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Highly branched poly(p-amino ester)s (HPAEs) are among the most
promising candidates for gene delivery. However, so far, all HPAEs
have been synthesized primarily via Michael addition with triacry-
lates, tetraacrylates or diamines as branching monomers. Here we
report the development of HPAEs with thiolated branching units. By
using pentaerythritol tetrakis(3-mercaptopropionate) (PFTMP) as the
branching monomer, two HPAEs with similar molecular weights but
different branching degrees were synthesized. The results show
that both HPAEs effectively condense DNA into nanosized poly-
plexes with positive zeta potentials. HPAE-1/DNA polyplexes were
capable of transfecting both the human cervical cancer cell line
(HelLa) and the difficult-to-transfect human bladder transitional cell
carcinoma (UM-UC-3). The maximum transfection efficiency of
HPAE-1 was lower than that of linear poly(p-amino ester) (L-C32)
and HPAE containing tetraacrylate branching units (ER-HPAE-1),
but comparable to that of star-shaped PAE with a diamine core
(SPAE-1-5 h) and branched PEI 25k, with high cell viability. This
study develops a new class of HPAEs with thiolated branching units,
expanding the chemical diversity of the HPAE family.

Introduction

Many diseases are associated with disease-causing genes. By
delivering functional genetic material to replace faulty genes
and regulate the expression of specific proteins, these diseases
can potentially be treated at the genetic level." However, the
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translation of gene therapy is currently hindered by the lack of
efficient and safe gene delivery vectors.” Ideal gene vectors are
expected to achieve high levels of gene transfection efficiency
while minimizing cytotoxicity and immune responses.”> Over
the past three decades, significant efforts have been devoted to
developing gene delivery vectors. While nonviral gene vectors
(e.g., cationic lipids, polymers) generally exhibit lower transfec-
tion efficiency, they are safer, structurally flexible, and have a
higher gene packaging capacity, which has led to growing
interest in the development of clinically reliable nonviral gene
vectors."™®

Among the various nonviral gene vectors, HPAEs have
shown considerable promise compared to other cationic poly-
mers including PEI, poly(dimethylaminoethyl methacrylate)
(PDMAEMA), and polyamidoamine (PAMAM) due to multiple
advantages such as broad monomer availability, ease of synth-
esis, structural diversity, and hydrolytic degradability.” " More-
over, the three-dimensional (3D) structure and multivalency
of the terminal groups facilitate multiple steps in the gene
delivery process, such as DNA binding and polyplex cellular
uptake."'™"* In addition, the terminal groups offer multiple
sites for further functionalization.'® In 2015, Zhou et al. devel-
oped an “A2 + B3 + C2” type Michael addition strategy for
synthesizing HPAEs by introducing B3-type triacrylate trimethy-
lolpropane triacrylate (TMPTA) into the A2/C2 monomer com-
binations for linear poly(B-amino ester) (LPAE) synthesis.>"®
Gene transfection studies revealed that the HPAEs mediated
up to an 8521-fold higher transfection efficiency compared
to corresponding LPAEs and commercial gene transfection
reagents.'® Later, B4-type tetraacrylate pentaerythritol tetraa-
crylate (PET4A), diamines 1,3-diaminopropane (DAP), ethylene-
diamine (EDA) and hexamethylene diamine (HDA) were further
employed to synthesize HPAEs.'”>! Despite the great progress,
however, the branching monomers B3 and B4 have been
predominantly limited to triacrylates, tetraacrylates and dia-
mines. Moreover, the conjugation of amines to acrylates results
in the formation of tertiary amines, which become protonated
under physiological conditions. This increases the positive
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Scheme 1 Synthesis of HPAEs with thiolated branching units for DNA transfection. (a) Chemical structures of various branching monomers used for the
synthesis of HPAEs; (b) a depiction of the chemical structure of HPAE featuring thiolated branching units; (c) HPAEs with thiolated branching units
effectively condense DNA to form polyplexes, achieving high transfection efficiency.

charge density and enhances adsorption to negatively charged
biomacromolecules. Therefore, the synthesis of HPAEs using
new branching monomers could further expand the chemical
diversity of this family.

In this work, we report the use of PTMP as the branching
monomer for synthesizing HPAEs via an “A2 + B4 + C2”
Michael addition strategy (Scheme 1). By adjusting the feed
ratio of PTMP, we synthesized HPAE-1 and HPAE-2 with differ-
ent branching degrees but similar molecular weights. Both
HPAEs exhibit high DNA binding affinity (>75%) and are
capable of condensing DNA into polyplexes with a diameter
of less than 300 nm and a zeta potential of over +12 mV. In
HelLa cells, HPAE-2 achieved comparable or even up to 2.04-fold
higher DNA transfection efficiency compared to the corres-
ponding LPAE (L-C32), HPAE with tetraacrylate branching units
(ER-HPAE-1), and star-shaped HPAE with a diamine core (SPAE-
1-5 h). In the difficult-to-transfect UM-UC-3 cells, HPAE-2
demonstrated up to a 9.1-fold higher gene transfection effi-
ciency than the commercial reagent PEI 25k, while maintaining
high cell viability. This study demonstrates the feasibility of
using thiolated branching monomers in HPAE synthesis,
greatly expanding the chemical diversity and family of HPAEs.

Results and discussion
Synthesis of HPAEs using PTMP as the branching monomer

Previously, HPAEs were primarily synthesized through conjuga-
tion addition of amines to diacrylates, triacrylates, or
tetraacrylates."*'#2°3% These branching monomers, such as
triacrylates, tetraacrylates, or diamines, share similar reactivity
with functional diacrylates or amines. They branch out the
linear segments, resulting in the formation of a branched
topological structure for HPAEs. The polymerization process
was typically carried out at 90 °C. However, excess endcapping
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amines, high temperatures, and prolonged endcapping dura-
tion would lead to aminolysis of the HPAE base polymers
(HPAE-ac). In contrast, thia-Michael addition has been widely
used in organic synthesis due to its mild reaction conditions
and high reaction rates, which can even be performed in
physiological environments. To test our hypothesis, we
employed PTMP with four thiol groups as the branching
monomer, while 1,4-butanediol diacrylate (B4) and 5-amino-1-
pentanol (S5) which have demonstrated to be effective for gene
delivery as the functional monomers (Fig. 1) **. Dimethyl
sulfoxide (DMSO) was used as the solvent. To synthesize
HPAE-1, which has a relatively low degree of branching, the
molar feed ratio of [B4]:[S5]: [PTMP] was set at 5.28:4.0:0.24
(Table S1), corresponding to a stoichiometric ratio of [B4]/[S5 +
PTMP] close to 1.2:1, to favor the formation of acrylate-
terminated HPAE-ac. The total monomer concentration was
300 mg mL™", and the polymerization was carried out in a one-
pot manner at 90 °C. Under these conditions, B4 reacts con-
currently with both PTMP and S5. Because PTMP exhibits
higher reactivity toward B4 than S5 does, the reaction results
in the formation of a branched polymer containing multiple
PTMP-derived branching units, B4-S5 linear segments, and
terminal acrylate groups. Gel permeation chromatography
(GPC) equipped with a refractive index (RI) detector was used
to monitor the evolution of molecular weight during the poly-
merization process, with molecular weight determined relative
to poly(methyl methacrylate) (PMMA) standards. After 5 hours
of polymerization, the weight average molecular weight (M,,) of
the reaction mixture increased to 4020 g mol ', with a poly-
dispersity index (D) of 1.32 (Fig. 2a and Table S2). When the
reaction time was extended to 20 hours, the M, steadily
increased to 6280 g mol ™!, with a P of 1.67. Further extending
the reaction to 25 hours led to a slight increase in My, reaching
6560 g mol ', and the P remained below 2.0. Previous studies
have demonstrated that HPAEs with a M,, around 10000 g mol "

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of HPAEs with thiolated branching units via an "A2 + B4 + C2" type Michael addition. B4, PTMP, and S5 were first copolymerized to
produce HAPE-ac with acrylate terminal groups, which were then endcapped with 122 to generate the final HPAEs containing thiolated branching units.
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HPAE-2 during the polymerization process; (b) GPC traces of

HPAE-1 and HPAE-2 after endcapping and purification; (c) 'H NMR spectra of HPAE-1 and HPAE-2 following endcapping and purification.
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exhibit high DNA transfection efficiency without significant
cytotoxicity.'>'"'* Therefore, the reaction was terminated by
diluting with DMSO and cooling to room temperature. Excess
endcapping amine, 3,6,9-trioxaundecamethylenediamine (122),
was then added to endcap the HPAE-1 base polymer (HPAE-1-
ac) for 48 hours. After precipitation with diethyl ether three times,
the purified HPAE-1 has a M,, of 9460 g mol " and a P of 1.74
(Fig. 2b and Table S3). By weighing the final products and
comparing them to the starting materials, we determined that
the yields for HPAE-1 and HPAE-2 were approximately 37% and
48%, respectively.

To investigate the effect of branching degree on gene
transfection performance, we synthesized HPAE-2 with a higher
degree of branching by increasing the molar feed ratio of
[B4]:[S5]:[PTMP] to 6.24:4.0:0.72, corresponding to a stoi-
chiometric ratio of [B4]/[S5 + PTMP] of 1:1.15, while keeping
the other polymerization parameters constant (Table S4). GPC
results showed that with the increased PTMP content in the
feed ratio, the M,, growth of reaction mixture was faster than
that in the synthesis of HPAE-1 (Fig. 2a and Table S5). After
1 hour of polymerization, the M,, reached 5066 g mol™ " with a P
of 1.60, as more PTMP branching monomers rapidly combined
with the linear segments to generate a branched structure. After
2 hours, the M,, increased to 5260 g mol * with a P of 1.59.
Extending the reaction to 3 hours led to a slight increase in M,
to 5500 g mol " with a P of 1.64. After endcapping with 122 and
purification by precipitation with diethyl ether, HPAE-2 with a
M,, of 10880 g mol " and a P of 3.51 was synthesized (Fig. 2b
and Table S6). Proton nuclear magnetic resonance ("H NMR)
characterization confirmed the purity and chemical composi-
tion of the HPAEs (Fig. 2c and Fig. S1, S2). These results
demonstrate that HPAEs with thiolated branching units can
be effectively synthesized in a controlled manner with respect
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to molecular weight, chemical composition, and branching
degree, without the occurrence of gelation. It should be noted
that, due to the step-growth polymerization mechanism and
the broad D, it is difficult to exclude the presence of LPAE in the
final products. For comparison, a LPAE, L-C32, was synthesized
according to previous studies with slight modifications
(Fig. $3-55).>'% 1-C32 has a similar composition to HPAE-1
and HPAE-2 but lacks the PTMP branching units. L-C32 has a
M,, of 9460 g mol~* and a P of 1.74 (Tables S7 and S8).

Physiological properties of HPAEs and HPAE/DNA polyplexes

Effective condensation of DNA into nanoscale polyplexes is a
key prerequisite for high-performance gene transfection.”> To
evaluate this, we first assessed the DNA binding affinity of
HPAE-1 and HPAE-2. Commercial gene transfection reagent
branched polyethyleneimine (PEI 25k, M,, = 25 000 g mol ") was
used as the control.”®** As shown in Fig. 3a and Table S9, at a
PEI/DNA weight/weight (w/w) ratio of 5:1, PEI 25k demon-
strated a relative DNA binding affinity of 95%. This high DNA
binding capability is attributed to high nitrogen content of PEI
25k, which facilitates strong electrostatic interactions with the
negatively charged DNA. The DNA binding capability of HPAE-1
and HPAE-2 was measured across w/w ratios ranging from 10: 1
to 60:1. At the lowest w/w ratio of 10:1, both HPAE-1 and
HPAE-2 displayed high DNA binding affinity of >76%, with
HPAE-2 showing a slightly higher DNA binding affinity than
HPAE-1. As the w/w ratio increased, both HPAE-1 and HPAE-2
exhibited a modest increase in DNA binding affinity, and
consistently, HPAE-2 showed a slightly stronger binding affinity
with DNA than HPAE-1. This can be attributed to the higher
branching degree of HPAE-2, which provides more terminal
groups, thus enhancing DNA binding. Consequently, at the w/w
ratio of 10: 1, HPAE-1/DNA polyplexes have an average diameter
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Fig. 3 Physiological properties of HPAEs and HPAE/DNA polyplexes. (a) Relative DNA binding affinity of HPAE-1 and HPAE-2 at w/w ratios ranging from
10:1 to 60:1; (b) the corresponding sizes of HPAE-1/DNA and HPAE-2/DNA polyplexes; (c) the corresponding zeta potentials of HPAE-1/DNA and

HPAE-2/DNA polyplexes.
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of approximately 299 nm (Fig. 3b, Fig. S6 and Table S10). In
contrast, HPAE-2/DNA polyplexes are much smaller, with a size
of around 183 nm, indicating that HPAE-2 condenses DNA into
more compact polyplexes. As the w/w ratio increased, both
HPAE-1 and HPAE-2 formed more compact polyplexes, with
sizes decreasing to below 180 nm. Again, across all w/w ratios,
HPAE-2/DNA polyplexes are consistently smaller than the
HPAE-1/DNA counterparts. Moreover, all the polyplexes exhibit
a low polydispersity index (Fig. S7 and Table S11), indicating a
high degree of uniformity. zeta potential measurements further
reveal that all HPAE/DNA polyplexes exhibited high zeta poten-
tials of >+12 mV, which were even higher than those of the
PEI/DNA polyplexes, especially at the w/w ratio of 20: 1 (Fig. 3c
and Table S12). The small sizes and high positive zeta poten-
tials of the polyplexes are expected to be favorable for efficient
DNA transfection.

HPAEs mediate effective gene transfection in the difficult-to-
transfect UM-UC-3

The gene transfection efficiency of HPAEs with thiolated
branching units was first evaluated in UM-UC-3 cells. PEI 25k
was used as a positive control at a w/w ratio of 5:1, in
accordance with previous studies.’®*** In general, HPAEs med-
iate effective gene transfection at w/w ratios ranging from 10: 1
to 60:1; therefore, this range was employed in our
experiments.”™™ At a w/w ratio of 5:1, after 48 hours of
transfection in the presence of serum, almost no UM-UC-3 cells
were transfected by PEI 25k, as evidenced by the absence of
green fluorescence protein (GFP)-positive cells (Fig. 4a).
Flow cytometry confirmed that the transfection efficiency
was only around 1.5% (Fig. 4b and Table S13). This low
efficiency is likely due to the inherent difficulty of transfecting
UM-UC-3 cells.** At w/w ratios ranging from 10:1 to 50:1,
HPAE-1 successfully mediated GFP expression, with visible
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GFP-positive cells detected. However, increasing the w/w ratio
did not result in a significant improvement in transfection
efficiency (Fig. S8). Flow cytometry measurements showed that
the overall transfection efficiency remained around 3%. Simi-
larly, HPAE-2 also exhibited low gene transfection efficiency
within the same w/w ratio range. Correspondingly, alamarBlue
assays indicated that cell viability remained above 100%
throughout the experiments, which may be attributed to the
high degradability of poly(B-amino ester)s under physiological
conditions.'>?%?* However, when the w/w ratio was increased
to 60:1, a substantial improvement in transfection efficiency
was observed with HPAE-1. Flow cytometry revealed that nearly
7% of the cells were GFP-positive, which was significantly
higher than the transfection efficiency of the positive control
(PEI 25k). Notably, 100% cell viability was maintained as
measured by alamarBlue assay (Fig. 4c and Table S14). In
contrast, at the same w/w ratio of 60:1, HPAE-2 achieved
14% transfection efficiency, as indicated by the significantly
greater number of GFP-positive cells. However, as determined
by alamarBlue assays, only around 60% of the cells remained
viable, therefore the high transfection efficiency is possibly due
to cell apoptosis. These results indicate that while HPAEs with a
higher branching degree exhibit enhanced gene transfection
capability, they also cause more severe cytotoxicity. The branch-
ing degree significantly affects the overall gene transfection
performance of HPAEs with thiolated branching units.

Comparison of the gene transfection efficiency of HPAEs with
L-C32, ER-HPAE-1, and SPAE-1-5 h

To further validate the transfection capability of HPAE-1 and
HPAE-2, we synthesized L-C32, a LPAE widely used for DNA
transfection due to its excellent efficiency.*’* Notably, L-C32
has a similar composition to HPAE-1 and HPAE-2 but lacks
PTMP branching units. Additionally, we used ER-HPAE-1 (with
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Fig. 4 Gene transfection efficiency in UM-UC-3 mediated by HPAEs and PEI 25k. (a) GFP images of UM-UC-3 cells 48 hours after transfection with
HPAE-1 and HPAE-2 at a w/w ratio of 60 : 1, and PEI 25k at a w/w ratio of 5:1. The scale bars present 100 um; (b) percentage of GFP-positive UM-UC-3
cells measured by flow cytometry 48 hours post-transfection. *p < 0.05 indicates superior transfection efficiency compared to the PEI 25k group, n = 2;
(c) viability of UM-UC-3 cells measured by alamarBlue assay 48 hours after transfection. *p < 0.05 indicates superior cell viability compared to the PEI

25k group, n = 3.
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Fig. 5 HPAEs mediate high gene transfection efficiency in Hela cells. (a) GFP images of Hela cells after 48 hours of transfection by HPAE-1, HPAE-2,
L-C32, ER-HPAE-1 and SPAE-1-5 h at the w/w ratios of 30 : 1 and 60 : 1. The scale bars present 100 um; (b) percentage of GFP-positive cells quantified by
flow cytometry. *p < 0.05 indicates superior transfection efficiency compared to the UT group, n = 3; (c) MFI of cells after 48 hours of transfection
measured by flow cytometry. *p < 0.05 indicates superior transfection efficiency compared to the UT group, n = 3.

tetraacrylate branching units) and SPAE-1-5 h (with a diamine
core), both previously synthesized by our group for high-
performance DNA transfection, as benchmarks.>**> As shown
in Fig. 5a, in robust HeLa cells, untreated cells (UT) showed no
GFP expression after 48 hours of transfection. At a w/w ratio of
30:1, L-C32 and ER-HPAE-1 mediated intense GFP expression,
with flow cytometry showing 27.6% and 24.0% transfection
efficiency (Fig. 5b, Fig. S9 and Table S15). The corresponding
mean fluorescence intensity (MFI) values were 21369 AU and
11601 AU (Fig. 5c and Table S16). In contrast, HPAE-1, HPAE-2,
and SPAE-1-5 h showed similar, but lower, transfection effi-
ciency at this w/w ratio. As the w/w ratio was increased to 60:1,
the percentage of GFP-positive cells for L-C32, ER-HPAE-1, and
SPAE-1-5 h increased to 38.7%, 51.2%, and 21.2%, respectively.
Importantly, the transfection efficiency of HPAE-1 and HPAE-2
increased substantially to 21.3% and 43.3%. Specifically, the
percentage of GFP-positive cells after transfection by HPAE-2 is
1.12- and 2.04-fold higher than that achieved with L-C32 and
SPAE-1-5 h, respectively. However, the MFI of the cells trans-
fected by HPAE-2 is substantially lower than that mediated by
L-C32 and SPAE-1-5 h. Collectively, these results demonstrate
that, at the optimal w/w ratio, HPAE-1 exhibits gene transfec-
tion comparable to or even greater than that of the widely
used L-C32. It is worth noting that Santangelo et al. previously
synthesized and screened a series of HPAEs, finding that thiol-
containing HPAEs exhibited superior mRNA transfection effi-
ciency compared to formulations lacking thiol component.*®
These HPAEs were successfully used to deliver an mRNA-
expressed Casl13a-mediated treatment in a SARS-CoV-2 chal-
lenge model, achieving similar efficacy to a 20-fold higher dose
of a neutralizing antibody. Based on these findings, we spec-
ulate that HPAEs with thiolated branching units may also offer
similar advantages for mRNA delivery; however, this is beyond
the scope of the current study. Given the wide availability of

8882 | Mater. Adv, 2025, 6, 8877-8884

diverse thiolated branching monomers, their incorporation
into HPAEs could significantly expand the HPAE family and
facilitate the development of new, high-performance HPAEs for
both DNA and mRNA transfection.

Conclusions

In this study, for the first time, PTMP, instead of triacrylates,
tetraacrylates and diamines, was used as the branching mono-
mer in the synthesis of HPAEs for gene delivery. With the
increase of PTMP in monomer feed ratio, the polymerization
was significantly accelerated, two HPAEs with well-controlled
molecular weight, chemical composition, and branching
degrees were synthesized successfully in a one-pot reaction
without gelation. HPAEs effectively condensed DNA into poly-
plexes with diameters of less than 300 nm and zeta potentials
greater than +12 mV. In the challenging UM-UC-3 cell line,
HPAE-1 exhibited significantly higher gene transfection effi-
ciency at a high w/w ratio of 60:1 compared to PEI 25k at its
optimal ratio of 5:1, while maintaining high cell viability.
Given the mild reaction conditions and the commercial avail-
ability of thiolated branching monomers, this study presents a
new strategy for the synthesis of HPAEs, significantly expand-
ing the potential applications of this polymer family.
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