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Abstract 

Nucleic acid vaccines, especially messenger RNA (mRNA) vaccines, display unique benefits in the current 
COVID-19 pandemic. The application of polymeric materials as delivery carriers has greatly promoted 
nucleic acid vaccine as a promising prophylactic and therapeutic strategy. The inherent properties of 
polymeric materials render nucleic acid vaccines with excellent in vivo stability, enhanced biosafety, 
specific cellular uptake, endolysosomal escape, and promoted antigen expression. Although polymeric 
delivery of nucleic acid vaccines has progressed significantly in the past decades, clinical translation of 
polymer-gene vaccine systems still faces insurmountable challenges. This review summarizes the diverse 
polymers and their characterizations and representative formulations for nucleic acid vaccine delivery. 
We also discussed existing problems, coping strategies, and prospect relevant to applications of nucleic 
acid vaccines and polymeric carriers. This review highlights the rational design and development of 
polymeric vaccine delivery systems towards meeting the goals of defending serious or emerging diseases. 
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Introduction 
Infectious diseases, for instance, coronavirus 

disease 2019 (COVID-19), tumors, and immune 
diseases are serious threats to public safety and 
health. The recurrence, spread, transmission, and long 
course of diseases bring great obstacles to the 
treatment process [1]. Effective vaccines against such 
severe diseases are urgently needed to control the 
significant mortality and morbidity [2]. Single-dose 
immunization is the center of vaccine design due to 
convenience and cost-effectiveness, yet drawbacks 
such as low immune efficiency and residual toxicity in 
traditional vaccines including live-attenuated, 
inactivated, or subunit vaccines, put obstacles in the 
path of vaccine design [3]. With the innovation of 
gene editing technology, nucleic acid vaccines 
including DNA and RNA vaccines occupy the 
dominant position in the field of vaccines with their 
advantageous safety, easy construction, and rapid 
scalable production. Recently, a variety of messenger 

RNA (mRNA) vaccines have been developed against 
COVID-19, representing a milestone in nucleic acid 
vaccine development [4]. 

Nucleic acid vaccines induce strong T helper cell 
(Th)1 and cluster of differentiation (CD)8+ immune 
responses by introducing exogenous genes and 
expressing antigens in the host cells, which is suitable 
for the treatment of metastatic, long-term, and 
recurring diseases [5]. Meanwhile, nucleic acid 
vaccines are subject to many limitations in the 
application process, such as the degradation by 
nucleases, rapid clearance by the reticular endothelial 
system, and poor uptake and translation efficiencies, 
which often leads to failures in inducing the expected 
immune responses [6]. Although researchers have 
devoted their efforts to improve the immunogenicity 
of naked nucleic acid vaccines, such as through the 
use of more potent promoter/enhancer systems, 
optimization of antigen-coding sequences, and 
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amelioration of immunization routes, naked DNA or 
RNA vaccines still exhibit limited elevation in 
triggering the host immune responses [7]. Therefore, 
it is necessary to develop suitable delivery carriers for 
nucleic acid vaccines toward improved immune 
potency. 

Initially, lentiviruses and adenoviruses were 
used as biological vectors in nucleic acid vaccines, 
improving the transfection efficiency to a certain 
extent. However, such vectors still have defects: (1) 
they cannot be expressed continuously, (2) they are 
not easily modified, and (3) they carry potential risks 
associated with transfection [8]. Recently, lipid 
nanoparticle (LNP)-mRNA vaccines have been 
approved for emergency use to prevent COVID-19. 
Two mRNA-LNP vaccines, mRNA-1273 and 
BNT162b2, have been developed and approved by 
Food and Drug Administration (FDA), and following 
several others are in the clinical evaluation stage. 
LNP-based delivery vehicles have shown remarkable 
prospects in the development of COVID-19 vaccines 
and other nanomedicines [9, 10]. Despite having less 
clinical advances than LNPs, polymeric carriers offer 
similar advantages and have been developed for the 
delivery of nucleic acid vaccines with the innovation 
of technology. Polymeric carriers have a good nucleic 
acid loading efficiency, improving the stability of 
nucleic acids and avoiding their degradation by 
overcoming the obstacles of cellular internalization, 
and improving the efficiency of disease prevention 
and treatment [11]. The diversity and customizability 
of polymer carriers further improve their therapeutic 

efficiencies by regulating the release of nucleic acids, 
long cycle properties, tissue or cell targeting, and 
stimulus responsiveness. These advantages of 
polymer carriers make it an attractive choice for 
nucleic acid vaccine delivery. Nucleic acid vaccines 
and delivery systems are the most significant factors 
in regulating transfection efficiency and antigen 
expression levels, which fundamentally determines 
the design idea of vaccines and their fate in vivo.  

In this review, we summarize the types and 
characteristics of polymer carriers and formulations 
for nucleic acid vaccine delivery in detail (Figure 1). 
Furthermore, we discuss the challenges relevant to 
nucleic acid vaccines and their delivery using 
polymer-based systems. Finally, we summarize the 
strategies for enhancing the efficacy of nucleic acid 
vaccines in the development of polymeric delivery 
systems. 

2. Types of polymer carriers for nucleic 
acid vaccine delivery 

An appropriate vaccine delivery system to guide 
the in vivo process is indispensable for efficient 
vaccine potency due to the hydrophilicity, limited 
biological stability, easy degradation by nucleases or 
lysosomes, and poor pharmacokinetics of naked 
nucleic acid vaccines. The presence of vaccine carriers 
reduces the degradation of nucleic acids in the body 
and offers a variety of attractive characteristics that 
can potentially improve vaccine potency.  

 
 
 

 
Figure 1. Representative polymeric formulations used for vaccine delivery including polyplex, micelle, lipopolyplex, polymer engineered inorganic nanoparticles (NPs), hydrogel, 
and microneedle. 
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Figure 2. A. Chemical structure of chitin. B. Chemical structure of chitosan. 

 
Lipid- and polymer-based delivery systems are 

the most widely developed for vaccine delivery. 
Lipid-based delivery systems have good 
biocompatibility and can protect nucleic acids from 
degradation by nuclease and achieve endocytosis of 
nucleic acids to improve the transfection efficiency. 
Lipid-related surface modifications also confer 
characteristics, such as long cycling and antigen- 
presenting cell (APC) targeting [12]. On the other 
hand, polymer-based carrier delivery systems, which 
may be precisely customized by introducing 
beneficial end groups, are increasingly promising [13]. 
Initially, cationic polymers consisting of a few 
repeating units, such as polylysine and polyornithine, 
were used as the carriers, where positive charges from 
the polymer bind to the negatively charged nucleic 
acids, enhancing cell-specific uptake and facilitating 
lysosomal escape [14]. With the continuous 
innovations in synthetic technology, a variety of new 
functional polymers, either naturally derived or 
synthetic, have been used for vaccine delivery. 
Though the transfection efficiency of nucleic acids is 
significantly improved, the cytotoxicity and systemic 
toxicity still need to be addressed. Balancing the 
advantages and disadvantages of polymer carriers 
remains a pressing challenge. This section will 
introduce in detail the delivery strategies of nucleic 
acid vaccines using polymer carriers in recent years 
and discuss the influence of structural design on the 
delivery performance of carriers. 

2.1. Types of polymers 

2.1.1 Polysaccharides 
The natural origin of polysaccharides, such as 

chitosan, mannan, dextran, and beta-glucans, confers 
low toxicity, good biocompatibility and biodegra-
dability, and immunoregulatory activity, are regarded 
as excellent vaccine carriers [15]. Polysaccharides are 
composed of monosaccharides or disaccharides 
through glycosylic bonds. The presence of a large 
number of amino, carboxyl, and hydroxyl groups in 

the molecular structure is the basis of their extensive 
biological activities [16]. Polysaccharide-based 
carriers can protect antigens from degradation, 
improve antigen delivery efficiency, and enhance 
immunogenicity [17]. The positive charge of cationic 
polysaccharides encapsulates or binds to negatively 
charged nucleic acids, and the amino groups carried 
by polysaccharides help achieve the “proton sponge” 
effect for the cytoplasmic delivery of cargos. 

Chitosan, the most widely investigated and 
applied cationic polysaccharides for nucleic acid 
delivery, is composed of D-glucosamine and 
N-acetyl-D-glucosamine linked by β-(1,4) bonds. It is 
mainly derived from the deacetylation of chitin by 
removing more than 50% of the acetyl groups, 
converting them into amino groups (Figure 2). The 
high degree of deacetylation is beneficial for the 
electrostatic properties and solubility of chitosan, 
making it more suitable for loading nucleic acids and 
cellular uptake. Chitosan itself possesses immunomo-
dulating properties which enhance antibody 
responses and cellular immunity post-vaccination via 
injection or mucosal routes [18]. Turley et al. 
demonstrated that only chitosan with a high degree of 
deacetylation (>90%) enhances the generation of 
mitochondrial reactive oxygen species, leading to 
cGAS-STING and NLRP3 inflammasome activation of 
dendritic cells (DCs). These results reveal that the 
physicochemical properties of chitosan are important 
determinants for enhancing immune activation, 
paving the way for the design of vaccine adjuvants 
[19]. In addition, low-molecular-weight chitosan 
shows improved solubility and enhanced intracellular 
nucleic acid release, which promotes downstream 
immune responses [20]. 

Furthermore, the cationic character of chitosan 
also allows for its interaction with mucosal surfaces, 
and chitosan can open tight junctions between 
epithelial cells transiently [21], making it suitable for 
triggering mucosal immunization. Intranasal or oral 
immunization with chitosan-/nucleic acid-based 
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nano vaccines has been used against several patho-
gens, such as Mycobacterium tuberculosis, hepatitis B 
virus, Schistosoma mansoni, and Streptococcus mutans 
[22-26]. Some approaches such as decoration with 
targeting moieties to APCs or incorporation of 
immunostimulatory molecules have also been 
investigated to further improve the efficacy of 
mucosal immunization [27]. 

2.1.2 Poly(amino acid)s 
There are 20 kinds of essential amino acids in 

biological systems, and more than 500 non-proteino-
genic amino acids have been found. Amino 
acid-based polymers are considered promising 
biomaterials for biomedical applications [28]. Due to 
the diversity of functional side groups in amino acids, 
a wide range of poly (amino acid)s (or polypeptides) 
with different chain lengths and compositions may be 
readily synthesized. The presence of amino acid 
moieties in the framework is beneficial to the 
solubility, biocompatibility, and biodegradability of 
amino acid-based polymers [29].  

Polylysines (PLLs), derived from lysines, are 
easily protonated and form complexes with 
negatively charged nucleic acids (Figure 3). 
Lysine-based cationic PLLs achieve high gene 
transfection efficacy with minimal cytotoxicity at low 
concentrations. Yu et al. constructed a polymer wire 
consisting of CpG motifs by hybridized chain 
reaction, followed by assembly with cationic PLLs to 
form nanospheres. This easily prepared polymer 
carrier enhanced the activation of immune cells 
through the continuous stimulation of lysosomal 
Toll-like receptor (TLR)9 of immune cells and further 
induced the death of cancer cells [30]. Dendritic PLLs 

have better loading capacity and flexibility (Figure 3B) 
[31]. Zhao et al. encapsulated the HA gene of H9N2 
influenza virus plasmid DNA (pDNA) into 
dendrigraft poly-L-lysines (DGLs) via electrostatic 
interactions. After intramuscular injection, DGLs 
prevented pDNA degradation, assisted pDNA escape 
from endosomes, promoted antigen presentation, and 
induced effective cellular and humoral immune 
responses, thereby demonstrating that DGLs were 
good non-viral nucleic acid vaccine delivery carriers 
[32]. To increase positive charge densities in the 
polymer structure, considerable attention has been 
paid to the development of highly branched 
poly(amino acid)s as gene delivery vectors [33], which 
will also show great potential in vaccine delivery. 

2.1.3 Polyamines 
Natural polyamines, such as putrescine, 

spermine, and spermidine, play an important role in 
modulating gene expression, cell growth, and 
replication and translation of viruses. Polyamines are 
positively charged under physiological pH and ionic 
conditions, which form complexes with negatively 
charged nucleic acids, proteins, and phospholipids 
within cells [34]. Owing to the highly positive charges 
of polyamines coupled with the properties of easy 
synthesis and effective polyplex formation with 
nucleic acids, they are considered important 
polycations for gene delivery. Synthetic polyamine 
analogs are capable of simultaneously targeting 
polyamine metabolism and the delivery of 
therapeutic nucleic acids, thereby displaying effective 
combinational therapy both in cancer and virus 
replication [35, 36]. 

 
 
 

 
Figure 3. A. Chemical structure of linear PLL. B. Chemical structure of branched PLL. 
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Figure 4. A. Chemical structure of linear PEI. B. Chemical structure of branched PEI. 

 
Poly(ethyleneimine) (PEI), the most widely used 

polyamine for nucleic acid delivery due to its high 
charge density, is considered the “gold standard” in 
polymeric gene carriers (Figure 4) [37]. The excellent 
“proton sponge” effect of PEI contributes to 
endolysosomal escape to avoid gene degradation and 
release into the cytoplasm. Nevertheless, the use of 
PEI is compromised by its high toxicity, as efficient 
gene transfer requires high-molecular-weight PEI that 
inevitably confers high cytotoxicity. Several strategies 
have been utilized to decrease the toxicity while 
maintaining the transfection efficacy of PEI, such as 
PEGylation to shield the positive charge, linking 
low-molecular-weight PEIs, and hydrophobic 
modification [38-41]. We discovered that anchoring 
PEI at the surface of perfluorodecalin decreases PEI 
toxicity, which likely resulted from the decreased 
flexibility of PEI limiting its interactions with cell 
membranes and the oxygen dissolved in 
perfluorodecalin promoting cell growth [42]. 

In addition, PEI possesses immunostimulatory 
effects, such as stimulating DC activation, homing, 
and inducing cytokine production [43]. This inherent 
immunostimulatory activity and its excellent 
transfection efficiency support PEI as a nucleic acid 
vaccine vector. Self-amplifying RNA (saRNA) 
enhances protein expression in comparison to mRNA, 
which is regarded as a next-generation nucleic acid 
vaccine. However, the large and complex RNA 
structure is difficult to translate in APCs, and saRNA 
also suffers from degradation [44]. To address the 
challenges, Démoulins et al. investigated the effects of 
the molecular weight of PEI (2,500–250,000), saRNA: 
PEI ratio (weight: weight), and inclusion of (Arg)9 or 
TAT(57-57) cell-penetrating peptides on polyplex 
delivery. Two formulations [(saRNA/PEI4,000: 1:3) and 
(saRNA/PEI40,000: (1:2)/(Arg)9)] showed specific CD4+ 
and CD8+ T-cell immune responses in mice and pigs, 
which had a positive impact on the application of 
saRNA vaccines [45]. 

2.1.4 Polyesters 
Polyhydroxyalkanoate (PHA) represents 

biologically synthesized polyesters, which are 
naturally self-assembled inside bacteria. These PHA 
particles are core-shell structures composed of a 
hydrophobic core and outer proteins. These proteins 
may be used as an anchor for attaching antigens, 
thereby leading to the formation of antigen-coated 
PHA vaccines [46]. More recently, chemically 
synthesized polyesters and their derivatives, such as 
poly (lactic-co-glycolic acid) (PLGA), poly (lactic 
acid), and polycaprolactone, have been employed in 
various biomedical applications, including tissue 
implants, tissue engineering scaffolds, drug delivery, 
and nucleic acid vaccine delivery. The distinctive 
feature of polyesters is their biodegradability because 
of the hydrolysis of ester bonds; therefore, several 
polyesters have been translated to clinical practice 
[47]. 

Poly(β-amino ester) (PBAE) is a cationic 
polyester with the ability to form complexes with 
nucleic acids enhancing cellular uptake and the 
endolysosomal escape of polyplexes (Figure 5A) [48]; 
PBAE polyplexes have immunostimulatory functions. 
Jewell et al. reported that PBAE particles induced the 
activation of DCs and macrophages [49, 50]. A further 
study revealed that the molecular weight of PBAE 
had an important influence on immune activation. 
They synthesized a series of PBAEs with different 
molecular weights. Regardless of the initial molecular 
weight, the immunogenicity peak occurred when the 
molecular weight of hydrolyzed PBAEs decreased to 
1.5–3 kDa [51]. These results are beneficial to the 
design of biodegradable polymers to induce immune 
responses as vaccine carriers. DeMuth et al. prepared 
novel PBAE-based pDNA vaccine-loaded 
microneedle coatings using layer-by-layer techniques. 
The microneedle was applied to the skin, and the 
interstitial fluid led to rapid layer dissolution and the 
sustained release of in situ-formed PBAE/nucleic acid 
polyplexes, inducing 140-fold higher gene expression 
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in primate skin than that associated with intradermal 
injections of naked DNA for eliciting robust immune 
responses against human immunodeficiency virus 
(HIV) antigens. The results indicated the great 
potential of this strategy for enhancing DNA 
vaccinations [52]. 

PLGA, a biodegradable copolymer composed of 
lactic acid and glycolic acid linked through ester 
bonds, is one of the most widely used polyesters in 
pharmaceutical sciences, medical devices, and other 
chemical fields (Figure 5B). PLGA-based 
microparticle-loaded DNA-encoding HIV antigens 
has entered a phase I clinical trial [53]. However, 
payload release from traditional PLGA particles is 
usually time-consuming due to their slow 
degradation rate. Although the particles consist of 
low-molecular-weight PLGA, 13 days were needed to 
fully release the encapsulated DNA after APC uptake 
[54]. Given this, Langer et al. developed a hybrid 
microparticle composed of degradable, pH-sensitive 
PBAE and PLGA as the carrier of genetic vaccines. 
The hybrid microparticle enhanced the intracellular 
delivery of DNA vaccines, producing 3–5 orders of 
magnitude higher transfection efficiency compared 
with that of PLGA formulations. Vaccination with this 
microparticle formulation in vivo led to robust 
antigen-specific immune responses [55]. The 
combination of different polymers is not only simple 
but also provides the delivery system more 
functionality, whereas the proportion of different 
compositions is a potential point of concern. In 
addition, the combination of multiple materials will 
increase the structural complexity and may reduce the 
biocompatibility of the system, which needs to be 
considered when designing the combination. 

2.1.5 Polyamidoamines 
Polyamidoamines (PAMAMs) include tertiary 

amino and amido groups along their polymer chains. 
PAMAMs with a “tree-like” architecture are called 
PAMAM dendrimers, which are well-defined, highly 
branched, monodisperse, and homogeneous 
polymers (Figure 6A). There are three parts of 
PAMAM dendrimers: a core, repeating units, and 

shell functional group. Given its numerous amino 
groups and unique cavity structures, PAMAM 
dendrimers have been applied in drug and gene 
delivery [56]. Other structures associated with 
PAMAMs are hyperbranched and linear polymers, 
which are structurally analogous to PAMAM 
dendrimers; these are also effective gene vectors. 
Unlike dendrimers, linear or hyperbranched 
polymers have better flexibility, facile synthesis, and 
improved gene complexation and transfection 
efficacies. In addition, the flexible structures offer 
polymers scope for modifications [57].  

A functionalized amine-terminated surface may 
be modified with a variety of molecules that enables 
the adjustable physicochemical and biological 
properties of PAMAMs and their derivatives. For 
example, PEGylation improves hydrophilicity and 
shields the positive surface charges to reduce the 
toxicity of PAMAMs [58]. Glycosylation (such as 
mannosylation, galactosylation, and lactosylation) or 
targeting peptide modification enhances cell-specific 
binding [59]. Fluorination achieves excellent 
transfection efficacy and facilitates the self-assembly 
of PAMAMs [60]. The co-delivery of immunoadju-
vants (such as CpG) promotes immune-stimulating 
effects [61]. To ameliorate the biocompatibility of 
PAMAMs, the synthesis of biodegradable dendrimers 
is an alternative strategy. Luckily, degraded PAMAM 
dendrimers are available on the market for gene 
transfection [62]. At present, generation 4 PAMAM 
dendrimers are used for delivering Ebola DNA 
vaccines [63]. Transcription-conjugated PAMAM 
dendrimer-loaded avian influenza virus DNA 
vaccines are used for transdermal vaccinations [64]. 
Major histocompatibility complex (MHC)-II targeting 
peptide-conjugated PAMAM dendrimers are used for 
the delivery of tumor DNA vaccines [65]. Linear 
poly(amido-butanol) (pABOL) (Figure 6B) has been 
synthesized to encapsulate influenza HA-encoding 
saRNA, showing that increasing the molecular weight 
of pABOL improves the saRNA delivery both in vitro 
and vivo [66]. 

 
 

 
Figure 5. A. Chemical structure of PBAE. B. Chemical structure of PLGA. 
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Figure 6. A. Chemical structure of PAMAM. B. Chemical structure of pABOL. 

 

2.2 Representative polymer-based 
formulations for nucleic acid vaccine delivery 

The characteristics of multiple polymers used for 
nucleic acid delivery have been described above in 
detail, but the achievement of prophylactic and 
therapeutic purposes requires various pharmaceutical 
preparation technologies. Therefore, polymer-based 
vaccine formulations and their properties will be 
discussed in this section. 

2.2.1 Polymer particles 
Particulate delivery systems are one of the most 

commonly used formulations. Particulate 
formulations are structurally similar to nano-sized 
viruses (e.g., severe acute respiratory syndrome 
coronavirus 2, influenza, and HIV) or micron-sized 
bacteria (e.g., Staphylococcus aureus, Escherichia coli, 
and Salmonella), which are pathogens that promote the 
evolution of the immune system. Since the immune 
system orchestrates in response to pathogenic 
particles, it is logical that similar sized and shaped 
particulate formulations trigger robust immune 
responses compared to those triggered by subunit or 
naked nucleic acid vaccines [67]. It cannot be ignored 
that the development of NP-based tumor vaccines is 
in full swing, which utilizes NPs to prolong 
circulating time, control drug release, introduce tissue 
or cell targeting, enhance cellular uptake, facilitate 
endolysosomal escape, and improve transfection 

efficiency to induce potent cellular immune responses 
[68]. 

Particles composed of polymers and nucleic 
acids are formed mainly through physical 
encapsulation and electrostatic interactions. For 
example, PLGA alone has no positive charges, 
therefore, unmodified PLGA encapsulates nucleic 
acids using an emulsion technique, rather than 
electrostatic interactions. Immunization with these 
pDNA-containing PLGA microparticles achieved 
activated cytotoxic T lymphocyte (CTL) responses 
with a minimal DNA dose [69]. However, the direct 
encapsulation of nucleic acids into particles always 
leads to large sizes and low encapsulation efficiencies. 
In addition, for PLGA particles, encapsulated nucleic 
acids may suffer from degradation as PLGA 
hydrolysis, resulting in low transfection efficiency. To 
address this issue, PLGA particles are modified with 
cationic features to condense nucleic acids through 
electrostatic interactions [7]. Studies have involved 
chitosan, PEI, or dendrimers being mixed with PLGA 
[70-72], cetyl trimethylammonium bromide being 
absorbed onto PLGA particles [73], and PEI being 
covalently conjugated to the surface to create 
cationically modified PLGA particles [74]. Lee et al. 
developed an NP composed of a PLGA core and 
positively charged glycol chitosan shell, wherein 
quantum dots were loaded in the core of PLGA NPs 
to track Langerhans cell migration, and nucleic acids 
were absorbed on the positively charged shell (Figure 
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7). pH-responsive DNA release and effective gene 
expression were detected in lymph nodes (LNs). NPs 
have shown great potential in monitoring the immune 
system and vaccine development [70]. In addition to 
modified PLGA particles, the application of cationic 
polymers for gene vaccine delivery should be a more 
straightforward method. Chahal et al. developed 
dendrimer–RNA NPs that protect against a broad 
spectrum of pathogen challenges, such as Ebola virus, 
influenza virus, and Toxoplasma gondii with only a 
single dose. In contrast to cell culture or fertilized egg 
systems, the preparation of this vaccine system 
requires approximately 1 week. Therefore, this 
technology may be used to develop rapid-response 
vaccines against sudden outbreaks and evolving 
pathogens [75]. 

Present evidence indicates that the size of 
particulate vaccines is closely associated with their 
immune effects (Table 1). First, the size of particulate 
vaccines determines the antigen transport route to the 
LN after peripheral injection. Particles with a 
diameter less than 10 nm directly enter the blood 
circulation through the capillaries, while particles 10–
200 nm in size traffic into lymphatic capillaries [76]. 
Other large particles (>200 nm) are phagocytosed by 
peripheral DCs and transported to LNs [77]. There is 
an abundance of APCs, T cells, and B cells residing in 

LNs; therefore, antigens reaching the LNs trigger 
stronger immune responses than those transported by 
peripheral DCs [76, 78]. Second, DC uptake is also 
influenced by the particle size. Akashi et al. has 
extensively studied poly (γ-glutamic acid). They 
prepared a series of different sizes (30–200 nm) of 
poly(amino acid) NPs and found that the amount of 
intracellular NPs increased with increasing size in 
bone marrow-derived dendritic cells (BMDCs) and 
RAW264 cells in vitro. The in vivo DC uptake showed 
that the amount of large NPs taken up by a single DC 
was higher than that of small NPs. However, the 
number of positive DCs showed inverse results, 
which might be due to the different routes to LNs 
between different sizes of NPs, i.e., the small NPs 
migrated to LNs through direct drainage faster than 
the large ones via two steps of local DC uptake and 
transportation [79]. Third, the DC activation correlates 
with the sizes of particles. Akashi et al. discovered 
that the induction of the DC maturation potential 
increased as the size of polymer particles decreased. 
The interaction between larger total surface areas of 
small particles and the surfaces of DCs contributes to 
the effectiveness in DC maturation [79]. Fourth, the 
size of particles plays an important role in 
intracellular localization. Following APC uptake, 
particles will reach endolysosomes. For nucleic acid 

 

 
Figure 7. Schematic illustrations of the concept of multifunctional core-shell polymeric NPs: transdermal DNA delivery, tracking of Langerhans cell migration, a pH-mediated 
DNA release mechanism, and gene expression in LNs. Adapted with permission from [71], copyright 2010 Elsevier. 
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vaccines, the particles carrying nucleic acid vaccines 
should potentially escape from endolysosomes. Small 
particles appear to be more efficient in endolysosomal 
escape, thereby promoting cytoplasm localization, 
whereas larger particles are retained in the 
endolysosomes [80]. Finally, sufficient retention time 
in LNs confirms the interactions with APCs. Studies 
have revealed that large particles show good retention 
in LNs [81]. Therefore, rational designs of vaccine 
particle size will achieve orchestrated vaccine 
potency. 

 

Table 1. General effects of size, surface charge, and rigidity on LN 
distribution, LN retention, DC uptake, and DC maturation of 
particulate vaccines. “-” means no related reports. 

 LN distribution LN 
retention 

DC 
uptake 

DC 
maturation 

Intracellular 
localization 

Size •10~200 nm particles 
can traffic into the 
lymphatic capillary 
and then reach LN. 
•Particles larger than 
200 nm can be 
phagocytosed by 
peripheral DCs and 
be transported to LN. 

Large 
particles 
show 
good 
retention 
in LN. 

Large 
particles 
taken up 
by DC 
are 
higher 
than 
small 
ones. 

DC 
activation 
is 
negatively 
associated 
with the 
size of 
particles. 

Small particles 
are more 
efficient in 
endolysosomal 
escape and 
cytoplasm 
localization 
than large 
ones. 

Surface 
charge 

Positively charged 
particles may be 
trapped by 
glycosaminoglycans 
and proteins in tissue 
interstitium and fluid, 
resulting in failing to 
drain into LN.  

- Positive 
charges 
are 
beneficial 
to DC 
uptake 
than 
negative 
or neutral 
charges. 

Positive 
charges 
facilitate 
DC 
maturation. 

Positive 
charges 
promote 
endlysosome 
escape and 
cytoplasm 
distribution. 

Rigidity It is dependent on 
administration routes. 

- Rigid 
particles 
are more 
likely to 
be taken 
up by 
DCs. 

Rigid 
particles 
facilitate 
DC 
maturation. 

- 

 
In addition to the particle size, the surface charge 

shows some relationships with the immunogenicity of 
vaccines (Table 1). The positive charge is an essential 
parameter of polymeric carriers for gene delivery, 
showing improved internalization by APCs than 
those with a negative or neutral charge [82]. Cationic 
polymers are considered to promote endolysosomal 
escape through the “proton sponge” effect, which is 
important for nucleic acid delivery. Wu et al. revealed 
that DC activation is driven by cationic nano vaccines 
by promoting the secretion of tumor necrosis factor-α 
(TNF-α) and IL-12p70, which is more efficient than 
that of anionic nano vaccines [83]. Both positively and 
negatively charged particles induce immune 
responses; however, cationic nano vaccines may 
induce a more pronounced Th1 immune response 
than that induced by anionic nano vaccines, which 
offer the potential for fighting against cancer or 
intracellular infections [83]. It should also be noted 
that many negatively charged glycosaminoglycans 

and proteins exist in the tissue interstitium and fluid; 
therefore, positively charged particles may adhere 
and fail to drain into lymphoid tissues, while 
negatively or neutral-charged particles avoid being 
trapped [78]. Therefore, there should be a balance 
between the different charges when particles are in 
different environments.  

Apart from size and charge, the rigidity and 
shape of polymeric particles also affect their immune 
effects (Table 1). In general, rigid particles are more 
likely to be taken up by APCs, whereas flexible 
particle uptake tends to consume more energy, 
resulting in slower uptake. Cui et al. prepared 
mechanically tunable polypeptide particles composed 
of poly(L-glutamic acid) cross-linked to CpG. The 
rigidity of the particles was changed by altering the 
cross-linker concentration. They observed that DC 
association and activation occurred in a 
rigidity-dependent manner [84]. The study implied 
that the mechanical properties of particles have an 
important influence on immunity. Regarding the 
shape of particles, the rod-shaped polymeric particles 
were more efficient at cellular uptake than spherical 
particles [85]. In addition, the angle between cells and 
rod-shaped particles was important in uptake. The 
tangential angle is not conducive for uptake due to the 
high associated energy expenditure [86]. 

In addition to the aforementioned polyplexes or 
core-shell particles, other particles, such as polymer 
micelles, lipopolyplexes, and polymer-engineered 
inorganic NPs, have also been investigated for gene 
vaccine delivery. For example, Layek et al. modified 
chitosan with hydrophobic L-phenylalanine and 
α-D-mannopyranosylphenyl isothiocyanate for APC 
targeting. The obtained cationic polymer micelles 
formed a complex with DNA vaccines, triggering 
potent cellular immune responses in vivo [87]. The 
lipopolyplex combined the advantages of both 
polymer and lipid systems [88]. Shen et al. developed 
a vector consisting of a PBAE/mRNA core 
encapsulated into a 1,2-dioleoyl-sn-glycero-3- 
ethylphosphocholine/1,2-dioleoyl-sn-glycero3-phosp
hatidyl-ethanolamine/1,2-distearoyl-sn-glycero-3-ph
osphoethanolamine-N-[amino(polyethylene 
glycol)-2000 lipid shell [89]. The liposome shell 
effectively protected the internal mRNA from 
degradation and reduced the interaction between 
mRNA and non-APCs, providing an enhanced effect 
on DC internalization than that by polymer carriers. 
Xu et al. prepared poly (diallydimethylammonium 
chloride) - and PEI-coated Au nanorods, which 
significantly enhanced APC activation and cellular 
and humoral immunity compared to naked pDNA 
[90]. 

Considering the flexibility of polymer 
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composition and controllable fundamental 
parameters, polymeric particles are widely used for 
gene vaccine delivery. As the properties of particles 
required in vivo are dependent on a particular 
application, the facile modification of polymers and 
their stimulus-responsiveness will help vaccine 
design. In addition, similar to that of lipopolyplexes 
or polymer-engineered inorganic NPs, the integration 
of different technologies may be one of the 
prospective areas for nucleic acid vaccine delivery. 

2.2.2 Polymer hydrogels 
Hydrogels are hydrophilic macro-scaled gel 

systems with a three-dimensional network structure, 
high water content, controllable drug release rate, and 
good biocompatibility, which create a new area for the 
delivery of various therapeutic agents, including 
nucleic acid vaccines [91]. The notable capacity of 
hydrogels ensures concurrent encapsulated vaccines, 
adjuvants, cytokines, or nanostructures. In 
comparison with NPs, macro-scaled hydrogels are 
commonly applied at the topical site for the slow 
continual release of cargos or controlled release upon 
physiological or external stimuli [91]. Natural 
polysaccharides and synthetic polymers have been 
used to prepare hydrogels for vaccine applications 
[92, 93]. 

Thermo-sensitive hydrogels that perceive 
physiological temperature and transform into 
gelation endow the delivery system with convenient 
spatial and temporal application and release control 
[94]. To achieve sustainable vaccine release, Bansal et 
al. first prepared pDNA-loaded PLGA-chitosan NPs 
and then dispersed the NPs into poloxamer 407 gel, 
which was in a liquid state at 4 °C and transformed 
into a soft gel at physiological temperature (37 °C). 
They characterized the physicochemical properties 
and evaluated the vaccine potential both in vitro and 
in vivo. The hydrogel showed promises for future 
rabies prevention and immunocontraception [93]. The 
Lee and Jeong group have extensively studied a 
temperature-sensitive copolymer: poly (ε-capro-
lactone-co-lactide)-b-poly (ethylene glycol)-b-poly 
(ε-caprolactone-co-lactide) (PCLA). They prepared an 
in situ-forming injectable hybrid hydrogel by 
conjugating PCLA with bovine serum albumin. DNA 
vaccine polyplexes were loaded through ionic 
interactions. After injections, the hybrid hydrogel 
spontaneously assembled into a microporous 
hydrogel depot, allowing for the recruitment of DCs 
[95]. Furthermore, to strengthen the stability of the 
hydrogel during implantation, they conjugated 
adhesive dopamine and PCLA to hyaluronic acid 
(HA-PCLA). pDNA polyplexes for expressing 

antigens and granulocyte-macrophage colony- 
stimulating factor (GM-CSF) for recruiting immune 
cells were coloaded in the microporous network of 
HA-PCLA hydrogel. The amount of recruited DCs 
was 6-fold higher than that of the conventional PCLA 
counterpart, suggesting that the hydrogel possesses 
the potential for disease immunotherapy [96]. 
Recently, organic–inorganic hybrid materials have the 
potential to combine the physical and chemical 
properties of each component synergistically toward 
an enhanced vaccine delivery [97]. Graphene oxide 
displays various immune effects to improve antigen 
immunogenicity by promoting cytokine secretion, DC 
recruitment, and antigen depot [98]. Yin et al. 
reported an injectable in situ transformable hydrogel 
composed of graphene oxide and PEI that was formed 
via electrostatic interactions (Figure 8). R848 and 
ovalbumin-encoding mRNA were encapsulated into 
the hydrogel through π−π stacking and electrostatic 
interactions. After injection into subcutaneous layers, 
the hybrid hydrogel converted into NPs gradually. 
The released NPs deliver R848 and mRNA to LNs, 
thereby translating ovalbumin antigens for durable 
and efficient cancer therapy [99]. 

2.2.3 Polymer microneedles 
The skin is an ideal site for immunization due to 

its abundant APCs presence. However, it is difficult to 
achieve precise delivery to the intradermal layer using 
a needle and syringe without a medical professional. 
In the past decade, transdermal vaccinations using 
microneedle arrays have become a booming field for 
investigations. Microneedle patches represent a safe, 
pain-free, patient-compliant, and self-administered 
transcutaneous delivery system [100]. Nowadays, this 
advanced technology is used in gene vaccine delivery 
percutaneously to produce effective vaccinations. A 
microneedle array, typically dissoluble/degradable, 
or removable after application, should have the 
properties of sufficient mechanical strength to 
traverse the stratum corneum and reach the 
epidermis, with subsequent efficient release of the 
cargos [101]. There are several representative 
microneedles, such as coated, dissolvable/ 
degradable, and smart microneedles (Figure 9). 
Coated microneedles are composed of solid 
microneedles and coated drug payloads. Although 
coated microneedles have sufficient mechanical force, 
they have limited surface area for drug loading and 
need to dispose of biohazardous microneedles after 
usage, and thus are less commonly investigated than 
dissolvable/degradable, and smart microneedles 
[102]. 
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Figure 8. A. GO and low molecular weight PEI (LPEI) are fabricated to form the injectable hydrogel (GLP-RO Gel) to encapsulate mRNA and R848. B. Illustration of the 
treatment intervals. C. Growth curves, D. gross images, and E. weight of tumors. F. H&E images of tumor tissues. G. Flow cytometry analysis of T cells in splenocytes. H. ELISA 
analysis of TNF-α and I. OVA-specific IgG in serum. Adapted with permission from [99], copyright 2021 American Chemical Society. 

 
Dissolvable or degradable microneedles refer to 

the utilization of soluble or degradable matrix 
materials to prepare microneedles which dissolve or 
degrade to release cargos after insertion into the skin. 
The release rate and therapeutic effects are closely 
related to the dissolution kinetics of the matrix. 
Chitosan, polyvinyl alcohol (PVA), and polyvinyl 
pyrrolidone (PVP) are representative dissolvable 
matrices, while PLGA is a typical degradable material 
for preparing microneedles [102]. Yang et al. prepared 
an Ebola virus pDNA vaccine microneedle containing 
two components: PLGA-PLL/poly-γ-glutamic acid 
NP-loaded DNA and PVA/PVP matrix materials. 
PVA and PVP endowed the microneedles with the 
mechanical force for insertion into the skin with the 
ability of rapid dissolution. Negatively charged 
poly-γ-glutamic acid was used to weaken the NP 
structure to increase DNA release. The microneedle 
patch induced a strong immune response 
post-immunization in vivo [103]. McCarthy et al. has 
extensively studied dissolvable microneedles for 
DNA vaccine transdermal delivery. They discovered 
that the application of lyophilization increased the 

loading of pDNA NPs within PVA microneedles 
[104]. They also used different dissolvable polymers 
[PVP (Mw = 58,000 Da), PVP (Mw = 360,000 Da), PVA 
(Mw = 13–23,000 Da), PVA (Mw = 9–10,000 Da)] to 
construct microneedles and compared the mechanical 
properties and DNA polyplex loading capacities. The 
results demonstrated that DNA was degraded when 
loaded in PVP, whereas PVA arrays weren’t, resulting 
in a 10-fold higher transfection efficiency than that of 
PVP arrays. This study suggests that PVA-based 
microneedles are suitable for nucleic acid delivery 
[105]. 

Smart microneedles may be triggered to release 
cargos in response to endogenous or exogenous 
signals. This technology provides opportunities for 
on-demand release in a controllable manner. For 
example, the Jeong and Lee groups designed a series 
of pH-responsive microneedles for DNA vaccine 
delivery. Heparin and albumin were used for 
constructing the pH-responsive microneedle via 
layer-by-layer deposition. The albumin exhibited a 
positive charge when the environmental pH value is 
4.9 and transformed to a negative charge in 
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physiological pH conditions. Therefore, the 
microneedles responsively released the loaded 
polyplex post-insertion into the skin. The released 
mannose-modified polyplexes then targeted APCs 
and delivered DNA vaccines [106]. Furthermore, they 
also prepared ultra-pH-responsive microneedles 
using oligo(sulfamethazine)-b-poly(ethylene glycol)- 
b-poly(amino urethane) to deliver DNA polyplexes 
and immunoadjuvants [107, 108]. The copolymer was 
positively charged at pH 4.03 and became negatively 
charged when exposed to physiological pH values. In 
addition, to achieve rapid separation of the backing 
layer from the microneedle, a separable microneedle 
patch to deliver DNA vaccines to fight against 
COVID-19 was developed (Figure 10) [109]. First, 
deoxycholic acid was conjugated to PEI to 
simultaneously encapsulate adjuvant R848 and 
antigen-encoding DNA. PVA was then used to form 
the microneedle patch to penetrate the epidermis, 
wherein a separating layer consists of poly 
(N-isopropylacrylamide-co-butyl acrylate) (PNI 
PAM-B), a thermally responsive polymer that was 
hydrophobic at room temperature and became 
soluble at temperatures below 14 °C. Thus, the 
backing layer could be removed from the skin by 
controlling the skin temperature for several minutes. 
This thermal-responsive technology makes 
microneedle patches more available and accessible 

against infections or severe diseases. 

3. Challenges relevant to polymer-based 
nucleic acid vaccine delivery 
3.1 Problems associated with nucleic acid 
vaccines 

Vaccinations are the most effective tool for 
preventing the spread of various infectious diseases 
worldwide. The World Health Organization reported 
that 2–3 million individuals are protected from death 
by vaccinations annually. Although vaccines exert 
great potential in the prevention of multiple 
infections, they still face significant challenges for the 
treatment of emerging and several major diseases, 
such as COVID-19, cancer, and HIV infection [110]. 
Limitations in traditional vaccines and the severity of 
global diseases prompt the development of novel 
vaccines, including nucleic acid vaccines, which have 
garnered great attention in the prevention and 
treatment of diseases [111]. Unfortunately, few 
nucleic acid vaccines have been licensed for human 
use. The reasons underlying the unsatisfactory 
translation rate may be summarized as follows: (1) the 
potential safety risks for human use and (2) modest 
immune responses elicited by nucleic acid vaccines in 
humans fail to exert desired outcomes for disease 
treatment. 

 
 

 
Figure 9. Representative microneedles including coated, dissolvable/degradable, and smart microneedles. 
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Figure 10. A. Deoxycholic acid conjugated LPEI (DA-LPEI) was applied to encapsulate R848 and S- or N-protein encoding DNA vaccines (DLP-RS or RN). B. The backing layer 
of microneedles can be separated from the skin and leave the microneedles in the skin by controlling temperature. C. Physiological mechanism of separable microneedle patch 
mediated antiviral immunity. Adapted with permission from [109], copyright 2021 American Chemical Society. 

 
The safety of vaccines is a prerequisite for their 

clinical application. For instance, DNA vaccines may 
integrate into the genome of host cells, which may 
cause the activation of proto-oncogenes and thus 
induce cancer [112]. However, the probability of this 
occurrence is relatively low, but is still a necessary 
evaluation index for vaccines undergoing clinical 
trials [113]. In addition to the potential safety risks, the 
weak immune response induced by DNA vaccines in 
clinical trials is another critical factor that hinders 
their clinical translations. In the 1990s, studies 
demonstrated that DNA vaccines successfully 
produced a strong immune response against the 
influenza virus in mice [114]. However, more recent 
studies have shown that the immune effect generated 
by DNA vaccines in large animals or humans is 
limited, due to the diverse physiological barriers, such 
as insufficient cellular uptake, and the nucleic acid 

degradation by endogenous nuclease [111]. For RNA 
vaccines, except for delivery-related obstacles, its 
vulnerability and inherent instability also limit their 
immune effects and industrial production. 
Additionally, most naked nucleic acids injected 
accumulate in non-target tissues, causing undesired 
immune activation via binding to TLRs [110, 111]. 
Collectively, an exquisite delivery vector must be 
designed to optimize the delivery efficiency and 
immune effects of nucleic acid vaccines. 

3.2 Problems with polymeric delivery 
Polymeric materials have been widely studied 

for nucleic acid vaccine delivery, which protect the 
payload from degradation and endow it with 
improved transfection efficacy. There are a variety of 
polymeric materials with excellent biocompatibility, 
among which PLGA has been approved by the U.S. 
FDA for various medical applications [115]. However, 
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polymers for nucleic acid delivery still face many 
challenges that need to be resolved. First, APCs are 
key immune cells responsible for bridging the innate 
and adaptive immune systems. They are 
indispensable immune cells for the initiation of 
adaptive immune responses. Therefore, efficiently 
delivering antigens to APCs is critical for immune 
activation. However, the efficiency of APC-targeted 
antigen delivery by polymers alone is currently poor, 
thereby resulting in weak immune responses [116]. 
Second, most polymers used for nucleic acid delivery 
are cationic polymers with inevitable cyto- and 
systemic toxicities [117]. For example, PEI is a cationic 
material widely used in nucleic acid delivery based on 
its excellent cellular entry performance and pH 
buffering capacity [118]. However, PEI with high 
molecular weight has significant physiological 
toxicity, which hinders its widespread application. 
Third, cationic polymers may be trapped in the 
negatively charged extracellular matrices before they 
deliver the nucleic acid to APCs, thus severely 
reducing the delivery efficiency and immune 
activation of nucleic acid vaccines [76]. Fourth, 
inadequate dissociation of polymer vectors and 
subsequently limited exposure of nucleic acid 
vaccines will significantly affect the transfection 
efficiency of nucleic acid vaccines, thereby resulting in 
a poor immune response [119]. Therefore, there 
remains plenty of scope to improve the performance 
of polymeric materials for nucleic acid vaccine 
delivery. 

3.3 Physiological barriers for nucleic acid 
vaccine delivery in vivo 

Nucleic acid vaccines are less prone to 
degradation by nuclease using polymer vectors, but 
their immune response remains hindered by the 
multiple physiological barriers during in vivo 
delivery [111]. In order to improve the immune effect 
of nucleic acid vaccines, different administration 
routes (such as intravenous, oral, intradermal, 
subcutaneous, and intranasal) have been examined to 
study their influence on the immune effect of nucleic 
acid vaccines [120]. The immune activation is 
enhanced by directly delivering nucleic acid vaccines 
to lymphatic organs/tissue. Nucleic acid vaccines 
delivered via distinctive immune routes will 
encounter different physiological barriers and 
eventually reach different lymphatic systems [7]. The 
physiological barriers for nucleic acid vaccine in vivo 
delivery fall into three categories: (1) at the organism 
level, (2) at the organs/tissues level, and (3) at the 
cellular level (Table 2). 

 

Table 2. The physiological barriers during nucleic acid vaccine 
delivery in vivo 

 Delivery targets Delivery barriers Resulting impacts Ref. 

The delivery 
barriers at 
the 
organism 
level 

LN and spleen Protein adsorption, 
salt enviroments, 
enzymes, 
reticuloendothelial 
system, off-target 
effects 

Particle size increase, 
formation of “protein 
corona”, aggregation, 
nucleic acid 
degradation, rapid 
elimination, side effects 

[121, 
122] 

The delivery 
barriers at 
the 
organ/tissue 
level  

LN Uptake by local 
APCs, poor 
LN-targeted 
capacity, the trap of 
the extracellular 
matrix 

Generation of immune 
tolerance against 
encoded protein, poor 
LN delivery efficiency 

[76, 
132] 

Spleen Interaction with 
proteins in 
circulation, 
interaction with 
erythrocytes, the 
uptake by innate 
immune cells 

Dissociation or 
aggregation of the 
delivery system, the 
vaccine delivery to 
non-target organs, 
rapid elimination of 
nucleic acid vaccines, 
undesired activation of 
innate immunity, 
formation of 
inflammation 

[7, 
125, 
133] 

Nasal-associated 
lymphoid tissue 

Mucus layer, 
mucosal epithelia 

Rapid elimination of 
nucleic acid vaccines 

[7, 
134] 

Gut-associated 
lymphoid tissue 

Extremely acid 
environment in the 
stomach, the 
intestinal microbes 
and nuclease 

Degradation of nucleic 
acid vaccines 

[7] 

The delivery 
barriers at 
the cellular 
level 

Cell membrane The size restrictions 
of transmembrane 
pores and channels, 
low partition 
coefficients of cell 
membrane 

Poor cellular entry 
efficiency 

[128, 
129, 
135] 

Cytoplasm 
region 

The acidic 
environment and 
nuclease in 
endolysosome, 
strong ionic 
interaction between 
cationic polymers 
and payload 
nucleic acid 
vaccines 

Degradation of nucleic 
acid vaccines, poor 
transfection efficiency  

[119, 
130, 
136] 

Nucleus Nuclear 
membranes, NPC 

Limited nuclear 
transport 

[7, 
131, 
135] 

 

3.3.1 Physiological barriers for nucleic acid vaccine 
delivery at the organism level 

Vaccine delivery to systemic circulation via 
intravenous administration will inevitably encounter 
systemic biological barriers. For example, protein 
adsorption in serum significantly increases the 
particle size and hinders the effectiveness of the 
carriers. The formation of a “protein corona” around 
particles will alter their surface properties, induce 
aggregation, and finally reduce vaccine efficacy [121]. 
In salt environments, the cationic polymer-formed 
particles face the challenge of colloidal stability as 
well. The nucleic acid will suffer from the degradation 
by DNase and RNase enzymes in serum. In addition, 
the rapid clearance rate in circulation is another major 
barrier when administered intravenously. The 
delivery systems must have the ability to escape from 
the reticuloendothelial system that would otherwise 
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remove the formulations from the body. Moreover, 
off-target effects require a high dose to induce an 
adequate immune response, which may be 
accompanied by side effects [122].  

3.3.2 Physiological barriers for nucleic acid vaccine 
delivery at the organ/tissue level 

(1) Physiological barriers for nucleic acid vaccines delivered 
to LNs 

For nucleic acid vaccines, efficient delivery to 
LNs is critical to obtain desired immune effects since 
the LNs contain diverse immune cells, including a 
large number of APCs [123]. Additionally, nucleic 
acid vaccines may be delivered to LNs through 
intradermal, subcutaneous, and intramuscular 
injections, but all of them will encounter some 
physiological barriers before reaching the destination. 
For instance, nucleic acid vaccines may be taken up by 
cells at the injection site (such as dermal fibroblasts 
and myocytes), and subsequently, the encoded 
protein antigens are released and captured by DCs at 
the injection site and drained to LNs, facilitating the 
generation of a T cell immune response [7]. 
Alternatively, nucleic acid vaccines may also be 
directly taken up by DCs at the injection site, which 
may result in specific immune tolerance responses 
against encoded protein because DCs have not yet 
reached the appropriate site for antigen presentation 
[76]. Furthermore, the LN-targeting ability of polymer 
carriers without specific targeting ligands 
modification is limited. Cationic polymer vectors will 
be trapped within the extracellular matrix composed 
of negatively charged polysaccharides and proteins 
before they arrive at the target tissue, which severely 
impacts their immune effects [76]. 

(2) Physiological barriers for nucleic acid vaccines delivered 
to the spleen 

The spleen is the largest secondary lymphoid 
organ in the human body, which performs diverse 
immunological functions [124]. Consequently, the 
spleen is also a reasonable target for nucleic acid 
vaccines to induce desired immune responses via 
intravenous injection. Nevertheless, as discussed in 
3.3.1, cationic polymer carriers interact with proteins 
during in vivo delivery, thus causing the dissociation 
or aggregation of delivery systems [7]. Additionally, 
nucleic acid delivery carriers may be delivered to 
non-target organs (such as the lungs) due to the 
existence of the lung shearing force, limiting their 
further immune induction [125]. Moreover, the innate 
immune cells in the blood may directly take up the 
nucleic acid vaccines, resulting in the rapid 
elimination of nucleic acid vaccines or the activation 
of innate immunity and even the formation of 

inflammation [7, 125]. Collectively, nucleic acid 
vaccines will encounter various delivery barriers in 
circulation, which significantly impacts their 
spleen-targeted efficiency. 

(3) Physiological barriers for nucleic acid vaccines delivered 
to mucosa-associated lymphoid tissues 

Mucosa-associated lymphoid tissues are a 
lymphatic system distributed throughout the body, 
which include nasal- and gut-associated lymphoid 
tissues, among others [126]. Notably, the 
mucosa-associated lymphoid tissue is a suitable target 
for nucleic acid vaccines to enhance mucosal 
immunity. Nucleic acid vaccines can be delivered to 
nasal-associated lymphoid tissue through intranasal 
immunization, encountering diverse physiological 
barriers through the process [7]. For instance, nucleic 
acid vaccines must penetrate the mucosa and undergo 
epithelial or microfold cells (specialized epithelial 
cells)-mediated transport, before reaching the 
nasal-associated lymphoid tissue, but the mucus 
secreted by mucosa may rapidly eliminate the nucleic 
acid vaccine, which is not conducive for nucleic acid 
vaccines to passively transport to nasal-associated 
lymphoid tissue and the eventual induction of 
mucosal immunity [7]. Additionally, nucleic acid 
vaccines may be delivered to gut-associated lymphoid 
tissues through a commonly used oral route; 
however, they will suffer from severe physiological 
conditions, for instance, the extremely acidic 
environment in the stomach, abundant intestinal 
microbes, and nuclease that lead to degradation [7, 
127].  

In brief, nucleic acid vaccines administered via 
different routes will encounter distinctive 
extracellular physiological barriers before reaching 
the corresponding lymphatic organs/tissues, which 
severely limit their immune effects. 

3.3.3 Physiological barriers for nucleic acid vaccine 
delivery at the cellular level 

To induce strong immunity after reaching 
lymphatic systems efficiently, it’s also necessary for 
nucleic acid vaccines to overcome a series of 
intracellular physiological barriers. The cell 
membrane is the first physiological barrier for nucleic 
acid vaccines at the cellular level, and the cellular 
uptake efficiency of nucleic acid vaccines alone is poor 
due to its negative charges and inherent hydrophilic 
nature [128, 129]. Although various polymer vectors 
have been used for nucleic acid vaccine delivery, their 
cell uptake efficiency remains limited [128]. 
Furthermore, upon reaching the intracellular region, 
nucleic acid vaccines must rapidly complete 
lysosomal escape to avoid nuclease degradation in the 
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endolysosomes, and the pH of late lysosomes may be 
as low as 4.5, which may affect the nucleic acid 
stability [130]. Additionally, dissociation of the 
delivery platform and the subsequent exposure of 
nucleic acids are critical for the downstream 
expression processes of nucleic acid vaccines. 
However, the strong electrostatic interactions 
between cationic polymer vectors and payload nucleic 
acid vaccines make it difficult to completely dissociate 
the delivery complex, leading to poor transfection 
efficiency [119]. Finally, mRNA vaccines must be 
delivered to the cytoplasm, whereas DNA vaccines 
must enter the nucleus via a more complicated 
process. In order to prevent naked DNA from being 
degraded by nucleases in the cytoplasm [111], DNA 
vaccines must enter the nucleus quickly through 
nuclear pore complexes (NPCs). Proteins with a size 
of less than 9 nm or molecular weight of less than 40 
kDa may passively diffuse into the nucleus through 
NPCs [131], but larger nucleic acid vaccines (greater 
than 2000 base-pairs) fail to achieve nuclear transport 
[7]. 

4. Strategies to enhance polymer-based 
nucleic acid vaccine delivery 

Multiple strategies to improve the design and 
efficacy of nucleic acid vaccines include plasmid 
optimization, antigen-coding sequence optimization, 
polymer optimization, immune route and vaccination 
schedule optimization, and the use of co-delivery and 
combination therapy (Figure 11). In this article, we 
mainly discussed the optimization principles on 
polymer and polymeric delivery of nucleic acid 
vaccines in vivo.  

4.1 Optimization of polymers 
The implementation of the diversity and 

versatility of polymers using simple and efficient 
synthesis or modification methods is effective to 

improve the efficiency of nucleic acid vaccines. 
Currently, multiple strategies to improve the delivery 
efficiency of polymers have been developed, 
including (1) customizing polymer structures, 
molecular weights, and charge densities; (2) 
regulating the hydrophilic and hydrophobic 
properties of polymers; and (3) introducing 
appropriate adjuvant properties. 

4.1.1 Optimization of polymer structures 
Polymeric delivery systems form complexes or 

physically encapsulate nucleic acids into NPs or 
microparticles to provide greater protection from 
nucleases, allowing for tunable degradation and 
controlled release, and facilitating modification to 
achieve cell-specific targeted delivery [137]. The 
characteristics of polymers depend on the type, 
quantity, and connection form of monomers that 
constitute their structure. Polymers may be combined 
with other components or crosslinkers via physical 
(self-assembly) or chemical (covalent bonding) 
methods to produce customizable spatial features, 
including linear structures, dendritic macromolecular 
structures, constellations, stars, graft architectures, 
and networks. Wafa et al. synthesized three different 
polyanhydride copolymer compositions (50:50 
CPTEG: CPH, 20:80 CPTEG: CPH, and 20:80 CPH: 
SA) via melt polycondensation. The hydrophobicity 
of polymers obtained by different condensation ratios 
is different, resulting in a decrease in the degradation 
rate, indicating that the polymeric structure affects the 
intensity of the CD8+ T cell response and increases the 
protective duration [138]. 

Linear polymers with amino groups that will be 
protonated at physiological pH were one of the first 
polymers used for nucleic acid delivery. Branched 
polymers and dendrimers with tunable molecular 
weights, formed by the diffusion of several branches 
along the backbone or core, are also widely studied as 

 

 
Figure 11. Summary of strategies for enhancing the efficacy of nucleic acid vaccines. 



Theranostics 2022, Vol. 12, Issue 9 
 

 
https://www.thno.org 

4097 

nucleic acid delivery vehicles. Their structures have 
many sites for structural modification, where different 
types of functional groups may be introduced at 
branch points, main chains, and end groups to 
achieve different delivery characteristics. However, 
simple linear and branched polymeric carriers have 
significant drawbacks related to molecular 
weight-dependent cytotoxicity [139]. Graft 
copolymers including PEG-b-PEI, oligoamines, and 
oligopeptide combs, display low cytotoxicity and 
good transfection efficiency, are intensively 
investigated as promising carriers for nucleic acid 
vaccines. Biodegradable polycations have been newly 
developed, including poly (2-(acrylamido) 
glucopyranose), PBAE, poly (2-aminoethyl propylene 
phosphate), and degradable PEI, which show lower 
cytotoxicity and equivalent or higher transfection 
efficiency [140, 141]. 

APCs may be transfected directly by nucleic acid 
vaccines. Effective delivery of antigens to APCs 
through different structural polymers containing 
antigens to achieve target APCs and regulate antigen 
presentation is a logical choice to enhance the 
immunogenicity of nucleic acid vaccines [142]. On one 
hand, this promotes cell uptake by targeting surface 
molecules of APCs, CD11c, DEC205, mannose 
receptor, DC-specific intercellular adhesion 
molecule-3-grabbing non-integrin, and TLRs, among 
others; on the other hand, this facilitates intracellular 
stimulation responses, including (1) an endogenous 
stimulation response involving pH, enzyme activity, 
and glutathione and (2) exogenous stimulation 
response, such as light irradiation, ultrasound, and 
magnetic fields [76]. 

The properties of different functional groups 
may be introduced to polymers through block 
synthesis and end-group modification. Introduction 
of hydrophilic or hydrophobic end groups, 
installation of responsive stimuli, and specific end 
group modification may increase transfection 
efficiency. However, vector toxicity needs to be taken 
into consideration during the polymer structure 
optimization. 

4.1.2 Optimization of the molecular weight of 
polymers 

Blakney and co-workers used the optimized 
aza-Michael addition synthesis to obtain a 
bioreducible, linear, cationic polymer (5–167 kDa) for 
saRNA delivery. In vivo and in vitro experiments 
showed that increasing its molecular weight 
enhanced the delivery efficiency [66]. Biomaterials 
used as a matrix for dissolving microneedles may 
affect the immunogenicity of incorporated vaccine 
antigens. Hyaluronic acid with a molecular weight of 

less than 150 kDa does not affect the antibody 
response, nor does it affect the CD4+ T cell response 
against model antigen ovalbumin [143]. Mouse 
immune experiments carried out on hyaluronic acid 
with different molecular weights revealed that a 
20-kDa hyaluronic acid microneedle was stable and 
dissolved rapidly in the skin without affecting 
immunogenicity [143]. The molecular weight of 
polymers must be cross-checked to regulate the 
delivery efficiency and safety. A low molecular 
weight polymer has lower cytotoxicity and is 
beneficial to the unpacking and release of nucleic 
acids, but the transfection efficiency is not ideal. 
Increasing the molecular weight will lead to increased 
cytotoxicity. The range of molecular weight of 
different types of polymer vectors plays a key role in 
regulating gene transfection efficiency and vector 
cytotoxicity [144]. 

4.1.3 Optimization of the charge density of polymers 
Cationic amines containing polymers are used to 

form complexes with anionic plasmid 
macromolecules to facilitate their cellular uptake and 
inhibit plasmid degradation during extracellular and 
intracellular trafficking. Among them, the amino 
cations determine the charge density of the polymer 
matrices, and thus are the key to the carrier’s delivery 
characteristics. The pKa of polymers is closely linked 
to the protonation of amino groups and may be used 
to improve the transfection efficiency. The toxicity 
and transfection efficiency of polymers with alkyl 
substituted amines are correlated with the type of 
amine (primary, secondary, and tertiary) [145]. 
Therefore, the number of amino groups, type of 
substituents, and spatial arrangement of amino 
groups may have important effects on the value of 
pKa and delivery efficiency of polymer carriers. At 
present, the relationship between charge density and 
carrier presentation efficiency is not completely clear. 
The change in charge is mostly reflected in the change 
in the number of amino groups. Wei et al. synthesized 
poly(glycidyl methacrylate) (P(GMA)) homopolymers 
via reversible addition−fragmentation chain-transfer 
polymerization; and then modified them with 
different oligoamines to form tetraethylenepenta-
mine, pentaethylenehexamine, and tris(2-amino-
ethyl)amine. The effects of the P(GMA) skeleton 
length and oligoamine structure on gene transfer 
efficiency were investigated and found that polymer 
P(GMA-TEPA)50 showed higher gene transfer 
efficiency [146]. 

4.1.4 Optimization of the hydrophilicity and 
hydrophobicity of polymers 

Regulating the hydrophilicity or hydrophobicity 
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of polymers is an effective method to improve 
delivery efficiency and complex stability. The 
improvement in hydrophilicity is more reflected in 
improving the stability of carrier systems, avoiding 
self-aggregated particles and proteins adhesion in 
serum during circulation, and delaying the 
recognition and elimination by the immune systems. 
PEG, which forms a dense cloud of hydration on the 
surface of polyplexes and inhibits the adhesion and 
aggregation of proteins, is the most used polymer to 
adjust the hydrophilicity of a system by introducing 
hydrophilic components at the chain end or through 
grafting. Better protection of nucleic acids may be 
achieved by PEGylation, however, the performance of 
cell-internalized carrier systems may be reduced. 
Zwitterionic components, composed of equal 
amounts of positively and negatively charged ions, 
can form a dense cloud of hydration and are another 
widely studied hydrophilic material with good 
biocompatibility. Carbohydrates, such as glucose and 
trehalose, may also provide good hydrophilicity and 
stability for polymer delivery systems, enhancing the 
efficiency of nucleic acid delivery and significantly 
reducing cytotoxicity [147]. The introduction of 
hydrophilic components may also help achieve an 
overall improvement in carrier systems in the 
circulation, while an improvement in hydrophobicity 
may focus on the fine-tuning of carrier systems. 

Hydrophobicity is one of the major factors in 
modifying and optimizing nonviral gene delivery 
systems. Under the premise of sufficient water 
solubility and stability of the vector system, 
increasing the hydrophobicity of the polymer carrier 
may significantly improve the transfection efficiency 
of nucleic acids while reducing cell toxicity. Analyses 
concerning the interaction of cell membranes with 
amphiphilic materials have shown that the adsorption 
of hydrophobic moieties (i.e., more carbon atoms in 
the polymer backbone or side chains) may lead to 
disruption or destabilization of the cell membrane, 
thereby facilitating cellular uptake [148, 149]. 
Therefore, cellular uptake is often promoted by 
increasing the hydrophobicity of polymers that 
interact between NPs and the cell membrane, leading 
to increased presentation efficiency of the carriers 
[150]. In addition, the end groups may be fluorinated, 
alkylated, or acylated to optimize the hydrophobicity 
of a carrier system [151]. 

Delivery systems require an appropriate balance 
between hydrophilicity and hydrophobicity to 
achieve optimal delivery and transfection efficiency. 
Overall, the current methods of regulating the 
hydrophilicity and hydrophobicity of polymers are 
more inclined to the modification of the structure. The 
influence of the density and space structure of a graft 

on the carrier is worth exploring. The modification 
method of the structure needs to be simple, easy to 
operate, stable, and repeatable. 

4.1.5 Immunoadjuvant properties of polymers 
Due to the limitations in the efficiency of nucleic 

acid vaccines, it is often difficult to induce strong and 
long-acting immune responses using translated 
antigens. Therefore, adjuvants have become one of the 
common methods to enhance immune responses and 
improve the efficacy of nucleic acid vaccines. 
Traditional vaccine adjuvants may be used to increase 
the immunogenicity of less immunogenic antigens; 
however, in general, the impact on DNA vaccine 
immunogenicity is at best modest, and attempts need 
be made to develop more effective adjuvant 
approaches [152]. Alum, which has been widely used 
as a vaccine adjuvant since 1926, increases the 
antibody response of nucleic acid vaccines in a variety 
of animals and improves the protection rate of the 
Toxoplasma gondii vaccine [153]. However, alum is 
mainly conducive to the Th2 immune response and 
may not be suitable for DNA vaccines that require 
CD8+ T cellular immune responses [154]. As 
alternatives to alum, polysaccharide adjuvants based 
on β-inulin granules and Zymosan polysaccharides 
significantly increase humoral and cellular responses 
in mice when used in a DNA primary immunization 
protein-enhanced vaccine strategy [155]. Another 
traditional adjuvant category includes oil emulsions, 
which improve the immunogenicity of the HIV-1 
DNA vaccine moderately when mixed with plasmids 
[156]. 

Commonly used nano adjuvants include 
liposomes and polymeric NPs. Liposomes penetrate 
the lipid bilayer of the cell membrane, promote DNA 
entry into cells, and enhance cellular and humoral 
immunity. Like liposomes, polymeric NPs, such as 
chitosan, PEI, PAMAM, poly(D, L-lactide-co- 
glycolide) (PLG), and PLGA particles, protect 
plasmids from degradation and increase the uptake of 
cells [157]. As previously mentioned, natural polymer 
chitosan has been successfully used for oral DNA 
vaccinations against T. gondii, S. mansoni, and 
Coxsackie B virus-induced myocarditis [25, 158]. Hou 
et al. noticed that the co-inoculation of Cholera toxin B 
subunit (CTB) and HIV Env DNA vaccine in vivo 
enhanced the ENV-specific interferon (IFN)-γ HIV 
cellular immune response and promoted antibody 
maturation by activating the high-level expression of 
Th1 and Th2 cytokines and inflammatory cytokines 
and chemokines in mouse BMDCs through TLR 
signaling pathways, indicating that CTB may be used 
as an effective candidate adjuvant for DNA vaccines 
[159]. The co-inoculation of low-viscosity 
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carboxymethylcellulose sodium salt and (HIV-1) IIIB 
rev genes enhanced HIV-specific mucosal antibody 
(Ab) and systemic Ab and cell-mediated immune 
responses [160]. Carroll et al. found that the cationic 
polysaccharide chitosan promoted DC activation by 
inducing type I IFNs and enhanced antigen-specific 
Th1 responses in a type I IFN receptor-dependent 
manner [161]. In addition, the charge intensity and 
particle size are also key to the effect of immunization, 
and the appropriate charge intensity and particle size 
may improve the delivery efficiency of nucleic acids 
[162]. Increasing the efficiency of immune activation 
and the possibility of quantitative production through 
vector integration with adjuvants are trends in 
vaccine development.  

However, in general, the impact of traditional 
adjuvants and immune-enhancing polymer adjuvants 
on the immunogenicity of DNA vaccines is limited, 
which leads to attempts to develop more effective 

molecular adjuvant methods. Although these 
synthetic and natural polymer adjuvanted DNA 
vaccine delivery systems hold great promise, the 
instability of the polymeric system coupled with the 
variability in the physiological environment urges the 
development of better delivery strategies. 

4.2 Optimization of immunization routes 
The main routes for vaccinations (Figure 12, 

Table 3) include transdermal administration (i.e., 
intradermal administration, subcutaneous adminis-
tration), intramuscular vaccination, intravenous 
injection, mucosal administration, and LN injections. 
Activation of the immune response depends on 
vaccine uptake and antigen presentation by APCs, 
which are affected by the site of administration. 
Selection of the appropriate immunization route is 
crucial in determining the type and degree of the 
induced immune responses. 

 
 

 
Figure 12. Different immunization routes (i.e. intradermal vaccination, subcutaneous vaccination, intramuscular vaccination, intravenous injection, mucosal administration, and 
intranodal injection) and APC (in the middle) uptake. 
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Table 3. Summary of advantages and disadvantages of different 
immunization routes 

Immunization 
routes 

Advantages Disadvantages Ref. 

Transdermal 
administration 

Large quantities of APCs, 
avoiding the first pass 
effect 

Higher incidence of local 
reactogenicity including 
primarily mild pain, 
swelling, and redness 

[52, 66, 96, 
99, 106-109, 
163, 164] 

Intramuscular 
vaccination 

Large capacity, good 
diffusion, safety, 
convenience, long-lasting 
immunity 

Lack of sufficient APCs [66, 93, 
165-167] 

Intravenous 
injection 

Rapid distribution to the 
immune organs along 
with the blood circulation 

Interference of particles 
stability in circulation, 
rapid clearance by the 
mononuclear phagocytic 
system, leading to acute 
inflammation and severe 
acute renal and 
hepatotoxicity, need of 
high dose due to the 
off-target effects 

[168-171] 

Mucosal 
administration 

High degree of mucosal 
immunity, needle-free 
delivery route, high 
patient compliance, 
avoiding the first pass 
effect 

Obstruction and clearance 
by mucus layers, 
obstruction by mucosal 
epithelia 

[172, 173] 

Intranodal 
injection 

Large quantities of APCs, 
T cells, and B cells, 
improving nucleic acid 
uptake efficiency 

Complex and difficult 
operation, limited injection 
volume, small particles 
facing poor LN retention 

[174] 

 

4.2.1 Intradermal administration 
The skin, one of the largest immune organs, is 

mainly composed of the epidermal layer and dermis 
and is rich in APCs such as DCs and macrophages for 
initiating adaptive immune responses. DCs are of 
great importance in skin immunity and serve as the 
key APCs to induce the activation of initial T cells. 
Langerhans cells are a specialized population of DCs, 
which extensively exist in the epidermis of the skin 
[175]. Intradermal vaccination is a form of 
administration between the dermis and epidermis 
wherein nucleic acid uptake is accomplished mainly 
in three forms: dermal fibroblast uptake, Langerhans 
cell uptake, and drainage into LNs and uptake by 
resident DCs. After being taken up by DCs, and the 
antigens will be expressed in the cytoplasm. Specific 
epitopes are then presented on MHC-I and -II of DCs. 
DCs differentiate into mature DCs when stimulated 
by antigens or inflammatory mediators. Moreover, 
antigens are delivered to the initial CD4+ and CD8+ T 
cells in the local LN, and then T cells are effectively 
activated and differentiated with the assistance of 
costimulatory signals and cytokines to promote the 
occurrence of immune responses. Some polymers, 
such as PEI, chitosan, pABOL, poly(2-aminoethyl 
methacrylate), etc has been used for delivery of 
mRNA or DNA vaccines through intradermal 
injection [66, 87, 164, 176]. In addition to the particles 
alone, polyplexes encapsulated in microneedles or 
injectable hydrogels have shown to be appropriate 

formulations for intradermal vaccination (Table 3) [52, 
95, 96, 99, 107-109]. Intradermal vaccinations 
overcome the barrier of the cuticle, greatly improving 
the nucleic acid uptake efficiency of APCs in the skin 
by controlling the exposure of nucleic acids and 
promoting the transport of antigens to draining LNs 
and inducing a stronger specific immune response 
with fewer side effects. Therefore, it is widely 
considered as an excellent route of vaccination. 

4.2.2 Subcutaneous administration 
Subcutaneous tissue refers to loose connective 

tissue below the dermis, where some monocytes and 
DCs exist. Subcutaneous administration is another 
common route of vaccination. Nucleic acid is 
transported to the subcutaneous space and is taken 
up, processed, presented, and then migrated to local 
LNs through the lymphoid channel to activate T cells 
and B cells to trigger the immune response. Cui et al. 
delivered block/homo-mixed polyplex micelles 
carrying genes encoding tumor-associated antigen 
SART3, as well as CD40L and GM-CSF, into mice with 
peritoneally disseminated CT26 cancer via 
subcutaneous, intraperitoneal, intravenous, and 
electroporation methods [177]. The results showed 
that compared with the three other methods, mice in 
the subcutaneous administration group had the 
highest survival rate with no abnormalities found at 
the local injection sites, in body weights, and in blood 
test results, demonstrating the possibility for 
subcutaneous immune pathways in tumor therapy. 
The hydrogel delivery system not only effectively 
enhances adhesion at the injection site but also does 
not cause inflammation. This in situ storage form is 
suitable for the delivery and transfection of nucleic 
acids. Le et al. formed a hydrogel reservoir via 
subcutaneous injection of PEG-modified poly(sulfa-
methazine ester urethane) sol on the dorsal side of 
Sprague Dawley rats and observed that the hydrogel 
reservoir could be effectively released in situ for more 
than 2 months [178]. Skin, the largest immune organ 
of the human body, induces an immune response 
equivalent to that of other vaccination methods 
efficiently with a relatively low dose, making it an 
ideal vaccination site. Subcutaneous injections are 
associated with mild local stimulation and good 
tolerance but this also leads to low levels of 
pro-inflammatory cytokines and chemokines, which 
should be taken into consideration. 

4.2.3 Intramuscular injection 
The advantages of rich blood flow, excellent 

capacity, good diffusion, and a lasting immune effect 
make intramuscular injections the main choice of 
vaccination route. A polymer carrier further enhances 
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the duration of an immune response by intramuscular 
injections via protecting nucleic acids from 
degradation and enhancing the particle retention 
time. Reddy and co-workers immunized guinea pigs 
through intramuscular injections with hand-foot-and- 
mouth virus expression plasmids (pVAC-1D) 
wrapped in PLG polymer. Compared with the naked 
DNA, pVAC-1D-PLG not only significantly increased 
gene expression but also induced higher levels of 
humoral and cellular immune responses. Quantitative 
PCR results also showed that the plasmid persisted 
and expressed antigens in guinea pig tissue for more 
than 1 year [165]. Urello et al. modified 
PEG-poly(L-lysine) (PEG-PLL) with morpholine and 
niacin (MN) to improve the buffering effect of the 
carriers, enhancing the particle’s ability to resist 
polyanion exchange, and prolonging blood 
circulation. In addition, after intramuscular injection, 
PEG-PLL (MN) NPs were continuously transfected 
and expressed antigens in muscle tissue at a higher 
level than that of PEG-PLL for more than 45 days 
[179]. During intramuscular injection, nucleic acids or 
their nanocomplexes are primarily transfected into 
muscle cells or DCs present in normal skeletal muscle. 
Lu and co-workers utilized β-cyclodextrin–PEI (CP) 
conjugates to load mRNA [176]. The CP–mRNA 
polyplexes immunized mice through intradermal, 
muscular, and subcutaneous pathways. The CP–
mRNA nanocomplex resulted in specific IgG 
production during intradermal and intramuscular 
injections. In addition, intradermal and intramuscular 
injections showed differences in antibody subtypes. 
Intramuscular injections induced IgG1 and IgG2a 
antibodies, while intradermal injections mainly 
induced IgG2a antibodies. These results indicate that 
both intramuscular and intradermal CP–mRNA 
polyplexes induce Th1 and Th2 immune responses 
but the former tends to Th2-type responses, while the 
latter shows Th1 orientation. 

Abundant muscle cells express a variety of 
pro-inflammatory cytokines and chemokines under 
inflammatory stimuli, which helps maintain local 
inflammation and coordinate the recruitment of 
monocytes and DCs to promote nucleic acid uptake 
and antigen presentation. Myoblasts in muscle tissue 
also contribute to driving muscle-directed immune 
protection and may become facultative APCs in 
MHC-I- and MHC-II-dependent immune responses, 
forming functional immune synapses with T cells 
[180]. TLRs are the pattern recognition receptors of 
pathogen-associated molecular patterns, which play 
an important role in inducing acquired and innate 
immunity in muscle vaccination. Skeletal muscle cells 
express multiple TLRs that promote the production of 
pro-inflammatory cytokines, enhance antigen 

presentation to naïve T cells, and activate 
antigen-specific immune responses. 

4.2.4 Intravenous injection 
After intravenous injection, nucleic acids are 

rapidly transported in the blood circulation to the LNs 
and spleen, which are the center of immune activation 
and response to exogenous antigens. The spleen is an 
important lymphatic organ, which is rich in APCs, T 
cells, and natural killer cells, making it the main 
immune site for intravenous immunity. Fornaguera et 
al. developed a mRNA delivery system based on 
oligopeptide-modified PBAEs. The so-called KH 
oligopeptide enables a specific APC targeting in the 
spleen after intravenous injection and then achieve 
efficient transfection of APCs in vivo [169]. The 
systemic and circulatory nature of intravenous 
vaccination tends to make it more suitable for the 
long-term treatment of tumors and invasive diseases. 
Yang et al. designed a PLGA-core/lipid-shell hybrid 
nanosystem for mRNA antigen and adjuvant 
(gardiquimod) co-delivery. Effective mRNA 
expression in the spleen and strong antigen-specific 
immune response in vivo were observed by 
intravenous injection. Finally, the administration of 
nano vaccines is found to be beneficial for tumor 
growth inhibition [170]. It is remarkable that Yu et al. 
studied a high-throughput library of 1200 functional 
polyesters to identify superior polymers for systemic 
mRNA delivery. The structure–activity relationships 
between alkyl side chains and in vivo delivery were 
illustrated and a series of polyplexes stabilized with 
Pluronic for delivery of mRNA to lungs and spleens 
of mice were identified. This study should be helpful 
for the development of next-generation vaccines and 
therapeutics [171]. In addition, intravenous injections 
also induced immune tolerance via liver delivery. Liu 
et al. developed a strategy that targeted natural 
tolerogenic liver sinusoidal endothelial cells using 
stabilizing receptor ligand-modified PLGA NPs as 
delivery vector [168]. This strategy produced 
regulatory T cells that significantly inhibited 
antigen-specific immune responses. Due to several 
physiological barriers in circulation as discussed in 
3.3.1, intravenous injection of vaccine has not been 
regarded as the preferred choice. The design of 
polymer carriers should be focused specifically on the 
DNA or RNA protection, long cycle properties, APC 
targeting, and stability of the vector to achieve a 
strong and lasting immune response. 

4.2.5 Mucosal administration  
The mucosal surface is one of the main sites in 

which pathogens infect the body, and mucosal 
vaccination can neutralize pathogens before they 
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cause infection and effectively induce mucosal and 
systematic antigen-specific immune responses. The 
mucosal immune system is mainly composed of 
mucosa-associated lymphoid tissues formed by 
inducers of the respiratory tract, gastrointestinal tract, 
urogenital system, etc. The core of mucosal immunity 
is the migration of APCs from the mucosal induction 
site and recruitment of immune cells to the mucosal 
effector site, thus effectively inducing the memory of 
persistent B and T lymphocytes [181]. Oral and 
intranasal administrations are the most widely 
studied pathways for inducing mucosal immunity.  

Oral vaccination is one of the most well-tolerated 
vaccination approaches. The sublingual region and 
buccal mucosa, consisting of the epithelium and 
mucosa, are attractive sites for vaccination. A variety 
of DCs, including Langerhans cells and CD11b+ and 
CD11c+ DCs, are widely present in mucosal and 
epithelial tissues near the mouth. Oral vaccines 
effectively induce immune responses in the mucous 
membrane, surrounding tissue, and even distal 
mucosa, and their good tissue permeability and easy 
adsorption are suitable for the efficient delivery of 
macromolecules [182]. However, the dilution and 
excretion of a vaccine by saliva flow limit the 
efficiency of vaccination in the sublingual area and 
buccal mucosa. Hervouet et al. found that after 
sublingual immunization, sublingual DCs could enter 
the bloodstream toward distant lymphatic organ 
delivery, while uptake of antigens from sublingual 
mucosa by antigenic DCs was also observed in distant 
LNs and the spleen [183]. Further data showed that 
the activation of CD8+ T cells was not induced by 
sublingual lymphatic or vascular-diffused 
adhesive-type antigens, but by antigen-carrying DCs 
in distant LNs and the spleen in a time and 
dose-dependent manner. Curtis II et al. used a variety 
of pathways to deliver simian immunodeficiency 
virus (SIV)-expressing DNA into young rhesus 
monkeys and then examining the strength of induced 
immunogenicity [184]. The mucosal oral/tonsillar or 
oral/sublingual immune tissues in mice successfully 
induced the production of split vaccine-specific 
T-cells, but the SIV-specific antibodies were not 
detected in saliva, feces, or plasma. These low 
antibody levels may be due to inefficient oral uptake 
of DNA, however, strong T cell responses were also 
observed in distal mucosal LNs. 

The small intestine is an ideal site for oral 
vaccines due to its superior ability to recognize and 
ingest large molecules. In one study, intestinal 
mucosal DCs were divided into two subgroups: one 
group expressed CD103+ and played an important 
role in the induction of mucosal immune tolerance 
and secretory IgA+ B cell differentiation; the other 

group expressed CD11b+, which upregulated 
costimulatory molecule expression and promoted the 
differentiation of primary T cells into effector T cells, 
inducing humoral immunity [185]. Together, these 
DCs modulated the immune response in intestinal 
mucosa. Oral vaccines are widely used in fish and 
chicken farming. Valero et al. developed an oral DNA 
vaccine of nodavirus with chitosan as the delivery 
vector (CP-pNNV), which induced strong cellular 
immunity [173]. The expression of cell-mediated 
cytotoxicity (TCRB and CD8a) and genes related to 
the interferon pathway (IFN, MX, and IFNG) were 
significantly upregulated. Meanwhile, the CP-pNNV 
vaccine showed good protection against a nodavirus 
attack. Leya et al. also induced a mucosal immune 
response in Labeo rohita by immersion [172]. DNA was 
loaded into a PLGA–chitosan vector to form NPs, and 
L. rohita was immunized. The results showed that 
DNA vaccines played a protective role by inducing 
humoral immunity. The unsuccessful attempt of 
Valero et al. to induce humoral immunity after 
inoculation may be related to specific cellular antiviral 
mechanisms involved in fish conservation. In 
addition, other factors such as animal size, dose, 
frequency, and adjuvants also affect the quality of 
protective immunity. 

The high abundance of DCs in the nasal cavity 
makes it a good site for inoculation. Nasal 
vaccinations induce immune responses of both the 
nasal lymph tissues and remote mucosal sites, such as 
the respiratory and urogenital tracts. Intranasal 
vaccination is preferred for respiratory diseases. Zhao 
et al. found that an immune response was induced by 
promoting CD103+ DC activation and Th17/T 
follicular helper cell (Tfh) differentiation in mice after 
intranasal immunization through the injection of 
chitosan-DNA complexes, further promoting IgA 
class switch recombination of gut B cells [186]. 
Meanwhile, chitosan-DNA induces CD4+ Th17 and 
Tfh responses in vitro and in vivo, which contributed 
to the generation of IgA. In addition, chitosan-DNA 
enhanced the migration of intestinal DCs to LNs and 
significantly promoted the differentiation of 
antigen-specific IgA+ plasma blasts and plasma cells, 
suggesting that intranasal immunization in mice may 
induce a strong immune response. Intranasal 
immunity has also been shown to work well in large 
animals. Souci et al. used PLGA-PEI as DNA 
encoding an immunogenic glycoprotein B 
(PrV-gB-based DNA) vector for intranasal 
immunization in pigs against pseudorabies virus 
(PrV) [187]. After intranasal inoculation, induction of 
PrV in pig serum-specific IgG and IgA antibodies, and 
muscle injections of mucosal salivary IgA antibodies 
against PrV. PLGA-PEI particles were found to 
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significantly prolong the duration of IgA production 
compared with naked DNA. This suggests that the 
intranasal form of vaccination is effective in 
preventing respiratory disease in pigs.  

The mucous layer is a dynamic barrier secreted 
by epithelial cells, covering the surface of the 
epithelium [188]. It protects the mucosa from 
pathogen invasion but also seriously hinders the 
mucosal route of vaccine delivery. After entering the 
mucus, some vaccine particles interact with proteins 
in the mucus and are captured by mucus fibers before 
being whisked out of the body in a rapid turnover of 
mucus. The abundance of carboxyl and sulfate groups 
and sialic acid in the mucus confer a negative charge, 
affecting the diffusion of vaccine particles [181]. 
Vaccine particles must cross the barrier of the mucus 
layer and epithelial cells and then be taken up by 
APCs, which significantly reduces the immune effect. 
Prolonging the residence time of particles at the 
mucosal site substantially improves the uptake of 
nucleic acids and antigen presentation efficiency. 
Therefore, it is of great significance for mucosal 
immunity to design intelligent polymer delivery 
carriers according to the thickness, pH, protein 
concentration, and related rheological properties of 
mucous layers at different sites.  

4.2.6 Intranodal injection 
Intra-LN injection directly target APC-rich 

environments by enriching vaccine components in 
local LNs, simplifying the migration process of DCs, 
improving the nucleic acid uptake efficiency of 
LN-resident DCs in a short period, and inducing a 
rapid and powerful immune response [189]. 
Intranodal injections not only maximize the dose 
response but also improve the quality of the immune 
response, selectively promoting Th1-biased cytokines 
and a humoral response [190]. Regulation of the 
residence of nucleic acids in the LN region by polymer 
carriers can significantly increase the immune 
response. Jewell et al. injected fluorescently labeled 
PLGA microparticles into the inguinal LNs of mice 
and observed strong and local fluorescence signals in 
the inguinal LN region [174]. Histological analysis 
also showed that microparticles were mainly located 
in the LNs. Intranodal and intramuscular injections 
were then administered with microparticle-loaded 
TLR-3 ligand poly (inosinic: cytidylic acid) (Poly(I:C)). 
Twenty-four hours after intranodal injection, 
histological analysis revealed that the particles had 
localized in the LNs, but this was not observed in 
mice that received intramuscular injections. 
Intranodal injections increased particle uptake by 
DCs, macrophages, and B cells by 8-, 10-, and 13-fold, 
respectively, which contributed to Poly(I:C) 

accumulation and sustained DC activation in 
LN-resident APCs. Intranodal injections represent the 
most direct manner to deliver vaccines to LNs. 
However, they usually require surgery or complex 
operations, which are typically associated with some 
risks [78]. Furthermore, relatively small LNs may 
restrict the injection volume, limiting the 
administration of the optimal dose. Therefore, 
intranodal injections may not be a suitable 
immunization route for widespread application. 

4.3 Co-delivery and combination therapy 
To address the main issue of low genetic vaccine 

immunogenicity, the co-delivery of antigen-encoding 
nucleic acids and drugs, for example, 
antigen-encoding pDNA and immune-modulatory 
molecules, is a critical research area toward 
gene-based immunotherapy and vaccines. A novel 
star-shaped polymeric nanocarrier for the co-delivery 
of pDNA and imiquimod, a poorly soluble small 
molecule adjuvant, to DCs was developed by Lin et al. 
The co-delivery showed higher transfection efficiency 
on in vitro transfection assays, with potential use in 
genetic vaccine approaches [191]. Self-assembled 
intertwining DNA-RNA nano capsules achieved the 
effective delivery of synergistic DNA CpG and 
short-hairpin RNA adjuvants, as well as 
tumor-specific peptide neoantigens, and triggered 
8-fold more neoantigen-specific peripheral CD8+ T 
cells than CPG [192]. Nucleic acid vaccines and Evans 
blue were combined as albumin-binding vaccines 
(AlbiVax) to form albumin/AlbiVax nanocomplexes. 
After the self-assembly of nanocomposites with 
endogenous albumin in vivo, a composite delivery 
system was formed. Compared with the benchmark 
incomplete Freund’s adjuvant, the composite NPs 
show a 100-fold higher delivery efficiency (tending to 
LNs), trigger a 10-fold greater peripheral 
antigen-specific CD8+ immune memory, demonstrate 
effective vaccine delivery and effective cancer 
immunotherapy, and were regarded as a powerful 
platform for cancer immunotherapy [193]. 

TLRs recognize structurally conserved 
molecules derived from microorganisms and play 
a key role in the activation of the innate immune 
system. Among them, the ligands of TLR3 and 
TLR9 may be used as molecular adjuvants 
because they recognize double-stranded RNA and 
single-stranded DNA, respectively. The ligand 
Poly(I:C) of TLR3 and ligand CpG of TLR9 have 
been successfully used to enhance the immune 
response of DNA vaccines against pathogens such 
as tumors and human papillomavirus-16 [162]. 
Similarly, RIG-I and MDA5, as receptors for viral 
RNA, replication intermediates or transcripts, are also 
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potential molecular adjuvants. RIG-I agonist 
eRNA41H may be used to enhance humoral 
immunity against influenza induced by DNA 
vaccines [194]. Cytokines are naturally secreted small 
proteins that mediate immune signals. Cytokines that 
may be used as molecular regulatory adjuvants of 
nucleic acid vaccines include IL-2, IL-12, IL-15, and 
GM-CSF, which activate innate immunity in response 
to type I IFN produced by TLR signals, enhancing 
adaptive immune responses and improving the 
immunogenicity of DNA vaccines [195]. Cytokines 
share expression plasmids with antigens, which has 
the advantages of a simple design, low cost, and easy 
control. Chemokines bind to G protein-coupled 
surface receptors to regulate leukocyte transport. The 
transfection of chemokine expression vectors with 
DNA vaccines helps enhance T cell activation and 
augment the CTL response of nucleic acid vaccines. 
Adjuvant signaling molecules, including IFN 
regulatory factor (IRF), programmed death-1, 
macrophage inflammatory protein (MIP)-1α, MIP-3α, 
MIP-3β, RANTES, IFN-γ-inducible protein-10, and 
CCR7, have become possible strategies to improve 
nucleic acid vaccines [162]. Compared to cytokines, 
chemokines are more stable and have less potential 
for inflammatory toxicity and may therefore serve as 
better nucleic acid vaccine adjuvant candidates [196]. 
In addition, costimulatory molecules such as CD28 
and CD40 have also been used as molecular adjuvants 
for nucleic acid vaccines, which play a key role in the 
interaction between innate and adaptive immune cells 
and represent promising nucleic acid vaccine 
adjuvants [197]. Immune signaling molecules IRF3, 
IRF7, high mobility group box-1, and heat-shock 
protein 70 induce innate immune responses, followed 
by signal transduction through TIR-domain- 
containing adapter-inducing IFN-β- or MyD88- 
dependent pathways, resulting in the activation of 
key transcription factors that activate the immune 
response of nucleic acid vaccines. This approach has 
been applied in HIV-1 Gag, Env, and influenza 
nucleic acid vaccines [198]. Although the research 
data related to the use of vaccine molecular adjuvants 
are limited, it seems to be a promising direction to 
fine-tune the immune response to nucleic acid 
vaccines. 

Overall, because co-delivery and combination 
therapy play a key role in the interactions between 
innate and adaptive immune routes, they represent 
highly promising DNA vaccine enhancement 
strategies. The clinical application of co-delivery 
systems also needs to consider the balance between 
manufacturing cost and practicability in 
individualized treatment. Compared with single 
vaccines, the storage stability and safety of 

co-delivery systems have not yet been fully studied. 

5. Conclusion 
Polymers for nucleic acid delivery have been 

extensively explored in various biomedical 
applications. We have observed great progress in the 
development of polymers that exhibit great potentials 
toward the delivery of nucleic acid vaccines for the 
prevention and treatment of various diseases, such as 
infections, cancer, and autoimmunity. In the last 
several years, we have seen the rapid development of 
artificial intelligence and highly computerized 
technology, improving our analysis of genetic 
variation of pathogens and tumors toward novel and 
potent DNA or RNA vaccines. Innovative methods 
have been developed to synthesize and modify 
various functional polymers. Integration of adjuvant 
activity into the polymer carriers may be an effective 
approach for amplifying the immune responses 
during vaccine delivery. Novel systems, such as NPs 
or macroscale formulations, have been designed for 
nucleic acid vaccine delivery. The ultimate goal of 
vaccination is building effective immune memory 
rather than the temporary immune response, 
therefore, rational design of nucleic acid vaccine and 
their polymeric carrier should be worth heeding, and 
thorough assessment in vitro and in vivo is needed. 
The physiological principles and properties of 
polymers deserve to be further investigated. Despite 
polymeric delivery of nucleic acid vaccines has 
progressed significantly in preclinical studies, unlike 
lipid-based carriers, only PEI and PLGA reached 
clinical trials. The success of lipid carriers provides 
the principles for the development of polymeric 
vaccine delivery. Polymers are known to offer 
advantages over lipids when considering versatility, 
tunability, and scalability. However, their clinical 
translations as vaccine candidates and ultimately to 
the market require comprehensive safety evaluation 
of the polymers and their degradation products and 
satisfactory quality controls in compliance with the 
complexity of the polymeric structures. We hope that 
this review serves as a practical guide in the 
application of polymeric materials for nucleic acid 
vaccine delivery. 

Acknowledgements 
F.Z. gratefully acknowledges 2022 Provost’s 

Research Awards (UM PRA 2022-2618) from the 
University of Miami. This work was also supported 
by the National Natural Science Foundation of China 
(Grant No: 31900993), and the Open Project Program 
of MOE Key Laboratory of Drug Quality Control and 
Pharmacovigilance (Grant No: DQCP20/21PQ08). 



Theranostics 2022, Vol. 12, Issue 9 
 

 
https://www.thno.org 

4105 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Valencic E, Smid A, Jakopin Z, Tommasini A, Mlinaric-Rascan I.. 

Repositioning drugs for rare immune diseases: Hopes and challenges for 
a precision medicine. Curr Med Chem. 2018; 25: 2764-82. 

2. Whitworth HS, Gallagher KE, Howard N, Mounier-Jack S, Mbwanji G, 
Kreimer AR, et al. Efficacy and immunogenicity of a single dose of 
human papillomavirus vaccine compared to no vaccination or standard 
three and two-dose vaccination regimens: A systematic review of 
evidence from clinical trials. Vaccine. 2020; 38: 1302-14. 

3. Minor PD. Live attenuated vaccines: Historical successes and current 
challenges. Virology. 2015; 479-480: 379-92. 

4. Excoffon K. The coxsackievirus and adenovirus receptor: Virological and 
biological beauty. FEBS Lett. 2020; 594: 1828-37. 

5. Kulkarni JA, Witzigmann D, Thomson SB, Chen S, Meel R. The current 
landscape of nucleic acid therapeutics. Nat Nanotechnol. 2021; 16: 
630-43. 

6. Kutzler MA, Weiner DB. DNA vaccines: Ready for prime time? Nat Rev 
Genet. 2008; 9: 776-88. 

7. Zhang M, Hong Y, Chen W, Wang C. Polymers for DNA vaccine 
delivery. ACS Biomater Sci Eng. 2017; 3: 108-25. 

8. Douglas JT. Adenoviral vectors for gene therapy. Mol Biotechnol. 2007; 
36: 71-80. 

9. Pilkington EH, Suys EJ, Trevaskis NL, Wheatley AK, Zukancic D, 
Algarni A, et al. From influenza to COVID-19: Lipid nanoparticle mRNA 
vaccines at the frontiers of infectious diseases. Acta Biomater. 2021, 
131:16-40. 

10. Thi TTH, Suys EJ, Lee JS, Nguyen DH, Park KD, Truong NP. Lipid-based 
nanoparticles in the clinic and clinical trials: from cancer nanomedicine 
to COVID-19 vaccines. Vaccines. 2021, 9:359. 

11. Chen C, Yang Z, Tang X. Chemical modifications of nucleic acid drugs 
and their delivery systems for gene-based therapy. Med Res Rev. 2018; 
38: 829-69. 

12. Liu Y, Crowe WN, Wang L, Lu Y, Petty WJ, Habib AA, et al. An 
inhalable nanoparticulate STING agonist synergizes with radiotherapy 
to confer long-term control of lung metastases. Nat Commun. 2019; 10: 
5108. 

13. Takemoto H, Miyata K, Nishiyama N, Kataoka K. Bioresponsive 
polymer-based nucleic acid carriers. Adv Genet. 2014; 88: 289-323. 

14. Farber FE, Melnick JL, Butel JS. Optimal conditions for uptake of 
exogenous DNA by Chinese hamster lung cells deficient in 
hypoxanthine-guanine phosphoribosyltransferase. Biochim Biophys 
Acta. 1975; 390: 298-311. 

15. Dosio F, Arpicco S, Stella B, Fattal E. Hyaluronic acid for anticancer drug 
and nucleic acid delivery. Adv Drug Deliv Rev. 2016; 97: 204-36. 

16. Benchamas G, Huang S, Huang G. The influence of traditional and new 
processing technologies on the structure and function of food 
polysaccharide. Food Funct. 2020; 11: 5718-25. 

17. Raemdonck K, Martens TF, Braeckmans K, Demeester J, De Smedt SC. 
Polysaccharide-based nucleic acid nanoformulations. Adv Drug Deliv 
Rev. 2013; 65: 1123-47. 

18. Moran H, Turley JL, Mats A, Lavelle EC. Immunomodulatory properties 
of chitosan polymers. Biomaterials. 2018; 184: 1-9. 

19. Turley JL, Moran H, Mcentee CP, O'Grady K, Lavelle EC. Chitin-derived 
polymer deacetylation regulates mitochondrial reactive oxygen species 
dependent cGAS-STING and NLRP3 inflammasome activation. 
Biomaterials. 2021; 275: 120961. 

20. Babii O, Wang Z, Liu G, Martinez EC, van Drunen Littel-van den Hurk S, 
Chen L. Low molecular weight chitosan nanoparticles for CpG 
oligodeoxynucleotides delivery: Impact of molecular weight, degree of 
deacetylation, and mannosylation on intracellular uptake and cytokine 
induction. Int J Biol Macromol. 2020; 159: 46-56. 

21. Chen G, Zhao Y, Xu Y, Zhu C, Liu T, Wang K. Chitosan nanoparticles for 
oral photothermally enhanced photodynamic therapy of colon cancer. 
Int J Pharm. 2020; 589: 119763. 

22. Ai W, Yue Y, Xiong S, Xu W. Enhanced protection against pulmonary 
mycobacterial challenge by chitosan-formulated polyepitope gene 
vaccine was associated with elevated pulmonary SIgA and IFN-γ(+) T 
cell response. Microbiol Immunol. 2013; 57: 224-35. 

23. Meerak J, Wanichwecharungruang SP, Palaga T. Enhancement of 
immune response to a DNA vaccine against Mycobacterium tuberculosis 
Ag85B by incorporation of an autophagy inducing system. Vaccine. 
2013; 31: 784-90. 

24. Khatri K, Goyal A, Gupta P, Mishra N, Vyas S. Plasmid DNA loaded 
chitosan nanoparticles for nasal mucosal immunization against hepatitis 
B. Int J Pharm. 2008; 354: 235-41. 

25. Oliveira CR, Rezende CMF, Silva MR, Olga M, Borges OM, Pêgo AP, 
Goes AM. Oral vaccination based on DNA-chitosan nanoparticles 
against Schistosoma mansoni Infection. ScientificWorldJournal. 2012; 2012: 
938457. 

26. Chen L, Zhu J, Li Y, Jie L, Li G, Xu H, et al. Enhanced nasal mucosal 
delivery and immunogenicity of anti-caries DNA vaccine through 
incorporation of anionic liposomes in chitosan/DNA complexes. PLoS 
One. 2013; 8: e71953. 

27. Dharmendra, Raghuwanshi, Vivek, Mishra, Dipankar, Das, et al. 
Dendritic cell targeted chitosan nanoparticles for nasal DNA 
immunization against SARS CoV nucleocapsid protein. Mol Pharm. 
2012; 9: 946–56. 

28. Nevagi RJ, Khalil ZG, Hussein WM, Powell J, Batzloff MR, Capon RJ, et 
al. Polyglutamic acid-trimethyl chitosan-based intranasal peptide 
nano-vaccine induces potent immune responses against group A 
streptococcus. Acta Biomater. 2018; 80: 278-87. 

29. Nguyen DN, Roth TL, Li PJ, Chen PA, Marson A. Polymer-stabilized 
Cas9 nanoparticles and modified repair templates increase genome 
editing efficiency. Nat Biotechnol. 2019; 38: 1-6. 

30. Yu W, Sun J, Liu F, Yu S, Xu Z, Wang F, et al. Enhanced 
immunostimulatory activity of a cytosine-phosphate-guanosine 
immunomodulator by the assembly of polymer DNA wires and spheres. 
ACS Appl Mater Interfaces. 2020; 12: 17167-76. 

31. Li Y, Li Q, Li F, Zhang H, Jia L, Yu J, et al. Amphiphilic 
poly(L-lactide)-b-dendritic poly(L-lysine)s synthesized with a metal-free 
catalyst and new dendron initiators: chemical preparation and 
characterization. Biomacromolecules. 2006; 7: 224-31. 

32. Zhao K, Rong G, Teng Q, Li X, Lan H, Yu L, et al. Dendrigraft 
poly-L-lysines delivery of DNA vaccine effectively enhances the 
immunogenic responses against H9N2 avian influenza virus infection in 
chickens. Nanomedicine. 2020; 27: 102209. 

33. Thompson M, Scholz C. Highly branched polymers based on poly(amino 
acid)s for biomedical application. Nanomaterials. 2021; 11: 1119. 

34. Lächelt U, Wagner E. Nucleic acid therapeutics using polyplexes: A 
journey of 50 years (and beyond). Chem Rev. 2015; 115: 11043-78. 

35. Ying X, Murray-Stewart T, Wang Y, Fei Y, Oupický D. Self-immolative 
nanoparticles for simultaneous delivery of microRNA and targeting of 
polyamine metabolism in combination cancer therapy. J Control Release. 
2017; 246:110-9. 

36. Routhu, Kishore N, Xie, Ying, Dunworth, Matthew, et al. Polymeric 
prodrugs targeting polyamine metabolism inhibit zika virus replication. 
Mol Pharm. 2018; 15: 4284-95. 

37. Cavallaro G, Sardo C, Craparo EF, Giammona B. Polymeric 
nanoparticles for siRNA delivery: Production and applications. Int J 
Pharm. 2017; 525: 313-33. 

38. Shen W, Wang H, Ling-Hu Y, Lv J, Chang H, Cheng Y. Screening of 
efficient polymers for siRNA delivery in a library of hydrophobically 
modified polyethyleneimines. J Mater Chem B. 2016; 4: 6468-74. 

39. Gosselin MA, Guo W, Lee RJ. Efficient gene transfer using reversibly 
cross-linked low molecular weight polyethylenimine. Bioconjug Chem. 
2001; 12: 989-94. 

40. Breunig M, Lungwitz U, Liebl R, Goepferich A. Breaking up the 
correlation between efficacy and toxicity for nonviral gene delivery. Proc 
Natl Acad Sci USA. 2007; 104: 14454-9. 

41. Yang XZ, Du JZ, Dou S, Mao CQ, Long HY, Wang J. Sheddable ternary 
nanoparticles for tumor acidity-targeted siRNA delivery. ACS Nano. 
2012; 6: 771-81. 

42. Chen G, Wang K, Wu P, Wang Y, Zhou Z, Yin L, et al. Development of 
fluorinated polyplex nanoemulsions for improved small interfering 
RNA delivery and cancer therapy. Nano Res. 2018; 11: 3746-61. 

43. Wibowo D, Rehm B. Polymeric nanoparticle vaccines to combat 
emerging and pandemic threats. Biomaterials. 2020; 268: 120597. 

44. Blakney AK, McKay PF, Hu K, Samnuan K, Jain N, Brown A, et al. 
Polymeric and lipid nanoparticles for delivery of self-amplifying RNA 
vaccines. J Control Release. 2021; 338: 201-10. 

45. Démoulins T, Ebensen T, Schulze K, Englezou PC, Milona P, Pelliccia M, 
et al. Self-replicating RNA vaccine functionality modulated by 
fine-tuning of polyplex delivery vehicle structure. J Control Release. 
2017; 266: 256-71. 

46. González-Miro M, Rodríguez-Noda L, Fariñas-Medina M, García-Rivera 
D, Vérez-Bencomo V, Rehm BHA. Self-assembled particulate PsaA as 
vaccine against Streptococcus pneumoniae infection. Heliyon. 2017; 3: 
e00291. 

47. Ulery BD, Nair LS, Laurencin CT. Biomedical applications of 
biodegradable polymers. J Polym Sci Pol Phys. 2011; 49: 832-64. 



Theranostics 2022, Vol. 12, Issue 9 
 

 
https://www.thno.org 

4106 

48. Karlsson J, Rhodes KR, Green JJ, Tzeng SY. Poly(beta-amino ester)s as 
gene delivery vehicles: challenges and opportunities. Expert Opin Drug 
Deliv. 2020; 17: 1395-410. 

49. Andorko JI, Hess KL, Pineault KG, Jewell CM. Intrinsic immunogenicity 
of rapidly-degradable polymers evolves during degradation. Acta 
Biomater. 2016; 32: 24-34. 

50. Dold NM, Zeng Q, Zeng X, Jewell CM. A poly(beta-amino ester) 
activates macrophages independent of NF-κB signaling. Acta Biomater. 
2017; 68: 168-77. 

51. Andorko JI, Pineault KG, Jewell CM. Impact of molecular weight on the 
intrinsic immunogenic activity of poly(beta amino esters). J Biomed 
Mater Res A. 2017; 105: 1219-29. 

52. Demuth PC, Min Y, Huang B, Kramer JA, Miller AD, Dan HB, et al. 
Polymer multilayer tattooing for enhanced DNA vaccination. Nat Mater. 
2013; 12: 367-76. 

53. Spearman P, Lally MA, Elizaga M, Montefiori D, Tomaras GD, McElrath 
MJ, et al. A Trimeric, V2-deleted HIV-1 envelope glycoprotein vaccine 
elicits potent neutralizing antibodies but limited breadth of 
neutralization in human volunteers. J Infect Dis. 2011; 203: 1165-73. 

54. Walter E, Dreher D, Kok M, Thiele L, Merkle HP. Hydrophilic 
poly(DL-lactide-co-glycolide) microspheres for the delivery of DNA to 
human-derived macrophages and dendritic cells. J Control Release. 2001; 
76: 149-68. 

55. Little SR, Lynn DM, Ge Q, Anderson DG, Langer R. Poly-amino 
ester-containing microparticles enhance the activity of nonviral genetic 
vaccines. Proc Natl Acad Sci USA. 2004; 101: 9534-9. 

56. Lin J, Hua W, Zhang Y, Li C, Xue W, Yin J, et al. Effect of 
poly(amidoamine) dendrimers on the structure and activity of immune 
molecules. Biochim Biophys Acta. 2015; 1850: 419-25. 

57. Xue W, He Y, Wu J, Chao G, Xu Y. Synthesis and evaluation of 
phenylalanine-modified hyperbranched poly(amido amine)s as 
promising gene carriers. Biomacromolecules. 2010; 11: 245-51. 

58. Hu Q, Ding B, Yan X, Peng L, Duan J, Yang S, et al. Polyethylene glycol 
modified PAMAM dendrimer delivery of kartogenin to induce 
chondrogenic differentiation of mesenchymal stem cells. Nanomedicine. 
2017; 13: 2189-98. 

59. Arima H, Motoyama K, Higashi T. Sugar-appended polyamidoamine 
dendrimer conjugates with cyclodextrins as cell-specific non-viral 
vectors. Adv Drug Deliv Rev. 2013; 65: 1204-14. 

60. Wang H, Wang Y, Wang Y, Hu J, Cheng Y. Self‐assembled 
fluorodendrimers combine the features of lipid and polymeric vectors in 
gene delivery. Angew Chem Int Ed Engl. 2015; 54: 11647-51. 

61. Zhang Y, Ma S, Liu X, Xu Y, Zhao J, Si X, et al. Supramolecular 
assembled programmable nanomedicine as in situ cancer vaccine for 
cancer immunotherapy. Adv Mater. 2021; 33: e2007293. 

62. Akhtar S, Chandrasekhar B, Attur S, Yousif M, Benter IF. On the 
nanotoxicity of PAMAM dendrimers: Superfect stimulates the EGFR–
ERK1/2 signal transduction pathway via an oxidative stress-dependent 
mechanism in HEK 293 cells. Int J Pharm. 2013; 448: 239-46. 

63. Karpenko LI, Apartsin EK, Dudko SG, Starostina EV, Kaplina ON, 
Antonets DV, et al. Cationic polymers for the delivery of the Ebola DNA 
vaccine encoding artificial T-cell immunogen. Vaccines. 2020; 8: 718. 

64. Azadeh B, Mehdi E, Keong YS, Nikoo S, Hassan M, Hair BM, et al. 
Induction of a robust immune response against avian influenza virus 
following transdermal inoculation with H5-DNA vaccine formulated in 
modified dendrimer-based delivery system in mouse model. Int J 
Nanomedicine. 2017; 12: 8573-85. 

65. Daftarian P, Kaifer AE, Li W, Blomberg BB, Frasca D, Roth F, et al. 
Peptide-conjugated PAMAM dendrimer as a universal DNA vaccine 
platform to target antigen-presenting cells. Cancer Res. 2011; 71: 7452-62. 

66. Blakney AK, Zhu Y, Mckay PF, Bouton CR, Stevens MM. Big is beautiful: 
Enhanced saRNA delivery and immunogenicity by a higher molecular 
weight, bioreducible, cationic polymer. ACS Nano. 2020; 14: 5711-27. 

67. Saborni C, Chen JY, Chen HW, Hu C. Nanoparticle vaccines adopting 
virus-like features for enhanced immune potentiation. Nanotheranostics. 
2017; 1: 244-60. 

68. Jesus S, Soares E, Borchard G, Borges O. Poly-ϵ-caprolactone/chitosan 
nanoparticles provide strong adjuvant effect for hepatitis B antigen. 
Nanomedicine. 2017; 12: 2335-48. 

69. Hedley ML, Curley J, Urban R. Microspheres containing 
plasmid-encoded antigens elicit cytotoxic T-cell responses. Nat Med. 
1998; 4: 365-8. 

70. Oster CG, Kim N, Grode L, Barbu-Tudoran L, Kissel T. Cationic 
microparticles consisting of poly(lactide-co-glycolide) and 
polyethylenimine as carriers systems for parental DNA vaccination. J 
Control Release. 2005; 104: 359-77. 

71. Lee P-W, Hsu S-H, Tsai J-S, Chen F-R, Huang P-J, Ke C-J, et al. 
Multifunctional core-shell polymeric nanoparticles for transdermal DNA 

delivery and epidermal Langerhans cells tracking. Biomaterials. 2010; 31: 
2425-34. 

72. Ribeiro S, Rijpkema SG, Durrani Z, Florence AT. PLGA-dendron 
nanoparticles enhance immunogenicity but not lethal antibody 
production of a DNA vaccine against anthrax in mice. Int J Pharm. 2007; 
331: 228-32. 

73. He X, Lei J, Wang F, Xiao Z, Li J, Liu SL, et al. Augmented humoral and 
cellular immune responses to hepatitis B DNA vaccine adsorbed onto 
cationic microparticles. J Control Release. 2005; 107: 357-72. 

74. Kasturi SP, Sachaphibulkij K, Roy K. Covalent conjugation of 
polyethyleneimine on biodegradable microparticles for delivery of 
plasmid DNA vaccines. Biomaterials. 2005; 26: 6375-85. 

75. Chahal JS, Khan OF, Cooper CL, McPartlan JS, Tsosie JK, Tilley LD, et al. 
Dendrimer-RNA nanoparticles generate protective immunity against 
lethal Ebola, H1N1 influenza, and Toxoplasma gondii challenges with a 
single dose. Proc Natl Acad Sci USA. 2016; 113: E4133-42. 

76. Wang F, Ullah A, Fan X, Xu Z, Chen G. Delivery of nanoparticle antigens 
to antigen-presenting cells: from extracellular specific targeting to 
intracellular responsive presentation. J Control Release. 2021; 333: 
107-28. 

77. Zinkhan S, Ogrina A, Balke I, Reseviča G, Zeltins A, de Brot S, et al. The 
impact of size on particle drainage dynamics and antibody response. J 
Control Release. 2021; 331: 296-308. 

78. Jiang H, Wang Q, Sun X. Lymph node targeting strategies to improve 
vaccination efficacy. J Control Release. 2017: 47-56. 

79. Shima F, Uto T, Akagi T, Baba M, Akashi M. Size effect of amphiphilic 
poly(γ-glutamic acid) nanoparticles on cellular uptake and maturation of 
dendritic cells in vivo. Acta Biomater. 2013; 9: 8894-901. 

80. Niikura K, Matsunaga T, Suzuki T, Kobayashi S, Sawa H. Gold 
nanoparticles as a vaccine platform: influence of size and shape on 
immunological responses in vitro and in vivo. ACS Nano. 2013; 7: 
3926-38. 

81. Chen X, Gao C. Influences of size and surface coating of gold 
nanoparticles on inflammatory activation of macrophages. Colloids Surf 
B Biointerfaces. 2017; 160: 372-80. 

82. Foged C, Brodin B, Frokjaer S, Sundblad A. Particle size and surface 
charge affect particle uptake by human dendritic cells in an in vitro 
model. Int J Pharm. 2005; 298: 315-22. 

83. Wu X, Li Y, Chen X, Zhou Z, Pang J, Luo X, et al. A surface charge 
dependent enhanced Th1 antigen-specific immune response in lymph 
nodes by transfersome-based nanovaccine-loaded dissolving 
microneedle-assisted transdermal immunization. J Mater Chem B. 2019; 
7: 4854-66. 

84. Cui J, Rose RD, Best JP, Johnston APR, Alcantara S, Liang K, et al. 
Mechanically tunable, self‐adjuvanting nanoengineered polypeptide 
particles. Adv Mater. 2013; 25: 3468-72. 

85. Barua S, Yoo JW, Kolhar P, Wakankar A, Gokarn YR, Mitragotri S. 
Particle shape enhances specificity of antibody-displaying nanoparticles. 
Proc Natl Acad Sci USA. 2013; 110: 3270-5. 

86. Benne N, Duijn JV, Kuiper J, Jiskoot W, Slütter B. Orchestrating immune 
responses: How size, shape and rigidity affect the immunogenicity of 
particulate vaccines. J Control Release. 2016; 234: 124-34. 

87. Layek B, Lipp L, Singh J. APC targeted micelle for enhanced intradermal 
delivery of hepatitis B DNA vaccine. J Control Release. 2015; 207: 143-53. 

88. Rezaee M, Oskuee RK, Nassirli H, Malaekeh-Nikouei B. Progress in the 
development of lipopolyplexes as efficient non-viral gene delivery 
systems. J Control Release. 2016; 236: 1-14. 

89. Persano S, Guevara ML, Li Z, Mai J, Ferrari M, Pompa PP, et al. 
Lipopolyplex potentiates anti-tumor immunity of mRNA-based 
vaccination. Biomaterials. 2017; 125: 81-9. 

90. Ligeng, Xu, Ye, Liu, Zhiyun, Chen, et al. Surface-engineered gold 
nanorods: promising DNA vaccine adjuvant for HIV-1 treatment. Nano 
Lett. 2012; 12: 2003-12. 

91. Huang P, Wang X, Liang X, Yang J, Zhang C, Kong D, et al. Nano-, 
micro-, and macroscale drug delivery systems for cancer 
immunotherapy. Acta Biomater. 2019; 85: 1-26. 

92. Miyamoto, Noriko, Fujii, Shota, Mochizuki, Shinichi, et al. Adjuvant 
activity enhanced by cross-linked CpG-oligonucleotides in beta-glucan 
nanogel and its antitumor effect. Bioconjug Chem. 2017; 28: 565-73. 

93. Bansal A, Wu X, Olson V, D'Souza MJ. Characterization of rabies pDNA 
nanoparticulate vaccine in poloxamer 407 gel. Int J Pharm. 2018; 545: 
318-28. 

94. He C, Kim SW, Lee DS. In situ gelling stimuli-sensitive block copolymer 
hydrogels for drug delivery. J Control Release. 2008; 127: 189-207. 

95. Giang Phan VH, Duong H, Thambi T, Nguyen TL, Turabee MH, Yin Y, et 
al. Modularly engineered injectable hybrid hydrogels based on 
protein-polymer network as potent immunologic adjuvant in vivo. 
Biomaterials. 2019; 195: 100-10. 



Theranostics 2022, Vol. 12, Issue 9 
 

 
https://www.thno.org 

4107 

96. Duong HTT, Thambi T, Yin Y, Kim SH, Nguyen TL, Phan VHG, et al. 
Degradation-regulated architecture of injectable smart hydrogels 
enhances humoral immune response and potentiates antitumor activity 
in human lung carcinoma. Biomaterials. 2020; 230: 119599. 

97. Chen G, Qian Y, Zhang H, Ullah A, Shen J. Advances in cancer 
theranostics using organic-inorganic hybrid nanotechnology. Appl 
Mater Today. 2021; 23: 101003. 

98. Yue H, Wei W, Gu Z, Ni D, Luo N, Yang Z, et al. Exploration of graphene 
oxide as an intelligent platform for cancer vaccines. Nanoscale. 2015; 7: 
19949-57. 

99. Yin Y, Li X, Ma H, Zhang J, Wang H. In situ transforming RNA 
nanovaccines from polyethylenimine functionalized graphene oxide 
hydrogel for durable cancer immunotherapy. Nano Lett. 2021; 21: 
2224-31. 

100. Ingrole RSJ, Azizoglu E, Dul M, Birchall JC, Gill HS, Prausnitz MR. 
Trends of microneedle technology in the scientific literature, patents, 
clinical trials and internet activity. Biomaterials. 2021; 267: 120491. 

101. Tao SA, Bl A, Wz A, Xg B, Jy C, Yza D, et al. Microneedle-mediated 
vaccination: Innovation and translation. Adv Drug Deliv Rev. 2021; 179: 
113919. 

102. Ye Y, Yu J, Wen D, Kahkoska AR, Gu Z. Polymeric microneedles for 
transdermal protein delivery. Adv Drug Deliv Rev. 2018; 127: 106-18. 

103. Yang HW, Ye L, Guo XD, Yang C, Compans RW, Prausnitz MR. Ebola 
vaccination using a DNA vaccine coated on PLGA‐PLL/γPGA 
nanoparticles administered using a microneedle patch. Adv Healthc 
Mater. 2017; 6: 1600750. 

104. Cole G, Ali AA, M Cc Rudden CM, Mcbride JW, M Cc Arthy HO. DNA 
vaccination for cervical cancer: Strategic optimisation of RALA mediated 
gene delivery from a biodegradable microneedle system. Eur J Pharm 
Biopharm. 2018; 127: 288-297. 

105. Cole G, Mccaffrey J, Ali AA, Mcbride JW, Mccarthy HO. Dissolving 
microneedles for DNA vaccination: Improving functionality via polymer 
characterisation and RALA complexation. Hum Vaccin Immunother. 
2017; 13: 50-62. 

106. Kim NW, Lee MS, Kim KR, Lee JE, Lee K, Park JS, et al. 
Polyplex-releasing microneedles for enhanced cutaneous delivery of 
DNA vaccine. J Control Release. 2014; 179: 11-7. 

107. Trang D, Yue Y, Thavasyappan T, Loc NT, Giang P, Sang LM, et al. 
Smart vaccine delivery based on microneedle arrays decorated with 
ultra-pH-responsive copolymers for cancer immunotherapy. 
Biomaterials. 2018; 185: 13-24. 

108. Duong H, Kim NW, Thambi T, Phan VG, Lee MS, Yin Y, et al. 
Microneedle arrays coated with charge reversal pH-sensitive copolymers 
improve antigen presenting cells-homing DNA vaccine delivery and 
immune responses. J Control Release. 2017; 269: 225-34. 

109. Yin Y, Su W, Zhang J, Huang W, Li X, Ma H, et al. Separable microneedle 
patch to protect and deliver DNA nanovaccines against COVID-19. ACS 
Nano. 2021; 15: 14347-59. 

110. Gebre MS, Brito LA, Tostanoski LH, Edwards DK, Dan HBJC. Novel 
approaches for vaccine development. Cell. 2021; 184: 1589-603. 

111. Ho W, Gao M, Li F, Li Z, Zhang X, Xu XJAHM. Next‐generation 
vaccines: Nanoparticle‐mediated DNA and mRNA delivery. Adv 
Healthc Mater. 2021; 10: e2001812. 

112. Nichols WW, Ledwith BJ, Manam SV, Troilo PJ. Potential DNA vaccine 
integration into host cell genome. Ann N Y Acad Sci. 1995; 772: 30-9. 

113. Sheets RL, Stein† J, Manetz‡ TS, Andrews§ C, Bailer¶ R, Rathmann¶ J, et 
al. Biodistribution of DNA plasmid vaccines against HIV-1, Ebola, severe 
acute respiratory syndrome, or west nile virus is similar, without 
integration, despite differing plasmid backbones or gene inserts. Toxicol 
Sci. 2006; 91: 610-9. 

114. Ulmer, Jeffrey, B., Donnelly, John, Science JJ. Heterologous protection 
against influenza by injection of DNA encoding a viral protein. Science. 
1993; 259: 1745-9. 

115. Makkouk A, Joshi VB, Wongrakpanich A, Lemke CD, Gross BP, Salem 
AK, et al. Biodegradable microparticles loaded with doxorubicin and 
CpG ODN for in situ immunization against cancer. AAPS J. 2015; 17: 
184-93. 

116. Li M, Zhou H, Jiang W, Yang C, Wang Y. Nanovaccines integrating 
endogenous antigens and pathogenic adjuvants elicit potent antitumor 
immunity. Nano Today. 2020; 35: 101007. 

117. Wu ZW, Chien CT, Liu CY, Yan JY, Lin SY. Recent progress in 
copolymer-mediated siRNA delivery. J Drug Target. 2012; 20: 551-60. 

118. Suh J, Paik HJ, Hwang BK. Ionization of poly(ethylenimine) and 
poly(allylamine) at various pH's. Bioorg Chem. 1994; 22: 318-27. 

119. Lu B, Wang CF, Wu DQ, Cao L, Zhang XZ, Zhuo RX. Chitosan based 
oligoamine polymers: synthesis, characterization, and gene delivery. J 
Control Release. 2009; 137: 54-62. 

120. Muhammad, Ali, Shah, Nongyue, He, Zhiyang, et al. Nanoparticles for 
DNA vaccine delivery. J Biomed Nanotechnol. 2014; 10: 2332-49. 

121. Piotrowski-Daspit AS, Kauffman AC, Bracaglia LG, Saltzman WM. 
Polymeric vehicles for nucleic acid delivery. Adv Drug Deliv Rev. 2020, 
156: 119-32. 

122. Kumar R, Santa Chalarca CF, Bockman MR, Bruggen CV, Grimme CJ, 
Dalal RJ, et al. Polymeric delivery of therapeutic nucleic acids. Chem 
Rev. 2021, 121: 11527-652. 

123. Boyle JS, Brady JL, Lew AM. Enhanced responses to a DNA vaccine 
encoding a fusion antigen that is directed to sites of immune induction. 
Nature. 1998; 392: 408-11. 

124. Lewis S, Williams A, Eisenbarth SC. Structure and function of the 
immune system in the spleen. Sci Immunol. 2019; 4: eaau6085. 

125. Zhao Z, Ukidve A, Krishnan V, Fehnel A, Mitragotri S. Systemic tumour 
suppression via the preferential accumulation of erythrocyte-anchored 
chemokine-encapsulating nanoparticles in lung metastases. Nat Biomed 
Eng. 2020: 1-14. 

126. Zhang Q, Leong SC, Mcnamara PS, Mubarak A, Malley R, Finn A, et al. 
Characterisation of regulatory T cells in nasal associated lymphoid tissue 
in children: relationships with pneumococcal colonization. PLoS Pathog. 
2011; 7: e1002175. 

127. Kunisawa J, Kurashima Y, Kiyono H. Gut-associated lymphoid tissues 
for the development of oral vaccines. Adv Drug Deliv Rev. 2012; 64: 
523-30. 

128. van den Berg AIS, Yun CO, Schiffelers RM, Hennink WE. Polymeric 
delivery systems for nucleic acid therapeutics: Approaching the clinic. J 
Control Release. 2021; 331: 121-41. 

129. Lesniak A, Salvat A, Santos-Martinez MJ, Radomski MW, Dawson KA, 
Aberg C. Nanoparticle adhesion to the cell membrane and its effect on 
nanoparticle uptake efficiency. J Am Chem Soc. 2013; 135: 1438-44. 

130. Liu Q, Chen X, Jia J, Zhang W, Yang T, Wang L, et al. pH-responsive 
poly(D,L-lactic-co-glycolic acid) nanoparticles with rapid antigen release 
behavior promote immune response. ACS Nano. 2015; 9: 4925-38. 

131. Panté N, Kann MJMBotC. Nuclear pore complex is able to transport 
macromolecules with diameters of about 39 nm. Mol Biol Cell. 2002; 13: 
425-34. 

132. Chao L, Engbersen JFJ. Effect of chemical functionalities in poly(amido 
amine)s for non-viral gene transfection. J Control Release. 2008; 132: 
267-72. 

133. Minasyan H. Phagocytosis and oxycytosis: two arms of human innate 
immunity. Immunol Res. 2018; 66: 271-80. 

134. Wu Y, Wang X, Csencsits KL, Haddad A, Walters N, Pascual DW. M 
cell-targeted DNA vaccination. Proc Natl Acad Sci USA. 2001; 98: 
9318-23. 

135. Wong SY, Pelet JM, Putnam D. Polymer systems for gene delivery—Past, 
present, and future. Prog Polym Sci. 2007; 32: 799-837. 

136. Schfer K, Ihmels H, Porcù E, Viola G. Control of the DNA-binding and 
antiproliferative properties of hydroxybenzo[b]quinolizinium 
derivatives with pH and light. Chemistry. 2017; 23: 370-9. 

137. Farris E, Brown DM, Ramer-Tait AE, Pannier AK. Micro- and 
nanoparticulates for DNA vaccine delivery. Exp Biol Med (Maywood). 
2016; 241(9):919-29. 

138. Wafa EI, Geary SM, Goodman JT, Narasimhan B, Salem AK. The effect of 
polyanhydride chemistry in particle-based cancer vaccines on the 
magnitude of the anti-tumor immune response. Acta Biomater. 2017; 50: 
417-27. 

139. van de Wetering P, Moret EE, Schuurmans-Nieuwenbroek NM, van 
Steenbergen MJ, Hennink WE. Structure-activity relationships of 
water-soluble cationic methacrylate/methacrylamide polymers for 
nonviral gene delivery. Bioconjug Chem. 1999; 10: 589-97. 

140. Park TG, Jeong JH, Kim SW. Current status of polymeric gene delivery 
systems. Adv Drug Deliv Rev. 2006; 58: 467-86. 

141. Jechlinger W. Optimization and delivery of plasmid DNA for 
vaccination. Expert Rev Vaccines. 2006; 5: 803-25. 

142. Gary EN, Weiner DB. DNA vaccines: prime time is now. Curr Opin 
Immunol. 2020; 65: 21-7. 

143. Leone M, Romeijn S, Slütter B, O'Mahony C, Kersten G, Bouwstra JA. 
Hyaluronan molecular weight: Effects on dissolution time of dissolving 
microneedles in the skin and on immunogenicity of antigen. Eur J Pharm 
Sci. 2020; 146: 105269. 

144. Breunig M, Lungwitz U, Liebl R, Fontanari C, Klar J, Kurtz A, et al. Gene 
delivery with low molecular weight linear polyethylenimines. J Gene 
Med. 2005; 7: 1287-98. 

145. Wu D, Liu Y, Jiang X, He C, Goh SH, Leong KW. Hyperbranched 
poly(amino ester)s with different terminal amine groups for DNA 
delivery. Biomacromolecules. 2006; 7: 1879-83. 

146. Wei H, Pahang JA, Pun SH. Optimization of brush-like cationic 
copolymers for nonviral gene delivery. Biomacromolecules. 2013; 14: 
275-84. 



Theranostics 2022, Vol. 12, Issue 9 
 

 
https://www.thno.org 

4108 

147. Ahmed M, Narain R. The effect of polymer architecture, composition, 
and molecular weight on the properties of glycopolymer-based non-viral 
gene delivery systems. Biomaterials. 2011; 32: 5279-90. 

148. Bishop CJ, Abubaker-Sharif B, Guiriba T, Tzeng SY, Green JJ. Gene 
delivery polymer structure-function relationships elucidated via 
principal component analysis. Chem Commun. 2015; 51: 12134-7. 

149. Sims LB, Curtis LT, Frieboes HB, Steinbach-Rankins JM. Enhanced 
uptake and transport of PLGA-modified nanoparticles in cervical cancer. 
J Nanobiotechnology. 2016; 14: 33. 

150. Bishop CJ, Kozielski KL, Green JJ. Exploring the role of polymer 
structure on intracellular nucleic acid delivery via polymeric 
nanoparticles. J Control release. 2015; 219: 488-99. 

151. Xu J, Lv J, Zhuang Q, Yang Z, Liu Z. A general strategy towards 
personalized nanovaccines based on fluoropolymers for post-surgical 
cancer immunotherapy. Nat Nanotechnol. 2020; 15: 1-10. 

152. Ma J, Wang H, Zheng X, Xue X, Wang B, Wu H, et al. CpG/Poly (I:C) 
mixed adjuvant priming enhances the immunogenicity of a DNA 
vaccine against eastern equine encephalitis virus in mice. Int 
Immunopharmacol. 2014; 19: 74-80. 

153. Khosroshahi KH, Gha Ff Arifar F, Sharifi Z, D’Souza S, Dalimi A, Hassan 
ZM, et al. Comparing the effect of IL-12 genetic adjuvant and alum 
non-genetic adjuvant on the efficiency of the cocktail DNA vaccine 
containing plasmids encoding SAG-1 and ROP-2 of Toxoplasma gondii. 
Parasitol Res. 2012; 111: 403-11. 

154. Awate S, Babiuk LA, Mutwiri G. Mechanisms of action of adjuvants. 
Front Immunol. 2013; 4: 114. 

155. Churchyard GJ, Cecilia M, Elizabeth A, John H, Graham BS, Zoe M, et al. 
A phase IIA randomized clinical trial of a multiclade HIV-1 DNA prime 
followed by a multiclade rAd5 HIV-1 vaccine boost in healthy adults 
(HVTN204). Plos One. 2011; 6: e21225. 

156. O'Hagan DT, Ott GS, De Gregorio E, Seubert A. The mechanism of action 
of MF59 - an innately attractive adjuvant formulation. Vaccine. 2012; 30: 
4341-8. 

157. Xiang SD, Selomulya C, Ho J, Apostolopoulos V, Plebanski M. Delivery 
of DNA vaccines: an overview on the use of biodegradable polymeric 
and magnetic nanoparticles. Wiley Interdiscip Rev Nanomed 
Nanobiotechnol. 2010; 2: 205-18. 

158. Bivas-Benita M, Laloup M, Versteyhe S, Dewit J, De Braekeleer J, Jongert 
E, et al. Generation of Toxoplasma gondii GRA1 protein and DNA 
vaccine loaded chitosan particles: preparation, characterization, and 
preliminary in vivo studies. Int J Pharm. 2003; 266: 17-27. 

159. Hou J, Liu Y, Hsi J, Wang H, Tao R, Shao Y. Cholera toxin B subunit acts 
as a potent systemic adjuvant for HIV-1 DNA vaccination 
intramuscularly in mice. Hum Vaccin Immunother. 2014; 10: 1274-83. 

160. Hamajima K, Sasaki S, Fukushima J, Kaneko T, Xin KQ, Kudoh I, et al. 
Intranasal administration of HIV-DNA vaccine formulated with a 
polymer, carboxymethylcellulose, augments mucosal antibody 
production and cell-mediated immune response. Clin Immunol 
Immunopathol. 1998; 88: 205-10. 

161. Carroll EC, Jin L, Mori A, Muñoz-Wolf N, Oleszycka E, Moran HBT, et 
al. The vaccine adjuvant chitosan promotes cellular immunity via DNA 
sensor cGAS-STING-dependent induction of type I interferons. 
Immunity. 2016; 44: 597-608. 

162. Li L, Petrovsky N. Molecular mechanisms for enhanced DNA vaccine 
immunogenicity. Expert Rev Vaccines. 2015: 1-17. 

163. de Groot AM, Du G, Mönkäre J, Platteel ACM, Broere F, Bouwstra JA, et 
al. Hollow microneedle-mediated intradermal delivery of model vaccine 
antigen-loaded PLGA nanoparticles elicits protective T cell-mediated 
immunity to an intracellular bacterium. J Control Release. 2017; 266: 
27-35. 

164. Palumbo RN, Zhong X, Panus D, Han W, Ji W, Wang C. Transgene 
expression and local tissue distribution of naked and 
polymer-condensed plasmid DNA after intradermal administration in 
mice. J Control Release 2012, 159: 232-9. 

165. Reddy KS, Rashmi BR, Dechamma HJ, Gopalakrishna S, Banumathi N, 
Suryanarayana VV, et al. Cationic microparticle 
[poly(D,L-lactide-co-glycolide)]-coated DNA vaccination induces a 
long-term immune response against foot and mouth disease in guinea 
pigs. J Gene Med. 2012; 14: 348-52. 

166. Stegantseva MV, Shinkevich VA, Tumar EM, Meleshko AN. Conjugation 
of new DNA vaccine with polyethylenimine induces cellular immune 
response and tumor regression in neuroblastoma mouse model. Exp 
Oncol. 2020; 42: 120-5. 

167. Stegantseva MV, Shinkevich VA, Tumar EM, Meleshko AN. 
Multi-antigen DNA vaccine delivered by polyethylenimine and 
Salmonella enterica in neuroblastoma mouse model. Cancer Immunol 
Immunother. 2020; 69: 2613-22. 

168. Liu Q, Wang X, Liu X, Liao YP, Chang CH, Mei KC, et al. Antigen- and 
epitope-delivering nanoparticles targeting liver induce comparable 

immunotolerance in allergic airway disease and anaphylaxis as 
nanoparticle-delivering pharmaceuticals. ACS Nano. 2021; 15: 1608-26. 

169. Fornaguera C, Guerra‐Rebollo M, Angel Lazaro M, Castells‐Sala C, 
Meca‐Cortés O, Ramos‐Pérez V, et al. mRNA delivery system for 
targeting antigen‐presenting cells in vivo. Adv Healthc Mater. 2018, 7: 
1800335. 

170. Yang J, Arya S, Lung P, Lin Q, Huang J, Li Q. Hybrid nanovaccine for the 
co-delivery of the mRNA antigen and adjuvant. Nanoscale. 2019, 11: 
21782-9. 

171. Yu X, Liu S, Cheng Q, Lee SM, Wei T, Zhang D, et al. Hydrophobic 
optimization of functional poly (tpae-co-suberoyl chloride) for 
extrahepatic mRNA delivery following intravenous administration. 
Pharmaceutics. 2021, 13: 1914. 

172. Leya T, Ahmad I, Sharma R, Tripathi G, Kurcheti PP, Rajendran KV, et 
al. Bicistronic DNA vaccine macromolecule complexed with poly 
lactic-co-glycolic acid-chitosan nanoparticles enhanced the mucosal 
immunity of Labeo rohita against Edwardsiella tarda infection. Int J Biol 
Macromol. 2020; 156: 928-37. 

173. Valero Y, Awad E, Buonocore F, Arizcun M, Esteban M, Meseguer J, et 
al. An oral chitosan DNA vaccine against nodavirus improves 
transcription of cell-mediated cytotoxicity and interferon genes in the 
European sea bass juveniles gut and survival upon infection. Dev Comp 
Immunol. 2016; 65: 64-72. 

174. Jewell CM, López SC, Irvine DJ. In situ engineering of the lymph node 
microenvironment via intranodal injection of adjuvant-releasing 
polymer particles. Proc Natl Acad Sci USA. 2011; 108: 15745-50. 

175. Collin M, Milne P. Langerhans cell origin and regulation. Curr Opin 
Hematol. 2016; 23: 28-35. 

176. Tan L, Zheng T, Li M, Zhong X, Tang Y, Qin M, et al. Optimization of an 
mRNA vaccine assisted with cyclodextrin-polyethyleneimine 
conjugates. Drug Deliv Transl Res. 2020; 10: 678-89. 

177. Cui L, Osada K, Imaizumi A, Kataoka K, Nakano K. Feasibility of a 
subcutaneously administered block/homo-mixed polyplex micelle as a 
carrier for DNA vaccination in a mouse tumor model. J Control Release. 
2015; 206: 220-31. 

178. Le TMD, Duong HTT, Thambi T, Giang Phan VH, Jeong JH, Lee DS. 
Bioinspired pH- and temperature-responsive injectable adhesive 
hydrogels with polyplexes promotes skin wound healing. 
Biomacromolecules. 2018; 19: 3536-48. 

179. Urello MA, Xiang L, Colombo R, Ma A, Joseph A, Boyd J, et al. 
Metabolite-based modification of poly(l-lysine) for improved gene 
delivery. Biomacromolecules. 2020; 21: 3596-607. 

180. Marino M, Scuderi F, Provenzano C, Bartoccioni E. Skeletal muscle cells: 
from local inflammatory response to active immunity. Gene Ther. 2011; 
18: 109-16. 

181. Neves JD, Arzi RS, Sosnik A. Molecular and cellular cues governing 
nanomaterial–mucosae interactions: from nanomedicine to 
nanotoxicology. Chem Soc Rev. 2020; 49: 5058-100. 

182. Kraan H, Vrieling H, Czerkinsky C, Jiskoot W, Kersten G, Amorij JP. 
Buccal and sublingual vaccine delivery. J Control Release. 2014; 190: 
580-92. 

183. Hervouet C, Luci C, Bekri S, Juhel T, Bihl F, Braud VM, et al. 
Antigen-bearing dendritic cells from the sublingual mucosa recirculate 
to distant systemic lymphoid organs to prime mucosal CD8 T cells. 
Mucosal Immunol. 2014; 7: 280-91. 

184. Curtis AD, 2nd, Jensen K, Van Rompay KKA, Amara RR, Kozlowski PA, 
De Paris K. A simultaneous oral and intramuscular prime/sublingual 
boost with a DNA/modified vaccinia Ankara viral vector-based vaccine 
induces simian immunodeficiency virus-specific systemic and mucosal 
immune responses in juvenile rhesus macaques. J Med Primatol. 2018; 
47: 288-97. 

185. Sun T, Nguyen A, Gommerman JL. Dendritic cell subsets in intestinal 
immunity and inflammation. J Immunol. 2020; 204: 1075-83. 

186. Zhao H, Yang J, Qian Q, Wu M, Li M, Xu W. Mesenteric CD103+DCs 
initiate switched coxsackievirus B3 VP1-specific IgA response to 
intranasal chitosan-DNA vaccine through secreting BAFF/IL-6 and 
promoting Th17/Tfh differentiation. Front Immunol. 2018; 9: 2986. 

187. Souci L, Jaunet H, Le Diguerher G, Guionnet JM, Béven V, Paboeuf F, et 
al. Intranasal inoculations of naked or PLGA-PEI nanovectored DNA 
vaccine induce systemic and mucosal antibodies in pigs: A feasibility 
study. Res Vet Sci. 2020; 132: 194-201. 

188. France MM, Turner JR. The mucosal barrier at a glance. J Cell Sci. 2017; 
130: 307-14. 

189. Pape KA, Catron DM, Itano AA, Jenkins MK. The humoral immune 
response is initiated in lymph nodes by B cells that acquire soluble 
antigen directly in the follicles. Immunity. 2007; 26: 491-502. 

190. Johansen P, Mohanan D, Martínez-Gómez JM, Kündig TM, Gander B. 
Lympho-geographical concepts in vaccine delivery. J Control Release. 
2010; 148: 56-62. 



Theranostics 2022, Vol. 12, Issue 9 
 

 
https://www.thno.org 

4109 

191. Lin W, Hanson S, Han W, Zhang X, Yao N, Li H, et al. Well-defined star 
polymers for co-delivery of plasmid DNA and imiquimod to dendritic 
cells. Acta Biomater. 2017; 48: 378-89. 

192. Zhu G, Mei L, Vishwasrao HD, Jacobson O, Wang Z, Liu Y, et al. 
Intertwining DNA-RNA nanocapsules loaded with tumor neoantigens 
as synergistic nanovaccines for cancer immunotherapy. Nat Commun. 
2017; 8: 1482. 

193. Zhu G, Lynn GM, Jacobson O, Chen K, Liu Y, Zhang H, et al. 
Albumin/vaccine nanocomplexes that assemble in vivo for combination 
cancer immunotherapy. Nat Commun. 2017; 8: 1954. 

194. Luke JM, Simon GG, Söderholm J, Errett JS, August JT, Gale M, Jr., et al. 
Coexpressed RIG-I agonist enhances humoral immune response to 
influenza virus DNA vaccine. J Virol. 2011; 85: 1370-83. 

195. Bergamaschi C, Kulkarni V, Rosati M, Alicea C, Jalah R, Chen S, et al. 
Intramuscular delivery of heterodimeric IL-15 DNA in macaques 
produces systemic levels of bioactive cytokine inducing proliferation of 
NK and T cells. Gene Ther. 2015; 22: 76. 

196. Li L, Petrovsky N. Molecular adjuvants for DNA vaccines. Curr Issues 
Mol Biol. 2017; 22: 17-40. 

197. Xue H, Liang F, Liu N, Song X, Yuan F, Luo Y, et al. Potent antirheumatic 
activity of a new DNA vaccine targeted to B7-2/CD28 costimulatory 
signaling pathway in autoimmune arthritis. Hum Gene Ther. 2011; 22: 
65-76. 

198. Zhou J, Cheung AK, Tan Z, Wang H, Yu W, Du Y, et al. PD1-based DNA 
vaccine amplifies HIV-1 GAG-specific CD8+ T cells in mice. J Clin Invest. 
2013; 123: 2629-42. 

 


