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It is well known that cationic polymers have excellent antimicrobial capacity accompanied with high
biotoxicity, to reduce biotoxicity needs to decrease the number of cationic groups on polymers, which
will influence antimicrobial activity. It is necessary to design a cationic polymer mimic natural antimi-
crobial peptide with excellent antibacterial activity and low toxicity to solve the above dilemma. Here,
we designed and prepared a series of cationic poly(8-amino ester)s (PBAEs) with different cationic con-
tents, and introducing hydrophobic alkyl chain to adjust the balance between antimicrobial activity and
biotoxicity to obtain an ideal antimicrobial polymer. The optimum one of synthesized PBAE (hydrophilic
cationic monomer:hydrophobic monomer=5:5) was screened by testing cytotoxicity and minimum in-
hibitory concentration (MIC), which can effectively kill S. aureus and E. coli with PBAE concentration of
15 pg/mL by a spread plate bacteriostatic method and dead and alive staining test. The way of PBAE killing
bacterial was destroying the membrane like natural antimicrobial peptide observed by scanning electron
microscopy (SEM). In addition, PBAE did not exhibit hemolysis and cytotoxicity. In particular, from the
result of animal tests, the PBAE was able to promote healing of infected wounds from removing mature
S. aureus and E. coli on the surface of infected wound. As a result, our work offers a viable approach for
designing antimicrobial materials, highlighting the significant potential of PBAE polymers in the field of

biomedical materials.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Every year, millions of people around the world die from bac-
terial infections. At present, the most effective way to resolve bac-
terial infections is still relay on antibiotics [1]. But the overuse of
antibiotics over the past decades has led to the emergence of drug-
resistant bacteria, which has developed into a serious global health
problem [2,3]. In order to solve this problem, researchers are en-
thusiastically developing antibacterial strategies to avoid drug re-
sistance, using antibacterial materials except for antibiotics to fight
bacteria, commonly used include metal ions (Ag, Cu) metal ox-
ides (Al,03, TiO,), organic molecules (guanidinium salts, halo-
gens, porphyrin-type photosensitizers) and antimicrobial peptides
(AMPs) [4-9]. Metal ions are the oldest used bactericide with a
long validity antibacterial period and good antibacterial efficiency,
but the high cost and high toxicity as well as easy to produce
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heavy metal deposition and difficult to metabolize limit its appli-
cation in body [10,11]. Some metal oxides and organic photosensi-
tizers are semiconductor and can adsorb light of a particular wave-
length to produce ROS (reactive oxygen species) to achieve photo-
dynamic antimicrobials, but the light-dependence limits their an-
timicrobial application in deep tissues and organs in body [12].
Organic small molecule antimicrobials are trapped by their own
toxicity and instability and not an ideal one in practical use [13].
Among these antimicrobial materials, AMPs are produced from the
living body organisms themselves with safety and non-toxicity,
wide antimicrobial spectrum, good stability and low bactericidal
concentration [14,15]. While the source of natural AMPs was lim-
ited, and AMPs are difficult to extract, resulting in low yield and
high cost, which influence the large scales application in anti-
infection [16,17]. Therefore, it is important to find a kind of easy-
to-obtain antibacterial materials that can simulate the antimicro-
bial mechanism of AMPs [18]. Synthetic polymer antibacterial ma-
terials are the primary candidate to simulate AMPs due to their
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Scheme 1. PBAEs synthesis and antibacterial mechanism. (A) PBAEs were synthesized by the Michael addition reaction with different HC and HB part. (B) The proportion of
subunits (HCM:HBM) of the PBAEs with the ratio of HC to HB, from 0% to 100%. (C) Antibacterial.

designable structure and low cost, which can not only obtain ex-
cellent antibacterial properties and low toxicity through structural
modification, but also have wide range of options. In addition, syn-
thetic polymers are not come from animal, so which are not im-
munogenic. Once a synthetic antibacterial polymer has a suitable
structure and can be synthesized with stable route, it is easy to
promote the use in practical application [19].

In various types of synthetic polymers, poly(8-amino ester)
(PBAE) is a kind of cationic polymer and the most promising one
to mimic natural AMPs, which contains a large number of amino
and ester bonds in molecular chain [20,21]. The molecular struc-
ture of PBAEs can be manipulated to possess excellent biocompat-
ibility, biodegradability, antibacterial activity and even responsive-
ness, which make PBAEs attract great attention in the biomedical
field in recent years [22-24]. A lot of research works have been
carried out the studying of PBAE in the field of, for example, anti-
cancer drugs, antimicrobial agents, protein delivery and so on. The
monomers of synthetic PBAE can be selected from a wide range of
options, and the key factor for the tunability of PBAE properties is
the combination of different monomers to generate different struc-
tures with the diversity of properties, and further to realize the po-
tential of their application in the antimicrobial field [25-27]. Our
molecular design is inspired by AMPs, and optimal amphiphilicity
(hydrophilic/hydrophobic balance) has been identified as a key pa-
rameter for the design of antimicrobial polymers mimicking AMPs
[28,29]. The presence of a cationic charge ensures selective interac-
tion with negatively charged bacterial membranes on amphiphilic
mammalian membranes, and hydrophobicity is also necessary to
achieve high selectivity to bacterial cells [30].

In this study, we designed and synthesized a series of am-
phiphilic PBAEs consisting of cationic and hydrophobic alkyl
chains (Scheme 1). In polymerization of PBAEs, tert-butyl N-
(4-aminobutyl)carbamate, hexane-1,6-diyl diacrylate, and octade-
canamine were used as monomers, where tert-butyl N-(4-
aminobutyl)carbamate provided the hydrophilic cationic part (HC)
and octadecanamine as the hydrophobic monomer (HBM), by op-
timizing the amphiphilic balance through adjusting the ratio of
hydrophilic cationic monomer (HCM) to HBM during the Michael
addition polymerization, PBAE with the better antibacterial ac-
tivity and low cytotoxicity can be achieved [31]. In order to in-
vestigate the antibacterial mechanism of PBAEs, we first selected
the optimum PBAE as antibacterial material to annihilate bacteria,
and then scanning electron microscopy (SEM) imaging was applied
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Fig. 1. Structure of PBAEs (A). GPC (B) and 'H NMR (C) characterization of PBAEs.

to observe whether the bactericidal mode was similar to that of
AMPs, which crumpled the bacterial membranes and disrupted the
structure of bacterial membranes. To further verify the biosafety
of synthetic PBAEs, we performed hemolysis experiments using rat
red blood cells. Finally, we explored the antimicrobial activity of
PBAEs in vivo through animal experiments to determine that ma-
nipulating the structure of PBAEs can yield excellent antimicrobial
materials, which can effectively kill bacteria without harming nor-
mal cells and have great potential for practical application.

Firstly, we designed and prepared PBAEs by Michael addition
polymerization with different ratios of HC and hydrophobic part
(HB) with brush structure (Fig. 1A). All the prepared PBAEs were
successfully polymerized by the result of gel permeation chro-
matography (GPC) with only one peak in each PBAE (Fig. 1B).
The molecular weight including number-average molecular weight
(Mp) and weight-average molecular weight (M) of PBAEs (P1-P7)
were obtained and listed in Table 1 with narrow disperse (polymer
dispersity index (PDI)=1.10-1.22). Fig. 1C and Figs. S1-S7 (Sup-
porting information) showed the TH NMR spectra of PBAEs and
the corresponding proton peaks, The characteristic peak q (3.0-
3.2 ppm) corresponded to the proton peak of the methylene group
in HCM, with integration areas for P1-P7 listed as follows: 11.9,
11.4, 10.2, 8.2, 5.7, 3.3, 0.9. The characteristic peak o (0.8-1.0 ppm)
corresponded to the proton peak of the methyl group in HBM, with
integration areas for P1-P7 listed as follows: 1.8, 7.9, 12.5, 14.2,
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Table 1
M, My, and PDI of PBAEs by GPC.
Polymer GPC
Mn My PDI
P1 6050 7400 1.2231
P2 6630 7540 1.1373
P3 7740 9180 1.1860
P4 8970 10,530 1.1739
P5 9140 10,130 1.1081
P6 9980 11,610 1.1633
P7 11,450 13,100 1.1441
Table 2
MIC values of PBAEs.
Sample S. aureus (pmol/mL) E. coli (umol/mL)
P1 15.6 15.6
P2 31.5 31.5
P3 62.5 31.5
P4 15.6 15.6
P5 31.5 31.5.6
P6 62.5 125.5
P7 >500 251.0

“PBSP1 P2 P3 P4 P5 P6 P7

0
0 PBSP1 P2 P3 P4 P5 P6 P7

Fig. 2. Photographs of the distribution of two bacterial solid culture colonies after
different cycles of co-incubation of PBAEs with (A) S. aureus and (C) E. coli. The
sterilization rate of PBAEs for (B) S. aureus and (D) E. coli was calculated by colony
plate counting. Data are presented as mean + standard deviation (SD) (n=3).

14.6, 10.0, 13.7. Therefore, the results of GPC and 'H NMR indicated
that series of PBAEs had been successfully synthesized.

In PBAEs, the HC part will bring a positive charge along
the PBAEs chain to interact with anionic surface of the bacteria
through electrostatic interactions, and the HB part was used to in-
teract with the hydrophobic portion of the lipid groups in the bac-
terial membrane, the combination of them will annihilate bacteria
effectively.

The antibacterial activity of PBAEs was determined using the
minimum inhibitory concentration (MIC) with Gram-positive S. au-
reus and Gram-negative E. coli as the model microorganisms. The
MIC values were summarized and listed in Table 2. The PBAEs with
different ratios of cationic to hydrophobic alkyl groups in the solu-
tion had a great influence on the MIC values of E. coli and S. aureus.
We chose the lowest MIC value of 15ug/mL as the concentration of
all materials to perform plate inhibition experiments. As shown in
Figs. 2A and B, the antibacterial effect for S. aureus in group P1 was
obvious. The livability of bacterial was 0%, while the number of
colonies in groups P2 and P3 were slightly increased with the bac-
terial survival rate were 11.6% and 55.4%, respectively. Because the
introduction of hydrophobic segments reduced the concentration
of cations and thus influenced the bactericidal efficiency. However,
surprisingly, the antimicrobial capacity of group P4 did not con-
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Fig. 3. Fluorescence staining images and SEM images of S. aureus (A) and E. coli (B)
treated with PBS, P1 and P4.

tinue to reduce, where bacterial survival rate was only 0.5%, almost
similar as group P1. With the continued increase of hydrophobic
segments, the antimicrobial capacity continued to decrease and the
bacterial survival rate was above 30%. The result suggested that the
amphiphilic structure and the appropriate ratio of cationic and hy-
drophobic segments were the key to obtain the optimal bacteri-
cidal activity of PBAEs. We also used the same method to study
antibacterial activity of PBAEs using E. coli as model and found a
similar result (Figs. 2C and D). We hypothesized that the high bac-
tericidal efficiency of P4 relied on the structure of P4 with appro-
priate proportion of HC and HB, which was easy to embed in the
bacterial membrane tightly to damage the membrane of bacteria,
thus showing excellent antibacterial ability.

To further investigate the antibacterial effect, S. aureus and E.
coli were stained with the fluorescent dye SYTO9/PI Live and Dead
Bacteria Stain Kit. PI (red) stained only the dead bacteria with
damaged membrane, while SYTO9 (green) allowed access to all
bacteria. As shown in Fig. 3A, most of the live S. aureus in the
phosphate buffered saline (PBS) showed green fluorescence, and a
few of them were red, indicated which had a negligible effect on
the removal of bacteria. All the S. aureus in the P1 group showed
red aureus fluorescence, and most of the S. aureus in the P4 group
also showed a large amount of red fluorescence, which proved that
P1 and P4 could kill almost all of the bacteria, further indicated
that both P1 and P4 had excellent bactericidal ability. While the
density of cation groups in P4 was smaller than P1, and compared
with P1, P4 contained appropriate number of alkyl chains. As a re-
sult, antibacterial ability of PBAEs did not just depend on cationic
part, appropriate hydrophobic structure can be an assistance. The
morphological changes of Gram-positive S. aureus and E. coli after
disposed by PBS, P1 and P4 were observed by SEM and showed
in Fig. 3A. When S. aureus was treated with P1 and P4, some of
S. aureus were destroyed into powder, and the surface of some
shape retaining S. aureus was collapsed, indicating the damaged
cell membranes of S. aureus were more pronounced and severe, es-
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Fig. 4. Acute hemolysis experiments on P1 and P4. (A, B) Acute hemolysis test re-
sults. (C) Optical images of blood cells collected from experimental samples.

pecially for P4. While for PBS group, S. aureus maintained complete
structure. In addition, the results of live-dead staining of E. coli,
as shown in Fig. 3B, also revealed that P1 and P4 had a stronger
killing effect, and was almost not finding living E. coli. The SEM
images proved that the damage to E. coli in P1 and P4 group was
more severe, and the bacterial membrane was found to be severely
shrinked on the still intact E. coli, others collapsed into powder.
These results again showed that P4 was able to kill E. coli by dis-
rupt the bacterial membrane structure of the bacteria, and proper
hydrophobic structure in PBAE was benefit to antibacterial.

An acute hemolysis test was used to characterize the biosafety
of the prepared PBAEs (P1 and P4) (Fig. 4). In addition to normal
cells, hemocompatibility is an important indicator of biosafety. For-
tunately, in the acute hemolysis test, almost no erythrocytes lysis
was observed when the concentration of P4 (<5%) (Fig. 4B) was
high to 200pg/mL. Only P1 showed a slight increase in hemoly-
sis, which was maintained at about 16% at concentrations up to
200pg/mL, as shown in Fig. 4A, perhaps due to cationic part dam-
age the cell membrane of erythrocytes, which indicated that P1
and P4 also showed good affinity for blood cells (Fig. 4C). As a
result, no obvious blood cell damage was observed in the acute
hemolysis experiments, indicated P4 was safety and suitable to use
in skin-friendly antibacterial field and trauma repair. The cytocom-
patibility of PBAEs was also assessed by testing mouse embryonic
cells (NIH3T3) and mouse fibroblasts cells (L929). In Fig. S8 (Sup-
porting information), P4 almost had no cytotoxic in the range of
effective antimicrobial, suggesting that PBAEs do not have signif-
icant cytotoxic effects on normal mammalian cells. Regarding the
effect of PBAEs on cell migration, cell-wound healing experiments
were performed and the result was showed in Fig. S9 (Supporting
information). After 24 h incubation, the scratch area of cells in all
groups was significantly reduced, and scattered cells appeared in
the center. After 48 h, the scratches were reduced further and some
cells immigrate to the scratches and it was difficult to observe the
difference between the groups with the naked eye. The above re-
sults demonstrated that P4 showed good compatibility with nor-
mal cell activity, proliferation and migration properties.

We further evaluated the in vivo antibacterial activity of PBAEs
using a S. aureus-infected murine model of skin wound. All animal
studies were carried out according to the guidelines approved by
the Animal Welfare and Ethics Committee of Changchun Institute
of Applied Chemistry, Chinese Academy of Sciences. As shown in
Fig. 5A, mice received bacterial injections (S. aureus) on the day of
surgery, and an animal model of infected wounds was successfully
established. On the 10th postoperative day, wounds healed slowly
in the PBS and P1 groups (Figs. 5B and C) with the percentage of
residual wounds being 29.4% +5.7% and 16.0% + 5.2%, respectively,
while for P4 group that was low to 5.2% +4.4% (Fig. 5D). More-
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Fig. 5. Facilitating effect of P1 and P4 on the healing of back skin infected wounds
in mice. (A) Schematic illustration of S. aureus infected wounds on the dorsal skin of
mice in vivo. (B) Representative images of skin wounds in each group at 0, 2, 4, 6, 8,
and 10 days. Only the same amount of PBS added was served as the blank control
group, and PBS without nanocomposites was added to the wound with S. aureus
stimulation as the infected control. (C, D) Changes in the sizes of wound areas of
P1 or P4 and control groups. (E) Body weight changes of mice from different groups.
Data are presented as mean=+SD (n=5).

over, we found that the trauma was significantly reduced in the
P4 group on the fourth to sixth day. The systemic toxicity of P1
and P4 was evaluated by measuring the change in body weight
of mice. The results were shown in Fig. 5E. None of the mice’s
body weights changed significantly during treatment, indicating
both of them had good biocompatibility. The systemic toxic effects
of P1 and P4 on mice were observed by hematoxylin-eosin staining
(H&E) staining and showed in Fig. S10 (Supporting information),
indicated there were no obvious pathological damage in the hearts,
livers, spleens, lungs and kidneys of mice in each group. These re-
sults suggested that P1 and P4 may accelerate wound healing by
eliminating bacteria with low systemic toxicity compared with PB
group. And compared with P1, the P4 group had a better wound
healing effect result from (Figs. 5B-D), the result was attributed
to the synergistic effect of the excellent antimicrobial capacity and
superior biocompatibility of P4.

In this study, we successfully synthesized a series of am-
phiphilic PBAEs consisting of cationic and hydrophobic alkyl chains
and screened an optimal one (P4) with good antibacterial activity
and low cytotoxicity by the 5:5 ratio of HCM to HBM. The bio-
compatibility and low cytotoxicity of the P4 were demonstrated by
in vitro and in vivo toxicity measurements. The SEM imaging ob-
served the bactericidal mode of P4 was similar to that of AMPs,
which was able to crumple the bacterial membrane and disrupt
the bacterial membrane structure. Finally, the antibacterial activity
of PBAEs in vivo was investigated by animal experiments. All the
results indicated that the manipulation of the structure of PBAEs
can lead to excellent antibacterial materials that can effectively kill
bacteria without harming normal cells. The PBAE prepared in this
study had great potential for practical applications.
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