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A simple epoxide modification strategy to construct amino-
functional poly(2-oxazoline) mRNA delivery vectors
Kuncheng Lv,ab Yibo Qi,ab Hanqin Zhao,ab Yuyan Zhang,ab Ziyue An,ab Sheng Ma,a  Wantong Song *abc

Messenger RNA (mRNA) delivery vectors are pivotal in the realm of vaccines and gene therapy. While polymer-based 
delivery vectors have garnered growing interest owing to their tunable structures and favorable biocompatibility, achieving 
high delivery efficiency remains a critical challenge. Poly(2-oxazoline) (POx) emerges as a promising candidate in 
biomedicine, yet its exploration in mRNA delivery is nascent. Herein, we engineered poly[2-(5-aminopentyl)-2-oxazoline]-
based (PAmOx) polymers as efficient mRNA delivery vectors through a straightforward one-step ring-opening reaction 
between the amino group on the PAmOx and the epoxide molecules. We conducted a systematic examination of how the 
degree of polymerization and the nature of grafted epoxide molecules influence mRNA delivery efficiency. In vitro 
experiments demonstrated that DP50-PE6, synthesized via a ring-opening reaction between 1,2-epoxydecane (E6) and 
PAmOx50, enhanced mRNA transfection efficiency by a staggering 3.3 × 105-fold compared with the parent PAmOx50. 
Consistent with the in vitro findings, in vivo intramuscular administration of the DP50-PE6/mRNA complex exhibited robust 
expression at the site of injection (1.8 × 106 p/sec/cm2/sr) and remained detectable for two days. Notably, following 
intravenous administration, the DP50-PE6/mRNA complex exhibited selective protein expression in the spleen which 
accounted for approximately 85.1% of the total expression observed across major organs. Further research revealed that 
the DP50-PE6/mOVA complex, when combined with anti-PD1, effectively inhibited tumor growth in the B16-OVA melanoma 
model, achieving a tumor suppression rate over 90%. These findings underscore the immense potential of POx-based vectors 
in mRNA delivery, setting the stage for the evolution of POx-inspired nucleic acid delivery vectors.

Introduction
Messenger RNA (mRNA) technology has revolutionized the 
landscape of genetic medicine, offering a versatile and potent 
approach for vaccine development, protein replacement 
therapies, and cancer immunotherapy.1-4 The clinical success of 
mRNA vaccines, exemplified by the FDA-approved Pfizer-
BioNTech and Moderna COVID-19 vaccines, has underscored 
the immense potential of mRNA-based therapeutics.5, 6 
However, realizing the full therapeutic promise of mRNA 
necessitates the development of efficient delivery systems that 
can ensure intracellular mRNA stability, facilitate cytoplasmic 
release, and enable precise organ targeting.7-9 Naked mRNA 
suffers from inherent limitations, including rapid degradation 
by nucleases, low cellular uptake, and undesired 
immunogenicity.10-13 Consequently, the design of an optimal 
mRNA delivery system must address key challenges including 
improving transfection efficiency, enhancing stability, achieving 
organ selectivity, and maintaining biocompatibility.14-18

Lipid nanoparticles (LNPs) have emerged as the leading 
mRNA delivery platform due to their high transfection efficiency 
and clinically validated performance.19-22 Comprising ionizable 
lipids, helper phospholipids, cholesterol, and polyethylene 
glycol (PEG)-lipids, LNPs protect mRNA from enzymatic 
degradation and promote efficient cellular uptake.23 Despite 
their success, LNPs present certain drawbacks, including 
instability, liver tropism, limited biodegradability, and restricted 
versatility in targeting extrahepatic organs.12, 24-26 In contrast, 
polymer-based delivery systems offer an attractive alternative 
with improved structural stability, tunable chemical properties, 
favorable biocompatibility and the potential for controlled 
organ distribution.27-30 However, the relatively low transfection 
efficiency of polymeric carriers remains a major hurdle, 
necessitating further structural optimization.31, 32

Poly(2-oxazoline)s (POx) have garnered significant attention 
in biomedical applications due to their tunable physicochemical 
properties, biocompatibility, and ease of functionalization.33-36 
Recent studies have begun to explore POx for mRNA delivery, 
for instance, by leveraging it as a PEG substitute in LNP 
formulations or by using cationic POx for the delivery of self-
amplifying RNA (saRNA).37-40 However, systematic studies on 
the rational design of cationic POx as delivery vectors for 
conventional mRNA, especially for applications like cancer 
vaccination, remain limited. Interestingly, linear 
polyethyleneimine (LPEI), as a hydrolyzed product of POx, is the 
most widely studied cationic polymer in the field of mRNA 

a.State Key Laboratory of Polymer Science and Technology, Changchun Institute of 
Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, China.

b.School of Applied Chemistry and Engineering, University of Science and 
Technology of China, Hefei 230026, China.

c. Jilin Biomedical Polymers Engineering Laboratory, Changchun 130022, China.
† Electronic supplementary information (ESI) available.

Page 1 of 15 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

0/
4/

20
25

 1
2:

39
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5SC04801J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04801j


ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

delivery.41-43 Its strong electrostatic interaction with mRNA 
makes LPEI a promising candidate for mRNA delivery, ensuring 
efficient complex formation and cellular uptake.44 However, 
PEI’s high cationic density results in cytotoxicity that limits its 
further in vivo application.45, 46 We hypothesize that POx can 
achieve efficient mRNA delivery with good biosafety through 
the rational design of side-chain structure.

In this study, we developed a simple one-step post-
modification approach to construct a series of POx-based mRNA 
delivery vectors with enhanced transfection efficiency and 
organ-targeting capabilities. Poly[2-(5-aminopentyl)-2-
oxazoline] (PAmOx) was reacted with various epoxide 
molecules through ring-opening reactions to obtain DPm-PEn 
(Fig. 1). DP25-PE6 and DP50-PE6 were selected based on their 
well-performed in vitro transfection capabilities. The protein 
expression mediated by these selected polymers exceeded 1010 
RLU/mg protein. Following intramuscular injection, DP25-PE6 
and DP50-PE6 enabled high local protein expression at the 
injection site. Intravenous administration of DP50-PE6 resulted 
in predominant protein expression in the spleen, accounting for 
85.1% of the total expression across major organs, indicating 
strong spleen-targeting potential. To evaluate its therapeutic 
potential, DP50-PE6 was further tested in a B16-OVA melanoma 

model. Remarkably, DP50-PE6 elicited a robust antigen-specific 
immune response and achieved substantial tumor growth 
inhibition, with a tumor suppression rate (TSR%) of 90%. These 
results underscore the versatility and efficacy of DPm-PEn as a 
kind of potent mRNA delivery vectors. 

Results and discussion
Rational design and synthesis of DPm-PEn

Amino-functionalized PAmOx was selected as the starting 
material due to its inherent cationic properties, which allow for 
efficient electrostatic interaction and loading of mRNA. To 
further enhance its cellular uptake and endosomal escape 
capacity, we modified the side chains of PAmOx by reacting the 
amino groups with epoxides containing varying alkyl chains.47 
This straightforward one-step strategy resulted in the 
generation of a diverse library of DPm-PEn conjugates with 
distinct hydrophobic properties, enabling a screening process to 
identify optimal candidates for mRNA delivery.

To achieve this design, 2-oxazoline monomer with Boc-
protected amino group was synthesized from 6-(Boc-
amino)caproic acid48 and then polymerized using trimethylsilyl 
trifluoromethanesulfonate (TMSOTf) as the initiator to afford 

Fig. 1 Schematic illustration of the POx-based carrier (DPm-PEn) design and the mechanism of mRNA delivery to cells. Abbreviations for epoxy molecules shown in the figure: 
propylene oxide (E1), 1,2-epoxybutane (E2), 1,2-epoxypentane (E3), 1,2-epoxyhexane (E4), 1,2-epoxyoctane (E5), 1,2-epoxydecane (E6), 1,2-epoxydodecane (E7), 1,2-
epoxytetradecane (E8), glycidol (E9).
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PBoc-AmOx49 (Scheme S1-S2, Fig. S1-S5). Polymers with target 
degrees of polymerization (DP) of 25, 50, 75 and 100 were 
synthesized by adjusting the feeding ratios of monomer and 
initiator, and the actual DPs were measured to be 24, 50, 78 and 
96, respectively (Fig. S2-S5, ¹H NMR spectra). The obtained 
PBoc-AmOx was further characterized using gel permeation 
chromatography (GPC). The number-average molecular weight 

(Mn) of the representative PBoc-AmOx50 was determined to be 
12.5 kDa, with a polymer dispersity index (PDI) of 1.2 (Fig. S6). 
After removing the N-Boc protecting group, a series of epoxy-
functionalized POx (DPm-PEn, m = 25, 50, 75 or 100; n = 1–9) 
were obtained by ring-opening reactions of PAmOx of different 
DPs with nine different epoxide molecules (Fig. 1, Fig. S7, 
Scheme S3).50 The appearance of peak ‘Ha’ (-CH3) in the ¹H NMR 

Fig. 2 In vitro screening of DPm-PEn polymers for mRNA transfection in 293T cells. (a) Schematic illustration of the evaluation of in vitro mRNA delivery efficiency. (b) Evaluation of 
DPm-PEn in vitro delivery of Fluc mRNA (200 ng/well) in 293T cells, with fluorescence intensity assessed after 24 hours of incubation. (c) The relationship between the type of 
grafted epoxide molecules and transfection efficiency. The data are presented as mean ± s.d. (n = 3).
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spectra confirmed the successful ring-opening reaction 
between the PAmOx and the epoxide molecules (Fig. S8). The 
grafting efficiencies of the individual polymers, determined 
from the integration of characteristic 1H NMR peaks, are 
summarized in Table S1. This process yields a series of polymers 
with different DPs and hydrophobic chains. Subsets of this 
library were termed DPm-PEn (m = 25, 50, 75 or 100; n = 1–9), 
depending on the combination of different DP and En. Utilizing 
this simple one-step post-modification process, we designed an 
expandable library of POx-based mRNA delivery vectors with 
diverse chemical structures.

In vitro transfection efficiency and cytotoxicity

The transfection efficiency is closely linked to the chemical 
structure of the mRNA delivery vector.51-53 To explore the 
structure-activity relationships (SAR) of polymeric vectors, 
DPm-PEn were used to deliver mRNA encoding firefly luciferase 
(Fluc) to 293T cells. In preliminary study, cationic DPm-PEn 
polymers were complexed with mRNA at a polymer-to-mRNA 
mass ratio of 30/1 to form polyplexes (Fig. 2a), with the 
corresponding N/P ratios for each polymer detailed in Table S2. 
In the in vitro screening heat maps (Fig. 2b), we observed that 
PAmOx were initially devoid of any transfection efficacy. Upon 

Fig. 3 In vitro safety assessment of DPm-PEn/mRNA polyplexes in 293T cells. (a) Schematic illustration of the evaluation of in vitro cell viability. (b, c) Cell viability of DP25-PEn (b) 
and DP50-PEn (c) mRNA polyplexes. (d) Live (green)/Dead (red) fluorescence results of PAmOx25, DP25-PE6, DP50-PE6, DP75-PE6 and DP100-PE6 (Scale bar = 200 μm). The data are 
presented as mean ± s.d. (n = 3).
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reaction with E5, E6, or E7, it transformed into a functionalized 
polymer with enhanced transfection efficiency. This indicates 
that the introduction of hydrophobic alkyl chains is crucial for 
mRNA delivery.54, 55 Among all tested polymers, DP50-PE6 
exhibited the highest in vitro transfection efficiency, which was 
3.3 × 105 times greater than that of PAmOx50 (Fig. 2c). This 
finding highlights the importance of optimizing both the DP and 
alkyl chain length to maximize the delivery potential of cationic 
polymer-based mRNA carriers.

The transfection efficiency of DP100-PE6 was significantly 
lower than that of DP50-PE6. This may be caused by the higher 
DP of DP100-PE6, which could lead to stronger cytotoxicity, thus 
affecting cell viability and transfection efficiency. We conducted 
an experiment to assess the cytotoxicity of DPm-PEn using 293T 
cells (Fig. 3a). It was found that the cell viability of PAmOx was 
merely 20%. Upon grafting with E2, E3, and E4 molecules, the 
cell viability of the polymer increased slightly, yet remained 
within a limited range of 20% to 40%. Interestingly, when 
grafted with E1, E5, E6, E7, E8, and E9 molecules, the cell 
viability of the polymer significantly improved, reaching 30% to 
100% (Fig. 3b-3c, Fig. S9). This seemingly counterintuitive trend, 
where longer hydrophobic chains led to lower cytotoxicity, can 
be attributed to the polymer's state. When evaluated alone, 
using the DP25 series of polymers as a representative example, 
the excessively hydrophobic E5-E7 polymers exhibited poor 
aqueous solubility and precipitated during preparation, which 
limited their bioavailability and capped their apparent 
cytotoxicity (Fig. S10). Upon complexation with mRNA, 
however, their strong hydrophobic interactions became 
advantageous, driving the formation of compact polyplexes (Fig. 
S11). This structure effectively sequesters the membrane-
disruptive hydrophobic chains internally. In contrast, the 
weaker hydrophobicity of the E2-E4 series was insufficient for 
complete shielding, leaving cytotoxic domains exposed on the 

polyplex surface. Therefore, the superior cytocompatibility of 
the E5-E7 series is a direct consequence of this structurally 
enforced shielding upon polyplex formation. While all DPm-
PE6/PE7 polymers demonstrated superior transfection 
efficiency in vitro, their cytotoxicity profiles varied with DP. At 
DP 25, negligible toxicity was observed, indicating a viable 
window for low-DP formulations. However, escalating DP led to 
progressive cytotoxicity, culminating in nearly 40% cell death at 
DP 100, potentially attributable to increased polymer-cell 
membrane interactions. Furthermore, 293T cells were treated 
with PAmOx25, DP25-PE6, DP50-PE6, DP75-PE6, and DP100-PE6, 
followed by staining with Calcein-AM and PI. As shown in Fig. 
3d, treatment with PAmOx25 resulted in almost complete loss of 
green fluorescence, indicating a high level of cytotoxicity and 
poor cell viability. In contrast, all E6-grafted polymers showed 
markedly improved biocompatibility, with strong green 
fluorescence and minimal red fluorescence observed. Evidently, 
as the DP increased, green fluorescence decreased significantly 
while red fluorescence intensified, further substantiating that 
cytotoxicity rises in correlation with the increase in the DP. 
These results suggested that an appropriate alkyl chain length, 
as well as the DP, was beneficial to maintain the balance 
between efficient mRNA delivery and low toxicity. By optimizing 
these two parameters, we can design polymers with high 
transfection efficiency and low cytotoxicity, which are suitable 
for in vivo applications.

Next, we investigated the effect of the polymer-to-mRNA 
mass ratio on transfection efficiency. According to the data 
presented in Fig. 2c, polymers exhibiting Fluc fluorescence 
intensity greater than 1.0 × 109 RLU/mg were selected as 
representative candidates, including DP25-PE6, DP25-PE7, 
DP50-PE6, DP50-PE7, DP75-PE6, DP75-PE7, DP100-PE6, and 
DP100-PE7. The mass ratios of polymer to mRNA were 
systematically varied at 1:1, 5:1, 15:1, and 30:1, with their 

Fig. 4 Transfection efficiency of DP25-PE6, DP25-PE7, DP50-PE6, DP50-PE7, DP75-PE6, DP75-PE7, DP100-PE6 and DP100-PE7 in 293T cells at various mass ratios (polymer/mRNA = 
1:1, 5:1, 15:1, and 30:1). The data are presented as mean ± s.d. (n = 3).
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corresponding N/P ratios detailed in Table S3. The results 
revealed a distinct trend, where transfection efficiency initially 
increased with the mass ratio, reaching a peak, and then 
declined at higher polymer-to-mRNA mass ratios (Fig. 4). 
Interestingly, 60% of the polymers demonstrated optimal 
transfection efficiency at a polymer-to-mRNA mass ratio of 
15:1. Notably, at this ratio, DP25-PE6 and DP50-PE6 exhibited 
the most efficient mRNA delivery. These findings highlight the 
critical importance of fine-tuning the polymer-to-mRNA mass 
ratio in order to maximize transfection efficiency. Based on 
these results, we selected two polymers, DP25-PE6 and DP50-
PE6, with a fixed polymer-to-mRNA mass ratio of 15:1 for 
subsequent investigations.
Stability, mRNA transfection across cell lines, and serum 
resistance

Nanoparticles formed by compounding polymers with mRNA 
were firstly characterized by dynamic light scattering (DLS) to 
assess the materials’ ability to condense mRNA. The size of the 
nanoparticles formed with DP25-PE6 was 175 nm with a 
polydispersity index (PDI) of 0.13, while the size of DP50-PE6 
was 162 nm with a PDI of 0.258 (Fig. 5a, 5d). These results 
indicate that both materials effectively self-assemble with 
mRNA to form stable nanoparticles. Next, the stability of the 
nanoparticles over time was evaluated, as it is a key factor for 

efficient mRNA delivery. We monitored the particle size of the 
nanoparticles formed by both DP25-PE6 and DP50-PE6 at 0, 1, 
2, 4, and 8 days post-formation (Fig. 5b, 5e). Nanoparticles 
formed by DP50-PE6 exhibited size stability throughout the 
observation period. However, the nanoparticles formed by 
DP25-PE6 showed a significant increase in particle size over 
time. This could be attributed to its lower DP, which might not 
effectively condense the mRNA, thereby leading to instability of 
the nanoparticles. Additionally, the stability and functional 
integrity of the polymers in ambient conditions were examined. 
The polymers were stored at room temperature for 0, 1, 2, 4, 
and 8 days and their mRNA delivery efficiency was assessed on 
293T cells. The results demonstrated that both DP25-PE6 and 
DP50-PE6 maintained high mRNA delivery efficiency regardless 
of the storage duration, underscoring the robustness and 
stability of these polymers under ambient conditions (Fig. 5c, 
5f).
   We further evaluated the transfection efficiency of DP25-PE6 
and DP50-PE6 across a range of cell types, including fibroblasts, 
immune cells, and tumor cells. Both polymers exhibited robust 
mRNA delivery, achieving Fluc fluorescence intensities 
exceeding 108 RLU/mg across all tested cell lines (Fig. 6a). 
Compared with the benchmark polymer LPEI, the transfection 
efficiency of DP25-PE6 and DP50-PE6 increased by one to two 

Fig. 5 Particle size and stability of DP25-PE6 and DP50-PE6 mRNA polyplexes. (a) DLS measurement of DP25-PE6/mRNA polyplexes. (b) DLS analysis of DP25-PE6/mRNA polyplexes 
to assess particle size stability over time (0, 1, 2, 4, and 8 days). (c) Evaluation of transfection efficiency of DP25-PE6 in 293T cells following storage for different time periods (0, 1, 
2, 4, and 8 days). (d) DLS measurement of DP50-PE6/mRNA polyplexes. (e) DLS analysis of DP50-PE6/mRNA polyplexes to assess particle size stability over time (0, 1, 2, 4, and 8 
days). (f) Evaluation of transfection efficiency of DP50-PE6 in 293T cells following storage for different time periods (0, 1, 2, 4, and 8 days). The data are presented as mean ± s.d. (n 
= 3).
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orders of magnitude (Fig. S12). Notably, the transfection 
efficiency was particularly high in DC2.4 cells, with Fluc 
fluorescence intensities surpassing 109 RLU/mg for both DP25-
PE6 and DP50-PE6. Dendritic cell (DC) is a key antigen-
presenting cell (APC) that plays a critical role in immune 
response initiation. The exceptional transfection efficiency in 
these cells highlights the potential of DPm-PEn for mRNA 
vaccine delivery. These findings collectively demonstrate that 
DPm-PEn, particularly DP25-PE6 and DP50-PE6, are highly 
effective for mRNA delivery across a broad range of cell types.

To investigate the internalization mechanism of DPm-
PE6/mRNA polyplexes, 293T cells were pretreated with a series 
of endocytic inhibitors. Chlorpromazine (CPZ), a known inhibitor 

of clathrin-mediated endocytosis, led to an approximately 10%–
20% reduction in luminescence intensity associated with DP25-
PE6 and DP50-PE6, suggesting the participation of clathrin-
dependent pathways in polyplex uptake (Fig. 6b, Fig. S13). In 
addition, treatment with chloroquine (CQ), which disrupts 
endosomal acidification, resulted in an approximately 40% 
decrease in mRNA transfection efficiency, underscoring the 
critical role of endosomal escape for successful mRNA delivery. 
We next investigated the mRNA delivery efficiency across a 
range of fetal bovine serum (FBS) concentrations. This 
experiment aimed to simulate the conditions of biological fluids 
and assess the impact of serum proteins on the polyplexes' 
stability and transfection efficiency. The results demonstrated 

Fig. 6 (a) Transfection efficiency of DP25-PE6 and DP50-PE6 mRNA polyplexes in 293T, DC2.4, RAW264.7, L929, B16-F10, and MC38 cells. (b) Effects of inhibitors on cellular uptake 
and endosomal escape of DP25-PE6/mRNA polyplexes. (c) Transfection efficiency of DP25-PE6/mRNA polyplexes in 293T cells under varying FBS concentrations (0%, 10%, 20%, and 
30%). The data are presented as mean ± s.d. (n = 3). (ns: not significant, *p < 0.05, **p < 0.01)
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that the mRNA delivery efficiencies of both DP25-PE6 and DP50-
PE6 exhibited a concentration-dependent trend, first increasing 
and then decreasing with the rising FBS concentration (Fig. 6c, 
Fig. S14). Notably, DP25-PE6 exhibited the highest mRNA 
transfection efficiency at 20% FBS, while DP50-PE6 reached its 
peak transfection efficiency at 10% FBS. Overall, these results 
indicate that DPm-PEn exhibit favorable serum stability, which 
is crucial for their potential use in in vivo applications.
In Vivo Study of DPm-PEn for mRNA Delivery

In the next stage, DP25-PE6 and DP50-PE6 were selected to 
evaluate the in vivo mRNA delivery efficiency. For the 
intramuscular administration, DPm-PEn/mRNA polyplexes were 
injected into mice at a dose of 0.25 mg/kg. After 24 hours, the 
luciferase substrate, D-Luciferin potassium salt, was 

administered, and firefly luciferase expression was quantified 
by measuring the total luminescent flux at the injection site (Fig. 
7a). Both DP25-PE6 and DP50-PE6 proved effective in mediating 
luciferase expression at the injection site (Fig. 7b, 7c). 
Compared with the benchmark LPEI and DP25-PE6, DP50-PE6 
increased luciferase expression by 3-fold in both cases (Fig. 
S15). This result is consistent with in vitro findings and affirms 
the superiority of DP50-PE6 for efficient local mRNA delivery. As 
the duration of mRNA expression is critical for the efficacy of 
mRNA vaccines, we assessed the sustained expression of firefly 
luciferase at various time points: 6, 12, 24, 48, and 72 hours 
post-injection. Both DP25-PE6 and DP50-PE6 sustained 
luciferase expression for up to 48 hours (Fig. 7d, 7e).

Fig. 7 In vivo mRNA transfection efficiency of DP25-PE6 and DP50-PE6 mFluc polyplexes following intramuscular injection. (a) The scheme of in vivo transfection experiments. The 
intramuscular administration of the DPm-PEn/mRNA polyplexes was at a dose of 0.25 mg kg-1. (b) Bioluminescence images of mice 24 hours after intramuscular injection of DP25-
PE6 and DP50-PE6 mFluc polyplexes. (c) Quantification of Fluc protein expression by DP25-PE6 and DP50-PE6 mFluc polyplexes. (d) Bioluminescence images acquired at 6 h, 12 h, 
24 h, 48 h, and 72 h following intramuscular administration of DP25-PE6 and DP50-PE6 mFluc polyplexes. (e) Quantification of Fluc protein expression at 6, 12, 24, 48, and 72 hours 
after intramuscular injection of DP25-PE6 and DP50-PE6 mFluc polyplexes. The data are presented as mean ± s.d. (n = 3). (ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001)

Page 8 of 15Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

0/
4/

20
25

 1
2:

39
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5SC04801J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04801j


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Please do not adjust margins

Encouraged by the robust luciferase expression observed 
after intramuscular injection, we next sought to evaluate in vivo 
mRNA delivery efficiency of DP25-PE6 and DP50-PE6 via 
intravenous (i.v.) administration. DPm-PEn/mRNA polyplexes 
were injected into BALB/c mice through the tail vein at a dose 

of 0.25 mg/kg. After 24 hours, D-Luciferin potassium salt was 
administered by intraperitoneal (i.p.) injection, and in vivo 
bioluminescence imaging was performed to assess firefly 
luciferase expression (Fig. 8a). Both polyplexes showed efficient 
luciferase expression, with DP50-PE6 mediating higher 

Fig. 8 In vivo mRNA transfection efficiency of DP25-PE6 and DP50-PE6 mFluc polyplexes at 24 hours after intravenous injection. (a) The scheme of in vivo transfection experiments. 
The intravenous administration of the DPm-PEn/mRNA polyplexes was at a dose of 0.25 mg kg-1. (b) Bioluminescence images of mice 24 hours after intravenous injection of DP25-
PE6 and DP50-PE6 mFluc polyplexes. (c) Bioluminescence images of main organs (heart, liver, spleen, lungs, and kidneys) collected 24 hours post intravenous administration of 
DP25-PE6 and DP50-PE6 mFluc polyplexes. (d) Quantification of Fluc protein expression by DP25-PE6 and DP50-PE6 mRNA polyplexes. (e) Quantification of Fluc protein expression 
by DP25-PE6 and DP50-PE6 mRNA polyplexes in major organs. (f) Percentage of total Fluc protein expression mediated via DP25-PE6 and DP50-PE6 in the main organs. (g) The 
quantitative analysis of Fluc protein expression in the spleen showed organ-specific distribution and expression levels. The data are presented as mean ± s.d. (n = 3). (ns: not 
significant, *p < 0.05, **p < 0.01, ***p < 0.001)
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expression levels than DP25-PE6—consistent with the results 
from intramuscular delivery (Fig. 8b, 8d). Most notably, the 
luciferase expression level mediated by DP50-PE6 was a 
remarkable 28-fold higher than that of the benchmark LPEI (Fig. 
S16). To further pinpoint the site of protein expression, major 
organs including the heart, liver, spleen, lungs, and kidneys 
were harvested for ex vivo imaging (Fig. 8a). Interestingly, 
luciferase expression was predominantly enriched in the spleen, 
suggesting a unique spleen-targeting property of the DPm-PEn 
carrier (Fig. 8c, 8e). Quantitative analysis revealed that DP50-
PE6 mediated 85.1% of the total protein expression in the 

spleen, indicating a strong organ preference (Fig. 8f). This 
spleen-selective protein expression profile is particularly 
attractive for vaccine applications where efficient delivery to 
immune-related organs is required. Between the two polymers, 
DP50-PE6 exhibited significantly superior spleen-targeted 
delivery, reinforcing its potential as a systemic mRNA vaccine 
carrier (Fig. 8g).
Therapeutic evaluation in B16-OVA tumor model

Building on the efficient mRNA delivery performance of DP50-
PE6 observed via both i.m. and i.v. administration, we further 

Fig. 9 (a) Schematic illustration of tumor inoculation and treatment schedule. (b) Average tumor growth curves of mice in different treatment groups (n = 5). (c) The body weight 
changes of B16-OVA tumor-bearing mice in different treatment groups (n = 5). (d) The percentage of CD11c+CD80+ cells and CD11c+CD86+ cells within the lymph nodes on day 21. 
(e) FACS analysis of IFN-γ positive T cells in the peripheral blood on day 20. (f) The percentage of CD3+ cells within the tumor on day 21. (g) The percentage of CD3+CD8+ CM cells 
within the spleen on day 21. The data are presented as mean ± s.d. (n = 3). (ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
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evaluated its potential as a vaccine vector for cancer 
immunotherapy. A B16-OVA tumor model was established by 
subcutaneously injecting 4 × 10⁵ B16-OVA cells into the right 
flank of C57BL/6 mice on day 0. Mice were then randomly 
assigned into three groups: (1) Control (PBS, i.v.; anti-PD-1, i.p.), 
(2) DP50-PE6 (i.m.), and (3) DP50-PE6 (i.v.). The respective 
treatments (PBS or DP50-PE6/mOVA) were administered on 
days 5, 10, and 15. Subsequently, all groups received an 
intraperitoneal injection of anti-PD-1 antibody on days 6, 11, 
and 16 (Fig. 9a). Notably, both i.m. and i.v. administration of 
DP50-PE6/mOVA (full-length ovalbumin-encoding mRNA) 
significantly suppressed tumor growth compared to the Control 
group. The TSR% reached approximately 90% in DP50-PE6 (i.v.) 
group (Fig. 9b). This underscores the robust therapeutic efficacy 
of DP50-PE6 as an mRNA vaccine carrier. Moreover, there were 
no significant changes in body weight across any groups during 
the observation period, suggesting good biocompatibility and 
minimal systemic toxicity with these treatment regimens (Fig. 
9c).

On day 21, mice were sacrificed, and blood, spleens, lymph 
nodes, and tumors were collected for immunological analysis. 
To assess the immune activation triggered by the vaccine, DCs 
in the lymph nodes were first analyzed by flow cytometry. 
Compared to the Control group, both i.m. and i.v. 
administration of DP50-PE6/mOVA led to a significant 
upregulation in the expression of costimulatory molecules CD80 
and CD86 (Fig. 9d, Fig. S17). This suggests effective activation 
and maturation of DCs within the lymph nodes. Further analysis 
of DCs within the tumor microenvironment revealed a 
consistent pattern (Fig. S18-S19). In the vaccine-treated groups, 
there was a marked increase in the expression of DC 
costimulatory molecules relative to the Control group, 
demonstrating that DP50-PE6/mOVA also enhances DC 
activation within tumors. We then evaluated T cell responses in 
the peripheral blood. Flow cytometric analysis revealed a 
significant elevation in the proportion of IFN-γ⁺ CD8⁺ T cells in 
both the i.m. and i.v. vaccinated groups compared to the 
Control group, signaling robust activation of cytotoxic T cell 
responses, which is in line with the observed anti-tumor efficacy 
(Fig. 9e, Fig. S20). Furthermore, we evaluated T cell infiltration 
within the tumor tissue. Both administration routes of DP50-
PE6/mOVA resulted in a substantial increase in tumor-
infiltrating T cells compared with the Control group (Fig. 9f, Fig. 
S21). Finally, to assess the induction of immune memory, we 
analyzed memory T cell populations in the spleen following 
multiple vaccinations. A noteworthy increase in CD8⁺ central 
memory T cells was evident in the vaccine-treated groups 
compared to the Control group, suggesting that DP50-
PE6/mOVA vaccination has the potential to generate enduring 
antigen-specific immune memory (Fig. 9g, Fig. S22). Taken 
together, these results underscore the ability of the DP50-
PE6/mOVA vaccine to not only effectively inhibit tumor growth 
but also activate a robust immune response.

Conclusions

We developed a series of POx-based mRNA delivery vectors 
(DPm-PEn) via a straightforward ring-opening reaction between 
amino and epoxide molecules. The effects of alkyl chain length 
and DP on transfection efficiency and cytotoxicity were 
systematically evaluated. By precisely tuning the polymer-to-
mRNA mass ratio, we identified two optimal candidates—DP25-
PE6 and DP50-PE6—for subsequent studies. DP25-PE6 and 
DP50-PE6 facilitated robust mRNA delivery and high gene 
expression (1.0 × 108–1.0 × 1010 RLU/mg) in various cell lines in 
vitro. Upon intramuscular injection, both DP25-PE6 and DP50-
PE6 successfully mediated mRNA transfection at the injection 
site, with DP50-PE6 achieving a 3.0-fold higher protein 
expression compared to DP25-PE6. Following intravenous 
administration, DP50-PE6 selectively transfected the spleen and 
induced 2.6-fold higher protein expression than DP25-PE6. In 
the B16-OVA melanoma model, both intramuscular and 
intravenous administration of DP50-PE6/mOVA vaccines in 
combination with anti-PD-1 suppressed tumor growth, 
achieving tumor suppression rate (TSR%) of 81% and 90%, 
respectively. Immunological analysis revealed that DP50-
PE6/mRNA vaccine in combination with anti-PD-1 induced a 
strong immune response by promoting the maturation of DCs 
in lymph nodes, enhancing T cell responses, increasing tumor-
infiltrating T cells, and establishing durable immune memory 
responses. This study highlights the significant potential of POx-
based vectors in mRNA delivery, with DP50-PE6 demonstrating 
especially promising performance.
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