [19]. For instance, the development of dendritic cell (DC) vaccines requires
the preparation of the patient's own cells. Peptide vaccines exhibit MHC restriction, selectively
activating monoclonal T cells, thus having a high risk of immune escape [20].

2.2. mRNA Vaccine

In this decade, nucleic acid vaccines have emerged as innovative vaccines. Nucleic acid vaccines,
such as mRNA vaccines, serve as a promising new form of vaccines that rely on using nucleic acids
as information carriers. Notably, DNA- or RNA-based vaccines have gradually evolved into a
promising form of conventional vaccines [21]. These vaccines display its prevention and treatment
role by delivering exogenous nucleic acids into immune cells. Nucleic acid vaccines transmit the
encoding information of nucleic acid to the cells, eliciting the production of encoding antigen. These
antigens can be recognized by the immune system, processed, and presented to T cells. With the
activation of T cells, vaccine can trigger immune response against tumor-specific antigens and initiate
an attack on tumor cells. Compare to mRNA vaccines, DNA vaccine have risk of genomic alternation,
long-term expression, and generation of anti-DNA autoantibodies that might impede their utilization
in human [22,23].

Unlike DNA vaccine, before the COVID-19 pandemic, companies including Moderna and
BioNTech had been deeply involved in mRNA vaccines, particularly in the field of tumor vaccines,
and had conducted multiple clinical trials [24,25]. In current clinical applications that mRNA vaccines
have several advantageous features compared to traditional vaccines. mRNA vaccines utilize host
cells as natural centers for immune responses. In host cells, mRNA encoding antigen are synthesized
and then to trigger immune responses. This method ensures that proteins are correctly folded,
assembled, and targeted to the appropriate cellular locations within host cells [26]. In numerous basic
and clinical experimental studies, the use of synthetic nRNA as a tumor vaccine antigen component
has shown the ability to induce the synthesis and processing of antigen, activate T cells, and exert
efficient anti-tumor effects [27,28].

mRNA vaccines, particularly those based on individual-specific neoantigens, represent a new
direction in cancer therapy. In comparison to other nucleic acid vaccines, the advantages of mRNA-
based cancer vaccine strategy include: (1) mRNA can be translated into protein rapidly in both non-
dividing and hard-to-transfect cells such as DCs (dendritic cells, DCs) without the need of nuclear
translation and transcription. The rate and magnitude of protein expression of mRNA are typically
higher than DNA vaccines. (2) Unlike DNA vaccines, mRNA vaccines will nor influence genetic
material or integrate in genome sequence, thus free of insertional mutagenesis [29,30]. (3) Other
advantages of mRNA vaccines include high potential for rapid development and potency, low-cost
manufacture, and safe administration [18,19]. Now, mRNA vaccines have shown promise in the
development of personalized cancer immunotherapies.

3. Nanotechnology in mRNA Vaccines Platform

The development of mRNA technology, particularly its successful application in the
development of COVID-19 vaccines, also has greatly propelled advancements in the field of cancer
vaccines. mRNA vaccines can be rapidly designed and produced, effectively encoding tumor-specific
antigens to guide the immune system in recognizing and eliminating cancer cells. This innovative
technology provides a more flexible and effective approach for the development of cancer vaccines
[18]. In this review, we mainly focus on the nanoparticle delivery systems of mRNA vaccines. We
mainly introduce the nanoparticles delivery platforms for mRNA vaccine such as lipid, polymer,
protein, virus-like particles and cationic nanoemulsion- based nanoparticle (Figure 1). mRNA
vaccines involve inoculating the host with mRNA encoding antigenic, utilizing the host cell's
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expression system to synthesize the corresponding antigens, while inducing and activating the host's
immune response to the antigen. Effective in vivo mRNA delivery is crucial for achieving the desired
therapeutic effects. However, due to the inherent structural characteristics of mRNA, such as large
molecular weight, high negative charge, and susceptibility to degradation [31]. Therefore, the
development and application of mRNA vaccines face numerous challenges, with the main issues
being poor mRNA stability and low mRNA delivery efficiency in vivo.

Lipid-based nanoparticles

lonizable lipid

%%.‘}.__— mRNA

R Cholesterol

—#&+—=———DSPC

: § : g PEG-lipid
] :.,.: ’N
.
b c
Protein nanoparticles Polymeric nanoparticles
Protamine :ER
mRNA 7 oy mRNA
% /\:9 Nan?p e Polymeric nanoparticle

s Delivery Platforms

1. ?j Cholesterol
d Virus-like particles Cationic nanoemulsion e

Spike (S) V4
- fgwg%
Nucleocapsid (N)

F
Membrane (M)%Lt p
Envelope (E) Y ljxi%%

Cationic surfactant

Anionic surfactant

Figure 1. Main Nanoparticle-Based delivery platforms for Vaccines. Description of the nanoparticle
platform general structure and their basic components. Commonly used delivery methods and carrier
molecules for mRNA vaccines are shown: peptide-based delivery lipid-based nanoparticles (a)
protein nanoparticles (b) polymeric nanoparticles (c) virus-like particles (d) cationic nanoemulsion
(e). (a) Lipid-based nanoparticles encapsulate mRNA in their core. They consist of four components:
ionizable lipids cholesterol and helper lipids, such as DSPC and PEG lipids. (b) Protein nanoparticles
systems utilizing naturally synthesized peptides such as protamine. (c) Polymers, such as polymeric
nanoparticle and cholesterol form polymer—-mRNA complexes. (d) A typical virus-like based on four
structural proteins: spike (S), envelope (E), membrane (M) and nucleocapsid. (e) Cationic
nanoemulsion shell is made of cationic lipid and anionic surfactants, the mRNA adsorbs to the surface
via electrostatic binding.

Therefore, efficiently delivering in vitro transcription mRNA encoding antigen into cells is a key
challenge in RNA cancer vaccine therapy. With the advancement of nanomedicine, the application of
nanomaterials in tumor immunotherapy is becoming increasingly widespread. As antigens and
adjuvants need to be co-delivered to antigen-presenting cells for effective antigen presentation,
biomimetic nanoparticles with high drug loading capacity and well drug release controllability are
ideal carriers for vaccines [13]. Their degradable shell can help in the sustained release of drugs upon
reaching the designated site [32]. Nanoparticle was classified as a material or substance that is with
a dimension between 1 to100 nm or up to 1000 nm. As delivery vehicle, nanoparticles usually were
equipped with three major roles: as carriers, adjuvant and presentation platforms [33].Researches
have demonstrated that nanoparticles have remarkable success as nucleic acid delivery carriers and
adjuvant [34]. Here, we will introduce several common nanoparticle delivery platforms with their
current research status.

3.1. Lipid-Based Nanoparticles Delivery System
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3.1.1. Composition of Lipid-Based Nanoparticles

Lipids are amphiphilic molecules that contain three domains: a polar head group, a hydrophobic
tail region and a linker between the two domains [35,36]. As a key class of drug delivery system,
lipid-based nanoparticles (LNPs) have been approved by the FDA for siRNA and mRNA delivery
[37,38]. The use of LNPs to encapsulate and deliver mRNA has become an important therapeutic
advance. Lipids have been developed for mRNA delivery include cationic lipids, ionizable lipids and
other types of lipids such as phospholipids, cholesterol or polyethylene glycol (PEG) [39]. And LNPs
are a nanoscale particle system usually composed of phospholipids, cholesterol, and other
components.

This platform is commonly used in vaccine delivery and development. Due to the similarity of
lipid components to those found in the body, LNPs exhibit excellent biocompatibility. The surface of
LNPs is easily modifiable. Surface modifications could usually improve the targeting property of
nanoparticles. This feature allows for precise delivery of antigens to specific cells or tissues, thereby
enhancing vaccine efficacy [40]. Additionally, LNPs demonstrate excellent stability which effectively
protect antigens within the carrier from degradation and damage. Those characteristics are crucial
for the long-term storage and delivery of vaccines that can help to avoid immune and toxic reactions
[41]. Another key characteristic to be considered when designing LNPs for drug delivery, especially
nucleic acid therapy, is the ionizable lipid's ionization state in the system, which is characterized by
its apparent pKa (pKa app) [42]. The degree of ionization significantly influences the surface charge,
stability, toxicity, and in vivo efficacy of nanoparticles. Many factors can determine the apparent pKa
of ionizable lipids, such as lipid structure, various components in the LNP formulation, nanoparticle
size, and pH of the bulk solution [43]. Previous studies have shown that for effective nucleic acid
delivery, the optimal pKa of LNPs should be around pH 6.5. For example, lipid-based nanoparticles
have the most important role and are the first type of vector developed for mRNA delivery. They
contain amine cations and carry positive charges that can achieve adsorption and complexation of
negative mRNA through electrostatic interaction. However, this positivity is potentially cytotoxic.
The appearance of ionizable lipids makes up for the deficiency of cationic lipids. Ionizable liposomes
are positively charged at acidic pH, electrically neutral under physiological conditions in vivo, which
avoid non-specific recruitment with serum proteins, reduce cytotoxicity. These properties determine
the high serum stability and long blood circulation time [44]. After endocytosis into endosomes,
ionized lipids could reverse to positive at low pH, and promote endosomal escape of mRNA by
"proton sponge" effect, thus improving transfection efficiency [45].

3.1.2. Application of Lipid-Based Nanoparticle Delivery Platform

The key to the success of the currently approved SARS-CoV2 mRNA vaccines and of many
mRNA-based prophylactic vaccines in clinical development are efficient delivery vehicles. LNPs as
delivery vehicles could mediate efficient mRNA expression in situ and endow the vaccine with
intrinsic adjuvant properties[46]. Multiple studies have revealed that comparative analyses of the
immunogenicity and antitumor efficacy of three mRNA-LNP vaccines (U sa-mRNA, U-, or m1¥-
modified mRNA) encoding the same antigen, gDE7, in a preclinical model of HPV-16-associated
tumors [47]. The potent CD8* T cell response induced by gDE7 mRNA-LNP vaccine is associated with
increased tumor clearance rates and inhibition of tumor recurrence. Furthermore, in anti-tumor
models, it has been shown that CD4+ T cells contribute to the effective priming of CD8* T cells and
the development of long-term immune memory [48]. Chen et al. utilized lipid nanoparticle-mediated
lymph node-targeted delivery of mRNA cancer vaccine to elicit robust CD8* T cell response. By
encapsulating mRNA in lipid nanoparticles, it enhances the immunogenicity and antigen
presentation efficiency of the mRNA vaccine, enabling effective targeted delivery to lymph nodes,
activating CD8* T cells, and thereby enhancing the immune system's antigen-specific response to
cancer [49]. A recent study reported a novel nano lipid polymer system (PIR-Au NPs) based on
enhanced penetration and retention (EPR) effects, which can be successfully applied to image-guided
passive targeted therapy [50]. This vaccine may provide a promising tool for the future treatment of
cancer. Zhang et al. developed a lipid-like material C1 with 12-carbon tail that could effectively
deliver mRNA into DCs, produce efficient mRNA translation and induce robust T cell response [51].
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Overall, mRNA vaccines can enhance the immune response against tumors by stimulating and
strengthening the cytotoxic function of CD8* T cells, leading to increased tumor clearance rates and
potentially preventing tumor recurrence. This highlights the significant role of mRNA vaccines in
harnessing the anti-tumor capabilities of CD8* T cells.

Lipid-encapsulated mRNA can also be used to promote the production of functional monoclonal
antibodies and T-cell receptors in vivo. This property does not require oligomerization but instead
involves the independent assembly of heavy and light chains translated from different open reading
frames, or the utilization of other polymers to combine with LNPs for co-encapsulation and delivery
of mRNA [52-54]. Despite these promising clinical applications, their translation efficiency, stability
and safety necessitate to be further optimized [55-57].

3.1.3. Insufficient and Optimization of Lipid-Based Nanoparticle Delivery Platform

LNPs assist mRNA to cross physiological barriers such as cell membranes and
endosomes/lysosomes, promoting the intracellular presentation of mRNA. But the nuclear escape
efficiency and biosafety of some commercial LNPs are still unsatisfactory, leading to underutilization
of mRNA. Zhang et al. employed a simple fluorination strategy, that fluorinated PEG-lipids were
synthesized via efficient condensation reactions to alter the surface properties of LNPs [58]. This
modification can enhance the utilization of mRNA by promoting cellular uptake and endosomal
escape. In addition to this, LNPs-based mRNA vaccine platform suffers from increased production
of reactive oxygen species during translation, which leads to a decreased translation efficiency and
the onset of inflammation and other side effects. In order to address this issue, Yang et al. synthesize
a lipid modified poly (guanidine thioctic acid) polymer to fabricate novel LNPs (G-LNPs) for mRNA
vaccines. The acquired G-LNPs significantly promote the translation efficiency of loaded mRNA and
attenuate inflammation after vaccination through the elimination of reactive oxygen species that are
responsible for translational inhibition and inflammatory responses[59]. In addition, the insufficient
accumulation of mRNA vaccines based on LNPs in antigen-presenting cells remains a key barrier to
triggering effective anti-tumor immune responses. Lei et al. developed a dendritic cell (DC)-targeting
LNPs using mannose receptor-mediated endocytosis [60]. This sugar-coated LNPs (STLNPs-Man)
could deliver mRNA to DCs effectively in vitro and in vivo. Importantly, STLNPs-Man@mRNA
possessed the ability to downregulate CTLA4 expression by blocking the CD206/CD45 axis, showing
enhanced anti-tumor efficacy through combined immune checkpoint blockade therapy.

To increase mRNA-LNP specificity and reduce off-target expression, there are some other lipid-
based nanoparticles delivery platforms. While the LNPs utilized in the COVID-19 vaccines were not
specifically targeted and primarily taken up by phagocytic cells (such as dendritic cells and
macrophages) after intramuscular injection, for other applications of LNPs, uptake by specific cell
types in specific organs in their natural location is required [61,62]. To solve this problem, Caitlin et
al. proposed a targeted LNPs (tLNPs) strategy that can efficiently deliver RNA to specific cell types
based on the expression of cell surface markers [63]. These tLNPs are encapsulated with targeting
antibodies, enabling mRNA cargo delivery to specific cells. The another one, mRNA can be delivered
by ionizable lipid nanoparticles (iLNPs) to placental trophoblasts, endothelial cells, and immune cells
in clinical practice [39]. Delivery of this top-tier LNPs formulation containing VEGF-A mRNA can
induce placental vascular relaxation, indicating the potential of mRNA LNPs for protein replacement
therapy in treating placental diseases during pregnancy [64]. LNPs deliver VEGFA mRNA into cells
to enhance VEGFA expression and function. Treatment with LNP-VEGFA mRNA boosts the
effectiveness of cardiac progenitor cell in promoting endothelial cell angiogenesis and modifying
extracellular vesicles [65].

3.1.4. Self-Adjuvant and Adjuvant in Lipid-Based Nanoparticle Delivery Platform

In current research, in addition to lipid nanoparticle vaccines, adjuvant-combined lipid
nanoparticle vaccines are being developed. Recently, the development of an mRNA vaccine based on
LNPs has been reported, which contains lipid with cyclic amino groups that activate the STING
(stimulator of interferon genes) pathway, leading to the stimulation of type I interferons (IFN) and
potentially enhancing adaptive immune responses[66,67]. Bowen et al. developed a multi-adjuvant
mRNA vaccine composed of lipid nanoparticles encapsulated mRNA encoding antigens, optimizing
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the efficient delivery of mRNA, enhancing activation of innate and adaptive responses, and
improving the effectiveness, safety, and usability of mRNA-based immunization. They screened 480
biodegradable and ionizable lipids with cyclic amine adjuvants and fused mRNA encoding antigens
with a natural adjuvant derived from C3 complement protein to optimize the vaccine. This multi-
adjuvant mRNA vaccine also increased antibody titers against SARS-CoV-2 by 10-fold. Compared to
traditional mRNA transcript and LPS co-delivery strategies, the C3d adjuvant approach was more
effective in inducing adaptive immune responses. The adjuvant function of C3d-fused mRNA
allowed for protective immune responses with a 10-fold lower dose of mRNA vaccine [29]. This
multi-adjuvant mRNA vaccine system has the potential to enhance the safety, effectiveness, and
convenience of mRNA vaccines for infectious diseases and other medical indications. A type of LNPs
with self-adjuvant property enhance the innate immunity of mRNA-LNP vaccines. By partially
replacing ionizable lipids with adjuvant-like lipids, not only the delivery of mRNA is enhanced, but
also the LNPs acquire toll-like receptor 7/8 stimulating activity, significantly boosting the innate
immunity of SARS-CoV-2 mRNA-LNP vaccines in mice and exhibiting good tolerability [68]. The
formulation of this adjuvant-like lipid combined with SARS-CoV-2 mRNA-LNP vaccine was
optimized, and its innate and adaptive immune responses were systematically evaluated, capable of
activating DCs to present antigens, expressing co-stimulatory molecules, and producing selective
cytokines (such as tumor necrosis factor-alpha (TNF-a)), effectively stimulating the transition from
innate immunity to adaptive immunity [69].

Taken together, LNPs can overcome many challenges, as they have demonstrated efficient
cellular uptake and potent mRNA delivery in vivo [70,71]. Currently, LNPs are the most clinically
advanced nonviral drug delivery platform for nucleic acid therapeutics. Lipid-based vaccine delivery
system design helps improve the immunogenicity of the vaccine and antigen presentation efficiency,
providing a potential new strategy for cancer immunotherapy.

3.2. Polyplexes and Polymeric-Based Nanoparticles Delivery System

Polymers also are commonly used for nucleic acid delivery. mRNA vaccines based on polymer
are nano-complexes formed by electrostatic interactions between cationic polymers and nucleic acids.
Polyethylenimine is the most studied polymer for nucleic acid delivery with excellent efficacy and
toxicity owing to high charge density [72-74]. Now, several alternative biodegradable polymers with
less toxic have been developed including poly(p-amino ester)s, poly(amidoamine)s. Among of these
polymers, poly(amidoamine) (PAMAM) is one of the most studied dendrimers, combining a
modified PAMAM dendrimer with PEG-lipid, a replicon RNA-based vaccine was developed that
provided protective immunity against several pathogens [75].

The cationic polymer can compress mRNA into nanoparticles with high density, forming
polymer micelles that encapsulate mRNA internally, thereby enhancing nucleic acid stability.
Although polymer-based mRNA delivery systems are not as advanced in clinical applications as lipid
delivery systems they have the potential to provide unique characteristics. And there also have
challenges such as relatively lower transfection efficiency and potential toxicity. For example,
polymer-based systems can assemble various nanostructures under aqueous conditions with the
ability for lyophilization and long-term storage, and exhibit unique pharmacokinetics [76]. These
characteristics may contribute to the development of advanced mRNA therapeutics. In recent study,
people established CDN-NPs as a potent innate immune agonist therapy. The conjugation of CDN
with NPs ensures that particle-dependent drug delivery exhibits higher potency, drug loading
capacity, and stability. CDN-NPs are eventually up-taken by immune cells in the tumor
microenvironment (TME) and secondary lymphoid organs, with internalized CDN-NPs transferred
to proximal immune cells in the TME. The application of polymer nanoparticles increases vaccine
stability and payload, thereby expanding the therapeutic window in multi-gene tumor models and
inhibit tumor growth effectively [77]. This work underscores the importance of nanoparticle structure
in modulating the efficacy of immunotherapy. Furthermore, a polymeric acid-based phosphatidyl
polymer library has been developed for in vivo mRNA delivery with spleen targeting ability. This
polymeric acid-based phosphatidyl polymer library demonstrates the capability of spleen targeting
in vivo, enabling effective mRNA delivery and potentially aiding in the development of therapeutic
or vaccine delivery systems targeting the spleen [78]. And Alexandra et al. reported an inhalable
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polymer carrier for delivering therapeutic mRNA to the lungs. They optimized the biodegradable
poly (amino ester) (PACE) complexes using end-capping modifications and polyethylene glycol for
mRNA delivery [79]. These complexes deliver mRNA to lungs with high transfection efficiency,
particularly in epithelial cells and antigen-presenting cells. This technology is a mucosal vaccine
against severe acute respiratory SARS-CoV-2, and the finding indicated that intranasal
administration of mRNA encoding spike protein complexes induced effective cellular and humoral
adaptive immunity and protected susceptible mice from lethal virus challenge.

Polymer nanocarriers can easily be modified with targeting ligands on their surface, making
them ideal for targeted mRNA delivery through ligand-receptor interactions, ligand-mediated
enhanced mRNA delivery, and targeting tumors to improve the precision of immunotherapy [80].

3.3. Protein-Based mRNA Delivery System

Protein nanoparticles are a type of nanoparticle system assembled from natural protein or
synthetic proteins by genetic engineering. Natural proteins such as serum proteins, hemoglobin, etc.,
are used in vaccine carrier design, while synthetic proteins can be custom-designed using genetic
engineering techniques. Protein nanoparticles have a highly ordered and repetitive spatial structure
and an optimal size for lymph node transport [81]. Such nanoparticles possess inherent antigenicity,
allowing them to serve directly as vaccine antigens without the need for additional antigenic
substances. Arginine-rich protamine is natural cationic peptide mixture mostly known used for
cellular delivery of nucleic acid [82]. Beside to deliver mRNA, protamine can act as an adjuvant by
activating Toll-like receptor (TLR7, TLR8) for vaccine or immunotherapy [83]. Ferritin nanoparticles
also have been used to serve as a new vaccine delivery platform that enhances vaccine stability and
immunogenicity. Zhang et al. evaluated the safety and immunogenicity of a novel ferritin
nanoparticle H2 influenza vaccine [84]. The research team assessed the safety of this vaccine in
humans and its ability to induce immune responses, including antibody and T cell responses. This
ferritin nanoparticle vaccine technology represents a novel, safe, and immunogenic platform with
potential applications in pandemic preparedness and universal influenza vaccine development.
Furthermore, in clinical settings, the structure and composition of proteins can be adjusted as needed
to achieve precise therapeutic effects.

The peptide with cationic or amphipathic groups (for instance, argine) can be designed to
effectively deliver mRNA molecules to cells. Peptide-based delivery system are with enhancing
stability and protection by shielding them from degradation by nucleases and other cellular and
extracellular enzymes, thereby effectively improving the efficacy of mRNA vaccines. Importantly,
these delivery systems based on peptides, utilizing naturally synthesized peptides, can reduce
adverse reactions and enhance safety. A fusogenic cell-penetrating peptide repetitive arginine-
alanine-leucin E-alanine (RALA) could deliver mRNA to dendritic cells to trigger T cell medicated
immunity response [85]. In clinical trials, CoVac-1 is a peptide-based T cell activator composed of
SARS-CoV-2 epitopes, demonstrating good safety and efficacy in SARS-CoV-2-specific T cell
responses. Research data indicates that CoVac-1 induces broad and effective T cell responses in B
cell/antibody deficient patients, with good safety profile, ensuring entry into critical Phase III safety
and efficacy evaluations [86]. And, Xu et al. has developed an optimized polyethylene glycolated
peptide with enhanced mRNA delivery efficiency and improved safety in mice [87]. Moreover,
cationic peptides as candidate carriers for mRNA have been shown to efficiently deliver nucleic acids
to eukaryotic cells. A cationic peptide-based mRNA nanoparticles could induce efficient antigen-
specific CD8* T cell responses [88]. Peptide-based mRNA delivery systems show promise in the field
of gene therapy, enabling the delivery of therapeutic mRNA to correct genetic disorders. They are
also being used for mRNA-based vaccines to induce immune responses against infectious diseases
or cancer.

3.4. Other Formulations Used in mRNA Delivery
3.4.1. Virus-Like Particles (VLPs)

Virus-like particles (VLPs) are composed of recombinant proteins expressing viral surface
proteins, mimicking the structure of real viruses but lacking viral nucleic acids[89]. VLPs can
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accurately replicate the structure of viruses, triggering robust immune responses. They are highly
safe, as they do not cause infection or replication, making them suitable for use as vaccine carriers. In
addition, due to their highly repetitive and rigid structure, VLPs can display multivalent antigenic
epitopes on their surface and therefore can extensively cross-link BCRs, thereby stimulating B cells
and inducing a robust and long-lasting antibody response [90]. Chang et al. have indicated VLPs are
able to induce potent antibody responses[91]. The delivery platform of virus-like nanoparticles has
shown relevance to TLR7 signaling, especially in B cells, driving early GC formation and affinity
maturation, and being responsible for inducing and maintaining BCR diversity. However, the
presentation of viral surface antigens alone on the cell surface may limit the expression of traditional
mRNA vaccines. Researchers have proposed a natural infection-mimicking technique that involves
encoding self-assembling enveloped virus-like particles (eVLPs). The eVLPs present membrane
proteins containing clusters that recruit cytoplasmic ESCRT, combining the features of mRNA-based
and protein-based nanovaccines. By using two immune approaches with mRNA-LNP encoding the
spike protein, effective CD8* T cell responses and superior neutralizing antibody responses against
both wild-type and variant SARS-CoV-2 can be induced.

In summary, VLP-based vaccines have achieved success and are used in the market. In the
clinical development, VLPs can be designed to carry different types of antigens, including current
influenza, HPV, hepatitis B, and so on [92].

3.4.2. Inorganic-Based Nanoparticles

Inorganic nanoparticles also play a crucial role in nucleic acid delivery and imaging. Similar to
gold nanoparticles, silica nanoparticles and iron oxide nanoparticles are inorganic nanoparticles.
Inorganic nanoparticles have a large surface area, enabling them to carry a large quantity of mRNA
molecules, thereby enhancing delivery efficiency and stability [93]. Not only they can encapsulate
mRNA molecules, protecting them from degradation and prolonging their presence in the body to
improve delivery efficiency, but also can form rational particle size to facilitate direct transport of
antigens to lymph nodes, promoting antigen presentation and enhancing adaptive immune
responses. For example, gold nanoparticles were used for DNA and siRNA delivery. And its surface
can be modified by anionic nucleic acids and polycations and targeting ligands [94]. Yang et al.
developed a novel amino-modified mesoporous silica manganese nanoparticle (AMMSN) loaded
with rF1-V10 (rF1-V1I0@AMMSN) for the prevention of pneumonic plague [95]. Subcutaneous
immunization with rF1-V1I0@ AMMSN in a prime-boost strategy induced a robust production of rF1-
V10-specific IgG antibodies. Additionally, in vivo, rF1-V1I0@AMMSN was up-taken by dendritic cells
(DCs) and promoted DC maturation through the activation of the cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) pathway and the production of IFN-I. In the article, they also
addressed the limitations of current vaccines for fatal bacterial pulmonary infections, including
pneumonic plague, due to insufficient co-delivery of antigens and adjuvants, as well as inadequate
immune stimulation. In addition, surface modification allows for the modulation of the interaction
between inorganic nanoparticles and cells, facilitating targeted delivery and intracellular release. By
adjusting the structure and properties of inorganic nanoparticles, controlled release of mRNA can be
achieved, enhancing delivery precision and efficiency.

3.4.3. Cationic Nanoemulsions

Cationic nanoemulsions (CNE) haven been proposed as a potential delivery system for nucleic
acids [96,97]. They are composed of oil droplets dispersed in an aqueous phase, stabilized by
positively charged surfactants. The positive charge of CNEs facilitates interactions with negatively
charged cell membranes, promoting cellular uptake of the mRNA cargo and enhancing delivery
efficiency. CNEs can efficiently encapsulate mRNA molecules within their oil droplets, protecting the
mRNA from degradation and improving its stability during delivery [97]. Surface modifications of
CNE can enable targeted delivery of mRNA vaccines to specific cells or tissues, enhancing therapeutic
efficacy and reducing off-target effects. Luis et al. develop a CNEs delivery system to deliver a self-
amplify mRNA vaccine based on adjuvant MF59 which elicit potent immune response [98]. Some
CNEs exhibit intrinsic adjuvant properties, capable of activating the immune system and enhancing
the immune response to mRNA vaccine antigens. Additionally, Montanide ISA 51 and Montanide
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ISA 720 are being evaluated in clinical trials as adjuvants for influenza, malaria, melanoma, and other
cancer vaccines [99].

4. Nanovaccines and Anti-Tumor Immunity

Nanoparticle delivery platforms serve as a promising tool in vaccine development, especially in
enhancing anti-tumor immunity and improving immune responses against cancer cells. Nanoparticle
delivery platforms can effectively deliver tumor-specific antigens to antigen-presenting cells (such as
DCs), thereby enhancing antigen presentation and activating CD8* T cells. Nucleoside-modified
mRNA vaccines for the 2019 coronavirus disease (COVID-19), such as Pfizer/BioNTech's BNT162b2
(Comirnaty) and Moderna's mRNA-1273 (Spikevax), are the first mRNA products to receive approval
from the United States Food and Drug Administration (FDA) or the European Medicines Agency
(EMA). Nucleoside-modified mRNA-lipid nanoparticle (nRNA-iLNP) vaccines induce robust T
follicular helper cell (Tth) responses and GC formation, which are necessary for sustained and high-
affinity antibody production [100]. Toward enhancing the antigen presentation to DCs, Gokulnath et
al. developed a novel shikimoylated mannose receptor targeting lipid nanoparticle (SMART-LNP)
system that could effectively deliver mRNAs into DCs [101]. Importantly, SMART-LNP-TS1 vaccine
produced strong Thl-predominant humoral and cellular immune responses. STLNPs-Man
successfully downregulated the expression of CTLA-4 on the surface of CD8* T cells by targeting
CD206 on DCs, further enhancing the cytotoxic capacity of activated CD8* T cells. Combined with
the immune checkpoint inhibitor aPD-L1, complete eradication of tumors was achieved with
relatively low doses of mRNA [60,102]. Lyme disease is the most common vector-borne infectious
disease in the United States, and currently, there is no effective vaccine directly targeting humans.
OspA mRNA-LNP may prove to be a viable method for Lyme disease prevention. The OspA mRNA-
LNP vaccine elicits robust innate immune cell infiltration and antigen-specific CD4*and CD8* T cell
responses in mice, as well as inducing high levels of Tfh cells and antigen-specific GC B cells in mice,
thereby inducing effective antigen-specific memory B cell and long-lived plasma cell responses,
resulting in sustained antibody responses in mice [103].

Nanoparticles can provide sustained release of antigens, prolonging the exposure of immune
cells to antigens to enhance immune cell activation and improve overall anti-tumor immune
responses. For instance, the need for the development of better vaccine strategies in the clinical setting
to overcome maternal antibody (matAb) suppression of infant immune responses. The nucleoside-
modified mRNA-LNP vaccine establishes an extended germinal center response and is able to
partially overcome matAb suppression, with the authors speculating that this may be related to the
prolonged antigen expression of these vaccines. Some studies suggest that prolonged antigen
availability leads to stronger germinal center responses. A recent study indicates that naive B cells do
not enter germinal centers as effectively as B cells preloaded with antigen[104]. Taken together,
activated monocytes, macrophages, and DCs are the key cell types responsible for successful uptake
of mRNA-ILNP, protein synthesis, and antigen presentation in lymphoid tissues to drive adaptive
immune responses. Nanoparticles can be designed to target specific immune cells or tumor
microenvironments, such as form tertiary lymphoid structure that increasing the specificity and
efficacy of vaccines. These findings suggest that the materials used in the preparation of the
nanovaccine are biocompatible, cost-effective, and FDA-approved, and that the nanovaccine can
promote TLS formation, significantly enhance local immune responses, delay tumor growth,
indicating good clinical prospects for nanovaccine applications. Furthermore, incorporating CpG and
Mn2+* into the nanovaccine strongly activates T cells and B cells, stimulates DC expression of LT-a
and CCL21, and induces peripheral lymph node addressin protein (PNAd) vascular formation
[105,106].

Nanoparticles can also be designed to modulate immune responses based on clinical needs, such
as promoting the activation of cytotoxic T cells, enhancing the production of pro-inflammatory
cytokines, and overcoming immune tolerance mechanisms in the tumor microenvironment. Chen et
al. found that the clinical use of magnetic resonance imaging contrast agent iron oxide nanoparticles
(IONPs) significantly increased the production of interferon gene stimulator (STING) agonist MSA-
2, thereby promoting the generation of IFN-I [107]. The study revealed the potential
immunostimulatory role of IONPs in STING cascade activation, providing a scalable and easily
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translatable strategy for personalized cancer vaccine immunotherapy. The PEIM nano-adjuvant
induces a strong immune response by promoting effective antigen uptake and cross-presentation,
including inducing iron-induced apoptosis of tumor cells and repolarization of tumor-associated
macrophages (TAMs) to activate T cell immunity, ultimately inhibiting tumor growth [108]. The
PEIM nano-adjuvant is the preferred iron nano-adjuvant for loading tumor antigens in cancer vaccine
therapy [108]. Rojas et al. has been demonstrated that the adjuvant autogene cevumeran, a
personalized novel antigen vaccine based on uridine mRNA-lipid nanoparticles, is safe and feasible
when used in combination with atezolizumab and mFOLFIRINOX, and generates a significant
amount of neoantigen-specific T cells in 50% of unresectable pancreatic ductal adenocarcinoma
(PDAC) patients [109].

Overall, nanovaccines hold great potential in leveraging nanotechnology to improve anti-tumor
immunity and enhance the effectiveness of cancer immunotherapy [110,111]. Current research in this
field aims to optimize the design and delivery of nanovaccines to achieve personalized and effective
cancer treatment strategies.

5. Conclusion and Future Perspectives

Nanoparticle-based delivery platforms have been demonstrated revolutionary as vaccine
vehicles with high deliver efficacy. In the current research status of nanoparticle-based vaccine
platform development, there is a growing interest in exploring the potential of nanoparticles as
vaccine delivery systems. Researchers are actively investigating the use of various types of
nanoparticles, including lipid-based, polymer-based, protein-based and inorganic nanoparticles and
so on, for delivering antigens and adjuvants to the immune system. One area of active research is the
development of novel nanoparticle formulations that can enhance the stability and immunogenicity
of vaccines. Various nanoparticles have been used as new solutions for drug and vaccine delivery. In
some clinical studies, nanoparticle delivery platforms are gradually being applied to a wide range of
vaccine applications. This includes the use of lipid nanoparticles to encapsulate mRNA vaccines.
Lipid nanoparticles have shown potential for efficient delivery of antigens to immune cells in
preclinical and clinical studies. Now, lipid nanoparticles and other nanoparticles as nucleic acid
especially mRNA delivery systems have shown broad potential for vaccine development. In this
review, we focused on the application prospect of the mRNA vaccines especially lipid nanoparticle-
based delivery platform, as well as the design of polymeric nanoparticles that can efficiently deliver
antigens to immune cells. Additionally, the use of inorganic nanoparticles such as gold and iron oxide
nanoparticles for vaccine delivery is also a focus of ongoing research. Furthermore, researchers are
also exploring the potential of nanoparticles to enable targeted vaccine delivery to specific immune
cells or tissues. This involves the surface modification of nanoparticles with targeting ligands that
can selectively bind to receptors on immune cells, thereby enhancing the uptake of vaccines and the
activation of immune responses. In addition to vaccine delivery, current research efforts are also
focused on understanding the immunological mechanisms underlying the interaction between
nanoparticles and the immune system. The nanoparticle delivery platform effectively delivers tumor
specific antigens to antigen-presenting cells (such as DCs), thereby enhancing antigen expression and
activating CD8* T cells. Also, nanoparticles can be designed to target specific immune cells or tumor
microenvironments, such as to form TLNs, increasing the specificity and effectiveness of vaccines.
Nanoparticle delivery platforms serve as a promising tool in vaccine development, especially in
enhancing anti-tumor immunity and improving immune responses against cancer cells. Although T
cells have the ability to destroy tumors, cancer cells can gain ways of evading immune attacks.
Among these barriers, immunosuppressive cells and intrinsic resistance account for the failure of
many therapeutic cancer vaccines [112]. There are some ways to overcome these barriers for cancer
vaccine to achieve their potential. For instance, combining cancer vaccine with immune checkpoint
inhibitors that block PD-1 binding to PD-L1 and other treatment regimens could improve the anti-
tumor efficacy of vaccine.

Nanoparticle vaccines have a significant effect on genetic diseases, infectious diseases and cancer
treatment[113]. In particular, various types of nanoparticles were used for mRNA (messenger RNA)
vaccines for cancer treatment. In recent years, mRNA vaccine technologies have received increasing
research and commercial attention because of their potential in the prevention of infectious diseases
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and cancer treatment. Overall, the current research status in nanoparticle-based vaccine platform
development is characterized by a diverse range of studies aimed at optimizing the design,
formulation, and delivery of nanoparticle-based vaccines. These efforts are driven by the potential of
nanoparticles to overcome the limitations of traditional vaccine formulations and to enhance the
efficacy and safety of vaccines. Over the past few years, nanoparticle-based vaccines have emerged
as a primary tool in the field of prophylactic vaccines; now, they are being tested in oncology clinical
trials. Numerous therapeutic cancer vaccines have shown promising results in clinical trials including
melanoma, pancreatic cancer and lymphoma. A personalized mRNA vaccine for pancreatic cancer
can trigger about 50% participants developing cancer neoantigens specific T cells [109]. Although
mRNA vaccines are showing encouraging results in trials, there are many obstacles ahead. The future
development and clinical trials of therapeutic cancer vaccine may be shaped by several factors
including unwieldy clinical trials, immunity monitoring such as T-cell monitoring and streamlining
production.

Triggering a tumor-specific cytotoxic T cell response remains an important challenge in cancer
immunotherapy. Optimally selecting a delivery system is crucial for vaccine application in infectious
diseases or cancer treatment. Nanoparticle-based vaccine platforms have shown potential as delivery
vehicles in the prevention of infectious diseases and cancer treatment. In the future, we hope to see
an increase in the application of vaccines using various targeting approached or combination therapy,
which will allow this versatile and potent platform to gain further new therapeutic applications in
oncology.
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