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Messenger RNA (mRNA)-based cancer therapeutics have shown great promise in cancer prevention and
treatment, such as mRNA cancer vaccines and protein replacement therapeutics. The key to mRNA
cancer therapeutics is to develop safe and effective delivery systems that can efficiently encapsulate
MRNA, protect them from degradation, selectively target specific tissues, facilitate cellular uptake and
endosomal escape, and ultimately release them into the cytoplasm for protein expression. Polymer-
based mRNA delivery systems have received increasing attention for cancer therapy due to their virtues of
customizable chemical structures, easy functionalization, and controllable stability, allowing the overcom-

ing of tumor delivery barriers and enhancing therapeutic efficacy. This review introduces the character-
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istics and applications of mRNA therapeutics, the principles, and classification of polymer-based mRNA
delivery systems, and summarizes several advanced mRNA delivery strategies to realize cancer-selective
and intracellular delivery, organ-targeted delivery, and tissue-penetrating delivery. The review aims to
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1. Introduction

Messenger RNA (mRNA) is a single-stranded ribonucleic acid
that is transcribed from a DNA strand, which carries the
coding information for protein synthesis and can be further
transcribed and processed into functional proteins." mRNA is
in a special position in the process of information transfer, it
expresses the target protein or antigen in the organism
according to the central dogma, so that it becomes the “key”
to unlock a variety of diseases, thus realizing the purpose of
treatment or immunoprophylaxis.”> mRNA therapy has several
advantages over traditional therapies. mRNA is safer than
DNA drugs as it does not integrate into the host genome.>*
Secondly, mRNA can produce proteins that are difficult to
synthesize in vitro and can be targeted to specific receptors or
the circulatory system.” Moreover, mRNA sequences are
highly modifiable and can be rapidly updated and iterated.
As a result, mRNA-based cancer therapies have specific appli-
cations in cancer prevention and treatment. The common
principle of mRNA-based cancer therapies is that mRNA is
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provide guidance for the design of future polymer-based cancer mRNA delivery systems.

successfully translated into proteins to inhibit tumor growth
or to induce or enhance anti-tumor immune responses.
For example, mRNA cancer vaccines can encode specific
tumor antigens that activate immune responses. Delivery of
essential tumor suppressor mRNA can greatly improve the
expression level of tumor suppressor protein and regulate the
tumor microenvironment (TME). Encoding Cas 9 with mRNA
reduces off-target effects and genotoxicity while encoding chi-
meric antigen receptor (CAR) or T cell receptor (TAR) with
mRNA increases transfection rates and reduces mutation risk
(Fig. 1).67°

Nevertheless, the single-stranded structure of the mRNA
molecule, which is different from DNA.'°"? Naked mRNA is
highly susceptible to destruction by nucleases or hydrolases in
blood or body fluids and is rapidly cleared by the kidneys.
Unprotected mRNA has been reported to have an extremely
short metabolism or systemic half-life of less than 3.8
minutes.” Second, it is also challenging for mRNA with
certain physicochemical characteristics-like being hydrophilic
and negatively charged-to get through the cell membrane and
enter the cytoplasm. Additionally, mRNA is usually interna-
lized and trapped in acidic endo-lysosomes, where it is
degraded by enzymes, restricting its genetic tasks. Therefore,
the development of mRNA carriers to get around the chal-
lenges above is the key to effective mRNA delivery. Various
delivery systems have been developed for mRNA delivery,
including viral vectors'*'> and non-viral vectors."®"” Viral
vectors utilize genetic engineering technology to modify
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Fig. 1 Strategies of mRNA-based therapeutics for cancer treatment.

viruses as carriers for exogenous gene delivery. Viral vectors
mainly consist of retroviruses,'® lentiviruses," and adeno-
viruses,”® which have the advantages of high transfection
efficiency and a high expression level of exogenous genes.
However, viral vectors have disadvantages of high immuno-
genicity,”" carcinogenicity risk,>” limited capacity of encapsu-
lated drugs,”?
process.”® Non-viral mRNA delivery vectors, including lipid-

and complicated operation of the preparation

based nanoparticles (NPs),>* polymeric NPs,> inorganic
NPs,”® and biomimetic NPs,>” have been engineered with
many favorable properties such as biocompatibility,”® con-
trolled targeting,”®*° low immunogenicity, and high safety.*®
However, non-viral mRNA delivery vectors are still limited in
gene transfection efficiency compared to the natural viral
vectors, holding a great challenge to improve the delivery
efficiency.

Polymers have been exploited as a major type of non-viral
gene delivery carrier, with the merits of simple synthesis,
diverse structure, and easy functionalization.>'** Therefore,
they have been widely used for gene delivery of DNA, mRNA,
SiRNA, etc. (Fig. 2).**7° Positively charged polymers can
electrostatically bind to negatively charged mRNA and form
multimeric complexes at physiological pH, protecting the
mRNAs from degradation and facilitating intracellular
delivery.>®?”
polymers can also be achieved through the use of degradable

In addition, covalent attachment of mRNA to

linkers.*® The systemic delivery of mRNA by polymers involves
several steps (Fig. 3): (1) target and accumulate in specific
organs and tissues; (2) entry into the cell by endocytosis; (3)
endosome escape; (4) intracellular release, and (5) translation
into protein.**™*!
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This review summarizes representative non-viral polymeric
vectors for mRNA cancer delivery. We highlight the recent
advance of polymer-based mRNA delivery systems for
enhanced cell entrance and cancer cell-selective delivery,
organ-targeted delivery, and tissue-penetrating delivery.

2. Polymer-based nonviral vectors
for cancer mRNA delivery

Polymer molecules are usually able to load by electrostatic
adsorption with mRNA. An optimal polymer-based mRNA
delivery system should: (1) efficiently encapsulate and protect
mRNA from nuclease degradation; (2) possess high biocompat-
ibility and safety; (3) promote the penetration and accumu-
lation of specific cells, tissues, and organs; (4) avoid lysosomal
degradation in intracellular translocation pathways; (5)
enhance the release of mRNA in the cytoplasm to exert the
desired effect. In this section, different types of polymer-based
delivery of mRNA will be discussed, including polyplexes, lipo-
polyplexes, etc (Fig. 4, Table 1).

2.1 Polyplex

A commonly used vector for delivering nucleic acids is polyplex
(i.e. polymeric NP). Polyplex protects nucleic acids from enzy-
matic degradation and promotes cellular uptake.*> Compared
to cationic liposome-based systems, polyplex systems offer a
high degree of versatility by controlling molecular weight,
structure and composition.”* Commonly used polyplexes as
nucleic acid vectors are polyethyleneimine (PEI), polyester,
poly(amino acids), etc.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 An overview of polymer-based mRNA delivery for cancer treatment.
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Representative polymeric vectors for mRNA delivery
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Summary of the pros and cons of representative polymeric vectors

PEI "~ Easy to endosomal escape x Particle size/surface charge-dependent
toxicity; Poor biocompatibility
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Fig. 4 Overview of polymeric vector backbones and features for mRNA delivery.

Table 1 The optimal polymer-based mRNA delivery systems for cancer therapy

Zeta potential

Polymer backbone Cancer/tissue Related mRNA Size (nm) (mv) Ref.
F-PEI Melanoma MC38-encoded mRNA 280.0 —6.5/-12.3 50
f-CD-PEI — OVA-encoded mRNA 234.7 3.5 47.3 £3.6 51
PEG-PEI L1929 fibroblasts (in vitro) Luciferase (Luc) mRNA 103.0+7.7 — 54
PLGA p53-deficient hepatocellular carcinoma  p53-encoded mRNA 105.0 £ 0.1 —8.1+2.0 61
PBAE Mammary carcinoma 4-1BB/IL-12-encoded mRNA 100.0 £20.0 23.0 2.0 65
PBAE Ovarian carcinoma IRF5/IKKp-encoded mRNA 99.8 + 24.5 3.4+2.2 70
APE — Luc mRNA 120.0 £30.0 5.0+3.0 71
PACE — Deglycosylation-dependent Renilla Luc/  210.4 9.9 72
firefly Luc (FLuc)-encoded mRNA
PAsp — Cy5-mRNA 110.0 20.0 82
PAMAM — Cy5-EGFP mRNA 133.2 34.2 90
PHTA Melanoma mOVA-encoded mRNA 130.0 £ 6.0 25.0+7.0 35
Trimannose Cervical cancer N1my nucleoside modified mRNA 235.7 £ 4.7 46.0 £ 2.1 92
Lipid shell-PBAE Melanoma OVA-encoded mRNA 50.0 — 93
Lipid shell-dendrimer  Breast carcinoma Luc mRNA 138 £ 1.5 -1.0+0.4 94
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2.1.1 PEL PEI is a cationic polymer with a high positive
charge density, which enables PEI to adsorb mRNA through
strong electrostatic binding."* It was reported that the relatively
high transfection efficiency of PEI vectors is due to their ability
to avoid translocation to degrading lysosomes.*’ According to
the “proton sponge” hypothesis, the buffering capacity of PEI
leads to osmotic swelling and endosomal rupture, resulting in
the release of the carrier into the cytoplasm.*® PEI also has
immunostimulatory effects, such as stimulating dendritic cells
(DCs) activation and promoting cytokine production.*’

The particle size and the surface charge are the main
factors affecting the bioactivity and biocompatibility of PEI-
based complexes. PEIs with molecular weights between 10
and 30 kDa are severely cytotoxic despite their high mRNA
delivery efficiency, whereas PEIs with molecular weights
below 1.8 kDa are ineffective, thus limiting their potential for
biological applications.*®*® Efforts have been made to
improve the delivery efficiency and biocompatibility of PEI. Li
et al® synthesized fluoroalkane-grafted polyethyleneimine
(F-PEI) for mRNA delivery that promoted intracellular delivery
of mRNA and activated the Toll-like receptor 4 (TLR4)-
mediated signaling pathway. This nanovaccine without
additional adjuvants induced DCs maturation, triggered
efficient antigen presentation and anti-tumor immune
responses, and delayed the growth of established B16-OVA
melanomas. Tan et al.”" prepared B-CD-coupled branched PEI
(2 kDa) to improve the delivery efficacy of mRNA delivery.
This CD-PEI coupler-based mRNA vaccine platform also facili-
tated the escape of mRNA molecules across the plasma mem-
brane and from endosomes, ensuring high transfection
efficiency. Modification of polyethyleneglycol (PEG) to polyca-
tions can reduce cytotoxicity and improve the solubility and
stability of colloidal complexes.”® PEG fragments like a
corona prevent aggregation of the complexes and reduce the
adsorption of serum, thus improving the solubility and stabi-
lity.>® Debus et al.>* first studied the PEG (20 kDa) modified
PEI (25 kDa) for mRNA delivery. The results showed
PEGylation significantly improved colloidal stability but also
reduced transfection efficiency.

Although the stability and delivery efficiency of PEI-based
mRNA vectors can be improved after chemical modification,
the clinical application is still hindered by their non-degrad-
ability and relatively poor biocompatibility. For example,
excessive stability of PEI-mRNA complexes would result in
limited release of their loaded mRNAs, thereby affecting their
translation efficiency. Therefore, it is important to develop
polymeric carriers with good biodegradability and biocompat-
ibility for mRNA delivery. In future studies, when considering
the use of PEI as an mRNA delivery vector, its dosage can be
rationalized to ensure effective cellular uptake and avoid
unnecessary cytotoxicity. In addition, changing the molecular
weight of PEI is also a feasible strategy to reduce cytotoxicity.
Introducing degradable chemical bonds, such as disulfide
bonds, into the PEI structure would provide a pathway for
mRNA to be degraded more readily, thereby reducing the
potential impact on the organism.>> Meanwhile, modification

This journal is © The Royal Society of Chemistry 2024
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of the surface of PEI, for example, through chemical modifi-
cation or physical cross-linking, could enhance its affinity for
the target cells, thereby improving the efficiency of mRNA
delivery.”*>">¢

2.1.2 Polyesters. Polyesters are excellent in biocompatibil-
ity, biodegradability, and biosafety, and have been widely
applied as biomedical materials.”” A variety of polyesters have
been used for mRNA delivery in cancer therapy, such as poly
(lactic-co-glycolic acid) (PLGA), poly(b-amino esters) (PBAEs),
amino polyesters (APEs), and poly(amine-co-ester) (PACE).®

PLGA is a hydrophobic polyester polymerized from lactic and
glycolic acid monomers. The biodegradation rate can be con-
trolled by adjusting the ratio of lactic and glycolic acid and the
molecular weights. With this property, PLGA has been widely
used as a gene carrier materials for disease treatments, includ-
ing cancer.’®® Xiao et al.®" reported the combination therapy of
a suppressor p53 mRNA-loaded PLGA NP with an immune
checkpoint inhibitor (anti-PD-1) for cancer therapy. This strat-
egy induced p53 reprogramming of the TME by NK and CD8 T
cell activation, polarized the predominance of tumor-associated
macrophages (TAMs) to an anti-tumor phenotype, and inhibited
p53-deficient liver tumors growth and metastasis (Fig. 5).

PBAE is a kind of degradable cationic polymer obtained by
Michael’s addition of primary amine or secondary amine and
diacrylate. PBAE can self-assemble in an aqueous solution to
form nanoscale discrete structures that enhance the transfec-
tion of mRNA.®* The surface charge of PBAE can be altered by
changing the side chain and terminal groups to increase the
buffering capacity and promote cellular internalization.®**
PBAE as a vector can be used for reprogramming the TME to
enhance cancer immunotherapy. Neshat and colleagues®
used PBAE vectors for the co-delivery of mRNAs encoding
immuno-stimulatory cytokine interleukin (IL)-12, the co-stimu-
latory signaling 2 molecule 4-1BB ligand, and immunostimula-
tory adjuvants. The flatform induced tumor-associated
antigen-presenting cells (tAPCs) and activated cytotoxic T
effector cells. As antigen-free cancer immunotherapy, the plat-
form utilizes copolymers to control mRNA release and specifi-
cally transfect at TME. This localized treatment dramatically
lowers the risk of systemic inflammation and toxicity as com-
pared to prior tumor immunotherapies (Fig. 6). To achieve the
anti-tumor effect, TAMs can be converted from the M2 to the
M1 phenotype by gene editing,*>®” but it may trigger systemic
inflammation due to non-specificity.®®® To address this chal-
lenge, Zhang et al.”® constructed a PBAE-based system carrying
in vitro-transcribed mRNA encoded with M1 phenotype tran-
scriptional polarizing factors to reprogram TAMs. The system
circumvented the pro-tumor growth and metastatic character-
istics of the M2 phenotype and exerted the anti-tumor effects
of the M1 phenotype, avoiding systemic toxicity (Fig. 7).

APEs are obtained by ring-opening polymerization of lac-
tones using amino alcohols as initiators. Yan et al”" syn-
thesized functionalized APE libraries using a thiol-alkene click
reaction. To improve the stability of mRNA in serum, the tri-
block copolymer F127 was added to protect mRNA. The results
showed that with an increase in the content of the protective

Polym. Chem., 2024,15, 2437-2456 | 2441
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Fig. 5 Illustration of PLGA-based nanotherapeutics loaded with p53 mRNA for combination cancer therapy with an anti-PD-1 immune checkpoint
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coating, the stability of mRNA was enhanced, but the delivery
efficiency was decreased. Therefore, it is necessary to fully
balance the relationship between the protective effect and the
delivery efficiency when designing the mRNA delivery system.
PACEs are synthesized from three monomers by enzymatic
reaction: cationic diol monomer, lactone monomer and diacid
monomer. Their roles are to participate in the primary electro-
static interaction with nucleic acid, stabilize the complex
through hydrophobic interaction, and form biodegradable
ester bonds with the other two monomers.”>”® Endosomal

2442 | Polym. Chem., 2024,15, 2437-2456

other. These properties make precise control of polyesters
loading on mRNA a complex task. Therefore, specific strategies
are needed to address these potential obstacles to ensure that
the mRNA can be stabilized and perform its function under
appropriate conditions. For example, one potential strategy is
to synthesize analogs of specific mRNAs. Such analogs have
complementary base pairing with specific mRNA sequences.
Such a design not only ensures the structural stability and bio-
logical activity of the mRNA, but also enables efficient mRNA
loading in polyesters.”®

2.1.3 Poly(amino acids). Poly(amino acids) are a class of
macromolecules with amino acids and their derivatives as
structural units, which can be prepared by ring-opening
polymerization of amino acid N-carboxyanhydrides. The poly
(amino acids) obtained contain amphiphilic block copolymers,
thus can generate a specialized core-shell structure. In the

This journal is © The Royal Society of Chemistry 2024
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core-shell structure, the hydrophobic core encapsulates the
hydrophobic drug through hydrophobic interactions, and the
hydrophilic shell extends its circulation.”” In the past, poly
(amino acid) molecules have been widely used in cancer
therapy due to their relatively simple synthesis, unique struc-
tural features, and intrinsic bioactivity.”®’® The appropriate
hydrophobicity of poly(amino acids) is essential for the trans-
fection of mRNA loaded on polyplexes.®’ In general, octanol-
water partition coefficient (logP) is usually used as a parameter
of hydrophobicity.®' Yum et al.®* created a series of poly(aspar-
agine) (PAsp) derivatives with different hydrophobicity as
vectors for mRNA delivery. The results showed that the
threshold of the log P of PAsp derivatives that can effectively
transfect mRNA was around —2.4 at pH 7.3. When the log P
was greater than —2.4, the mRNA expression was 1000-fold
different from that when it was less than —2.4. When the log P
of PAsp derivatives is between —1.8 and —1.3, it can be realized
that mRNA reaches the lungs preferentially after systemic
administration.

2.1.4 Dendrimers and other polymers. Dendrimers are a
type of branched macromolecule and are recognized as perfect
carriers for drug and gene delivery,®® benefiting from their
precise and controllable physicochemical properties,*® broad
internal cavity structures,®” and dense surface-active functional
groups.®® Polyamidoamine (PAMAM) is one of the most exten-
sively studied dendrimers. However, the application of PAMAM
as biomedical materials is limited by their toxicity and low bio-
degradability, which is influenced by the type and number of
terminal functional groups. Many efforts have been made to
develop various dendrimers with multifunctionality to
enhance gene delivery efficiency and lower toxicity.*® Joubert
et al.’® modified PAMAM with p-toluenesulfonylarginine modi-
fication, which increased the electrostatic, hydrogen bonding
and hydrophobic interactions, facilitating multiple inter-
actions and fusion with the cell membrane. This process pro-
motes cellular uptake efficiency and endosomal escape

This journal is © The Royal Society of Chemistry 2024

capacity. The modified PAMAM has a low charge density,
which limits its original cytotoxicity. Furthermore, this study
indicates that PAMAM’s fusogenic group modification and
strongly basic peripheral amines are essential for mRNA
delivery.

Lipid-based mRNA delivery systems have been reported to
elicit strong cytokine responses upon systemic adminis-
tration, which may be responsible for adverse reactions
leading to autoimmune lesions or systemic inflammatory
infections.”® In addition to the types of polymers described
in the previous section, several polymeric vectors have been
explored to address the problems of lipid-based mRNA deliv-
ery systems. Huang et al.>> developed a delivery system for
amphiphilic alternating poly(ortho-hydroxy tertiary amine)
(PHTA) copolymers encapsulating mRNA encoding oval-
bumin (mOVA). The abundant hydroxyl groups in the copoly-
mers’ backbone can chelate with metal ions and inhibit the
production of reactive oxygen species (ROS) associated with
inflammation, which makes this delivery system delivered
in vivo without inflammatory side effects. Meanwhile, the
vector successfully delivered mRNA cancer vaccines, which
triggered strong T-cell-mediated anti-tumor cellular immu-
nity, providing a potential approach for establishing potent
mRNA cancer vaccines with a favorable inflammatory safety
profile (Fig. 8).

2.2 Lipopolyplex

Lipopolyplex is a bilayer-structured NP with a polymer-encap-
sulated mRNA as the core and phospholipid as the shell.
When it comes to reducing inflammation in lipid-based
delivery systems to improve safety, lipopolyplex can be an
effective alternative to lipids as they combine the advantages
of increased endocytosis efficiency and reduced cytotoxi-
city.”>®® Kris Thielemans’ group®® studied a lipopolyplex-
based mRNA delivery system. The strategy utilizes naturally
occurring nucleoside (e.g., N1-methylpseudouridine (N1my))

Polym. Chem., 2024, 15, 2437-2456 | 2443
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Tumor suppression efficiency at endpoint compared to PBS group. (f) Hematoxylin and eosin (H&E) stained images of tumor tissues after B16-OVA
tumor-bearing mice received PBS, PHTA-C8/mOVA and PHTA-C18/mOVA, respectively. Scale bar: 100 pm.>® Copyright 2022, Wiley.

modifications to reduce innate sensing of mRNAs, thereby
inhibiting inflammatory cytokine responses. When adminis-
tered systemically, this lipopolyplex platform demonstrated
good hemocompatibility and mostly limited mRNA
expression in splenic antigen-presenting cells (APCs).
Compared with electroporation and lipid-based delivery
systems, immunization with lipopolyplex elicited robust
T-cell immunity and showed greater efficacy in modulating
tumorigenesis. Persano et al.®® encapsulated mOVA in PBAEs’
core, which was packaged in a lipid bilayer shell structure.
These core-shell NPs were taken up by DCs through macropi-
nocytosis and effectively stimulated the expression of inter-
feron-p and IL-12 in DCs. In treating lung metastatic B16-
OVA melanoma, it significantly reduced tumor nodules by
more than 90%. This core-shell structure provides a poten-
tial platform for mRNA vaccine delivery. Lipopolyplexes-
based mRNA delivery systems have made significant
advances in cancer therapy. Moreover, platforms applied to
tumor detection and imaging are also particularly important
when diagnosing cancer. Therefore, developing mRNA deliv-
ery systems that can both image tumors and efficiently
produce functional proteins is a challenging task. Xiong
et al.®® developed a pH-responsive lipopolyplex-based mRNA
delivery system. The system contains PEGylated BODIPY dyes
that were used for non-invasive near-infrared (NIR) imaging.
The study found that the length of PEG modified in the lipid
shell has an effect on mRNA delivery. When PEG length is
between 1000-5000 g mol™", lipopolypexes are protected
from aggregation and non-specific cellular uptake. The study

2444 | pPolym. Chem., 2024, 15, 2437-2456

also demonstrated a relationship between mRNA expression
intensity in vivo and pK, at lipopolyplex. When the pK, is
about 6.3, mRNA can usually produce more protein in the
liver. The optimal lipopolyplex obtained could successfully
mediate mRNA expression in tumors by pH-responsive
NIR imaging while illuminating the tumor. The platform is
expected to become a suitable method for simultaneous
diagnosis and treatment of cancer.

3. Strategies for advanced mRNA
delivery

The key to effective mRNA therapy is efficiently delivering
mRNA to the target site to produce enough aimed proteins.
The off-target of the mRNA will decrease the therapeutic
efficacy and increase the toxicity to normal tissues. Therefore,
when rationally designing the delivery system to protect
mRNA, it is also necessary to consider whether cell-selectivity,
organ-selectivity, and penetration of difficult-to-permeate
tissues can be achieved during its in vivo delivery. Targeting
strategies for polymer-based mRNA delivery systems include
passive targeting, endogenous targeting, and active target-
ing.”® In cell-selective delivery, surface modification is a com-
monly used method to confer targeting capabilities to deliv-
ery systems. In particular, antibodies, peptides, or other
molecules (e.g., ligands) are conjugated to polymeric vectors
to achieve selective delivery to cancer cells, DCs, and T
cells.’® In organ-targeted delivery, the charge of the delivery
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system plays a key role. Serum proteins recognize NPs with
different charges and adsorb them to the surface. This
surface-adsorbed protein interacts with homologous recep-
tors in the target organ to facilitate organ-targeted delivery of
mRNA. For example, ionizable NPs can be targeted to the
liver, cationic NPs to the lungs, and anionic NPs to the
spleen. In hard-to-penetrate tissues, the special physico-
chemical properties of NPs can interact with biological bar-
riers. Because of the interaction, they usually show tissue
enrichment and a strong ability to penetrate (Fig. 9). This
section will discuss advanced strategies for cell-selective,
organ-targeted, and tissue-penetrating polymer-based mRNA
delivery systems.

3.1 Cancer-selective and intracellular delivery

One of the great challenges in cancer mRNA therapy is the
effective targeted delivery of therapeutic genes into cancer
cells. Moreover, the mRNA vectors must be able to cross the
cell membrane and internalize into the cytoplasm for trans-
lation.”” Nanocarriers are modified with tumor-homing
ligands to realize cancer-selective delivery and improve the
internalization rate.”®®® For example, Chen et al.’® developed
a cyclic Arg-Gly-Asp peptide (cRGD)-modified GFP mRNA poly-
meric micelle. This system utilizes the ability of ¢cRGD to
specifically bind to aVB3 and oVP5 integrins overexpressed on
the membranes of tumor vascular cells and tumor cells. The
cRGD-modified polymeric vectors exhibited a 10-fold increase
in tumor accumulation and GFP protein expression in the
tumor compared to those without the cRGD ligands. The intra-
cellular delivery of the gene vectors can be enhanced by
surface chemical modification.

Cell-selective Delivery
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mRNA

View Article Online

Review

APCs process these neoantigens and present them to
effector T cells for triggering and activation.’*>'*> Among
them, DCs are the APCs with the strongest antigen-presenting
ability, which can take up and process antigens such as
tumors or pathogens and deliver them to T cells."®?
Fornaguera et al.'®® prepared an oligopeptide-end modified
PBAEs-based mRNA delivery system. This system utilizes cellu-
lar phagocytosis and endocytosis to selectively deliver NPs to
splenic DCs. Jordan J. Green’s group'® demonstrated that the
addition of lipophilic subunits to the PBAE backbone is critical
for targeted delivery to DCs. A rational explanation may be that
a multitude of innate immune receptors have developed the
ability to identify the hydrophobic segment of the molecule.
Particles with more hydrophobic surfaces may increase DCs
uptake into cells due to interactions with the receptor. Because
of this interaction, it allows for cellular uptake and transfec-
tion of NPs without PEGylation or targeted ligand modification
(Fig. 10).

T cells exert their immune function through lymphatic
vessels and blood circulation,'®® and their differentiation
checkpoints are important for improving cancer immunother-
apy.'®® However, in the treatment of solid tumors, most T cells
cannot effectively enter and activate in tumor tissues.'”’
Therefore, how to deliver mRNA targeting to T cells and
promote their entry into tumors is an urgent problem. To opti-
mize gene delivery for effective regulation of T cells, various
cellular immunotherapies have been proposed, such as chi-
meric antigen receptor T cell (CART) immunotherapy,'®® but
there are still potential side effects such as neurological tox-
icity and cytokine storm.'®>'*® To circumvent the above pro-
blems, Paul A. Wender’s group'"* has developed a new CART-
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Fig. 9 Schematic representation of advanced mRNA delivery strategies.
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fection, representative pictures of DC2.4 cells labeled with lysosome/endosome dye were taken six hours after treatment with NPs expressing Cy5-
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mRNA therapy, namely, charge-altering releasable transporters
based on p-amido carbonate (bAC-CARTSs). The effects of
polymer backbone and side chain spacing on cellular endocy-
tosis have received little attention in previous studies of
CARTs. This system used a polymeric backbone to increase the
spacing and mobility of lipids, which allowed for better fusion
with the cell membrane. The bAC-CARTSs convert the initial
polycationic CARTSs into neutral intermediates, thus enabling
lysosomal escape, release, and subsequent translation of the
loaded mRNA. In addition, polymer side chain spacing may
also affect particle organizing, viscosity, and ion exchange,
thus affecting mRNA release. The results showed that the
system had 97% spleen targeting. In contrast to previous
studies with CARTS, it allows efficient transfection of splenic T
cells without targeted ligands and does not cause adverse
inflammatory responses.

Notably, due to the sieving effect of biological filtration
systems, most NPs are usually engineered to be of the desired
size, resulting in a more pronounced accumulation in the
corresponding organ."'>'"® However, they are not targeted for
delivery to the corresponding cell populations. Therefore, in
addition to focusing on the biodistribution of NPs in organs,
but the fate of NPs in different cells within the organ needs to
be given more attention. In conclusion, the precise delivery of
mRNA to target cells can undoubtedly significantly enhance
drug delivery and effectively reduce potential side effects
caused by off-target effects. However, the realization of such a
targeting strategy is an extremely complex and challenging
process. It involves an in-depth understanding of the structure
and function of different cells, as well as the specific mecha-
nism of endocytosis of NPs by the cell membrane."'*'"> In
addition, multiple intracellular biological barriers such as
endosome escape, mRNA stability, and translation efficiency
need to be overcome, all of which may affect delivery efficiency
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and safety."*®'"” Therefore, despite the potential advantages of

cellular-level targeting, the road to its implementation is still
full of unknowns and challenges.

3.2 Organ-targeted mRNA delivery

The systemic delivery of mRNA to tumors remains a challenge
that has not yet been fully resolved. Various polymer-based
delivery systems have been designed to deliver mRNA to
organs. These polymers may contain many of the accessory
lipids present in normal lipid NPs for mRNA delivery, and they
frequently exhibit comparable properties to lipid systems.'"®
After systemic delivery, polymeric NPs can cause mRNA
expression in different organs. Furthermore, the mechanisms
of polymeric NPs targeting to organs are not well defined. In
general, variations in formulation composition, such as regu-
lating the internal and/or external charge of the NPs, will
affect their expression levels in different organs.™*’

The delivery of circulating NPs to the liver is mediated by
adsorption to the surface of soluble apolipoprotein E (ApoE),
so that NPs encapsulating mRNAs reach the liver
preferentially.’*>'*' An especially useful “molecular sieve” is
the endothelium of the hepatic sinusoids, which allows NPs
smaller than 150 nm to freely enter the Disse space where hep-
atocytes and hepatic stellate cells are located.**'** In contrast,
relatively large NPs are taken up by Kupffer cells surrounding
the hepatic sinusoids. However, delivery to the liver through
the size of NPs alone is not enough, as the precision of delivery
to different cells, tissues, and cancer types in the liver remains
to be improved. Using hepatic tumor-specific peptide-modified
polymeric vectors is an important strategy to achieve liver-tar-
geted delivery."””*'*> Lei et al.'®*® modified polymer micelles
with the hepatocellular carcinoma-specific peptide HCC 167.
The HCC 167-modified micelles had more substantial and
faster cellular uptake than unmodified micelles. This system
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demonstrates that HCC 167 can specifically recognize the alka-
line phosphatase placental-like 2 receptors on HepG2 cell
membranes, forming a high-affinity receptor-ligand complex
for liver targeting.

After systemic delivery, the preferential arrival of NPs to the
liver can result in excessive homing effects in the liver.
Therefore, organ-targeted delivery strategies are particularly
important for optimal efficacy and therapeutic precision.
Daniel J. Siegwart’s group'*”**® proposed a selective organ tar-
geting (SORT) strategy. By rationally designing NPs, different
ratios of variously charged lipids (called “SORT molecules”)
were added to the vector formulation. The results showed that
mRNA-loaded vectors with different charges were reliably and
precisely delivered to the lungs, spleen, and liver of mice,
respectively. Additionally, Zhang et al.'*® created a single-com-
ponent, multifunctional ionizable amphiphilic Janus dendri-
mer (IAJD)-based mRNA delivery system. The fundamental
structure of the hydrophobic region of the IAJD was varied in
this by altering the alkyl lengths, and this contributed to a
90.2-fold improvement in the activity of mRNA targeting deliv-
ery to the liver, lungs, lymph nodes, and spleen. This result
showed that asymmetry in the primary structure of the hydro-
phobic portion of the vector plays a vital role in organ-target
delivery.

Negatively charged polymers and rational modification of
polymer side chains enable targeted delivery of mRNA to the
spleen.”®® However, negatively charged polymers alone are
difficult to electrostatically adsorb and successfully encapsu-
late with similarly negatively charged mRNAs, resulting in
inefficient preparation and delivery. To address this problem,
strategies of zwitterion and charge reversal have emerged. Liu

View Article Online

Review

et al®*® reported a cationic polymer zwitterionic phosphoryl-
ation modification strategy. This modification strategy pro-
duced a serum-stable amphiphilic structure for polyplexes and
introduced hydrophobic alkyl chains to help polyplexes fuse
with endosomal membranes. The incorporation of negative
phosphate groups into the system effectively enhanced the
ability of polyplexes to deliver mRNA targeting the spleen and
lymph nodes. Compared with the unmodified cationic poly-
plexes, the optimal system obtained delivered mRNA with a
39500-fold increase in protein expression (Fig. 11). Shen’s
group’® presents an esterase-triggered deionization strategy for
the design of quaternium lipid-like molecular systems. The
system internalizes into cells via macropinocytosis and the cla-
thrin-related pathway. Since the spleen contains appropriate
levels of esterase, the system remained stable during circula-
tion and was released in the spleen, allowing for spleen-
specific transfection. The system encapsulating mRNA with
tumor antigens induced antigen presentation and immune
response in APCs and demonstrated effective treatment of
melanoma.

After systemic delivery, mRNA accumulates mainly in the
liver and spleen. To realize the delivery of mRNA to extrahepa-
tic organs, further studies on the potential targeting delivery
mechanisms and methodologies are needed. Qiu et al'!
suggested that it is precisely because NPs selectively adsorb
specific plasma proteins upon administration that these
surface proteins can act as ligands to target organs. The route
of administration plays an important role in facilitating the
targeting of NPs to organs.'*? Therefore, combining particular
administration and polymer design will facilitate mRNA organ-
targeted delivery. Tang et al."*® reported an innovative design
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Fig. 11 (a) Schematic representation of phospholipidation action converting cationic polymers into zwitterionic mRNA carriers that are selectively

expressed in spleen and lymph nodes. (b) Chemical structures of representative ZPP polymers at physiological pH. (c) Biodistribution quantification
of representative Cy5-mRNA polyplexes (Cy5-mRNA dose: 0.25 mg kg™3). (d) Representative Cy5-mRNA polyplexes mediate the quantification of
fLuc mRNA expression, mostly in the spleen. (e) Quantification of CD4 T cells, CD8 T cells, B cells and macrophages by flow cytometry of lymph
node cells 48 hours after intravenous injection. (f) Representative in vitro and in vivo organ images of protein expression after delivery of mRNA poly-
plexes (Fluc mRNA dose: 0.25 mg kg™).%¢ Copyright 2021, adapted with permission from the American Chemical Society.
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of dual-targeted mRNA nanoformulations based on PBAE and
hyaluronic acid. The formulation has ideal stability and
efficiently transfects target proteins into lung tissues by inhala-
tion. More importantly, the optimized dual-targeted
mMRNA-NPs efficiently accumulate in lung tumor cells and
inflammatory macrophages, expressing desired proteins like
the p53 tumor suppressor, for therapeutic use and effective
lung tissue transfection. Similarly, Philip Santangelo’s
group* evaluated a PBAE-based NP P76, which efficiently
delivered various mRNAs to the lungs of different animals via
nebulized inhalation. The dose of this delivery system was
greatly reduced compared to previously reported PBAE. The
results showed that the delivery system was safe, well tolerated,
and had high protein expression after mRNA transfection, pro-
viding an idea for inhalable nucleic acid therapy (Fig. 12).

3.3 Tissue penetrating mRNA delivery

NPs-based drug delivery systems usually need to take the
CAPIR five cascade steps (ie. Circulation, Accumulation,
Penetration, Internalization, Release)."*>'*® Analysis of the
in vivo delivery process of NPs reveals that various biological
barriers in organisms often hinder the penetration of NPs. At
the same time, the delivery of NPs in solid tumors often
suffers from low penetration efficiency. Therefore, further
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improving the tissue penetration ability of NPs and enhancing
their therapeutic efficacy are urgent problems for anti-tumor
nanomedicines.

The biological barrier of TME is a big obstacle to the pene-
tration of anti-cancer nanomedicine, which mainly occurs in
the following situations: (1) vascular abnormality of solid
tumors; (2) lymphatic vessel abnormality of solid tumors; and
(3) dense extracellular matrix of solid tumors, which greatly
impede the penetration of anticancer nanomedicine into the
depths of the tumor tissues, and make it difficult for nano-
medicine to exert effective anti-cancer effects. The more
studied strategies to promote tumor penetration of anti-cancer
nanomedicines usually employ regulation of TME and optim-
ization of the physical properties of NPs.'*”*! RNA or RNA-
related liquid-liquid phase separation methods may be used
to provide novel approaches to regulating TME.'** Xing
et al.* introduced cationic polymers into living cells, which
were then combined with negatively charged TGF-f1 mRNA,
and liquid-liquid phase separation occurred, preventing the
translation of TGF-p1 mRNA. As a result, the immunosuppres-
sive ability of tumor cells in TME was reduced, triggering sig-
nificant anti-tumor responses and improving the efficiency of
tumor immunotherapy. In recent years, many advanced strat-
egies to optimize the physicochemical properties of NPs for
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Fig. 12 (a) Schematic representation of dual-targeted mRNA nanoformulations based on PBAE and hyaluronic acid. (b) Immunofluorescence stain-
ing of lung tissue was performed to assess the location of target protein expression. Luc proteins are indicated in pink. (c)

The ex vivo bioluminescence images of different major organs after 24 h of inhalation of the nanoformulations. (d) Quantitative analysis of the lumi-
nous flux emitted by different organs. (e) Fluorescence images of mouse lung tissue sections after inhalation of empty nanoformulations or loaded
p53-mRNA nanoformulations (nuclei, blue; p53 protein, orange). (f) Quantitative analysis of p53 signaling in lung tissue sections after inhalation of
p53-loaded MRNA nanoformulations.** Copyright 2023, National Academy of Sciences.
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enhancing tumor penetration have been proposed, such as the
design of nano-based delivery systems with mucosal
adhesion.**'*> Functional groups, such as amine and sulfy-
dryl groups, can effectively prolong the residence time in
tumor-containing organs, thereby promoting the uptake and
penetration of NPs into tumor tissues. Kong et al.**® modified
the PLGA vector with sulfydryl group to form disulfide bonds
with cysteines in bladder tissue mucus glycoproteins, confer-
ring mucosal adhesion properties to this system. This property
prolonged the exposure of mRNA encoding the tumor suppres-
sor KDM6A to bladder tumors. The system was internalized
into bladder cancer cells via macropinocytosis, effectively inhi-
biting bladder tumor growth and metastasis.

Transcytosis, being an inherent cellular function, has gar-
nered interest as a possible remedy for the drawbacks related
to passive delivery. Transcytosis is a transcellular transport of
molecules facilitated by electrostatic adsorption or receptor-
mediated endocytosis. It has recently been recognized that the
active transport of NPs into solid tumors through transcytosis
is an effective way to overcome the biological barriers of the
blood vessel wall and tumor extracellular matrix.**”"**° Various
transcytosis-based nanocarriers have been developed for
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small-molecule and biomacromolecular drug delivery."** ">
The transcytosis-based strategy may be a promising way for
mRNA delivery.

Nanomedicines also need to penetrate various biological
barriers in the body during delivery, the most challenging is
the brain blood barrier (BBB), as the tight junctions between
cells strictly control substance transportation.'®® Transcytosis-
based gene delivery systems have been developed to overcome
BBB. Following the identification of the BBB’s increased trans-
port mechanism, a thorough investigation into the potential
applications of this route in brain tumor treatment has com-
menced.”™ Liu et al.™ proposed a PEI-poly-i-lysine (PLL)-
erythrocyte membrane-based PTEN mRNA delivery system.
This system specifically bound the low-density lipoprotein
receptor family overexpressed in BBB endothelial and brain
tumor cells, utilizing receptor-mediated transcytosis for BBB
penetration. The erythrocyte surface was doped with ApoE pep-
tides, which further enhanced BBB penetration and GBM cell
targeting. Notably, this system is the first polymer-based
mRNA delivery system to overcome the BBB and achieve brain
tumor cell targeting (Fig. 13). Kumthekar et al.'> developed a
gold NP-based spherical nucleic acid (SNA) delivery system to
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Fig. 13 (a) Schematic diagram of PEI-PLL-erythrocyte membrane-encapsulated mRNA for the preparation of functionalized biomimetic NPs. (b)
Mechanisms of transfection and antitumor induction by BBB-overexpressed receptor-mediated transcytosis at low pH endosomal escape and
mMRNA release. (c) Penetration of this polymer mimetic NPs in 3D U87MG tumor spheroids. (d) Biodistribution of major organs 4 h after intravenous
injection of polymer-mimicking NPs-mRNA or naked mRNA. (e) TUNEL staining of brain tissue from mice on day 20. (f) H&E staining of brain tissue
from mice on day 20.%* Copyright 2023, adapted with permission from Elsevier.
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Table 2 Advanced delivery system improvement strategies
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Advanced delivery Specific site of action Backbone type Targeting strategies Ref.
Cancer-selective and U87 cells cRGD-PEG-PLL-PNIPAM Receptor specific recognition 100
intracellular delivery APCs PBAE Oligopeptide mRNA terminal 103
modification

Splenic DCs PBAE Adjuvant co-delivery 104

Splenic T cells bAC-CART Chemical modification 111
Organ-targeted mRNA delivery ~ Liver DMP Receptor specific recognition 126

Lungs, spleen, and liver LNP SORT strategy 127 and

128
Lungs, spleen, and liver IAJD Primary structure of the 129
hydrophobic fraction
Spleen and lymph nodes ZPP Charge reversal 36
Spleen Quaternium lipid-like Charge reversal 10
molecule

Lung PBAE-PEG Administration by inhalation 133

Lung PBAE Administration by inhalation 134
Tissue penetrating mRNA TME PEI Intracellular mRNA phase 143
delivery separation

TME PLGA Chemical modification 146

BBB PEI-PLL Receptor-mediated transcytosis 13

BBB Gold NPs Receptor-mediated transcytosis 155

Nasal cavity mucous PAsp PCI technology 163

membrane layer

Skin barrier PVP Dissolvable microneedle delivery 168

treat GBM. It was shown that class A scavenger receptors on
BBB endothelial cells facilitate the recognition of siRNA oligo-
nucleotide corona in this system. Subsequently, the SNA pene-
trates the BBB and the tumor via transcytosis. After the SNA
enters the cancer cells, the expression of oncogenes is sup-
pressed and triggers cancer cell death. This study marks the
first nanomedicine that penetrated the BBB by intravenous
injection and entered the Phase 0 clinical study. However,
achieving drug delivery across the BBB remains a major chal-
lenge, and there are few reports of polymer-delivered mRNAs
in this area. The delivery design strategies described above can
serve as references for future polymer research. In addition, we
can also consider coating the polymer surface with peptides
that facilitate BBB penetration or connecting neurotransmit-
ters to act as “guides” when penetrating the BBB.'>>"*”

Many biological barriers in the body cause the efficacy of
mRNA vaccines to be affected by the site and route of adminis-

158

tration.”” Therefore, some strategies administer therapeutic

vaccines directly at or near the disease site."*>"® Intranasal
delivery is widely used in treating brain and lung tumors due
to its specific spatial targeting effect.'?*'6%!%!

major problem in developing intranasal mRNA delivery agents

However, a

is effectively penetrating antigens into the nasal mucosal
layer.'®” Jeong et al.'®® used photochemical internalization
(PCI) technology to generate ROS at specific wavelengths of
light, which destabilizes endosomal membranes along with
cationic polymers. The PCI technology permits polymeric NPs
to penetrate the nasal mucosal layer more efficiently and
deliver the mRNA to the lungs.

In addition to delivering mRNA in vector-encapsulated
form, subcutaneous delivery of naked mRNA is considered
more efficient.’®*°® However, naked mRNA is very susceptible
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platform

to enzymatic degradation during delivery. In addition, the
negative charge of the mRNA makes it difficult to enter the cell
as it experiences electrostatic repulsion at the cell membrane.
Dissolving microneedles are often used as a transdermal medi-
cation delivery platform. The platform is typically made of exci-
pients and water-soluble polymers, allowing mRNA to pene-
trate the skin’s viable layer, break down, and be released."®”"®
Koh et al.*®® demonstrated for the first time that low molecular
weight polyvinylpyrrolidone (PVP) is used for the fabrication of
solubilized microneedle RNApatch and maintains sufficient
stability of the mRNA, with its transfection efficiency increas-
ing with the depth of delivery. The microneedles, when
applied to the E.G7-OVA immunotherapy model, retarded
tumor growth more effectively than subcutaneous injection,
induced equivalent prophylactic cellular and humoral immu-
nity, and showed higher mean antibody titers.

Although some strategies to optimize penetration have been
reported in recent years, their efficacy remains to be improved
due to the specificity of TME and the biological barrier in vivo
(Table 2). Future studies could focus on the nature of TME and
the depth of penetration of NPs across biological barriers.
Bioengineering strategies can be considered to optimize the
design of polymer-based mRNA delivery systems, enhance
penetration of the biological barrier, and improve tissue
targeting.

4. Perspective

Cancer is one of the leading causes of mortality around the
globe. Cancer-related fatalities are anticipated to increase to
13.1 million by 2030.'®® Despite the great efforts made to over-

This journal is © The Royal Society of Chemistry 2024
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come cancer, the results so far have been unsatisfactory.
Traditional cancer treatments include surgical resection,'”®
radiotherapy and chemotherapy.'”*'”> However, existing clini-
cal treatments are unable to effectively deal with metastasis
and recurrence of tumors. Treatments that can completely
reverse and inhibit the growth of tumors have yet to be devel-
oped. Compared with traditional vaccine approaches, mRNA
vaccine technology has many advantages:**'’? (1) shorter
development cycle. (2) Dual immunization mechanism with
inherent immunostimulatory properties and adjuvant action.
(3) Higher safety. Most existing cutting-edge research on
mRNAs is based on lipid-based delivery systems. Several lipo-
somes have entered clinical trials of mRNA vaccines for the
treatment of cancer, such as NCT02410733 and NCT04534205,
etc.'’*"'7° patients currently receiving these therapies do show
encouraging clinical efficacy in studies, but many clinical
trials of mRNA cancer vaccines are still in the early stages of
research. Polymer-based mRNA delivery systems have yet to be
utilized on a large scale in clinical treatments. However, the
system is characterized by simple synthesis, precise and con-
trollable physicochemical properties, and penetration of bio-
logical barriers. Due to these advantages, polymer-based
mRNA delivery systems have a non-negligible potential in
mRNA cancer therapy.

Nevertheless, the application of polymer-based mRNA deliv-
ery systems to the treatment of cancer is still full of challenges.
Within this field, researchers are continuously working to
develop systems that can effectively deliver mRNA to tumor cells.
These systems must comprehensively consider the properties of
polymeric NPs, including the composition, size, stiffness, and
surface charge.''®'?”'”” These properties may affect the physio-
logical state and the immune system. In addition, due to the
tunable and modifiable nature of polymers, the rational design
of polymer-based mRNA delivery systems should emphasize
precise delivery and efficient biological barrier penetration.
Future research on mRNA delivery platforms will continue to
focus on improving efficiency and minimizing side effects for
highly targeted and safe delivery. In order to achieve effective
mRNA delivery, these properties need to be finely regulated.
These regulations should ensure that the mRNA can safely pene-
trate the biological barrier and ultimately reach the inside of the
tumor cell to fulfill its therapeutic role. The designing and in-
depth understanding of NP properties is critical, as they directly
impact mRNA delivery efficiency and safety.

Meanwhile, designing polymeric NPs that can successfully
penetrate physiological barriers is essential, but addressing
the associated challenges cannot be ignored. For example, the
understanding of the interactions between polymeric NPs and
complex TMEs remains incomplete.'”® Since tumor tissue is a
highly complex and heterogeneous microenvironment charac-
terized by hypoxia, abnormal vascular system, dense extracellu-
lar matrix, overexpression of immunosuppressive proteins and
abnormal metabolic regulation.””® Therefore a deeper
understanding of the behavior of polymeric NPs in complex
physiological barriers could provide potential strategies to
improve their mRNA delivery efficiency.

This journal is © The Royal Society of Chemistry 2024
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In cancer treatment, precision and personalized therapies
have been important trends in medicine in recent years. This
brings more efficient and targeted treatment options for
cancer patients."®® With the rapid advancement of genome
sequencing technology and the cross-application of big data
science, the concepts of precision medicine and personalized
treatment are gradually gaining popularity.'®"*®> The core of
precision medicine is the “three right things”: the right
patient, the right dose, and the right drug. This means that
treatment needs to be patient-specific, using the right dose of
the right drug. Through genetic sequencing, it is possible to
find the target of a cancer patient’s genetic mutation and then
use targeted drugs for precise treatment. Several studies have
been reported on the use of nanomaterials for precision
medicine.'®™'% For example, Siemer et al'® used compu-
tational modeling and sequencing techniques to determine
the mechanism of cisplatin resistance in head and neck
cancer tumor cells. Poly(sarcosine)-based polymeric NPs
loaded with cisplatin were constructed for the purpose of over-
coming drug resistance. In the future, mRNA delivery techno-
logies can be considered to provide strong support for person-
alized treatment options. In particular, polymer-based mRNA
delivery systems can precisely deliver specific mRNA molecules
into tumor cells, thus enabling targeted therapy against
specific gene mutations. This treatment modality has the
potential to significantly improve therapeutic efficacy and
reduce side effects.

In this review, significant advances in polymer-based
mRNA delivery systems were elucidated. Past and ongoing
studies have demonstrated that polymer-based mRNA deliv-
ery systems have great potential for clinical applications.
Additionally, advanced delivery strategies are also discussed,
which can inform the design of future polymer-based delivery
systems to achieve precise targeted delivery. However, to
realize the potential for truly effective clinical translation of
polymer-based mRNA delivery systems, the delivery chal-
lenges mentioned above must be addressed through sus-
tained research.
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