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Abstract

Polymers represent a promising therapeutic platform for extrahepatic messenger RNA (mRNA)
delivery but are hampered by low /n vivo efficacy due to polyplex serum instability and inadequate
endosomal escape following systemic administration. Here, we report the rational design and
combinatorial synthesis of zwitterionic phospholipidated polymers (ZPPs) via cationic polymer
postmodification by alkylated dioxaphospholane oxides to deliver mRNA to spleen and lymph
nodes /n vivo. This modular postmodification approach readily produces tunable zwitterionic
species for serum resistance and introduces alkyl chains simultaneously to enhance endosomal
escape, thereby transforming deficient cationic polymers to efficacious zwitterionic mMRNA
carriers without the need to elaborately synthesize functional monomers. ZPPs mediated up

to 39 500-fold higher protein expression than their parent cationic counterparts /n vitro and
enabled efficacious MRNA delivery selectively in spleen and lymph nodes following intravenous
administration /7 vivo. This zwitterionic phospholipidation methodology provides a versatile and
generalizable postmodification strategy to introduce zwitterions into the side chains of cationic
polymers, extending the utility of cationic polymer families for precise mRNA delivery and
demonstrating substantial potential for immunotherapeutic applications.
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INTRODUCTION

Messenger RNA (mMRNA)-based therapeutics have demonstrated utility for various
applications, including vaccines against the SARS-CoV-2 virus, protein replacement therapy,
cancer immunotherapy, and gene editing.1* mRNA does not integrate into genomes, and
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its transient effect in cytoplasm confers mMRNA medicines low risk of mutagenesis, high
safety, and versatile modularity to express a variety of different proteins of therapeutic
interest.>® Despite the great potential, mMRNA medicines still face the substantial challenges
of targeting specific organs/tissues via the bloodstream, highlighting the imperative demand
for intelligent and targeted delivery systems.”=10 Currently, most insights have been made
through focusing on lipid nanoparticles (LNPs) to deliver mRNA,11-14 where significant
progress has been made for liver delivery and in intramuscularly injected vaccines. Less
attention has been paid to polymers despite their attractive profiles of nonintegrating,
scalable production, and large flexibility in chemical structure.1>-17 Additionally, polymers
represent an alternative platform for delivery outside the liver due to their high tunability
and adaptable functionality.18:1° However, polymer mRNA polyplexes are, in general, less
efficacious following systemic administration than LNPs, likely due to serum instability by
nonspecific protein adsorption and inadequate endosomal escape.29-22 Chemical pursuit of
polymer architectures to access the physiochemical requirements to improve stability and
endosomal escape is demanded and will enrich the diversity of mRNA delivery materials.

Although cationic polymers have been studied for decades as one of the major classes of
nucleic acid delivery vehicles, many polymers with high /n vitro activity fail to translate to
in vivo applications and to the clinic as systemically administered medicines.23-24 Cationic
polymer/nucleic acids polyplexes are often formulated with an excess N:P ratio, leading

to a net positive surface charge that can result in adsorption of negatively charged serum
proteins that generate instability in the blood.2>-27 Additionally, endosomal escape remains
challenging for lipid- and polymer-based nanoparticles, wherein FDA-approved LNPs likely
mediate only 1-4% of encapsulated siRNA molecules into the cytoplasm.28:29 Zwitterionic
polymers offer a path forward toward some of these challenges due to the ability of
zwitterions to interact with water molecules to form a sphere of hydration that can be

useful for generating nonfouling surfaces, reducing serum protein adsorption, and increasing
in vivo circulation time.30-32 Previous efforts to incorporate zwitterionic functional groups
into cationic polymers have largely relied on utilizing a limited set of zwitterionic monomers
(e.g., 2-methacryloyloxyethyl phosphorylcholine (MPC) and 3-[[2-(methacryloyloxy)ethyl]-
dimethylammonio]propionate (CBMA)) for direct polymerization.33-36 This approach limits
combinatorial chemical diversity, which is a requirement for discovering nucleic acid
polyplexes that can overcome the numerous barriers to intracellular delivery /n vivo
including blood stability, tissue localization, cellular uptake, and endosomal escape.37-39
Therefore, a versatile postpolymerization zwitterionic modification strategy of cationic
polymers to simultaneously address challenges of blood instability and endosomal escape
would be valuable to unlock further delivery utility of cationic polymers.

Herein, we report a zwitterionic phospholipidation function-alization strategy designed

to transform cationic polymers into zwitterionic phospholipidated polymers (ZPPs) with
improved serum stability and membrane fusion properties that together yield efficacious
mRNA polyplexes capable of /n vivo delivery to the spleen and lymph nodes. A

library of 420 ZPPs were synthesized via fractional conjugation of different alkylated
dioxaphospholane oxide molecules to 15 different cationic polymers. This simple
postmodification approach yielded tunable zwitterionic, hydrophobic, and ionizable amino
functionalities into polymer side chains for improvement of serum stability and endosomal
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escape. This approach allowed us to further leverage our recent discovery that ionizable
phospholipids (iPhos) LNPs utilize enhanced membrane fusion to increase endosomal
escape. In the current paper, we explore whether these lipid synthesis chemical reactions
could be adapted to transform cationic polymers into modular ZPPs with improved
properties. Following initial screening, ZPPs with zwitterions composed of one tertiary
amine and one phosphate group mediated the highest MRNA expression. The best ZPP
from the screen mediated up to 39 500-fold higher protein expression compared to its
cationic precursor counterpart. Although some parent cationic polymers were effective for
mMRNA delivery to cells /n vitro, all precursor cationic polymers were unable to deliver
mRNA /n vivo. Encouragingly, ZPPs derived from the PA6 cationic polymer precursor
enabled ZPP mRNA accumulation in the spleen with high protein expression following
mMRNA translation. Better still, the top ZPP (PA6-4P14) mediated mRNA delivery not only
to the spleen but also to lymph nodes following systemic administration, demonstrating
substantial value for potential future use in immunotherapy applications. Because the
modular zwitterionic phospholipidation strategy is applicable to a variety of cationic
polymers, we envision that this method can be applied broadly to the field of polymer-based
nucleic acid gene delivery for in vivo delivery of mRNA therapeutics.

RESULTS AND DISCUSSION

Rational Design and Synthesis of ZPPs.

Substantial efforts have been made to circumvent obstacles to in vivo gene delivery,

such as nanoparticle instability in blood, low cellular uptake, and insufficient endosomal
escape.22:41.42 Although zwitterions have been reported to improve serum resistance,33:3%
broad pursuit of zwitterionic architectures to address delivery barriers has been hindered by
limitations in chemical reactions to synthesize zwitterionic polymers and their inherently
limited structural flexibility. The most common route to zwitterionic polymers has been
direct monomer first polymerization via a set of zwitterionic monomers (e.g., MPC

and CBMA\).33-36 To increase chemical diversity, we focused here on developing a

facile postmodification method to partially introduce zwitterions into the side chains of
precursor cationic polymers. Our recent work demonstrated that dioxaphospholane oxide
molecules could react with primary, secondary, and tertiary amines to yield a variety of
small molecule zwitterionic phospholipids.4? Further inspired by this modular chemical
reaction, we envisioned that alkylated dioxaphospholane oxides could also be applied to
polymers, wherein ring-opening of side chain amines in cationic polymers would enable
tunable degrees of zwitterionic, alkyl, and amino groups into the resulting polymers via a
combinatorial approach. In this way, the chemical species and fraction of each group can
be readily accessed through adjustment of dioxaphospholane oxide/amine molar ratio in the
feed.

To explore this concept, we employed reversible addition—fragmentation chain

transfer (RAFT) polymerization because this controlled radical polymerization (CRP)
method produces polymers with well-defined molecular weight and molecular weight
distribution. RAFT polymerization of glycidyl methacrylate (GMA) using 2-cyano-2-propyl
benzodithioate (CPDB) as a chain transfer agent (CTA) yielded a polymer with an
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epoxide side chain for further modification. We then synthesized 15 different cationic
polymers (PANn, n = 1-15, around 8 repeating units) via ring-opening of the side chain
epoxide by different amines (An) (Figures S1 and S2). Afterward, the combinatorial
reaction of PAn with alkylated dioxaphospholane oxide molecules (Pm) was performed,
yielding a combinatorial library of 420 ZPPs (termed PAn-xPm) (Figures 1, S3, and S4),
where “Xx” represents the number of Pm molecules functionalized on each PAn molecule.
Varying the starting amine types gave rise to different species of zwitterions: phosphate-
quaternary amine, phosphate-tertiary amine, and phosphate-multiple amine zwitterions
(Figure S5). Moreover, this modular, postmodification approach not only produced
zwitterionic structures for serum resistance but also introduced alkyl chains simultaneously
aiding cellular uptake and endosomal escape. Through adjustment of the amine types, alkyl
lengths in amines and Pm molecules, structurally flexible ZPPs with controlled hydrophilic
zwitterion species and hydrophobic alkyl chain lengths were obtained. We envision that
this zwitterionic phospholipidation approach could, in principle, be extended to many other
cationic polymer precursors to yield unique zwitterionic structures, potentially broadening
the chemical diversity of zwitterionic polymers for nucleic acid delivery applications.

ZPPs with Flexible Zwitterion Structures Showed Efficient and Safe in Vitro mRNA

Delivery.

Transfection competency is largely associated with gene vector chemical structures.1143 To
study the structure and activity relationships (SAR), ZPPs were utilized to deliver firefly
luciferase (Fluc) mRNA to an ovarian cancer cell line (IGROV1). For initial screening, P9
molecules were conjugated to PA1-PA15 cationic polymers to yield PAn-xP9, and 5 wt %
PEG-lipid was added for increased stability and smaller sizes.2144 Consequently, PA6 and
PA7 derived ZPPs showed efficient protein expression; better still, zwitterion introduction
reduced the cytotoxicity of cationic polymers (Figure S6). Next, we examined an alternative
helper additive, amphiphilic Pluronic F127,20 into the polyplexes, which exhibited higher
mRNA delivery efficacy compared to PEG-lipid (Figures S6 and S7). Therefore, surface
stabilizing F127 was used in subsequent screening experiments.

To prepare a larger combinatorial ZPP library, Pm molecules with different alkyl lengths
were further used to control the hydrophobic residues of zwitterionic polymers. From

the heat map of /in vitro screening, the zwitterion species of ZPPs greatly influenced

the delivery activity, with phosphate-tertiary amine zwitterions (PA5-xPm to PA7-xPm)
demonstrating higher efficacy compared to phosphate-quaternary amine (PA1-xPm to PA4-
xPm) and phosphate-multiple amine zwitterions (PA8-xPm to PA15-xPm) (Figure 2A-C). In
PA5-xPm to PA7-xPm ZPPs, the tertiary amines would not be protonated at physiological
pH; however, these tertiary amines could be protonated in the acidic endosomal environment
to give the pH-switchable zwitterion. PA5, PA6, and PA7 derived ZPPs contained ionizable
amine groups that could exhibit proton sponge effects at acidic endosomal pH; moreover,
hydrophaobic side tails beside the amine groups and phospholipid moieties could aid
endosome membrane fusion. These functional groups might function in combination to
facilitate the endosomal escape, therefore mediating enhanced mRNA delivery efficacy.
Among the efficient ZPPs (PA5-xPm to PA7-xPm), tail length at the amine side was

critical and the hit rates (RLU > 10 000) reached 89% for 4—6 carbon lengths (Figure
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2D). In one aspect, zwitterionic phospholipidation transformed the noneffective PA5 and
PAG6 cationic polymers to efficacious mMRNA vehicles, verifying the aforementioned theory
about optimized zwitterions overcoming obstacles faced during gene delivery. Top ZPP
vector mediated up to 39 500-fold higher mRNA delivery efficacy compared to its cationic
counterpart (Figure S7). In another aspect, zwitterion introduction reduced the toxic positive
charges that resulted in cytotoxicity of cationic polymers (Figures 2E and S8), without
affecting the mRNA encapsulation efficiency (Figure 2F). It was worth noting that excess
zwitterions introduced into the cationic polymers could decrease the delivery efficacy,
demonstrating the significance of balancing zwitterionic and cationic groups. We further
characterized key physicochemical properties of ZPPs, including pKj and critical micelle
concentration (CMC) (Figure S9 and Table S1). Zwitterion incorporation could decrease
the pKj of cationic polymers from ~8.0 to ~6.5, which is known to benefit /7 vivo mRNA
delivery.1045 These observations highlight the advantages of zwitterionic phospholipidation
modification of cationic polymers in safety and efficacy, which might be beneficial to
overcoming delivery barriers and applicable for /n vivo applications.

ZPPs Outperformed Parent Cationic Polymers in Serum Resistance, Cellular Uptake, and
Endosomal Escape.

To date, substantial gene delivery systems have been explored; however, the chemical
pursuit of nonviral polymer vectors have mostly rested on cationic architectures with limited
serum stability and endosomal membrane disruption.2%-22 To examine the potential of jn
vivo delivery, serum resistance of ZPP mRNA polyplexes was first evaluated. Positive
surface charges of nanoparticles can potentially adsorb negatively charged serum proteins

to induce instability and rapid clearance by the reticuloendothelial system (RES).25:46

As expected, zwitterion introduction resulted in positive to negative surface transition of
nanoparticles, which showed stability in the presence of fetal bovine serum (FBS) (Figures
3A and S10). Consequently, ZPPs PA6-4P9 and PA6-4P14 encapsulated mRNA to formulate
negatively charged polyplexes and mediated high transfection efficacy even at a high FBS
concentration of 30% (Figure 3B). This robust efficacy could be attributed to not only serum
stability but also high cellular uptake and endosomal escape of polyplexes.

Although electrostatic interaction between polyplexes and cell membranes was decreased,
phospholipidated materials were hypothesized to compensate by increasing membrane
fusion with biological membranes to benefit polyplex cellular uptake and endosomal escape.
To examine this hypothesis, a fluorescence resonance energy transfer (FRET) assay was
utilized to determine the membrane fusion and rupture ability of ZPPs.3447 A pair of FRET
probes, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine- A~(7-nitro-2—-1,3-benzoxadiazol-4-
yl) (NBD-PE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine- A-(lissamine rhodamine
B sulfonyl) (Rho-PE), were incorporated into the same endosomal mimicking liposomes,
resulting in increased rhodamine fluorescence intensity because of FRET to rhodamine.
Once membranes fused by ZPPs, attenuated rhodamine signal would be observed due to the
larger FRET pair distance. Figure 3C showed that phospholipidation significantly improved
the membrane fusion and endosomal rupture of ZPPs compared to unmodified cationic
counterparts. Following this, confocal fluorescence images confirmed that PA6-4P14 mRNA
polyplexes exhibited higher cellular uptake than the cationic PA6 parent counterpart (Figure
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3D). Additionally, PA6-4P14 mRNA polyplexes mediated efficacious mRNA escape from
endosomes. These results demonstrate the advantages of phospholipidation modification in
enhancing the serum stability, cellular uptake, and endosomal escape of nanoparticles.

In Vivo SAR Study of ZPPs for mRNA Delivery to Spleen.

The spleen consists of a variety of immune cell populations, making splenic delivery
appropriate for immunotherapy applications.1848 Since most mRNA carriers are only
efficient in liver hepatocytes after intravenous (iv) administration, 131449 development of
spleen delivery materials is an important goal receiving increasing attention. As one

aspect of this process, we recently showed that incorporation of negatively charged lipids
into LNPs aids spleen tropism.>? Moreover, compared to short RNAs (e.g., SiRNAs

and miRNAS), longer mRNAs likely require weaker electrostatic binding by delivery
materials to facilitate MRNA release and enhance delivery efficacy.4%>1 Incorporating
neutral monomers (e.g., zwitterionic and hydrophobic monomers) for polymerization could
also reduce the electrostatic interaction toward RNA.33:52 |n this study, we employed a
facile postmodification strategy to introduce zwitterions into cationic polymers, which might
satisfy the aforementioned advantages. The chemical zwitterion structure of ZPPs formed
by negative phosphate introduction may possess inherent advantages in transfecting splenic
cells.

To examine this rationale, PA6-4P9 was first used for mRNA delivery /in vivo, with the help
of two surface stabilizing polymers F127 and PEG-lipid (Figures S11 and S12). PA6-4P9
with 2.5 wt % F127 showed the highest mMRNA delivery efficacy, which was thus used

for the following studies. Afterward, 26 cationic PAn and zwitterionic ZPPs were selected
based on /n vitroresults and further evaluated for Fluc mRNA delivery in vivo after iv
injection (MRNA, 0.1 mg/kg) (Figure 4A). Although efficient in vitro, PA7 did not mediate
MRNA expression /in vivo at all. In contrast, zwitterionic ZPPs showed significantly higher
efficacy compared to their cationic counterparts (Figure 4A,B). From further study of SAR,
alkyl length of amines affected mRNA expression: PA6 (4 carbon length) derived ZPPs
outperformed PA5 (3 carbon length) and PA7 (6 carbon length) derivatives, demonstrating
the importance of hydrophobicity and hydrophilicity balance for in vivo mRNA delivery
(Figure 4C). It is worth noting that PA6 was not efficacious even /n vitro, but PA6 derived
ZPPs mediated efficient protein expression both /n vitroand in vivo (Figure 4D). These
results showed the significant role phospholipidation modification played in endowing and
enhancing polymer vectors potency for mRNA delivery.

We next selected the optimized PA6-4P14 to determine the correlation between nanoparticle
accumulation and protein expression. PA6-4P14 mRNA polyplexes biodistributed to several
organs (spleen, liver, and lungs) with the highest accumulation in the spleen (Figure

4E,F and Figure S13A). This result was consistent with prior studies related to size and
composition for spleen uptake (Figures S14 and S15).4453 Additionally, negative phosphate
group introduction into ZPPs decreased the nanoparticle surface charge and pK; compared
to cationic polymer based polyplexes, which was also beneficial to /n vivo efficacy

and spleen tropism (Figures 3A and S16). Consistently, protein expression was observed
selectively in spleen, showing orders of magnitude higher efficacy than other organs
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(Figures 4G, S13B, and S17). PA6-4P14 mRNA polyplexes exhibited a dose dependent
delivery, where protein expression increased with the increasing mRNA dose from 0.1
mg/kg to 0.25 mg/kg (Figures 4H-J and S18). The polyplexes here mediated robust Fluc
expression in spleen (roughly 107 photons s™1 cm=2 sr~1) at a low mRNA dose of 0.1

mg/kg. These results demonstrate that zwitterionic phospholipidation methodology holds
great potential for transforming deficient cationic polymers to efficacious mRNA carriers for
spleen delivery in vivo.

ZPPs Enabled Lymph Nodes Delivery after Systemic Administration.

Beyond the spleen, lymph nodes are another important target for cancer immunotherapy

and vaccine development.11:54 Most approaches have focused on lymph node drainage
following local intramuscular injection.®® It remains challenging to achieve lymph node
delivery following systemic iv administration. Encouragingly, ZPPs with specific zwitterion
structures and numbers showed potential of lymph node transfection. We evaluated the
mRNA delivery capability of ZPPs to lymph nodes by recording the whole body images

of mice after Fluc mRNA delivery (0.1 mg/kg) and luciferin intraperitoneal injection

(Figure 5A). Balancing the amphoteric and amphiphilic functionalities, rationally designed
PAG-4Pm with four zwitterions and four long alky! tails delivered mRNA to produce protein
in many distant areas of lymph nodes. This targeting capability seemed restricted to a narrow
area of chemical structures (Figure S19). Following up through examination of ex vivo
organs, PA6-4Pm efficiently mediated protein expression in spleen and lymph nodes (Figure
5B,C and Figure S20). The optimal PA6-4P14 efficiently induced mRNA delivery to diverse
lymph nodes, including iliac, axillary, and mesenteric lymph nodes (Figure 5D,E). To study
cell type transfection, we utilized an activatable Cre-LoxP mouse model (Ail4) that contains
the LoxP flanked stop cassette, preventing the expression of tdTomato protein. tdTomato
will be expressed only in successfully transfected cells via translating Cre-recombinase
(Cre) protein to delete the stop cassette.40-50 PA6-4P14 delivered Cre mRNA successfully

to lymph nodes, with nearly 6% of all CD4* T cells transfected. In addition, mMRNA

was delivered to CD8" T cells and macrophages (Figures 5F, S21, and S22). Moreover,
PA6-4P14 delivered Cre mRNA to spleen cells, including CD4* T cells, CD8* T cells, B
cells, and macrophages. /17 vivotoxicity was not observed after PA6-4P14 mRNA polyplexes
administration (Figures S23 and S24). These results highlight the potential of ZPPs for
future immunotherapeutic applications.

CONCLUSIONS

A combinatorial library of ZPPs via zwitterionic phospholipidation of cationic polymers
was developed for mRNA delivery. This facile phospholipidation postmodification method
provides a versatile and practical approach to transform deficient cationic polymers to
efficacious zwitterionic polymers as mRNA carriers. This strategy introduced tunable
zwitterions with controllable species and numbers for serum resistance and incorporated
hydrophobic alkyl chains simultaneously to benefit endosomal escape. As a result, ZPPs
outperformed parent cationic polymers in key attributes such as nanoparticle serum stability,
cellular uptake, and endosomal escape, without sacrificing mRNA encapsulation capability.
ZPPs mediated mRNA delivery for high protein expression in high serum concentrations
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in vitroand in vivo. Encouragingly, ZPPs led to efficacious mRNA delivery selectively in
the spleen and lymph nodes following iv administration, demonstrating significant potential
for future use in cancer immunotherapy and vaccine development. We envision that the
generalizable zwitterionic phospholipidation methodology described here can be expanded
to a wealth of cationic polymers with primary, secondary, and tertiary amine groups in the
future to open new avenues for polymer-based mRNA therapeutic development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A combinatorial library of ZPPs was synthesized by phospholipidation of cationic polymers

for in vivo mRNA delivery. (A) Phospholipidation transformed cationic polymers to
efficient zwitterionic mRNA carriers, which enabled protein expression in the spleen and
lymph nodes. (B) The synthetic route toward zwitterionic polymers PAn-xPm is shown.
Cationic polymers PAn and alkylated dioxaphospholane oxide molecules Pm were prepared
separately, then reacted to yield PAn-xPm. “x” in “PAn-xPm” is defined as the number of
Pm molecules functionalized on each cationic polymer. (C) 15 amines and 7 Pm molecules
were used for combinatorial PAn-xPm synthesis.
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Figure 2.
Structure—activity relationships emerged for PAn-xPm polymers that deliver mRNA /n vitro.

(A) Heat map of Fluc mRNA expression mediated by PAn-xPm in IGROV1 cells, plotted

in relative light units (RLU) (n7= 3). (B) Chemical structures of PAn-xPm polymers derived
from different species of amines at physiological pH. (C) Relative hit rate of PAn-xPm with
different kinds of zwitterions. (D) Relative hit rate of Pan-xPm with the zwitterion composed
of one tertiary amine and one phosphate group. The alkyl chain length of starting amines
affected MRNA delivery efficacy. (E) Cell viability of PAn and representative PAn-xPm
mRNA polyplexes (mean + sd, 7= 3). Statistical significance was calculated using one-way
ANOVA with Dunnett’s multiple comparisons test: ****P < 0.0001; ***P< 0.001; **P<
0.01; *P<0.05. (F) mRNA binding efficiency of PAn and representative PAn-xPm mRNA
polyplexes (mean + sd, n=3).
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Figure 3.
Zwitterionic phospholipidation modification endowed cationic polymers with increased

serum resistance and endosomal escape ability. (A) ¢ potential of PAn and PAn-xPm
MRNA polyplexes (mean + sd, 7= 3). The polymer/mRNA weight ratio was fixed at 20/1
(w/w). (B) PAB, PA6-4P9, and PA6-4P14 delivered mCherry mRNA to IGROV1 cells at
different FBS concentrations (MRNA, 50 ng/well). Scale bar: 200 gm. (C) Lipid fusion and
endosomal escape of polyplexes were determined by a FRET assay at pH 5.5 (mean £ sd, 7
= 3). Statistical significance was calculated using one-way ANOVA with Dunnett’s multiple
comparisons test compared to respective unmodified PAn groups: ****P < 0.0001; ***P
<0.001; **P<0.01; *P< 0.05. (D) Endosomal escape and cellular uptake fluorescence
images of IGROV1 cells treated with PA6 and PA6-4P14 Cy5-mRNA polyplexes for 4 h.
Cy5-mRNA (red), endo/lysosomes (green), and nuclei (blue) were shown in the images. The
white arrow indicated mRNA escape from endo/lysosomes. Scale bar: 10 ym.
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Figure 4.

Chemical structure alteration of ZPPs controlled mRNA delivery to the spleen /n vivo.

(A) In vivo structure—activity studies of mMRNA delivery by PAn and PAn-xPm polymers
(Fluc mRNA, 0.1 mg/kg, iv, 6 h, n= 2 for initial screening): H, heart; Lu, lung; Li, liver;
K, kidney; S, spleen. (B) ZPPs outperformed their cationic counterparts in spleen mRNA
translation to Fluc expression. (C) Average (avg) radiance quantification of PAn-xPm
MRNA polyplexes. (D) Balance of amine and zwitterionic groups mediated higher mMRNA
delivery. Four Pm molecules modified on each PA6 polymer showed better performance
compared to two and six Pm molecule functionalization. (E) Biodistribution images of
selected PAG-4P14 Cy5-mRNA polyplexes (Cy5-mRNA, 0.25 mg/kg). (F) Biodistribution
quantification of PA6-4P14 Cy5-mRNA polyplexes (Cy5-mRNA, 0.25 mg/kg). Relative avg
radiance was calculated by deduction of PBS control group. The polyplexes accumulated
the most in the spleen. (G) Quantification of PA6-4P14 mediated Fluc mRNA expression
in vivo. The majority of protein expression occurred in spleen. Data in parts F and G are
presented as the mean + sd (7= 3), and statistical significance was calculated using one-
way ANOVA with Dunnett’s multiple comparisons test. (H) PA6-4P14 mRNA polyplexes
exhibited dose dependent MRNA delivery efficacy. (1) PA6-4P14 delivered mRNA at
different doses /n vivo (mean + sd, n= 3). (J) Chemical structure of top ZPP polymer
PAG-4P14 at physiological pH.
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Figureb.
Optimal ZPPs exhibited potential for lymph node transfection following systemic

administration. (A) /n vivo mRNA delivery screening by PAn-xPm mRNA polyplexes (Fluc
MRNA, 0.1 mg/kg). All body images were recorded 6 h after iv injection of C57BL/6 mice.
(B) PA6-4Pm polymers demonstrated superior mRNA expression in lymph nodes and spleen
(Fluc mRNA, 0.1 mg/kg). lliac lymph nodes were imaged here. (C) Quantification of Fluc
protein expression by PA6-4Pm mRNA polyplexes in lymph nodes. (D) Whole body images
of lymph node transfection following PA6-4P14 mRNA polyplex delivery at the dose of
0.25 mg/kg. (E) Ex vivoorgan images of protein expression following PA6-4P14 mRNA
polyplex delivery (Fluc mRNA, 0.25 mg/kg). mRNA expression occurred specifically in the
spleen and in lymph nodes: (1, 2) iliac lymph nodes; (3, 4) axillary lymph nodes; (5-7)
mesenteric lymph nodes. (F) Flow cytometry analysis of lymph node cells 48 h after iv
injection: tdTomato+ CD4* T cells, CD8* T cells, B cells, and macrophages were quantified
(mean * sd, n=3).
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