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a b s t r a c t

Highly branched poly(β-amino ester)s (HPAEs) have shown their great promise in gene delivery. How-

ever, their broad molecular weight distribution (MWD) poses an additional challenge to the mechanistic

understanding of the influence of molecular weight (MW) on their gene transfection activity. Using a

stepwise precipitation strategy, HPAEs were fractionated. It is shown that MW has a significant effect on

the transfection activity and cytotoxicity of HPAEs. The intermediate MW mediates higher transfection

efficiency while maintaining high cell viability. Mechanistic studies show that the intermediate MW con-

fers stronger DNA binding affinity to HPAEs, leading to the formulation of polyplexes with a relatively

smaller size and more positive zeta potential. This study not only suggests a simple strategy to fraction-

ate HPAEs with narrow MWD but also provides new insights into understanding the structure-property

relationship, which would facilitate the clinical translation of HPAEs in gene therapy.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Gene transfection is a process of intentional modulation of a

specific protein expression by transferring exogenous nucleic acids

into target cells [1–5]. Despite its tremendous importance in the

treatment of various genetic disorders or acquired diseases, the

effective and safe transfer of genes has long been a challenge in

translating this technology from laboratory to bedsides. To over-

come the multiple extracellular and intracellular obstacles to gene

transfection, gene vectors are usually used to not only condense

DNA and protect it from enzymatic degradation, but also to facili-

tate the uptake of genetic cargo into cells [6–8].

Cationic polymers are considered one of the most promis-

ing candidates for gene transfection. Ring opening polymerization

(ROP) [9–12], reversible deactivation radical polymerization (RDRP)

[13–15], and step-growth polymerization [16,17] have been devel-

oped for the synthesis of cationic polymers. Thanks to their “living”

nature, ROP and RDRP usually yield polymers with narrow molec-

ular weight distribution (MWD). Meanwhile, the molecular weight
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(MW) of cationic polymers plays a crucial role in determining their

physicochemical properties [18,19]. Polyethyleneimine (PEI) [20],

poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) [21], chi-

tosan (CS) [22], poly(amidoamine) (PAMAM) [23], and poly-l-lysine

(PLL) [24] with different MW exhibit significantly different trans-

fection activities and cytotoxicity both in vitro and in vivo.

In 2015, an “A2+B3+C2” Michael addition strategy was devel-

oped by our group to synthesize HPAEs [25,26]. Amine (A2), tri-

acrylate (B3), and diacrylate (C2) were copolymerized in one-pot,

which not only effectively retarded gelation during the polymeriza-

tion process but also resulted in a three-dimensional (3D) topology

with multiple end groups of the obtained HPAEs. By simply varying

the feed ratio of diacrylate to triacrylate, the chemical composi-

tion and branched structure of the HPAEs can be easily adjusted. In

vitro, the optimized HPAEs showed up to 8521-fold improvement

in gene transfection compared to the linear counterparts [27,28].

In vivo, HPAEs were able to transfer plasmids to restore high ex-

pression of collagen VII (C7) in a knockout mouse model and a

grafting mouse model for recessive dystrophic epidermolysis bul-

losa (RDEB). Using the generalizable “A2+B3+C2” Michael addition

strategy, more than 70 HPAEs have been developed to date. Nev-

ertheless, the iterative step-growth polymerization and branching
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Fig. 1. Chemical structure of HPAE.

Fig. 2. (a) GPC traces of HPAE during polymerization. (b) GPC traces of HPAE com-

ponents with different MW, fractionated from crude HPAE polymer.

process results in all synthesized HAPEs having a broad MWD and

polydispersity index (Đ) of 2.1∼12.9 [27–30]. Under these condi-

tions, it is not possible to investigate the effect of MW on the gene

transfection activity of HPAEs to develop a favorable design prin-

ciple for clinical application. Moreover, the large heterogeneity of

MW would affect the consistency of HPAEs in terms of their chem-

ical composition and topological structure from batch to batch,

which would greatly hinder their clinical approval. Despite this

need, there has been no report on the development of HPAEs with

a narrow MWD, mainly because there is no easy-to-use strategy to

fractionate components from different MW on a large scale. There-

fore, the aim of this work is to develop a simple fractionation strat-

egy to isolate HPAE components with narrow MWD from the crude

polymer and to investigate the effects of MW on gene transfection

activity.

Using the “A2+B3+C2” Michael addition strategy, the branched

447 (HPAE-Cr) was synthesized with the monomer combina-

tion of 4-amino-1-butanol (S4), trimethylolpropane triacrylate

(TMPTA), 1,4-butanediol diacrylate (B4) and the end-capping

reagent 1-(3-aminopropyl)-4-methylpiperazine (E7) (Fig. 1 and Fig.

S1 in Supporting information). To promote the formation of the

acrylate-terminated HPAE base polymer, the stioichiometric ratio

of acrylates to amine was adjusted to 1.2:1.0 and a total monomer

concentration of 300mg/mL was used (Table S1 in Supporting

information). As shown in Fig. 2a and Table S2 (in Supporting

information), in the early phase of polymerization, due to the

high monomer concentration, reaction mainly occurred between

the monomers simultaneous through conjugation addition of S4

to B4 and TMPTA, and oligomers were formed, as shown by the

GPC trace. At 2h, the MW is about 3.0 k with a narrow Đ of 1.4.

As the polymerization proceeded, most of the monomers were

converted to oligomers, which further combined with each other.

Under these conditions, MW and the Đ of the polymer increased

rapidly to 21.2 k and 4.6, respectively, after 12h of polymerization.

However, when the polymerization time was further increased

to 18.5 h, however, MW of the polymer increased only slightly to

24.1 k with a Đ of 5.1, indicating that the amine groups in the sys-

tem were almost completely consumed and excess vinyl groups re-

mained behind due to the unequal stioichiometric ratio of acrylates

to amine. The polymerization was stopped and E7 was added to

end-cap the base polymer by consuming the excess vinyl groups.

After purification with diethyl ether, the product HPAE-Cr with

MW of 26.9 k and Đ of 4.0 was obtained. The purity and chem-

ical composition were confirmed by NMR (Fig. S2 in Supporting

information).

Not surprisingly, HPAE-Cr has a broad Đ of 4.0, which is due

to the intrinsic chain propagation mechanism of step-growth poly-

merization. Previously, size exclusion chromatography (SEC) was

used to fractionate polymers with relatively narrow Đ. However,

this technique is not practical for large-scale production. Consid-

ering that MW has a significant effect on polymer solubility, it is

likely that adjusting the polarity of the precipitant will result in

fractionation of polymers with different MW. Based on this hy-

pothesis, we propose a stepwise precipitation strategy for HPAE-

Cr fractionation. We attempt to isolate HPAE components with Đ
< 2.0. Acetone with a polarity index of 5.1 was initially tried as a

coprecipitant with the expectation that the high MW components

would precipitate in HPAE-Cr while the low MW counterparts

would remain soluble in the supernatant. The initial volume ratio

of acetone/diethyl ether was set at 1:7 (Table S3 and Fig. S3 in Sup-

porting information). Indeed, a precipitate with higher MW (31.7

k) and lower Đ (2.9) was obtained compared with HPAE-Cr, indi-

cating that part of the low MW components remained dissolved

in the supernatant due to the increased polarity of the precipitant.

However, the Đ of the isolated product was still too high to investi-

gate the effect of MW on the gene transfection efficiency of HPAEs.

However, when the volume ratio of acetone/diethyl ether was

further increased to 1:3 (Table S2 and Fig. S4 in Supporting infor-

mation), no obvious precipitate was obtained, possibly due to the

excessive polarity of the precipitant, which resulted in complete

dissolution of all polymers. These results suggest that acetone is

not favorable for HPAE-Cr fractionation. Next, DMSO with a polar-

ity index of 7.2 was tried as a coprecipitant in volume ratios of 1:6

and 1:4 (DMSO/diethyl ether) (Table S3, Figs. S5 and S6 in Support-

ing information) respectively. Similar to the acetone/diethyl ether

mixture, either a component with high Đ or no precipitate was

obtained, again indicating that DMSO is not beneficial for HPAE-

Cr fractionation. According to the above experiments, DMF with

a polarity index of 6.4 was used as a coprecipitant. Fortunately,

components with different MW, but relatively narrow PDI, were

precipitated successively. When the volume ratio of DMF/diethyl

ether increased from 1:4 to 1:8, HPAEs (Table S3 and Figs. S7–S11

in Supporting information) with high a MW of 31.4 k∼64.4 k and

Đ < 2.6 were precipitated. Meanwhile, HPAEs with low MW and

narrow Đ can also be isolated from the supernatant as long as the

volume ratio is <4.0 (Figs. S12 and S13 in Supporting information).

Based on these preliminary studies, four HPAEs with MW of 5.3 k,

33.1 k, 48.6 k, and 68.6 k and Đ of 1.2, 1.9, 1.9, and 1.9 were suc-

cessively isolated (denoted as HPAE-5.3 k, HPAE-33.1 k, HPAE-48.6

k, and HPAE-68.6 k, respectively (Fig. 2b, Table 1 and Fig. S14 in
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Table 1

MW and Đ of HPAEs under different fractionation conditions.

Polymer Volume ratio of DMF/diethyl ether Product in supernatant/precipitate Mw (k) Mn (k) Đ Yield

HPAE-Cr 26.9 6.9 4.0

HPAE-5.3 k 1:4.7 Supernatant 5.3 4.3 1.2 10.1%

HPAE-33.1 k 1:3.3 Supernatant 33.1 17.6 1.9 13.2%

HPAE-48.6 k 1:4.5 Precipitate 48.6 25.3 1.9 30.5%

HPAE-68.6 k 1:4.2 Precipitate 68.6 40.0 1.9 29.0%

Fig. 3. Representative GFP images of HeLa cells after transfection with HPAE-5.3 k,

HPAE-33.1 k, HPAE-48.6 k, HPAE-68.6 k, and HPAE-Cr (26.9 k) at 10:1, 30:1, and

50:1w/w ratios. jetPEI was used as control.

Supporting information). NMR analysis shows that the four poly-

mers have similar chemical composition (Fig. S15 in Supporting

information). All these results indicate that HPAE components of

different MW and narrow Đ can be isolated from the crude prod-

uct by the stepwise precipitation strategy, which makes it possible

to study the effect of MW on gene transfection activity.

The in vitro gene transfection activity of the isolated HPAEs

and HPAE-Cr was evaluated in HeLa, HepG2, and HaCaT cells at

HPAE/DNA w/w ratios of 10:1, 30:1 and 50:1, according to previ-

ous studies [25–30]. Plasmids encoding cytoplasmic green fluores-

cent protein (GFP) or secreted Gaussia luciferase (Gluc) were used

as reporter genes. As shown in Fig. 3 and Fig. S16 (Supporting in-

formation), in general HPAE-33.1 k, HPAE-48.6 k, and HPAE-68.6

k, components with medium or high MW, generally show signifi-

cantly stronger gene transfection activity in HeLa cells than the low

MW counterpart HPAE-5.3 k, regardless of the w/w ratios used,

as seen by the higher number of GFP positive cells in the fluo-

rescence images. In particular, HPAE-33.1 k exhibits the strongest

gene transfection activity, rivaling even the leading commercial

gene transfection reagent jetPEI, especially at the lowest w/w ra-

tio of 10:1. Compared to HPAE-Cr, isolated HPAE-33.1 k and HPAE-

48.6 k also exhibit higher or comparable gene transfection activity

at all three w/w ratios. The gene transfection efficiency of HPAEs

with different MW was further quantified by measuring the Gluc

activity of the cells after transfection, and a trend similar to that

observed for GFP expression was observed. As shown in Fig. 4,

the Gluc activity of HeLa cells after transfection with HPAE-33.1

k, HPAE-48.6 k and HPAE-68.6 k was up to two orders of magni-

tude higher than that mediated by HPAE-5.3 k. At a 10:1w/w ratio,

the Gluc activity of HeLa cells after transfection with HPAE-33.1

k was 70- and 1.1-fold higher than that mediated by HPAE-5.3 k

and HPAE-Cr, respectively. Importantly, alarmarBlue assays clearly

show that all isolated HPAEs retain relatively high cell viability af-

ter transfection, especially at the 10:1 and 30:1w/w ratios. In con-

trast, HPAE-Cr mediates a similar level of gene transfection activity

as HPAE-33.1 k, HPAE-48.6 k, and HPAE-68.6 k, but the cell via-

bility at the 30:1w/w was only about 60%. Although, jetPEI has

the strongest gene transfection activity, cell viability after transfec-

tion was only about 40%, much lower than the viability mediated

by HPAEs, even when the highest w/w ratio of 50:1 was used. In

HepG2 cells, HPAE-33.1 k, HPAE-48.6 k, and HPAE-68.6 k surpris-

ingly show much stronger transfection activity than HPAE-5.3 k

and HPAE-Cr, especially at the w/w ratios of 30:1 and 50:1 (Fig.

S17 in Supporting information). In a good correlation with GFP ex-

pression, the Gluc activity of cells after transfection by HPAE-33.1

k, HPAE-48.6 k, and HPAE-68.6 k is up to 100- and 4-fold higher

than that mediated by HPAE-5.3 k and HPAE-Cr, respectively. At

the same time, relatively higher cell viability was maintained, es-

pecially at the 10:1 and 30:1w/w ratios (Fig. S18 in Supporting in-

formation). The low MW HPAE-5.3 k exhibited higher cytotoxicity,

which may be due to the polyplexes being more aggregated and

therefore adsorbing more readily to the cell membrane, leading to

excessive interactions of the polyplexes with the lipid bilayer of

the cells and causing higher cytotoxicity [26]. As for the difficult-

to-transfect HaCaT cells, HPAEs with intermediate and high MW

also showed stronger and comparable gene transfection activity

compared with HPAE-5.3 k and HPAE-Cr (Figs. S19 and S20 in Sup-

porting information). All these results indicate that MW has a sig-

nificant effect on the gene transfection performance of HPAEs. In

general, HPAEs with medium and high MW (e.g., 33.1 k, 48.6 k and

68.6 k) exhibit much stronger gene transfection activity than the

low MW analog (e.g., 5.3 k). The fact that HPAE-5.3 k mediates low

gene transfection activity, whereas HPAE-48.6 k and HPAE-68.6 k

elicit relatively high cytotoxicity in certain cell types, underscores

that HPAE with an intermediate MW (i.e., 33.1 k) is the most po-

tent candidate among HPAEs for gene delivery in achieving high

gene transfection efficiency and cell viability simultaneously. From

this perspective, isolation of intermediate MW components from

HPAE-Cr by fractionation is of great clinical importance.

To better understand the mechanism behind the enhancement

of gene transfection performance of HPAEs by fractionation, the

DNA binding affinity of representative HPAE-Cr, HPAE-5.3 k, and

HPAE-33.1 k was determined using the PicoGreen assay. As shown

in Fig. 5a, HPAE-Cr has a DNA binding affinity of approximately

50%. After fractionation, the DNA binding affinity of the low MW

HPAE-5.3 k was about 40%, lower than that of HPAE-Cr. In contrast,

HPAE-33.1 k has a DNA binding affinity of about 70%, which is

much higher than that of HPAE-Cr and HPAE-5.3 k. In addition, as

shown in Fig. S21 (Supporting information), all three HPAEs (HPAE-

Cr, HPAE-33.1 k, HPAE-5.3 k) showed good DNA condensation abil-

ity and no DNA shifts along the agarose gel. More importantly, the

DNA binding ability of the low MW HPAE (HPAE-5.3 k) is weaker,

as shown by the stronger DNA band. Accordingly, the polyplexes

formulated with HPAE-33.1 k and DNA have a size of about 170nm,

which is 70nm and 110nm smaller than the polyplexes formulated

with HPAE-Cr and HPAE-5.3 k with DNA, respectively (Figs. 5b and

c). Accordingly, the zeta potential of the HPAE-33.1 k/DNA poly-

plexes is about +20mV, which is more positive than that of the

HPAE-Cr/DNA and HPAE-5.3 k/DNA polyplexes, which are +11mV

and +7mV, respectively. These results are in good agreement with

previous reports. Considering that the three HPAEs have similar

chemical composition, the different DNA binding affinity may be

due to their different MW and MWD. On the one hand, the MW of

HPAE-33.1 k is much higher compared to HPAE-5.3 k, which gives

it more consecutive positive charges and thus favors DNA binding

and condensation. On the other hand, both HPAE-Cr and HPAE-33.1

k have a relatively high MW. However, the former has a broader Đ
(4.0) than the latter (1.9). Under this condition, the low MW com-

ponents in HPAE-Cr would affect DNA binding affinity because the
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Fig. 4. (a) Gluc activity and (b) cell viability of HeLa cells after transfection with different HPAE/DNA polyplexes. For Gluc activity, “∗” and “#” indicate that it is significantly

higher compared with HPAE-Cr and HPAE-5.3 k groups (w/w=50:1). For cell viability, “∗” indicates that it is significantly higher than that of the jetPEI group (P < 0.05,

Student’s t test).

Fig. 5. HPAE-Cr, HPAE-33.1 k and HPAE-5.3 k exhibit different DNA binding affinity (a), leading to the formation of polyplexes with apparently different size and zeta

potential (b), size distribution of polyplexes (c).

successive positive charges are much lower. In contrast, all poly-

mers in HPAE-33.1 k have closely spaced and high consecutive pos-

itive charges, which confer much stronger DNA binding affinity and

ultimately lead to the formulation of polyplexes with a smaller size

and more positive zeta potential.

In conclusions, in this study, we fractionate HPAEs through a

stepwise precipitation strategy and further elucidating the effect

of MW on the gene transfection performance of HPAEs. The results

show that by carefully manipulating the polarity of the precipitant,

HPAEs components with a relatively narrow MWD but differenti-

ated by MW can be isolated sequentially. Gene transfection stud-

ies show that the intermediate MW is more favorable to impart

excellent transfection efficiency while maintaining high cell via-

bility. HPAEs with intermediate MW and narrow MWD can exert

stronger DNA binding affinity, leading to the formation of poly-

plexes with smaller size and higher zeta potential. Our study pro-

vides new insights into understanding the structure-property rela-

tionship of HPAEs, which would accelerate their clinical translation.

The easy-to-use fractionation strategy proposed here could be fur-

ther extended for the separation of other polymers synthesized by

step-growth polymerization.
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