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Polymer-Based mRNA Delivery Strategies for Advanced
Therapies

Wenqian Yang, Lucas Mixich, Eger Boonstra, and Horacio Cabral*

Messenger RNA (mRNA)-based therapies offer great promise for the
treatment of a variety of diseases. In 2020, two FDA approvals of
mRNA-based vaccines have elevated mRNA vaccines to global recognition.
However, the therapeutic capabilities of mRNA extend far beyond vaccines
against infectious diseases. They hold potential for cancer vaccines, protein
replacement therapies, gene editing therapies, and immunotherapies. For
realizing such advanced therapies, it is crucial to develop effective carrier
systems. Recent advances in materials science have led to the development of
promising nonviral mRNA delivery systems. In comparison to other carriers
like lipid nanoparticles, polymer-based delivery systems often receive less
attention, despite their unique ability to carefully tune their chemical features
to promote mRNA protection, their favorable pharmacokinetics, and their
potential for targeting delivery. In this review, the central features of
polymer-based systems for mRNA delivery highlighting the molecular design
criteria, stability, and biodistribution are discussed. Finally, the role of
targeting ligands for the future of RNA therapies is analyzed.

1. Introduction

The delivering of messenger RNA (mRNA) is a versatile and pow-
erful approach for next-generation therapies.[1] The recent ap-
proval of two mRNA-based vaccines for COVID-19 is a testament
of the potential of this strategy holds.[2] For successful mRNA-
based treatments, mRNA must reach the cytosol of cells and en-
gage with the translation machinery to produce therapeutic pro-
teins they encode. However, mRNA is rapidly degraded by nu-
cleases, has limited cellular uptake, and inherent immunogenic-
ity on its own.[1,3] For that reason, the development of safe and
effective vehicles is essential for the application of mRNA as a
therapeutic agent.
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Various types of vectors are being devel-
oped for mRNA delivery.[1,4] Common chal-
lenges of these vectors relate to increas-
ing translation efficiency, promoting ad-
vantageous pharmacokinetic profiles with
high mRNA stability, achieving tissue and
cellular selectivity, and employing simple
manufacturing and storage. Viral vectors
have shown outstanding properties for de-
livering mRNA, such as in vivo applica-
tion and high translation rates.[5] However,
they are limited by their maximum pack-
ing size, cytotoxicity, immunogenicity and
intricate manufacturing.[6] Nonviral vectors
based on biocompatible materials have po-
tential for overcoming the drawbacks of
viruses through precise engineering of their
nanostructure. These nonviral carriers are
mainly prepared from lipids, polymers, and
their combinations.[4,7] Lipid nanoparticles
(LNPs) are at the forefront of clinical trans-
lation, showing high delivery efficiency.

mRNA formulated in LNPs can be delivered to several organs
and cell types, leading to a variety of therapeutic applications, for
example, vaccines for cancer and infectious diseases.[1,2,8] These
advanced studies have demonstrated the safety and high transla-
tion ability of lipid carriers, but also identified limitations, such
as thermostability issues that correspond with expensive cold
chains and logistics,[9] and in many cases tropism to the liver.[10]

While polymer-based mRNA delivery systems are less advanced
in the clinic than lipids and show certain challenges, such as
relatively low transfection efficiency and potential toxicities,[11]

they have potential for providing unique features, such as the as-
sembly of various nanostructures in aqueous conditions, ability
of lyophilization and long-term storage,[12] and distinct pharma-
cokinetics that could be useful for developing advanced mRNA
therapies. However, it is important to note that precise engi-
neering of the polymers, controlled chemical structure, and high
batch-to-batch reproducibility are key features for the translation
of polymer-based mRNA delivery systems into therapeutics. In
this regard, not all polymer-based systems may satisfy the above-
mentioned properties, and thus, may not be suitable for clinical
application.[13] In our work, we discussed the unique strengths,
advantages, and disadvantages of polymer systems. In every sys-
tem, when the data were available, we discussed the polymer
structure, in vitro and in vivo stability, biodistribution, and out-
comes of the in vivo studies. We also reviewed current ligand
strategies capable of translation efficacy, and cellular and tissue
targeting by improving selectivity and intracellular delivery.
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2. Current Designs

A variety of polymeric structures have been suggested for deliv-
ering nucleic acids. Major approaches include polyplexes, steri-
cally stabilized polyplexes, and polymeric micelles. Particularly,
polymer-based approaches have shown capability for enhanc-
ing the delivery of different nucleic acids by protecting them
from degradation and promoting cellular uptake and endoso-
mal escape. Along with the development of new synthetic poly-
mers, routes of administration have been expanded besides par-
enteral (intravascular, intramuscular, subcutaneous, and inhala-
tion administration) administration, and several studies have
even demonstrated oral delivery of nucleic acids using polymeric
nanoparticles.[14] In this section, we will introduce each design
and highlight recent strategies for delivering mRNA toward in
vivo application.

2.1. Polyplexes

A simple form of polymeric cargo-carrier complex consists of a
usually spherical particle made up from polymer molecules en-
gaging in electrostatic interactions with negatively charged nu-
cleic acids. These complexes, termed polyplexes, have been ex-
tensively studied and reviewed as delivery systems for DNA and
RNA-based drugs. In this section, we give an overview of poly-
meric carriers used to form polyplexes for mRNA delivery. More-
over, we examined the strategies to adapt them to suit the specific
needs for this class of nucleic acid.

2.1.1. PEI

Poly(ethyleneimine) (PEI) (Figure 1) is one of the most widely-
used cationic polymers for nucleic acid delivery.[15] PEI is known
for its strong cationic properties contributing to efficient endo-
somal disruption.[16] More specifically, PEI has been reported to
form relatively large pores in biological membranes at endoso-
mal pH conditions, promoting the escape of PEI-based carri-
ers from endosomes.[17] However, this is paired with concerns
of poor biocompatibility due to excess cationic charge and lack
of biodegradable bonds[18] (Table 1). PEI is toxic, causing necro-
sis, apoptosis, and inflammation.[18a,19] For most mRNA-based
therapeutic strategies, such as vaccination and protein replace-
ment, the cellular damage and the reduction of the cell viability
are critical issues. Thus, major efforts have been dedicated to re-
duce the toxicity of PEI, such as tuning the dose and the molec-
ular weight, introducing degradable disulfide bonds in the PEI
structure in the PEI structure[18b] and modifying the surface of
PEI-based polyplexes.[20] Appropriate in vitro models of toxicity
are essential for anticipating the in vivo safety of the engineered
polyplexes. In this regard, it is important that the in vitro mod-
els ponder the biodistribution of polyplexes and the area under
the concentration–time curve (AUC) of the polycations in the tis-
sues, as the toxicities can depend on the cell type, and the dose
and time span that the tissues are exposed to the polyplexes,
respectively. Additionally, excessive stability of PEI-RNA com-
plexes has been reported to impair translational efficiency due
to limited release from the complex.[21] For the delivery of RNA,
PEI has been used to form polyplexes as-is[22] or with modifica-

tions to optimize physical characteristics, tolerability, and deliv-
ery efficiency.[20b,23] Specifically, modulating the hydrophobicity
or molecular weight of PEI has resulted in more favorable RNA
delivery performance.[24] Incorporating stearic acid blocks into
PEI showed improved transfection in antigen-presenting cells
(APCs) and reduced toxicity, resulting in enhanced anti-HIV1 gag
protein immune responses with high antigen-specific antibody
secretion and pro-inflammatory cytokine production.[25] Simi-
larly, deoxycholic acid-conjugated PEI was used to deliver mRNA
into brain. The deoxycholic acid-PEI/mRNA polyplex could pro-
tect mRNAs from fourfold excess heparin attack and RNase at-
tack up to 60 min, resulting in higher mRNA transfection after
local injection in the brain compared to larger PEI variants and
lipofectamine.[26] While the applicability of PEI for systemic de-
livery remains limited, with reports of lung and liver embolisms
when polyplexes were formed with linear PEI and DNA.[27] How-
ever, PEI-based nanoparticles modified with various PEG termi-
nal groups enable targeted delivery to the lungs, despite show-
ing decreased stability against heparin than PEI polyplexes. Es-
pecially, PEI polyplexes modified with PEG chains having amino
or glycine terminal groups showed the highest gene expression
level in the lungs[28] (Figure 2a). These results indicate the impor-
tant role of the PEG coating on the performance of polyplexes, as
well as spur further work for fully understanding how the termi-
nal group of PEG influences mRNA delivery. Still, most reports
of mRNA delivery using PEI focus on applications with local in-
jections, such as vaccines (Table 2).[23b,24b,29]

2.1.2. Poly(amino acid)s

Poly(amino acid)s such as poly(lysine) have long been used for de-
livering various nucleic acids (Figure 1).[30] More recently, poly(L-
lysine) (P(Lys)) has also been modified with weak basic groups
such as histidine to improve endosomal escape[31] (Table 1).
Dirisala et al. employed P(Lys) and poly(L-ornithine) (P(Orn))
to form a polyplex with mRNA, using an anionic derivative of
poly(aspartic acid) as a charge conversion polymer, protecting
mRNA in 50% FBS and facilitating endosomal escape.[32]

Cationic polymers consisting of N-substituted
poly(aspartamide)s (P(Asp)) with varying numbers of side
chain amines represent a safer alternative to simple polycations
like PEI, due to their biodegradability and endosomal escape
capacity[33] (Table 1). The variation in the protonation status
of side chain amines under different pH conditions[34] is a
key factor that affects their buffering capacity and endosomal
escape.[34,35] Optimizing the number of amines in the side-chain
has resulted in efficient mRNA delivery, with odd-numbered re-
peats outperforming even-numbered side-chain amines.[34] The
effect of the side-chain structure on translation efficiency was
also studied, revealing that binding efficiency with translation
initiation factor eIF4E was affected by the number of aminoethy-
lene repeats.[36] In a similar trend to PEI, modulations of the
biodegradability and hydrophobicity of the polymeric carrier
have recently been carried out (Figure 1).[37] The R-modified
PAsp(DET/R)s polyplexes with logD7.3 > − 2.4 were more
stable in 10% FBS, allowing higher in vitro transfection. The
R-polyplexes with logD7.3 between −1.8 and −1.3 enable in vivo
mRNA delivery to the lungs after i.v. injection.[38] Poly(amino
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Figure 1. Overview of design elements of polymeric mRNA carriers to improve delivery efficiency (The full name of polymers can be found in the main
text.).

acid)s thus represent a promising class of polymeric delivery
systems for mRNA capable of both local and systemic mRNA
delivery (Table 2).

2.1.3. Polyesters

Poly(lactic-co-glycolic acid) (PLGA) is an FDA-approved polyester
widely used for drug delivery.[39] It is an attractive candidate for

gene delivery formulation because of its biodegradability through
hydrolysis of ester linkages, its noncytotoxic degradation prod-
ucts, small size, structural integrity, stability, facile preparation,
and adaptability of PLGA nanoparticles (Figure 1) (Table 1).[40]

However, several issues have been identified for formulating
PLGA-based carriers for nucleic acids. For example, formation
and loading of particles can be inefficient and damaging to the
DNA and hydrolysis can lower pH inside the particle to 1.5,
potentially resulting in DNA hydrolysis.[41] Moreover, as PLGA
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Table 1. Summary of the advantages of disadvantages of representative types of polyplexes for mRNA delivery.

Type of polymer (Examples)a) Advantages Disadvantages

PEI Efficient endosome escape Charge-dependent toxicity; poor biocompatibility; lack of
biodegradable bonds

Poly(amino acids) (P(Lys), P(Orn), P(Asp)) Biodegradability; endosomal escape capacity Charge-dependent toxicity

Polyesters (PLGA, PBAE, PACE) Biodegradability; facile synthesis monomer availability No cationic charge; inefficient loading

Natural polymers (Chitosan, Protamine) Biodegradability; Biocompatibility Low batch-to-batch variability

RAFT polymer (DMAEMA) Easy production; well-controlled side chain moieties Charge-dependent toxicity

Dendrimers (PAMAM) Good water solubility; stability against hydrolysis;
tunable degradation

Charge-dependent toxicity especially in high generation of
PAMAM; difficulty in synthesizing high molecular weight

a)
The full name of polymers can be found in the main text.

alone does not possess the necessary cationic charge to complex
nucleic acids at neutral pH, it has been modified with cationic
groups, such as chitosan, PEI, or cetyltrimethylammonium bro-
mide (CTAB).[42] The approach has been successfully used in
vivo for delivering nuclease-encoding mRNA, resulting in site-
specific genome editing.[43] In another study, the intratracheal
and intravenous delivery of chitosan-coated PLGA nanoparti-
cles was compared in a mouse model of cystic fibrosis.[44] The
nanoparticles loaded a chemically modified mRNA encoding the
transmembrane conductance regulator (CFTR). The i.v. injection
increased the nanoparticle accumulation in the lungs compared
to the intratracheal injection, allowing significant improvement
of the lungs function.[44] Such differences of nanoparticle deliv-
ery after intratracheal and intravenous delivery may be related to
the size and charge of the nanoparticles, which would affect the
accessibility of the carriers to tissues. Probably, intratracheally in-
jected nanoparticles may have not been able to reach the cells in
the airways of mice due to retention in the severe mucus barrier
of cystic fibrosis. On the other hand, after intravenous injection,
the nanoparticles with positively charge surface would allow for
accumulating in the lung capillaries.

Because of their biodegradability, poly(𝛽-amino ester)s
(PBAEs) are considered a safe alternative for nucleic acid deliv-
ery (Figure 1).[45] Another advantage is the facile synthesis and
monomer availability, enabling the generation of a library of dis-
tinct polymers (Table 1). Initially, PBAEs were screened for DNA
transfection ability, revealing a trend of hydrophobic polymers
performing best.[46] Further side-chain optimization for use
with mRNA resulted in significantly enhanced delivery to the
spleen than Jet PEI after systemic administration,[47] which offer
advantages for cancer immunotherapy with antigen-encoding
mRNAs. Combining the PBAE polyplex with PEG–lipid to form
polymer–lipid nanoparticles further permits tunable targeting
of other organs such as the lungs or the liver[48] (Figure 2b). A
formulation without lipid consisting of a PBAE/mRNA poly-
plex coated with antibody-conjugated polyglutamic acid for
cell targeting enabled the in situ generation of CAR-T cells
after intravenous infusion,[49] which supports the potential
for working in vivo without the need of having lipids in the
formulation. Hyperbranched PBAEs/mRNA polyplexes also
achieved uniform mRNA distribution in the lungs.[50] Based
on this platform, nebulized formulations of hyperbranched
PBAE loading Cas13a mRNA and guide RNA showed high
translation and gene editing efficiency in the respiratory tract

to treat SARS-CoV-2 and influenza infections.[51] Even though
there are several studies on the PBAE system with encouraging
results, little is known about how these nanoparticles protect
mRNA in physiological conditions. Such information would be
useful for predicting the potential for other applications.

Polyester-based carriers were also used for a structure opti-
mization study focused on mRNA delivery.[52] Results indicated
that adapting molar ratio and alkyl chain length allows for se-
lective delivery to either lungs or spleen after intravenous injec-
tion. Moreover, mRNA delivery to the lungs or spleen in mice
could be tuned by optimizing the surface-modification of poly-
plexes based on poly(amine-co-ester) (PACE) with PEG.[53] From
dynamic light scattering (DLS) measurements, the size of the
mRNA polyplex was found to be stable in 10% FBS with a PACE-
PEG content as low as 0.25%. On the other hand, in vivo stud-
ies used formulations with higher PEG content (5%). Besides
studying the size stability of the polyplexes, elucidating the ef-
fect of PACE-PEG content on the stability of the mRNA payload
would allow further optimization of the nanocarriers for in vivo
application.[53] Evidently, polyester-based polymeric carriers are
suitable for mRNA delivery both in vitro and in vivo, with similar
trends to other polymer-based systems in terms of optimization
of polymer hydrophobicity and targeting of lungs and spleen af-
ter systemic administration (Table 2).

2.1.4. Natural Polymers

Other than synthetic carriers, polymers found in nature have also
attracted attention as nucleic acid vehicles due to their inher-
ent biocompatibility (Table 1). Chitosan is a polysaccharide de-
rived from chitin which is able to interact electrostatically with
nucleic acids. Due to these properties, it has been investigated
for its potential in the delivery of genetic material.[54] For mRNA
delivery, chitosan is generally combined with other materials
to improve stability and delivery such as with PLGA to deliver
nuclease-encoding mRNA.[43] The combination with hyaluronic
acid is used for its ability to ameliorate cellular uptake and stabil-
ity, leading to favorable transgene expression in vitro, especially
at slightly acidic pH (pH 6.4–6.5).[55] The results also showed
that an increase in molecular weight and deacetylation degree of
the chitosan was beneficial for protecting mRNA against heparin
attack.[55a] Similarly, addition of poly(2-propylacrylic acid) to in-
crease endosomolytic capacity resulted in transfection efficiency
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Figure 2. a) PEI-g-PEG/mRNA nanoparticles with various PEG terminal groups and PEG grafting ratios deliver mRNA to pulmonary immune cells.
Adapted with permission.[28] Copyright 2020, American Chemical Society. b) Fine-tuning of PBAE-derived polymers with hydrophobic side chain and end-
cap allows for systemic mRNA delivery to the lung and the liver. Adapted with permission.[48a] Copyright 2022, American Association for the Advancement
of Science (AAAS).

similar to lipid control.[56] In vivo, protein-coated polyplexes of
chitosan and mRNA have been successfully used as a vaccine
against avian influenza viruses.[57]

The use of protamine, a category of naturally occurring
arginine-rich polypeptides, for RNA delivery goes back as far as
1961.[58] Its natural ability to condense nucleic acids make it an
attractive candidate as an RNA vehicle. It has thus been applied
as the basis of many drug delivery systems.[59] Particularly, the

ability of mRNA complexes with protamine to stimulate the im-
mune system has led to the development of protamine-based
mRNA vaccines.[60] The Tuebingen-based company CureVac has
developed a proprietary mRNA platform using a mixture of 50%
non-chemically modified mRNA and 50% mRNA complexed
with protamine.[61] This technology platform is a lyophilized,
temperature-stable formulation that is stable at 5–25 °C for 36
months and at 40 °C for 6 months. This formulation with mRNAs
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encoding tumor-associated antigens has shown promise in the
context of therapeutic mRNA cancer vaccines of melanoma,[62]

non-small cell lung cancer (NSCLC) (CV9201 and CV9202)[63]

and prostate cancer (CV9104)[64] in preclinical and clinical stud-
ies. After intradermal injection of CV9201 vaccines, 63% of the
patients with NSCLC reacted against the administered mRNA
antigen and 27% had an antigen-specific T-cell response.[63a] Nev-
ertheless, clinical trials for CV9104 and CV9201 eventually failed
to improve overall survival compared to historical controls,[63a,65]

which may be a result of tumor-induced immunosuppression.
Based on these results, the company further combined CV9202
vaccines with immune checkpoint inhibitors,[63b] which is under-
going phase 1/2 studies, with results yet to be published. Fur-
ther results have demonstrated the proof-of-concept of mRNA
for a rabies vaccines using the cationic protamine formulation
(CV7201).[66] Preclinical studies in mice and pigs have estab-
lished that this vaccine could induce specific, long-lived, and
protective adaptive immunity by intradermal and intramuscular
injection.[67] Further clinical research demonstrated that it was
able to induce rabies antibodies in humans.[66] However, the com-
pany has since shifted focus to the use of lipid-based carriers
(CV7202) since the induction of adequate immune responses by
the protamine-based platform was dependent upon the mode of
administration and required specialized devices.[68]

While the ability to create a consistent pharmaceutical drug
substance is imperative for successful clinical application, both
chitosan and protamine, as well as other products derived from
natural materials, may present limitations in clinical transla-
tion due to batch-to-batch variability. Indeed, small differences in
molecular weight can significantly impact the delivery efficiency
of RNA for both chitosan and protamine.[13] Overall, applications
of natural polymers for mRNA delivery have hitherto been lim-
ited to local administrations such as vaccines, but with optimiza-
tions in stability may be amenable to systemic delivery as well
(Table 2).

2.1.5. Other Polymers and Dendrimers

Besides the abovementioned polymers, other polyplex exam-
ples can be found in the literature. Among them, polymers
prepared from reversible addition-fragmentation chain-transfer
(RAFT) polymerization are particularly useful for easily produc-
ing copolymers with controlled side chain moieties (Table 1).
For example, research on polymeric delivery systems based
on dimethylaminoethyl methacrylate (DMAEMA) has shown
promising features for nucleic acid delivery.[69] While being
originally conceived for siRNA and other oligonucleotide drugs
(Figure 1),[69] DMAEMA copolymers can be applied to mRNA
delivery. Notably, DMAEMA copolymers forming polyplexes
with mRNA were optimized for molecular weight and hy-
drophobicity to attain a balance between cytotoxicity and in
vitro transfection efficiency, outperforming the standard PEI.[70]

Moreover, mRNA polyplexes could be modified with ligands that
can promote intracellular delivery and translation. For example,
polyplexes formed with poly((carbonic acid 2-dimethylamino-
ethyl ester 1-methyl-2-(2-methacryloylamino)-ethyl ester)-N-[2-
(2-pyridyldithio)]ethyl methacrylamide-azidoethylmethyacryl)
p(HPMA-DMAE-co-PDTEMA-co-AzEMAm) copolymers and

decorated with membrane-disruptive GALA peptides aug-
mented cell uptake and endosomal escape in dendritic cells.[71]

The effect of introducing ligands on the efficiency of the delivery
is covered in Section 2.4.

Dendrimers, which are a class of polymeric molecules branch-
ing out to form a spherical structure, are also good candi-
dates for nucleic acid delivery thanks to their excellent stability,
solubility, and inherent multivalency of functional groups (Ta-
ble 1). Poly(amidoamine) (PAMAM) is one of the most stud-
ied dendrimers.[72] As with PEI and PLL, PAMAM dendrimers
exert in vitro cytotoxicity due to a relatively open network with
cationic groups.[73] 2.0 generation PAMAM dendrimers without
modification were found to be cytotoxic at concentrations above
700 × 10-6 m. Higher-generation dendrimers may have hemolytic
toxicity due to the greater overall cationic charge.[74] Neverthe-
less, some general trends are clear. PAMAM can be function-
alized easily by engineering surface functional groups, modify-
ing core and branching, which might help to balance efficiency
and toxicity.[75] While PAMAM has been used for the delivery of
siRNA[76] and pDNA,[77] it has yet to be successfully used by itself
for mRNA delivery.[78] However, by combining a modified PA-
MAM dendrimer with PEG-lipid, a replicon RNA-based vaccine
was developed that provided protective immunity against sev-
eral pathogens.[79] Bioreducible poly(cystamine bisacrylamide-co-
4-amino-1-butanol) (pABOL) was also used to formulate self-
replicating RNA, a protein-encoding RNA about 10-fold larger
than a typical mRNA. The polymer was effectively applied in
vivo, and the results showed that an increase in molecular weight
of the polymer was beneficial for promoting transfection effi-
ciency at the injected site after intramuscular and intradermal
injection.[80] Moreover, a study using a library of copolymers con-
sisting of poly(2-ethyl-2-oxazoline) and PEI showed that the poly-
mer molecular weights must be optimized depending on the car-
ried nucleic acid, with large RNAs, such as self-amplifying RNAs,
requiring longer polymer chains.[81] However, stability tests of
nanoparticles to protect mRNA under physiological condition are
not available in these studies. Polyplex stability in physiologi-
cal condition should be taken into consideration in optimizing
molecular weight for efficient polymer-based mRNA therapies.

2.2. Sterically Stabilized Polyplexes

Since charge-neutral polyplexes are likely to aggregate and pre-
cipitate, polyplexes are usually stabilized under excess cationic
polymers ([amine groups in polymer (N)]/[phosphate groups in
RNA (P)] (N/P ratio) >1). The positively charged polyplexes have
shown potential to improve cellular uptake through interaction
with negatively charged cell membranes.[82] Meanwhile, high-
density surface positive charges are also associated with the ob-
served toxicity[17,83] and poor colloidal stability under physiologi-
cal conditions due to interaction with negatively charged serum
proteins such as albumin.[84] Thus, they are largely limited to lo-
cal applications in vivo. Therefore, the surface of the polyplexes
is typically modified with hydrophilic and biocompatible poly-
mers for in vivo application because such modifications can limit
the ion exchange with anionic proteoglycans on the cell mem-
branes and also reduce interaction with serum proteins.[85] A
very potent and commonly used hydrophilic polymer to protect
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the payload from the exterior environment is PEG. PEG is an
FDA-approved biocompatible material, which has been widely
used in the pharmaceutical field to prolong the blood circula-
tion time of proteins and reduce their immunogenicity.[86] How-
ever, PEG shielding can reduce the cellular internalization of
nanoparticles; the so-called “PEG dilemma.”[87] Nevertheless, in
the case of negatively charged nucleic acid, the cellular uptake
is even lower due to the electrostatic repulsion with the nega-
tively charged cellular surface.[88] Moreover, electrostatically me-
diated nanoparticles may undergo ion exchange with anionic gly-
cosaminoglycan components of the cell membrane surface, lead-
ing to nanoparticle dissociation and impaired uptake.[89] Steri-
cally stabilizing polyplexes by PEGylation provides improved re-
sistance against polyanion attack in biological settings, particu-
larly in vivo. For example, poly(amine-co-ester) PACE polyplexes
showed different biological activity and biodistribution after be-
ing modified with different PEGs. Thus, high concentration of
PEG (>1%) decreased mRNA transfection efficiency of PACE
polyplexes in vitro, but improved local delivery of mRNA to the
lung[53] (Table 2). These results are consistent with previous stud-
ies of PEGylation on DNA transfection,[90] which showed that
in vitro screens of optimal PEG content correlate poorly with
in vivo results. Moreover, another study using a PEG-modified
PEI system showed that PEI polyplexes with PEG grafting ratios
of 0.5% achieved high gene expression levels in the lung after
systemic administration[28] (Table 2). More recently, a study us-
ing poly(N,N′-bis-(acryloyl)cystamine-poly(aminoalkyl)) (PBAP)-
based polymers for delivering a variety of negatively charged
payloads, including mRNA,[91] demonstrated that the mRNA
polyplexes modified by host-guest chemistry with a PEG-PBAP-
PEG-bearing adamantane achieved high stability in 10% FBS-
containing cell culture media and 4% BSA solution[91] (Table 2).
Importantly, the modification of polyplexes with PEG–lipids has
also shown that it is possible to tune mRNA delivery to the lungs
or liver[48] (Table 2).

2.3. Block Copolymer-Based Delivery Systems

Block copolymer systems allow self-assembling mRNA-loaded
micelles by engineering the shielding and core-forming blocks.
The most common systems are based on catiomers having a hy-
drophilic neutral segment and a cationic block for complexing
with mRNA. When catiomers are mixed with mRNA in aque-
ous conditions, they spontaneously self-assemble into polymeric
micelles having mRNA incorporated in the core.[88,92] As dis-
cussed in Section 2.2, the addition of a PEG shell decreases
cellular uptake, endosomal escape and transfection efficiency.
These issues could be solved by developing systems with PEG-
sheddable function. For example, PEG-sheddable systems with
stimuli-responsive linkages, such as pH[93] and enzyme-sensitive
linkers,[93b] have been shown to improve intracellular delivery. In
the following sections, we describe the key parameters for con-
structing effective shell and mRNA-loading components.

2.3.1. Engineering Shielding Domains in Block Copolymers

Shielding domains of block copolymers have been mainly based
on PEG. PEG blocks can yield strong protection of the mRNA

payload from nuclease digestion and avoid toll-like-receptor
recognition in host immune cells.[94] Since PEG can be synthe-
sized with a wide range of molecular weights (MW), optimiz-
ing the MW of PEG is vital for designing efficient formulations.
It was found that the PEG length range varies among different
categories of delivery systems. In lipid-based or polymer–lipid
hybrid mRNA nanoparticles, the molecular weight of the PEG
can vary from 350 to 3000 Da,[95] and PEG-lipids with a MW
of around 2000 Da are usually incorporated into the formula-
tions together with cationic or ionizable lipids and cholesterol to
achieve high colloidal stability and improve in vivo mRNA de-
livery efficiency.[4b,48b,79,96] Of note, this length of PEG may not
be enough for assembling effective mRNA-loaded polymeric mi-
celle systems. The effect of the PEG shell of polymeric micelles
on pDNA and siRNA delivery has been investigated.[97] The ef-
fect of the PEG crowding on the plasmid DNA transcription in a
cell-free system was studied in PEG-PLys block copolymers.[97b]

PEG-PLys having a fixed P(Lys) degree of polymerization (DP)
of around 70 and PEGs of 12 and 21 kDa showed appreciable
efficiency compared to polymers with PEGs of 30 and 42 kDa,
which is in good agreement with the reduction of protein ad-
sorption mediated by PEG. The 30 and 42 kDa PEGs present
an adequate level of PEG crowding to effectively reduce protein
adsorption (⟨L⟩/2Rg below 0.47; ⟨L⟩ means the closest distance
between tethering PEG sites, and Rg is the radius of gyration
of PEG).[98] The effect of the PEG shell on micelles for prevent-
ing adsorption of biological compounds in blood was evaluated
in systems based on PEG-PLys using intravital real-time confo-
cal laser scanning microscopy (IVRTCLSM). The results showed
that better blood circulation was observed for pDNA PEG-PLys
micelles with PEG in a squeezed conformation.[97c] Another
study exploring the effect of the PEG shell on siRNA delivery
efficiency indicated that increasing the PEG MW incorporated
into diblock polymer poly[dimethylaminoethyl methacrylate-b-
(dimethylaminoethyl methacrylate-copropylacrylic acid-co-butyl
methacrylate)] (poly[DMAEMA-b-(DMAEMA-co-PAA-co-BMA)])
from 5 to 20 kDa could prevent aggregation and adsorption to
blood components, leading to increased circulation time for sys-
temic siRNA delivery.[97a]

As discussed in the previous section, N-substituted polyas-
partamides (P(Asp)) with varying number of aminoethane re-
peats offers a significant endosome escape capacity[34] and safe
profile due to its self-degradation property in physiological
conditions.[99] Incorporating PEG blocks into (P(Asp))-based sys-
tems has proven beneficial for in vivo delivery of mRNA. Com-
pared with P(Asp(DET)) polyplexes, PEG-P(Asp(DET))-based
(Figure 1) polymeric micelles (MWPEG: 12–23 kDa) suppressed
the immune responses, resulting in high transfection in central
nervous system,[94a] nasal cavity,[100] liver[101] and knee joint[102]

(Table 3). More recently, the same system further demonstrated
the potential to co-encapsulate Cas9 mRNA and sgRNA for gene
editing in the murine brain[103] (Table 3). Moreover, micelles from
PEG-P(Asp(DET)) (MWPEG: 42 kDa) exhibited a prolonged gene
expression (around 7 d) after intraspinal injection, demonstrat-
ing the feasibility of mRNA-loaded micelles to treat spinal cord
injury[104] (Table 3).

Other hydrophilic polymers are also being evaluated as al-
ternatives to PEG as shielding material for mRNA delivery.
For example, a series of block copolymers based on poly-N,N
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dimethylaminoethylmethacrylate-oligo(ethylene glycol) methyl
ether methacrylate (P(DMAEMA-co-OEGMA)) have been devel-
oped for mRNA delivery. Among these copolymers, OEGMA(9)10
influenced mRNA binding with p(DMAEMA)110, and improved
transfection efficiency[105] (Table 3). Cheng et al. extended the
p(DMAEMA) based systems and further developed a variety
of triblock polymers with PEG containing poly(ethylene gly-
col) methyl ether methacrylate (PEGMA) blocks to provide hy-
drophilic stabilization. They found that the position and length
of PEGMA block in the triblock polymer will influence mRNA
binding and in vitro transfection efficiency[106] (Table 3). Re-
cently, other hydrophilic polymers like poly-tri(ethylene glycol)
methyl ether methacrylate (PMEO3MA)[107] and poly(2-ethyl-2-
oxazoline) (P(EtOx))[81] were synthesized and evaluated for their
ability to provide stabilization for mRNA[81,107] and RepRNA[81]

transfection in vitro. However, the ability of these hydrophilic
polymers for protecting mRNA as compared to PEG is unknown
so far.

2.3.2. Engineering Core Forming Domains

While polymeric micelles have improved stability under physio-
logical salt conditions, the stability of polymeric micelles in blood
and other biological fluids presents another critical issue, espe-
cially for the systemic delivery of mRNA. The interaction of poly-
meric micelles with the widely distributed small ribonucleases
(size of RNase A: 3.8*2.8*2.2 nm),[108] polyelectrolytes, proteins,
or cellular surfaces could result in partial or complete dissoci-
ation of nanoparticles.[109] Therefore, more stable packaging of
mRNA inside the core is required in addition to shielding with
the hydrophilic blocks.

Efforts to Enhance Core Condensation by Noncovalent Inter-
actions: A feasible strategy to increase micelle condensation
within the core can be achieved by introducing hydrophobic moi-
eties in polycation segments to improve polymer mRNA inter-
action. For example, installation of a hydrophobic cholesteryl
group at the end of block copolymer PEG-P(Asp(TEP)) (Figure 1)
demonstrated significantly improved blood circulation after in-
travenous injections, achieving three orders of magnitude higher
concentration in blood than that of naked mRNA. Eventually,
this system exhibited significant antitumor efficiency against
pancreatic cancer by systemic delivery of cholesterol-modified
polymeric micelles with mRNAs encoded antiangiogenic sFlt-1
gene.[110]

Another direction for enhancing core packing has been
focusing on engineering the mRNA. Functionalized RNA
oligonucleotides (OligoRNAs) have been introduced to hy-
bridize mRNA, resulting in highly structured mRNA nano-
assemblies with around 100-fold improved stability compared
with unhybridized mRNA.[4a,111] Hybridized mRNA can be
further assembled with classical block copolymers.[112] Olig-
oRNAs modified with a hydrophobic cholesterol (Chol) moi-
ety (Chol-OligoRNAs) were hybridized to mRNA and then
mixed with PEG-P(Asp(DET))-Chol (+) block copolymers to
prepare polymeric micelles. Hybridizing mRNA (783 nt) with
even one single Chol (+)-OligoRNA (17 nt) drastically im-
proved the tolerability against the nuclease of the polymeric mi-
celle. Eventually, this system exhibited efficient mRNA intro-

duction into mouse lungs via intratracheal administration[112a]

(Table 3).
The effect of RNA rigidity on polyion complex micelle forma-

tion has been recently noted. Rigid double-strand RNA (dsRNA)
stays in the primary assembly state whereas flexible single-
stranded RNA could promote secondary association into mi-
celles, probably because the steric repulsion derived from PEG
chains could be compensated by the increase in entropy from the
enhanced conformational freedom within the micelle core.[113]

Thus, we designed a block catiomer termed PEG-poly(glycidyl
butyl amine) (PEG-PGBA) (Figure 1) (Table 3) with flexible poly-
cation backbone comprising ether bonds to prepare micelles and
compared them to micelles prepared from the relatively rigid
PEG-PLys bearing peptide bonds. Molecular dynamic simula-
tions allowed to visualize the effect of the flexibility of the back-
bone on the binding to RNA molecules. In the case of double-
stranded RNA (dsRNA), the PEG-PGBA/dsRNA complexes pre-
sented a lower Rg than PEG-PLys/dsRNA.[114] The average dis-
tance analysis also showed that the amines in the PEG-PGBA
were closer to the phosphates of dsRNA than the amines of PEG-
PLys (Figure 3a). Thus, the improved contact surface area be-
tween PEG-PGBA and dsRNA (Figure 3b) allows for more effi-
cient protection of siRNA from polyanion attack and improves
the in vitro delivery efficiency of siRNA.[114] Based on this model,
herein, we simulated the interaction of the polymers with single-
stranded RNA (ssRNA) using the same protocol as we used in
our previous work.[114] Again, the PEG-PGBA with flexible poly-
cations was much closer to ssRNA than the relatively more rigid
PEG-PLys (Figure 3c), resulting in a larger contact surface area
(Figure 3d). The increased binding of the PEG-PGBA to mRNA
was confirmed experimentally, where PEG-PGBA allowed more
than 50-fold stronger binding to mRNA than PEG-PLys, as deter-
mined by isothermal calorimetry analysis (Figure 3e). Eventually,
mRNA-loaded PEG-PGBA micelles exhibited increased protein
translation and prolonged blood circulation (Figure 3f), indicat-
ing the significance of polycation flexibility on the assembly of
polyion complexes with mRNA[115] (Table 3). We also found that
further applying multivalent interactions by introducing guani-
dine moieties (Figure 1) into the flexible polycation segments,
which increase the binding by ionic pairing and hydrogen bond-
ing with the phosphate groups in mRNA, can also contribute to
increased stability and enhanced delivery[116] (Table 3). More re-
cently, we designed mRNA-loaded micelles composed of biocom-
patible block copolymers having functional amino acid moieties
for tunable interaction with mRNA for enhanced in vivo deliv-
ery (Figure 3g). The block copolymer was based on poly(ethylene
glycol)-poly(glycerol) (PEG-PG) with flexible polyether backbone,
and modified with glycine (Gly), leucine (Leu) or tyrosine (Tyr)
via ester bonds. PEG-PGTyr (Figure 1), which formed micelles
and 𝜋–𝜋 stacking with mRNA (Figure 3g,h), displayed excellent
stability against polyanions, 50% FBS and biological settings (Fig-
ure 3i). Thus, PEG-PGTyr/m improved the efficacy of mRNA de-
livery in vivo after intramuscular injection.[117]

Efforts to Enhance Core Stabilization by Stimuli-Responsive
Crosslinking: As noted in the previous sections, the success of
mRNA therapy is critically dependent on the carriers to pro-
tect mRNA and deliver them to the cytoplasm in the desired
tissues. Modifying polymeric systems with stimuli-responsive
crosslinking systems that can release active mRNA in response
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to a desired stimulus could provide a smart strategy for enhanc-
ing mRNA stability, intracellular delivery, and specificity. A vari-
ety of endogenous and exogenous stimuli can be exploited for
designing these systems, such as changes in redox potential,
pH or metabolites, and light or ultrasound, respectively. Redox-
sensitive crosslinking systems by disulfide bridges are among
the most investigated stimuli-responsive strategies since they are
reversible and easily reduced due to the presence of a higher
concentration of glutathione (GSH) in the intracellular envi-
ronment (≈2–10 × 10-3 m) than in the extracellular environ-
ments (≈2–10 × 10-6 m).[118] Redox-sensitive core crosslinked mi-
celles have been implemented in self-assembled mRNA particles
with block copolymers like PEG/PNIPAM-PLys(SH),[119] PEG-
PLys(AMP),[120] PEG-P(Asp-AED-ICA),[121] and P(MEO3MA)-b-
P(H2N-Cys-MA)[107] containing disulfide bonds in the side chain
of the polycation (Table 3). Another example of effective mRNA
protection by micelle crosslinking was demonstrated with an
ATP-responsive crosslinking of micelles based on the ester
formation from 4-carboxy-3-fluorophenylboronic acid (FPBA)
and polyol moieties[112c] (Table 3). These ATP-sensitive mi-
celles achieved effective intracellular delivery and release of
mRNA since the phenylboronate ester linkages are cleaved se-
lectively in the intracellular environment due to the higher ATP
concentration.[122] The optimized formulation was further stabi-
lized by introducing cholesterol moieties into both the mRNA
and the block copolymer, exhibiting ATP-responsive mRNA re-
lease and a 10-200-fold increase of the amount of intact mRNA
amount in the blood compared with that of non-crosslinked
micelles[112c] (Table 3). Recently, we have developed a pH-
sensitive micelle system for mRNA delivery with cross-linked
core formed by cis-aconitic anhydride-modified poly(ethylene
glycol)-poly(l-lysine) (PEG-pLL(CAA)) block copolymers (Fig-
ure 1, Figure 4a). The resulting cross-linked micelles maintained
their size at physiological pH 7.4, as well as at intratumoral
pH 6.5. However, they disassociated at pH lower than pH 6.5,
which corresponds to the endosomal pH range (Figure 4b). The
core cross-linked micelles effectively protected the mRNA against
counter polyanion exchange and FBS attack. Thus, the cross-
linked micelles showed improved fluc expression in vivo in CT 26
tumor-bearing mice compared to non-cross-linked micelles and
even to standard PEI-based polyplexes (Figure 4c,d) (Table 3).[123]

Besides cross-linking of polymers, polymer/mRNA crosslinking
may provide a prominent stabilizing effect on mRNA. Thus, an
ATP-responsive polymer/mRNA cross-linked system was pro-
posed for further core stabilization[112d] (Table 3). First, mRNA
was hybridized with a 17 nt engineered OligoRNA with a GlcAm
moiety at the 5′ end and ribose at the 3′ end. The ATP-responsive
core crosslinked micelles are formed via phenylboronate ester
linkages between FPBA in the polycations and GlcAm at the

5′end of and the diol moiety at 3′ end ribose (Figure 4e). Even-
tually, these micelles exhibited excellent stability against polyion
exchange reaction and ribonuclease attack, resulting in improved
mRNA transfection in the lungs of mice over noncrosslinked mi-
celles after intratracheal administration[112d] (Table 3). Therefore,
stabilization of the polymeric micelle core with elements respon-
sive to intracellular stimuli, such as redox and ATP concentration,
became a strategy to regulate mRNA release in vitro and in vivo.

2.4. Enhancing mRNA Delivery through Ligand-Mediated
Targeting

The addition of targeting ligands has great potential to overcome
urgent problems of current mRNA delivery strategies using poly-
meric nanocarriers. On the one hand, hydrophilic, polymeric
shells like PEG on nanoparticles are often essential as they re-
duce the exposure of positive charges within the core, protect the
mRNA from nucleases in the blood and increase the circulation
time significantly. On the other hand, they also impair cellular
uptake and reduce the internalization of the nanocarrier into tar-
geted cells before degradation. This is why more precise and ef-
ficient mRNA therapies using actively targeted delivery systems
with ligands are highly desirable.[88,124]

Through ligand-receptor interactions, the system can deliver
mRNA to certain types of cells or tissues,[125] and promote cellu-
lar uptake by receptor-mediated endocytosis[126] (Figure 5). Lig-
ands can improve extravasation at targeting sites by interacting
with specific ligands on endothelial cells for example within tu-
mor vasculatures[127] or in the brain[128] and they can modulate
signaling pathways.[129] Certain ligands can even improve intra-
cellular delivery after cell uptake by facilitating endosomal es-
cape, a critical step for successful translation of mRNA after
endocytosis.[124c,130]

Up to this point, research on improving polymeric nanocarrier
formulations for mRNA delivery mainly focused on prolonging
circulation time and on shielding the cargo from the harsh bio-
logical environment in vivo (see Section 2.3. Block Copolymer-
Based Delivery Systems). Especially in cancer nanomedicine de-
velopment, the enhanced permeability and retention (EPR) effect
has been often described to be responsible for increased accumu-
lation in tumors and has been used as a basis for this “stealthy”
nanocarrier design.[131] However, the significance of this target-
ing effect in human patients has been heavily debated in recent
years.[132] Clinical observations of the EPR effect show that it fluc-
tuates greatly between different cancer types, patients and even
within the same tumor mass.[133] On top of that, circulation times
required for meaningful passive accumulation may be hard to
achieve when degradation-prone mRNA is delivered. For those

Figure 3. Control of the core forming domains enhances the micelle performance. a) Amine/phosphate distance in PEG-PLys/dsRNA and PEG-
PGBA/dsRNA, each amine is identified by residue numbers (No.). Reproduced with permission.[114] Copyright 2021, Taylor & Francis. b) Contact surface
area between PEG-PLys/dsRNA and PEG-PGBA/dsRNA. c) Amine/phosphate distance in PEG-PLys/ssRNA and PEG-PGBA/ssRNA, each amine is identi-
fied by residue numbers (No.). d) Contact surface area between PEG-PLys/ssRNA and PEG-PGBA/ssRNA. e) Isothermal titration calorimetry shows that
the flexibility of the polycation segment affects the binding affinity to mRNA, as more flexible PEG-PGBA binds tighter than PEG-PLL. Reproduced with
permission.[115] Copyright 2020, John Wiley and Sons. f) The remaining mRNA amount after systemic mRNA delivery by PEG-PLys and PEG-PGBA-based
micelles. Reproduced with permission.[115] Copyright 2020, John Wiley and Sons. g) PEG-PGTyr enhanced mRNA delivery via 𝜋–𝜋 stacking-assisted mi-
cellar assembly. h) 𝜋–𝜋 stacking assessment by Tyr fluorescence quenching. i) Remaining mRNA amount in the mice bloodstream after intravenous
injection of mRNA-loaded micelles. g–i) Reproduced with permission.[117] Copyright 2023, Taylor & Francis.
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Figure 4. Micelle core stabilization by stimuli-responsive crosslinking. a) pH-sensitive micelle system with cross-linked core formed by cis-aconitic
anhydride-modified PEG-pLL(CAA). b) Diffusion coefficient of PEG-pLL/m and PEG-pLL(CAA)/m versus buffer having different pHs. c) Quantification
analysis luminescent signals at indicated time points. d) Bioluminescence images 9 h postinjection following in vivo delivery of naked mRNA, PEG-
pLL/m, PEG-pLL(CAA)/m in CT26 tumor-bearing mice. (a–d) Reproduced with permission.[123] Copyright 2022, MDPI. e) ATP-responsive bridging
between block copolymers and mRNA. Reproduced with permission.[112d] Copyright 2021, Wiley-VCH GmbH.
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Figure 5. Targeting ligand interactions. 1) Active ligand-mediated transport through blood vessels. 2) Ligand-mediated cell signaling 3) Ligand-mediated
retention on cell surface. 4) Ligand-mediated endocytosis. 5) Endosome escape through ligand interactions. Figure was created with Biorender (Bioren-
der.com).

reasons, passive targeting strategies might not exhaust the full
potential of polymeric nanocarriers, and a fast and direct deliv-
ery of mRNA should be worked toward instead.

First and foremost, it is of great importance to choose a suit-
able ligand for the type of cell or tissue to be targeted. How-
ever, it can be difficult to find targets solely expressed by the
targeted cells or tissues. In that case, off-targeting side effects
should be assessed. For example, CD3 antibodies can direct
nanoparticles towards T-cells expressing CD3 on their surfaces,
but may also trigger cellular responses leading to T-cell anergy
and immunosuppression.[134] Similarly, CD138 targeting ligands
on nanoparticles to target melanoma cells in vivo led to de-
creased tumor uptake compared to the non-targeting nanopar-
ticles due to the rapid internalization by healthy lymphocytes
upon injection.[135] High-affinity antibodies can create a barrier
between the delivery vehicle and the targeted cell reducing cel-
lular uptake.[124c,132c] Furthermore, ligands involved in receptor-
mediated vascular translocation,[127] endocytosis[126] and endoso-
mal escape[130] can help to transfect cells that are difficult to reach
or transfect otherwise, like T cells, tumor cells, and cells across
the blood brain barrier (BBB).

A higher density of targeting ligands on the surface of a
nanocarrier does not always translate into a higher targeting abil-
ity of the nanocarrier. In fact, the opposite can often be the case
and high ligand density often decreases the targeting effect in
vivo. One reason for this is because targeting ligands can sig-
nificantly change the circulation time of nanocarriers and pro-
mote rapid clearance by the RES.[136] Targeting ligands also pro-
mote the formation of a protein corona with proteins in the blood,
which shield targeting moieties and mitigate their efficacy. A pro-
tein corona around nanocarriers further promotes fast clearance

and can lead to off-targeting effects that can be hard to predict.[137]

The impact of the protein corona on targeting nanomedicines is
summarized in a review paper by Farshbaf et al.[138] and may be
an essential part to consider when designing carriers for mRNA
delivery in vivo.

2.4.1. Targeting Tumors

Passive tumor targeting might be insufficient for effective mRNA
delivery to tumor sites.[132c] This is especially relevant due to
the fast degradation of mRNA in vivo. Direct and fast deliv-
ery of mRNA encoding therapeutic peptides, cytotoxic proteins
or antibodies for cancer therapy directly to the tumor site can
reduce side effects and circumvent costs associated with pro-
tein synthesis.[139] Tumors and tumor environments often over-
express specific antigens which can act as a targeting recep-
tor for ligand-based nanocarrier designs. Those include CD105
on tumor-associated vascular endothelium,[140] 𝛼V𝛽3 integrins
overexpressed in tumors[141] or folate receptors[142] among many
others. Furthermore, a majority of cancers also overexpress
glucose transporters (GLUTs), likely due to the increased en-
ergy consumption cancers require to facilitate their uncontrolled
growth.[143]

Ligands promoting fast and direct delivery to tumor-specific
antigens can be implemented into the polymer design for mRNA
delivery to tumor sites before mRNA is degraded in vivo. Chen
et al. decorated crosslinked polymeric micelles loading mRNA
with a cyclic Arg-Gly-Asp peptide (cRGD) to successfully de-
liver mRNA to tumors in vivo.[119] The cRGD is targeting 𝛼V𝛽3
and 𝛼V𝛽5 integrins that are overexpressed on the surface of
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certain tumor cells and endothelial cells in tumor vasculature.[144]

The cRGD-containing nanocarriers in this study increased tu-
mor accumulation and GFP protein expression in the tumor 10-
fold compared to those without the cRGD targeting ligand.[119]

Glucose-decorated nanocarriers likewise have shown to increase
tumor uptake[145] and the excess of GLUTs on the tumor vas-
cular endothelium promoted translocation and accumulation in
cancers.[127]

2.4.2. Targeting Macrophages

Macrophages are immune cells that play an essential role in the
context of inflammation and cancer progression. Furthermore,
they are antigen-presenting cells which makes them promising
targets for immunotherapy and for treating inflammatory dis-
eases and cancer. Generally, two types of macrophages exist, clas-
sically activated M1 macrophages and alternatively activated M2
macrophages. Among others, M1 macrophages express CD86,
tumor necrosis factor (TNF)-𝛼 and nitric oxide synthase as possi-
ble targeting sites. Reprogramming M1 macrophages by targeted
mRNA delivery could be explored to treat inflammatory diseases
like rheumatoid arthritis, multiple sclerosis, or lupus.[146]

Tumor-associated macrophages (TAMs) are immunosuppress-
ing and cancer-promoting M2 macrophages that form in the
TME. Unlike classically activated M1 macrophages, protumoral
TAMs are involved in tumor progression, metastasis and tumor
resistances.[147] Among others, M2 macrophages express CD163
and CD200R and release IL-10. Reprogramming those TAMs can
enhance antitumor treatments and reverse immunosuppressing
effects around the tumor.[146] For example, targeted delivery of
two mRNAs (IRF5/IKK𝛽) using PBAE based nanocarriers with
di-mannose ligands could reprogram TAMs to regular, proin-
flammatory M1 macrophages. Around 28% more TAMs could be
reprogrammed in vitro compared to the same nanocarrier with-
out the targeting ligand. The delivery of mRNA to macrophages
was also demonstrated in vivo treating three different cancer
models as well as in vitro using human macrophages. In this
study, i.v. injections of nanoparticles at 30 μg mRNA per dose re-
sulted mainly in accumulation in spleen, liver, and lungs, which
is why side effects, e.g., on liver functions after repeated adminis-
tration on these organs should be assessed. Furthermore, in vivo
results in this study were achieved using relatively high amounts
of mRNA per dose (50 μg mRNA per dose i.v. and 100 μg mRNA
per dose i.p. bi-weekly).[148]

2.4.3. Targeting Dendritic Cells

Sufficient antigen-presentation on APCs is essential for im-
munotherapy. Dendritic cells (DCs) are known to be professional
antigen presenters and are heavily involved in initiating and
maintaining an immune response.[149] Several receptors on DCs
can provide targeting points for delivery systems to effectively de-
liver sufficient amounts of mRNA to DCs and generate an im-
mune response against a variety of diseases. Extensive lists of DC
receptors and ligands can be found in other reviews.[150]

A promising example is CD11c, which is mainly expressed on
DCs, which makes it an excellent target for CD11c antibody frag-
ments, fibrinogen[151] or heparin[152] ligands. Specifically, Castro

et al. demonstrated superior immune responses when CD11c
was targeted with its corresponding antibody fragment compared
to CD205, MHC-II, TLR2, or CD40, which are also commonly
expressed on DCs.[153] Another strategy to target DCs is through
their mannose receptors: Mannose-decorated PEI nanoparticles
have been shown to increase antigen delivery to dendritic cells[154]

and preclinical trials with mannose-coated liposomes have been
successful in delivering mRNA to dendritic cells.[155]

2.4.4. Targeting T Cells

T-cell therapy aims to reprogram cytotoxic T cells in our immune
system to recognize and kill diseased cells. But T cells are known
to be hard to transfect and besides physical transfection methods,
targeted delivery is usually necessary to accomplish meaningful
transfection efficiencies. CD8 and CD3, which are expressed on
the surface of T cells, are commonly targeted to direct and inter-
nalize nanoparticles into T cells., Moffett et al. demonstrated that
programing T-cells ex vivo through a CD3-targeted PBAE-based
mRNA polyplex can express genome-editing agent in anti-cancer
T-cells[156] (Figure 6a). Further, Parayath et al. electrochemically
adsorbed CD8 antibody fragments on PBAE polymer loading
mRNA to initiate rapid receptor-induced endocytosis and deliver
mRNA to T-cells in vivo. By switching the mRNA in the core, the
same delivery system was able to produce cytotoxic T cells tar-
geting lymphoma, prostate cancer, and hepatitis B- induced hep-
atocellular carcinoma[49] (Figure 6b). Similarly, Future targeting
agents might selectively deliver mRNA to activated lymphocytes
expressing CD25, 4-1BB, or CD40L by exchanging the targeting
ligand to their respective antibodies on a similar polymeric deliv-
ery system.

3. Conclusion and Future Perspectives

Since the first clinical trial of a naked mRNA cancer vaccine
in 2008,[157] there has been a surge in technology platforms to
overcome the instability and the inherent immunogenicity of
IVT mRNA and exploit effective mRNA delivery systems. Many
mRNA structural optimization methods, like modifying nucle-
osides, caps, poly(A) tails, and engineering the untranslated re-
gions, have been applied to improve stability and reduce the in-
nate immunogenicity of synthetic mRNA. Regarding delivery,
polymer-based nanocarriers have shown considerable potential
in mRNA therapeutics. The studies described in this review as-
sessed the recent progress in polymer design and selection of tar-
geting ligands for mRNA therapeutics, which will help to pave the
way for advanced therapies.

Although polyplexes are simple in structure compared to
nanoparticulate systems with more elaborated architectures, the
opportunities for modification are myriad. The creation of an ef-
ficient delivery system for nucleic acids demands fine-tuning of
different aspects of the carrier. The molecular weight of a cationic
polymer and the carrier to RNA ratio can strongly influence the
cytotoxicity and needs to match the type of nucleic acid being
encapsulated. Some systems for mRNA delivery directly employ
formulations that were optimized for a different type of nucleic
acid, missing crucial steps in carrier optimization.[26] Another
factor is the toxicity of the polymer, where labile bonds, such as
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Figure 6. Creating nanoparticles with CD8/CD3 antibody to program therapeutic T-cells. a) T cells were programmed ex vivo to express genome-editing
proteins using a CD3-targeted PBAE-based mRNA polyplex. Reproduced with permission.[156] Copyright 2017, Springer Nature. b) The same system
can target CD3+ cells to generate CAR-T cells in situ, resulting in strong antitumor activity. Reproduced with permission.[49] Copyright 2020, Springer
Nature.

ester or disulfide groups, can improve biocompatibility. Endoso-
mal escape is a major barrier towards cytosolic delivery of mRNA
and incorporating ionizable groups with a pKa around 6.0–6.5 or
membrane-active peptides can ameliorate transfection efficiency.
The addition of surface ligands can contribute to effective tar-

geting of cells and increase cellular uptake. Surface modification
with a hydrophilic moiety, such as PEG, can work to improve col-
loidal stability of particulate mRNA formulations. In fact, most of
the systems reviewed for systemic administration relied on PEG
or some other surface coating to stabilize the particle (Table 2).
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Whereas most polymer-based platforms are geared towards lo-
cal applications, such as vaccines, the recent trend in optimiz-
ing for side-chain hydrophobicity has further improved biolog-
ical stability enabling systemic targeting of mRNA cargo to the
lungs, which was previously unfeasible. This enables further ex-
ploitation of mRNA-based advanced therapies, such as protein
replacement in cystic fibrosis or immunotherapy in cancer.

Polymeric micelle delivery vectors have some natural ad-
vantages due to their unique core–shell structure and signifi-
cantly improved shielding. The improved understanding of the
structure–function relationships has led to more sophisticated
polymer structures. Recently, it is clear that polycation prop-
erties such as hydrophobicity, flexibility, and hydrogen bond-
ing can be tuned to improve polycation/mRNA binding. Hy-
bridizing mRNA with functional oligoRNAs could be applied
as an effective method to condense and functionalize the mi-
celle core. Besides physical stabilization, integrating stimuli-
responsive crosslinking moieties in the polycation can offer ex-
cellent in vivo and in vitro stability and also selective release of
the mRNA payload inside the target cell. Considerable recent ad-
vances have allowed therapeutic applications of mRNA polymeric
micelles including genome editing therapy and cancer therapy af-
ter local or systemic administration (Table 3). Micelles have the
potential for tissue selective delivery of mRNA after systemic ad-
ministration. Further improvements in the ability of micelles to
protect mRNA during circulation in the bloodstream are likely
to enhance the selectivity of the delivery, as well as increase the
levels of protein translation in target tissues. Moreover, the mi-
celles could integrate stimuli-responsive functions for trigger-
ing mRNA translation in specific cells, which might be opti-
mized according to the therapeutic demands. For example, we
have recently used the increased endo/lysosomal acidification of
some cancer cells compared to noncancerous cells for design-
ing polymeric micelles with tunable pH-activated intracellular
delivery.[158] These micelles allowed selective protein delivery in-
side the cytosol of the cancer cells.[158] Thus, it would also be pos-
sible to control the specificity of mRNA delivery by regulating the
access of micelles into the cytosol, which would provide an addi-
tional targeting approach to the conventional targeting strategies
of pharmacokinetic control and ligand-mediated tissue accumu-
lation and cell uptake.

The proteins adsorbed on the nanocarriers, i.e., the protein
corona, can greatly affect their physicochemical characteristics
and delivery efficiency. For example, the adsorption of bovine
serum albumin on the surface of PEI/mRNA complexes altered
the translation.[159] Moreover, as the protein corona is dynamic
and depends on the biological environment surrounding the
nanocarriers,[160] it may be possible that the proteins adsorbing
on the surface of polymeric nanocarriers may change depending
on the tissues where the nanocarriers are locating, which could
influence their interaction with cells and eventually their activ-
ity. Moreover, the protein corona may also determine the biodis-
tribution of the polymeric nanocarriers in vivo. In the case of
mRNA-loaded LNPs, the proteins adsorbed on their surface were
found to play an important role in their tropism to liver, spleen, or
lungs.[161] Thus, further understanding of the effects of the pro-
tein corona on the performance of polymeric delivery systems
of mRNA may allow designing innovative strategies with high
efficacy. Notably, polymeric micelles have shown negligible ad-

sorption of proteins on their surface probably due to their high
PEG density,[162] which could be a useful feature for controlling
the biodistribution and cellular targeting based on their physico-
chemical properties and the installation of ligands.

Targeting ligands could provide polymeric nanocarriers an ex-
tra boost to increase target accumulation, uptake, and release of
mRNA in targeted cells. With their inclusion, limitations due
to the insufficient ability to transport mRNA into the cytoplasm
of specific cells before their degradation could be improved in
various examples presented in this review. We believe that fast
and specific delivery can also make up for the low passive ac-
cumulation and cellular uptake of mRNA delivery systems that
come with the low circulation times. Polymeric nanocarriers
can easily be decorated with targeting ligands on their surfaces
which makes them suitable candidates for targeted mRNA de-
livery through ligand-receptor interactions. However, despite the
plethora of benefits, one must also keep in mind the risks of
unpredicted off-targeting effects due to changes in particle size,
surface charge, or the formation of a protein corona in blood.
For now, the amount of literature using targeting ligands in poly-
meric formulations to deliver mRNA is still limited. For example,
despite great interest to deliver therapeutic agents to the brain
and various studies describing receptor mediated strategies to
improve drug uptake,[128,163] no studies of systemic mRNA de-
livery using this approach have been reported to this date. Lig-
and requirements, like density or binding affinity, need to be op-
timized specifically according to different situations. Thus, the
development of relevant in vitro models that allow predicting the
in vivo performance of ligand-installed mRNA delivery systems
are highly desired. In this regard, organ-on-a-chip and body-on-
a-chip systems are emerging as new predictive platforms for tox-
icity and efficacy assessment of nanoparticles, and could have a
central role in the optimization of ligand-installed mRNA deliv-
ery systems. This is likely to change within the near future due
to the rising interest in mRNA-based therapies and the potential
that targeting ligands and nanocarriers have demonstrated across
the fields of various delivery systems.
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