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Nanocarriers based on cationic materials play a central role in the
success of mRNA-based therapies. Traditionally, amine-bearing lipids
and polymers have been successfully employed for creating mRNA-
loaded nanocarriers, though they still present challenges, such as
physical and biological instability, limiting both delivery efficiency and
therapeutic potential. Non-amine cations could be a promising avenue
in addressing these limitations. However, such alternatives remain
notably underexplored. Herein, we introduced triphenylphosphonium
(TPP) as an alternative cationic moiety for mRNA delivery, leveraging its
advantageous properties for nucleic acid complexation. Through the
modification of amine-bearing catiomers, we replaced traditional
amine-based counterparts with TPP to create innovative polymeric
micelles as MRNA nanocarriers. A comprehensive analysis, encompass-
ing physicochemical, thermodynamic, and computational approaches,
revealed that the TPP substitution significantly influenced polymer self-
assembly, mRNA binding, and the overall stability of mRNA-loaded
polymeric micelles. Upon intravenous injection, TPP-bearing micelles
demonstrated a remarkable increase in mRNA bioavailability, facilitating
efficient protein production in solid tumors. These findings provide a
compelling rationale for substituting amines with TPP, emphasizing
their potential for advancing mRNA therapeutics.

Introduction

Messenger RNA (mRNA) has garnered significant interest as a
potent therapeutic agent for addressing various diseases.'”
mRNA’s inherent instability within the biological milieu, along
with its poor cellular uptake, hampers its distribution and function
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New concepts

Current non-viral mRNA carriers, composed of polymers or lipids, primarily
utilize amine-bearing materials for ionic complexation with mRNA. Although
numerous formulations have been explored, the fundamental aspect of ionic
complexation, which currently relies on amines, has been overlooked in
carrier design, thereby missing significant opportunities to enhance the
complex stability. We addressed this gap by substituting traditional amines
with triphenylphosphonium (TPP) in catiomers, aiming to develop innovative
polymeric micelles with a potent alternative cation. This simple substitution
remarkably enhanced the stability of mRNA-loaded micelles, facilitating
systemic mMRNA delivery. The key to improved performance lies in their
distinctive complexation modes. In addition to favorable ionic interaction
with mRNA, TPP-bearing catiomers elicited their hydrophobic properties
upon mRNA binding, efficiently expelling water molecules from mRNA and
forming multivalent networks between polymer-mRNA and polymer-poly-
mer. Consequently, mRNA can be densely packaged within a stabilized core,
preserving its function under harsh physiological conditions. Computational
analysis further underscored the pivotal role of each structural unit in TPP.
Our concept of amine-to-TPP substitution, supported by comprehensive
analysis, can be broadly applicable to existing mRNA carriers, such as lipid-
based or polymer-based nanoparticles, potentially improving their repertoire
and delivery efficacy to advance mRNA therapeutics.

at the intended target site.>” As such, carriers for mRNA that
provide effective protection and efficient delivery are essential for
its therapeutic application. Among the carriers for mRNA delivery,
non-viral synthetic nanocarriers comprising polymers or lipids
have demonstrated significant advantages, such as biocompat-
ibility, flexible design, and high cargo loading capacity.*'® How-
ever, they still face challenges including their instability in vivo,
off-target distribution, and intricacy in their optimal formulation.
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Most of these nanocarrier formulations predominantly employ
amine-based cationic molecules, such as polyamines or amino
lipids,""** that directly interact with negatively charged phosphates
of mRNA to encapsulate it within ionic complexes. However, these
complexes alone have shown issues in colloidal,"* physical,"*'* and
biological stability."®™"® Thus, for in vivo applications, current
carriers primarily combine additional components, such as
lipids,™*'® PEG,***' or other functional moieties,>*>* along with
amine-based materials. While these multi-component systems
show promise for in vivo mRNA delivery, the fundamental principle
of mRNA complexation, ie., ionic interactions with mRNA, remains
underdeveloped.

Because amine-based cations are popular materials for mRNA,
the alternative cations should provide a viable and straightforward
approach without the intricate designs associated with multi-
component systems. Moreover, the integration of these cationic
alternatives into a variety of presently employed amine-based mRNA
carriers could enhance their versatility and applicability. In this
study, we focused on triphenylphosphonium (TPP) as an alternative
cation to conventional amines for effective mRNA complexation.
Phosphonium-based cations provide unique ionic properties that
favor the interaction with anions, such as their charge distribution
and binding force to anions, which are attributed to differences in
electronegativity between phosphorus and nitrogen.”>” Moreover,
its three phenyl moieties facilitate hydrophobic interaction, poten-
tially leading to stable mRNA complexation.”®*® Thus, substituting
amines with TPP could significantly impact mRNA complexation,
thereby influencing mRNA delivery efficiency.

To assess the potential of TPP-modified materials, we
used polymeric micelles (PMs) as model mRNA nanocarriers.
Compared to other carriers, PMs have several advantages includ-
ing ease of preparation in aqueous solutions,*® deep tissue pene-
tration due to their small size,®" evasion of the reticuloendothelial
system (RES),** and the potential for targeted delivery when paired
with appropriate ligands.**** Nucleic acids can be encapsulated
into PMs using block copolymers, like PEG-poly(i-lysine) (PEG-
PLys), a classic polymer used for gene delivery.'****® Such PM
formulates a core-shell structure, in which the core is formed by
the electrostatic interaction between lysine-derived amines and
nucleic acids, while the PEG forms the outer shell inducing steric
hindrance. In this study, we carefully substituted the amines in
PEG-PLys with TPP at varying ratios to formulate mRNA-loaded
PMs. Through in-depth analysis of TPP-bearing polymers, mRNA-
loaded PMs, and the underlying polymer-mRNA interactions, our
study rationalized the application of TPP as a cationic alternative
in mRNA carriers. Ultimately, we showcased the practical potential
of TPP-bearing PMs for in vivo mRNA delivery.

Results and discussion
Preparation of block catiomers

We first synthesized block catiomers bearing triphenylpho-
sphonium (TPP). Poly(ethylene glycol)-poly(i-lysine) (PEG-
PLys) was synthesized as previously reported.>” The polymer-
ization degree of PLys was determined to be 68 by 'H- nuclear
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magnetic resonance (NMR) measurement (Fig. S1 and S2, ESIT).
TPP moieties were introduced into the lysine residues of PEG-PLys
via an amide coupling reaction (Fig. 1A). By changing the feeding
amount of 4-(carboxybutyl)triphenylphosphonium bromide (TPP-
COOH), block catiomers having different number of TPP residues
[PEG-PLys(TPP)] were successfully prepared. TPP introduction
ratio of each polymer was determined to be 26, 45, 75, and 97%
of the total amines in the original PEG-PLys by "H-NMR measure-
ment (Fig. S1, ESIf). In size exclusion chromatography (SEC)
analysis, each polymer exhibited a monodisperse peak and its
retention time was shifted with TPP introduction, which further
confirmed the successful synthesis of PEG-PLys(TPP) (Fig. S3,
ESIT). Hereafter, PEG-PLys with X% of total amines substituted
by TPP is denoted as PEG-PLys(X% TPP) (X = 26, 45, 75, 97).

Due to its hydrophobic nature, excess TPP modification may
diminish polymer solubility, hindering mRNA/PM formation in
an aqueous buffer. Despite this concern, all obtained polymers,
including that modified with TPP at the highest degree, PEG-
PLys(97% TPP), were well-soluble in 10 mM HEPES buffer without
forming aggregates or assemblies, judging from dynamic light
scattering (DLS) measurements. Phosphonium-derived cationic
repulsion likely prevented polymer association driven by TPP
hydrophobicity. Importantly, when ionic strength in 10 mM
HEPES buffer was increased with NaCl, PEG-PLys(X% TPP) (X =
45,75, or 97) showed a gradual increase in scattered light intensity
(SLI), while PEG-PLL and PEG-PLys(26% TPP) did not (Fig. 1B).
The increase in SLI implies the formation of multimolecular
assemblies. Indeed, PEG-PLys(X% TPP) (X = 45, 75, or 97) formed
particles around 50 nm with low polydispersity index (PDI)
(Fig. 1C and D). In particular, PDI of PEG-PLys(X% TPP) (X = 75
or 97) was below 0.05 (see inset Fig. 1C), suggesting highly
monodisperse nanoparticles. Under such a high ionic environ-
ment, cationic repulsion is suppressed by chloride anions to allow
hydrophobic interaction between polymers, resulting in self-
assembly (Fig. 1E). Generally, amphiphilic block copolymers
in aqueous solution can self-assemble into micelles or vesicles,
depending on the PEG weight fraction (fpgg) of the block
copolymer.®® When fpgc > 10%, micelle structure is favored,
and our PEG-PLys(TPP) polymers most likely form this structure.
Polymer concentration also affected these self-assembling beha-
viors (Table 1 and Fig. S4, ESIt). Increased polymer concentration
enhanced the sensitivity of PEG-PLys(TPP) to NaCl, resulting in
their self-assembly at lower NaCl concentrations. Under NaCl-
deficient conditions, however, the polymer showed minimal self-
assembly, indicating that cationic repulsion predominates over
hydrophobicity even at high polymer concentrations. Collectively,
NacCl and TPP synergistically lowered the critical micelle concen-
tration (CMC) of PEG-PLys(TPP) polymers.

This NaCl concentration-responsive behavior highlights two
novel aspects of PEG-PLys(TPP), both of which could be bene-
ficial for mRNA encapsulation. First, the hydrophobicity of
block copolymers increases with TPP introduction, while poly-
mer dispersity in an aqueous solution can be maintained
because of TPP’s cationic nature. Although previous studies
have incorporated hydrophobic moieties like cholesterol or
alkane into polycations for stabilization,>*™*' these approaches

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Synthesis and characterization of PEG-PLys(TPP) polymers. (A) Synthesis scheme. (B) Scattered light intensity (SLI), (C) polydispersity index (PDI),
and (D) diameters of the polymers dissolved in 10 mM HEPES buffer with various NaCl concentrations were analyzed by DLS. Note that PEG-PLys and
PEG-PLys(26% TPP) are not included in (C) and (D) due to their low SLI values. The diameter data presented in (D) are exclusively for polymers exhibiting
SLI > 10 and PDI < 0.5, ensuring the inclusion of reliable measurement data. Data are shown as the mean + S.D. (n = 3). (E) Proposed mechanism of

PEG-PLys(TPP) self-assembly induced by NaCl.

often compromise the cationic nature of the polymers, resulting
in only moderate incorporation to maintain their dispersion and
ability of ionic interaction with nucleic acids. In contrast, TPP
contains both hydrophobic and cationic properties within a single
residue, potentially overcoming this tradeoff to benefit from both
stabilization effects. Second, chloride anions prompt the hydro-
phobic nature of PEG-PLys(TPP) polymers, driving their assembly

Table 1 The critical micelle concentration (CMC) of PEG-PLys(TPP) poly-
mers dissolved in 10 mM HEPES solution with various NaCl concentrations

| NaCl (M)
15 0.75 05 0.15 )
97% 1.1 = 9.2
5% | - 1 Outofrange | Outofrange
PEG'PL{:’%% TPP) | 459 23 46 46 Outofrange | Outof range
26% 46 9.2 92 Out of range Out of range
0% | Outofrange | Outofrange | Outofrange | Outofrange | Outofrange

cMC (uM):  Low (NN | High

This journal is © The Royal Society of Chemistry 2024

(Fig. 1E). In other words, anionic molecules can act as “molecular
glue” between PEG-PLys(TPP) polymers. Because mRNA is anio-
nic, it may also promote the interaction between PEG-PLys(TPP)
polymers, leading to stable micelle formation.

Preparation of mRNA-loaded polymeric micelles (nRNA/PMs)

We next prepared mRNA/PMs by mixing each block polycation
[PEG-PLys or PEG-PLys(TPP)] with mRNA in 10 mM HEPES
buffer without NaCl (Fig. 2A). mRNA encoding firefly luciferase
(Fluc) was used as a model cargo (~1.9 kb). Their mixed ratio,
described as [cationic moieties in polymers]/[anionic moieties
in mRNA] (C/A) ratio, was fixed at 3 to ensure complete mRNA
complexation with a slight excess of cationic moieties. Our
control polymer, PEG-PLys, has been reported to form compact
and monodisperse mRNA complexes at this ratio,*> which was
also confirmed in our study (Fig. S5, ESIt). After the formula-
tion of mRNA/PMs by simply mixing the polymer and mRNA
solutions at the predetermined ratio, their size distribution and

Mater. Horiz., 2024, 11, 4711-4721 | 4713
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Fig. 2 Preparation and characterization of mRNA-loaded polymeric micelles (MRNA/PMs). (A) Schematic representation of mMRNA/PMs. (B) Size
distribution of MRNA/PMs determined by DLS. (C) Morphology of mRNA-loaded polymeric micelles (MRNA/PMs) observed by transmission electron
microscopy (TEM). The scale bar represents 200 nm. Each bottom image displays a size distribution histogram of the mRNA/PM core. (n = 80). (D)
Evaluation of mMRNA condensation status using fluorescence resonance energy transfer (FRET). Data are shown as the mean + S.D. (n = 3). Statistical
significance was calculated using one-way ANOVA with Bonferroni post hoc test. ****p < 0.0001. (E) Isothermal titration calorimetry (ITC) thermograms
of PEG-PLys(TPP) polymers titrated into Fluc mRNA in 10 mM HEPES buffer at 25 °C. The polymer dilution heat was subtracted from each plot.

zeta potential were analyzed by DLS and electrophoretic light
scattering (ELS) measurement, respectively. All mRNA/PMs
exhibited diameters within the range of 50-60 nm with low
PDI (below 0.2), having slightly positive charges. (Table 2 and
Fig. 2B). Transmission electron microscopy (TEM) observation
confirmed their spherical core structures around 20-25 nm in
diameter (Fig. 2C), where the PEG shell cannot be observed due
to its lower electron density compared to the stained core.****
By comparing the diameters measured by DLS and TEM, we can

4714 | Mater. Horiz., 2024, 11, 4711-4721

estimate the thickness of the PEG shell, which is around 15—
20 nm. Note that the staining degree within the core varied with
the TPP introduction. Increased hydrophobicity likely limited
the access of staining solutions to the core. Overall, these
characteristics indicate the successful formation of monodis-
perse mRNA/PMs.

To gain more insight into PM structure, we evaluated mRNA
condensation status in each mRNA/PM core using fluorescence
resonance energy transfer (FRET).*> Cy3/Cy5 double-labeled

This journal is © The Royal Society of Chemistry 2024
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mRNA was packaged into PMs, and FRET signal was measured
as an indicator of mRNA condensation. In this assay, a stronger
FRET signal suggests close localization of Cy3 and Cy5, which
should be derived from condensed mRNA. As shown in Fig. 2D,
all PM formulations exhibited increased FRET signal compared
to free mRNA by encapsulation. Of note, PMs from PEG-
PLys(TPP) showed a significantly higher FRET ratio than those
from PEG-PLys despite containing a similar number of mRNA
molecules within the PMs (Table 2), suggesting a more con-
densed status of mRNA. This FRET analysis indicates that TPP
moieties facilitate tight mRNA packaging to form compact and
uniform mRNA/PMs. This condensation property inspired us to
investigate the encapsulation of longer mRNA into PMs. Gen-
erally, encapsulation of longer mRNA is more challenging due
to its bulkiness.'” The encapsulation of VEE-GFP mRNA, which
is approximately 4 times longer than Fluc mRNA,'”*® with PEG-
PLys resulted in broad and large size distribution with some
aggregates, whereas PEG-PLys(TPP) achieved compact packa-
ging into uniform structures below 100 nm (Fig. S6A, ESIt). In
the case of shorter EGFP mRNA (~1 kb), both PEG-PLys and
PEG-PLys(TPP) could form compact PM with diameters around
50 nm (Fig. S6B, ESIt). Collectively, PEG-PLys(TPP) can package
mRNA with a large size window into the compact structure,
exhibiting its potential as a versatile platform for mRNA
delivery.

Thermodynamic analysis of polymer-RNA complexation

The thermodynamics of polymer binding to mRNA was
explored using isothermal titration calorimetry (ITC) to eluci-
date the fundamental interactions governing mRNA-polymer
complexation. Each polymer was titrated into mRNA to monitor
their thermal exchange. In case of a simple binding interaction
between two molecules, exothermic/endothermic reactions gra-
dually decrease as titrations progress and the enthalpy change
upon the titration diminishes at the point where the binding
stoichiometry reaches saturation. However, our ITC analyses
from all polymers displayed more complicated reactions; i.e.
the titrations showed endothermic reactions with gradually
increasing positive enthalpy change followed by titrations with
dilution heat. (Fig. 2E and Fig. S7, ESIt). These profiles likely
originated from mRNA condensation upon complex formation
with the polymers, as reported in previous ITC studies involving
polymers and nucleic acids.”’”~* It is noteworthy that molecular
stoichiometry corresponding saturation point for the endothermic
reactions differ among the various polymers. Specifically, it
emerged around the charge stoichiometric point for PEG-PLys
and PEG-PLys(97% TPP), followed by other PEG-PLys(X% TPP) (X =
75, 45, and 26). This sequential pattern suggests that sidechain
length influences mRNA interaction. Polymers with uniform side-
chain structures, like PEG-PLys and PEG-PLys(97% TPP), may
enable all sidechains to participate in mRNA interaction, resulting
in mRNA complexation with a minimal number of cationic
residues. Conversely, polymers with uneven sidechains, where
larger sidechains with TPP predominantly interact with mRNA
over residual amines, necessitate more polymers to cover the
mRNA surface for complexation. This finding underscores the

Mater. Horiz., 2024, 11, 4711-4721 | 4715
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Fig. 3 Molecular dynamics (MD) simulations of polymer—RNA interactions. (A) Chemical structures of the polymers utilized in this study. (B) Count of atomic
contacts between RNA and polymers during the final 100 ns of MD simulations for the RNA—polymer systems. (C) Radial distribution function (RDF) of water
molecules with reference to each RNA. (D) Count of atomic contacts between polymers during the final 100 ns of MD simulations for the polymer-only systems.

significance of sidechain uniformity in mediating their interaction
with mRNA.

When we focus on the initial titrations, PEG-PLys and PEG-
PLys(TPP) displayed opposite thermal profiles. PEG-PLys exhibited
exothermic reaction, whereas PEG-PLys(TPP) showed endothermic
reaction, which became more pronounced at higher TPP introduc-
tion ratios. This disparity implies distinct modes of polymer-mRNA
interaction. While enthalpy-driven electrostatic interaction may
predominate in PEG-PLys, entropy-driven hydrophobic interactions
involving solvent exclusion may become dominant with TPP

4716 | Mater. Horiz., 2024, 1, 4711-4721

incorporation. These interactions likely occur not only between
polymer—RNA but also between polymers, given that anionic mRNA
can act as glue between PEG-PLys(TPP) polymers, as evidenced by
their salt-responsive self-assembly (Fig. 1E). Our ITC results suggest
TPP incorporation significantly affects thermodynamic profiles
responsible for polymer-mRNA complexation.

Computational analysis of polymer-RNA complexation

To explore the atomic-level interactions between polymers and
RNA, we also conducted molecular dynamics (MD) simulations.

This journal is © The Royal Society of Chemistry 2024
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Due to the complexity of simulating real experimental systems,
our calculations focused on simplified model systems. Specifi-
cally, we simulated the interaction between three 10-mer catio-
nic polymers and a 10-mer RNA molecule in the presence of
explicit water molecules (Fig. S8, ESIf). Five random RNA
sequences were artificially generated to ensure that the propor-
tion of AUCG bases closely matched that found in the coding
sequence (CDS) of firefly luciferase (Fluc) (Table S1, ESIY).
As 10-mer cationic polymers, we included two additional poly-
cations, denoted as BA and TPA, to bridge the structural gap
between Lys and TPP (Fig. 3A). These virtual intermediates
highlight the structural components contributing to the super-
iority of TPP over Lys. These additions include sidechain
elongation, phenyl incorporation, and nitrogen replacement
with phosphorus. Through sequential comparison of these four
structures in molecular simulations, we aim to elucidate the
individual effects of each structural difference between Lys and
TPP on RNA complexation.

In the simulations, the cationic polymers BA, TPA, and TPP
generally formed more atomic contacts with RNA compared to
Lys did, especially with seq02, seq03, and seq04 (Fig. 3B). This
higher propensity for interaction is likely attributed to their
larger side chains, suggesting that these polymers have
enhanced affinity for RNA. We also computed the radial dis-
tribution function (RDF) of water molecules relative to each
RNA (Fig. 3C). As anticipated, in simulations involving poly-
mers, the RDF of water molecules around each RNA tended to
be smaller compared to simulations of RNA alone. Notably, in
simulations with TPA and TPP, the RDF was even smaller at
distances of around 3 A or more from the RNA. This suggests
that TPA and TPP might hinder water from interacting with
RNA molecules, implying a superior RNA encapsulation cap-
ability for these polymers. This observation was further corro-
borated when we calculated the solvent-accessible surface area
(SASA) of RNA during the simulations (Fig. S9, ESIT). Compared
to Lys and BA, the smaller SASA observed with TPA and TPP
indicates more effective shielding of the RNA. This may
enhance the RNA’s stability against nuclease attack in biologi-
cal environments.”® Moreover, to evaluate potential interac-
tions between the polymers, we conducted MD simulations of
ten 10-mer polymers in the absence of RNA. The number of
contacts between the polymers was more pronounced in the
TPA and TPP simulations, with TPP showing even greater
interactions (Fig. 3D). While the exposed side chain cations
of Lys and BA would typically repel each other, the hydrophobic
phenyl groups in TPA and TPP likely fostered interactions
between the polymers.

Theoretically, the nitrogen in TPA is more electronegative
compared to the phosphorus in TPP. This increased ability to
attract electrons potentially renders TPA more polarized, leading
to a decrease in hydrophobicity compared to TPP. To further
elucidate this, we employed QM calculations using the Gaussian
software,”" to directly compare the dipole moments of the
monomeric forms of TPA and TPP (Fig. 3A). Initial structures
were first geometry-optimized using the B3LYP/6-31G(d,p) level,
and dipole moments were subsequently calculated from these

This journal is © The Royal Society of Chemistry 2024
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optimized structures using the same method and basis set (Fig.
S10, ESIT). As expected, the dipole moment of TPA (17.07 D) is
greater than that of TPP (10.35 D), underscoring the more
polarized nature of TPA. Given this data, TPP is likely superior
to TPA in encapsulating RNA due to its less polarized and more
hydrophobic character.

Taken together, we conducted computational analyses to
gain atomic-level insight into RNA complexation by Lys-based
and TPP-based polycations. Given the multiple structural dif-
ferences between Lys and TPP, we included BA and TPA as
virtual intermediates to better understand the structure-
behavior correlation in the simulations. Our computational
results suggest that: (1) sidechain elongation in BA, TPA, and
TPP enhances interactions between polycations and RNA, as
well as among polycations themselves, thus stabilizing RNA
through more effective complexation (Fig. 3B and D); (2) the
incorporation of phenyl groups in TPA and TPP reduces the
presence of water molecules around RNA compared to Lys and
BA, further stabilizing RNA through efficient shielding (Fig. 3C
and Fig. S9, ESIt); and (3) the replacement of nitrogen with
phosphorus in TPP molecules leads to more frequent inter-
actions among TPP molecules than among TPA molecules,
likely due to the more hydrophobic nature of TPP (Fig. 3D
and S10, ESIf). Our molecular simulations highlight the
potential of TPP-based polycations by pinpointing the pivotal
roles of each structural unit within the TPP moiety. These units
may synergistically facilitate robust RNA complexation within a
solvent-excluded PM core, stabilized via multivalent networks
between RNA-polymer and polymer-polymer.

Biological evaluation of mRNA-loaded polymeric micelles
(mRNA/PMs)

We evaluated the delivery performance of our mRNA/PMs
under both in vitro and in vivo biological settings. It is well-
known that polyanion and nuclease, both abundant in the
biological milieu, stand as major obstacles for systemic mRNA
delivery in vivo by destabilizing poly-ion complex structure or by
degrading mRNA, respectively."*"® Thus, we investigated each
mRNA/PM stability against these components.

To assess the stability of mRNA/PM against polyanions, we
used dextran sulfate (DS) as a model polyanion, and the
structural integrity of mRNA/PMs against DS was monitored
utilizing FRET signal from Cy3/Cy5 double-labeled mRNA
(Fig. 4A and Fig. S11, ESI¥). After incubation with DS, the FRET
ratio of mRNA/PMs formed by PEG-PLys decreased dramatically
to reach the same value as free mRNA, indicating complete
mRNA release from PMs due to polyanion exchange. mRNA/
PMs formed of PEG-PLys(TPP), on the other hand, maintained
higher FRET ratios than free mRNA, although the ratio gradu-
ally decreased with DS addition. While the gradual decrease in
FRET ratio could infer the loosening of the PM core, the TPP
introduction-rate dependent increase in FRET ratio directly
indicates TPP’s function in maintaining the complex core
structure even under the coexistence of polyanions. This pro-
tective effect of TPP can be explained as a product of the
combinatory electrostatic and hydrophobic interactions, which

Mater. Horiz., 2024, 11, 4711-4721 | 4717
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Fig. 4

In vitro and in vivo performance of mRNA-loaded polymeric micelles (IMRNA/PMs). (A) Tolerability against polyanion exchange reaction. Cy3/Cy5

double-labeled MRNA was packaged into PMs, followed by incubation with dextran sulfate (DS) at various S/P (sulfate groups of DS/Phosphate groups of
mRNA) ratio. Structural integrity of mMRNA/PMs was analyzed using fluorescence resonance energy transfer (FRET). Data are shown as the mean + S.D.
(n = 3). (B) Tolerability against nuclease. MRNA/PMs were incubated with 50% FBS and the remaining mRNA was quantified using gRT-PCR. Data are
shown as the mean + S.D. (n = 4). (C) Fluc expression in CT26 cells. After 24 h incubation, Fluc protein levels in cell lysate were quantified. Data are shown
as the mean £+ S.D. (n = 4). (D) Cellular uptake of MRNA by cultured cells. After incubation with CT26 cells for 24 h, internalized Cy5-labeled mRNA
was observed by fluorescence microscopy. Blue: nucleus. Red: Cy5-labeled mRNA. The scale bar represents 100 um. (E) Quanitification of internalized
Cy5-labeled mRNA. Data are shown as the mean + S.D. (n = 5images) **p < 0.01, ***p < 0.001, ****p < 0.0001 and *****p < 0.00001, determined by
one-way ANOVA with Bonferroni post hoc test. (F) Blood circulation profiles of mRNA/PMs after intravenous injection into BALB/c mice. Intact Fluc
mRNA remaining in the bloodstream was quantified by gRT-PCR. Data are shown as the mean =+ standard error of the mean (s.e.m.) (n = 4). (G) Fluc
expression in the tumor. Fluc protein levels were measured 24 h after intravenous injection into tumor-bearing mice. Data are shown as the mean +

standard error of the mean (s.e.m.) (n = 5). *p < 0.05, **p < 0.01, determined by two-tailed Student's t-test.

have made the mRNA/PMs enriched with TPP moieties less
susceptible to polyanion exchange, resulting in improved struc-
tural integrity. Subsequently, nuclease tolerability was evaluated
by incubating mRNA/PMs in 50% serum, followed by remaining
mRNA quantification (Fig. 4B). Tolerability increased with TPP
introduction and the highest stability was achieved by PEG-
PLys(97% TPP). TPP-induced compact PM core, involving effi-
cient solvent exclusion as indicated by ITC and MD simulations
(Fig. 2E and 3C), likely prevents nuclease attack toward mRNA.

Before applying our mRNA/PMs to cultured cells, polymer
cytotoxicity was evaluated (Fig. S12, ESIt). While all polymers
exhibited dose-dependent cytotoxicity, likely due to their cationic
nature, TPP incorporation did not enhance, or rather sup-
pressed, the cytotoxicity of the original PEG-PLys, suggesting

4718 | Mater. Horiz., 2024, 11, 4711-4721

their biocompatibility. Given the tendency of TPP-bearing poly-
mers to self-assemble in the presence of anionic molecules
(Fig. 1E), their cationic moieties might be partially shielded
under culture conditions, potentially mitigating the cytotoxicity.
We then incubated mRNA/PMs with cultured cells. After 24
hours of incubation, enhanced Fluc expression was observed
for mRNA/PMs with PEG-PLys(TPP). In particular, mRNA/PMs
with PEG-PLys(97% TPP) exhibited maximum expression, which
was approximately 20-fold higher compared to mRNA/PMs with
PEG-PLys (Fig. 4C). Enhanced protein expression was consis-
tently observed across multiple cell types, highlighting the
versatile potential of TPP-bearing mRNA/PMs (Fig. S13, ESIt).
Stabilized mRNA/PMs could deliver more mRNA into cells with-
out being degraded within the supernatant (Fig. 4D and E),

This journal is © The Royal Society of Chemistry 2024
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which may have led to such high protein expression. As a positive
control, we also evaluated the protein expression efficiency of
polyethylenimines (PEIs), widely used commercial transfection
reagents.>> Given the structural variety of PEIs, we assessed two
types: high-molecular-mass linear PEI (jetPEI) and low-molecular-
mass branched PEI (bPEI). Both PEIs demonstrated significantly
higher protein expression than TPP-bearing mRNA/PMs (Fig. S14,
ESIt), with jetPEI showing even higher expression than bPEI,
suggesting the impact of PEI configurations.”®** The highly
cationic charge of PEIs may promote cellular uptake via direct
ionic interaction with cellular membranes. However, both PEIs
also displayed higher cytotoxicity, likely due to cell membrane
disruption by the cationic charges, posing a significant concern
for in vivo application (Fig. S12, ESI}). Overall, mRNA/PMs and
PEIs demonstrated different toxicity-efficiency profiles.

The TPP-bearing PMs achieved functional mRNA delivery
without obvious cellular toxicities. However, it should be noted
that the incorporation of exogenous mRNA or carrier materials
may cause intracellular responses at the molecular level. For
example, exogenous mRNA may affect the endogenous protein
synthesis machinery through immune stimulation or riboso-
mal occupation.”>® Also, given the role of biogenic polycations
in cellular RNA function,”” synthetic polycations may also
electrostatically interact with endogenous RNAs, potentially
affecting their activities. These points are a major concern in
nanocarrier design and remain largely unexplored.

Together, mRNA/PMs with TPP moieties improved stability
against biological components, as well as protein expression in
cells. 97% TPP introduction into PEG-PLys was determined to be
the optimal ratio. Thus, for the following experiments, we focused
on mMRNA/PMs with PEG-PLys(97% TPP) to elucidate the bene-
ficial effect of TPP moieties on systemic mRNA delivery in vivo.

mRNA/PMs were intravenously injected into mice to quantify
intact mRNA remaining in the bloodstream. Although PMs with
PEG-PLys could improve the stability of naked mRNA in vivo (Fig.
S15, ESIt), their mRNA underwent rapid degradation with time,
suggesting insufficient stability for systemic application. In con-
trast, PEG-PLys(97% TPP) efficiently protected mRNA to demon-
strate a much longer circulation profile (Fig. 4F). This prolonged
circulation in blood can be attributed to the following factors.
First, PEG-PLys(97% TPP) formed stable multivalent networks
between polymer-mRNA and polymer-polymer, enhancing struc-
tural integrity against polyanion exchange with biomacromole-
cules and reducing disassembly in the bloodstream (Fig. 4A).
Second, PEG-PLys(97% TPP) provided tight mRNA condensation
and solvent exclusion, possibly limiting RNase access to encapsu-
lated mRNA and improving its stability (Fig. 4B). Overall,
enhanced stability against polyanions and RNase likely contrib-
uted to the prolonged mRNA circulation in blood.

Finally, protein expression efficiency was evaluated. Because
solid tumor has leaky vasculatures,*"*® we hypothesized that our
developed mRNA/PMs could deliver intact mRNA into the tumor
efficiently due to their size below 100 nm and prolonged circula-
tion profile. To test this hypothesis, mRNA/PMs were intrave-
nously injected into tumor-bearing mice, and protein expression
in the tumor was analyzed at 24 h post-injection. As shown in
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Fig. 4G, mRNA/PMs with PEG-PLys(97% TPP) achieved higher
Fluc expression in the tumor by an order of magnitude than
mRNA/PMs with PEG-PLys. Biodistribution analysis revealed that
PEG-PLys(97% TPP) dramatically increased the intact mRNA
distribution across tissues (Fig. S16, ESIt), which likely contrib-
uted to the efficient protein production in the tumor. Further-
more, the in vivo safety of mRNA/PMs was assessed by monitoring
several biomarkers in plasma after systemic injection. No signifi-
cant toxicity was observed with mRNA/PMs containing either PEG-
PLys or PEG-PLys(97% TPP) (Fig. S17, ESIt). These results high-
light the great potential of TPP-bearing PMs for systemic mRNA
delivery in terms of both efficiency and safety.

Conclusions

Current non-viral mRNA carriers commonly rely on amine-based
materials for mRNA encapsulation, yet the potential of alterna-
tive cations remains underexplored. This study investigated the
effect of amine substitution with TPP using PM-based nanocar-
riers. TPP-incorporated polymers exhibited salt-responsive self-
assembling properties, a result of a delicate balance between the
hydrophobic and cationic properties of TPP, likely beneficial for
stable mRNA complexation. These polymers could tightly pack-
age mRNA within the PM core. Thermodynamic and computa-
tional analysis of mRNA-polymer interactions revealed that TPP
residues could preferentially interact with mRNA and polymers
themselves, expelling water molecules from mRNA through an
entropy-driven process. Such PMs can effectively protect mRNA
within physically and biologically stabilized complexes. In addi-
tion to the physical and biological stabilities, storage stability is
another critical aspect of mRNA carrier development.>® The
optimal conditions for the long-term storage of these mRNA/
PMs are under investigation in our lab.

Our molecular simulations effectively discerned subtle dif-
ferences in the polycations’ side chains, illustrating the
potential value of rational design and virtual screening in
selecting polycations for forming PMs. This approach could
offer new directions for future polymer discovery.

Finally, upon systemic administration, TPP-bearing PMs
significantly increased mRNA bioavailability, enhancing pro-
tein expression in solid tumors. Our results validate the amine
substitution with TPP in mRNA carriers and demonstrate their
substantial potential for in vivo mRNA delivery. Given that PMs
can be targeted to specific tissues by attaching ligands, TPP-
bearing PMs might serve as a robust platform for mRNA
delivery across various tissues. Beyond PMs, our simple yet
powerful strategy of amine-to-TPP substitution may be broadly
applied to diverse amine-based carriers, potentially facilitating
stable mRNA complexation in a well-separated phase from the
biological milieu without relying on additional materials.
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