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Abstract 

Background:  Bacterial infections and endotoxin contaminations are serious problems in the production/manufac-
ture of food, water, drinks, and injections. The development of effective materials to kill bacteria and adsorb endotox-
ins, particularly those caused by gram-negative bacteria, represents a major step toward improved safety. As synthetic 
mimic of host defense peptides, β-peptide polymers are not susceptible to bacterial resistance and exhibit potent 
bacteria-killing abilities upon antibiotic-resistant bacteria. This study investigated the potential of synthetic β-peptide 
polymer-modified polyacrylate (PA) beads to kill bacteria and remove endotoxin, i.e. lipopolysaccharide (LPS), pro-
duced by these bacteria.

Results:  Synthetic β-peptide polymer-modified PA beads displayed strong antimicrobial activity against Escherichia 
coli and methicillin-resistant Staphylococcus aureus, as well as excellent biocompatibility. In addition, these β-peptide 
polymer-modified beads removed around 90% of the endotoxins, even at 200 EU/mL of LPS, a very high concentra-
tion of LPS.

Conclusions:  β-peptide polymer-modified PA beads are efficient in bacterial killing and endotoxin adsorption. 
Hence, these modified beads demonstrate the potential application in the production/manufacture of food, water, 
drinks, and injections.
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(http://creat​iveco​mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Bacterial contamination of food packages, water treat-
ment membranes, industrial pipes, and drug injection 
and medical devices is a serious problem globally and 
poses a threat to their biosafety and effectiveness [1–5]. 
To reduce or prevent bacterial contamination, antimi-
crobial drugs and antimicrobial coatings are widely used 
[6–9]. Unfortunately, indiscriminate use of antimicrobi-
als has led to the emergence and spread of drug-resistant 

bacteria, which poses a challenge to human health [10–
13]. In addition, biosafety-related factors such as immu-
nomodulation are also very important.

Endotoxins, lipopolysaccharide (LPS) that function 
as major pathogenic immune factor, are released from 
the outer cell membrane of Gram-negative bacteria in 
response to an attack by antimicrobial agents. Endotox-
ins can activate complex immune effectors to generate 
a hyperinflammatory response and even provoke severe 
endotoxic shock and multiorgan dysfunction [14–18]. 
Therefore, multifunctional antibacterial materials are 
highly desirable for both efficient bacterial killing and 
biosafety considerations [19–25].

In contrast to conventional antibiotics, host-defense 
peptides (HDPs) have low susceptibility to antimicrobial 
resistance. Given this advantage, HDPs have received 
much research attention [26–30]. The versatile biological 
functions, such as antimicrobial activity combined with 
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anti-inflammatory properties, of HDPs have made them 
promising candidates in relieving acute inflammation 
via inactivating or neutralizing endotoxins, in addition 
to killing bacteria [31–34]. The amphipathic structure of 
HDPs plays an important role in the process of endotoxin 
removal as well as in bacterial killing through hydropho-
bic and electrostatic interaction with toxic lipid A. This 
interaction occurs when the positively charged fragments 
within HDPs attract negatively charged phosphates of 
lipids A, and the hydrophobic fragments of HDPs bind 
with lipid A fatty acid moieties. However, HDPs derived 
from diverse sources have similar shortcomings: low sta-
bility upon proteolysis and a high cost. To address these 
problems, a series of synthetic mimics of HDPs have been 
developed. Several studies showed that these synthetic 
mimics of HDPs exhibited high endotoxin neutraliza-
tion and killing efficacy against bacteria, thereby showing 
strong potential in antibacterial applications [35–37].

As synthetic mimics of HDPs, amphipathic β-peptide 
polymers display broad-spectrum and potent antimicro-
bial activities, in addition to favorable solution [38–42] 

and surface biocompatibility [43, 44]. In previous study, a 
thiol-terminated β-peptide polymer (50:50 DM-CH) was 
successfully modified to the flat surfaces of gold [43] and 
variable biomedical materials [44] and displayed excellent 
antimicrobial activity. In this study, we modified 50:50 
DM-CH to the spherical surface of amino-functional-
ized polyacrylate (PA) resin beads and demonstrated 
their function in efficient bacterial killing and endotoxin 
adsorption.

Results and discussion
Preliminary work indicated that 50:50 DM-CH had 
potential antimicrobial activity. To test whether this 
β-peptide polymer could endow the surface of resin 
beads with antimicrobial activity and endotoxin adsorp-
tion, we prepared β-peptide polymer-immobilized PA 
resin beads (Fig.  1a) by shaking the beads at the pres-
ence of reacting agents in a tube for solid phase synthe-
sis (Fig.  1c). The amine functionalized PA beads were 
first modified using a dual functional linker, 3-maleimi-
dopropionic acid N-hydroxysuccinimide (MalOSu), to 

Fig. 1  Synthesis of β-peptide polymer-modified PA beads. a The 20-mer 50:50 DM-CH was attached to the amino layer surface of the beads 
through the link with MalOSu. b XPS spectra of β-peptide polymer-modified PA beads. c Preparation process of β-peptide polymer-modified PA 
beads using the apparatus of solid-phase synthesis
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afford surface maleimide groups that reacted further with 
the thiol-terminated β-peptide polymer 50:50 DM-CH 
to produce antimicrobial polymer-modified beads. The 
presence of an S2p peak in the XPS spectra (Fig. 1b) of 
the β-peptide polymer modified beads confirmed suc-
cessful antimicrobial polymer modification on the sur-
face of the PA resin beads.

We examined the antimicrobial activity of the 
β-peptide polymer modified PA resin beads in phosphate 
buffered saline (PBS). The β-peptide polymer-modified 
beads killed MRSA completely within 2.5 h. When an ali-
quot of this suspension was added to fresh MH medium, 
no growth of MRSA was detected after 6 h, as indicated 
by the optical density (OD) that was identical to that of 
blank medium (Fig.  2a). The potent bacterial killing of 
the β-peptide polymer-modified PA resin beads was con-
firmed by zero colony forming unit (CFU) on the LB agar 
plate, which was incubated with an aliquot of suspension 
culture 24 h after OD reading (Fig. 2a). In sharp contrast, 
rapid growth of MRSA cells was observed on controls of 
PBS, after incubation with fresh MH medium for 6 h, as 

clearly indicated by both an increased OD value and a 
large number of bacterial colonies in the CFU counting 
test.

Encouraged by these results, we investigated the anti-
microbial ability of polymer-modified beads against 
E. coli and MRSA in the presence of serum, using 50% 
fetal bovine serum (FBS) in the assay medium. We 
observed 99.9% bacterial killing of both E. coli and 
MRSA by ≥ 50 mg beads per sample were used (Fig. 2b). 
We used scanning electron microscope (SEM) to assess 
morphological changes of E. coli and MRSA, incubated 
with the β-peptide polymer modified PA resin beads for 
2.5  h. As compared to the intact membrane of bacteria 
incubated with bare beads, conspicuous shrinkage and 
damage of the bacterial membrane were observed among 
bacteria incubated with the β-peptide polymer-modified 
beads (Fig.  2c). This observation appointed to a mem-
brane-active antimicrobial mechanism similar to that 
observed in our previous studies on the antimicrobial 
abilities of gold and polyurethane surfaces coated with 
β-peptide polymers [43, 44].

Fig. 2  Antibacterial activity of β-peptide polymer-modified PA beads. a Illustration of antibacterial activity against MRSA at initial bacterial density 
of 1 × 105 CFU/mL with OD and CFU on a counting plate in PBS. b Antibacterial activity with different amounts of beads in 50% FBS at initial 
bacterial density of 1 × 104 CFU/mL. c SEM characterization of bacteria before and after 2.5 h of incubation
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We then investigated endotoxins adsorption capacity 
of the modified beads using a FITC-LPS binding assay 
in PBS and a Tachypleus Amebocyte Lysate (TAL) kit 
assay in serum (Fig.  3a). The β-peptide polymer-mod-
ified beads adsorbed half of FITC-LPS at an initial LPS 
concentration of 1  μg/mL in PBS, whereas the bare 
beads and linker-modified beads showed almost no 
LPS adsorption (Fig.  3b). It is worth mentioning that 
the LPS concentration at 1  μg/mL in the above test 
was very high. We used this high LPS concentration 

on purpose to check the LPS adsorption upper limit of 
our peptide polymer-modified beads. The ability of LPS 
adsorption for β-peptide polymer-modified beads was 
evaluated in the presence of 50% FBS using a TAL assay 
at a reasonable LPS concentration, which was lower 
than that used in the FITC-LPS adsorption assay. Using 
20  mg of beads per assay sample efficiently adsorbed 
around 90% of LPS at variable initial LPS concentration 
from 50 to 200 EU/mL.

The results of the LPS adsorption assay in the pres-
ence of serum pointed to the potential application of 
these β-peptide polymer-modified beads in biomedi-
cal practice, where the biocompatibility of materi-
als is a major concern. Therefore, we investigated the 
hemolysis and cytotoxicity of the polymer-modified 
beads using a static hemolysis assay and MTT assay. 
Beads with or without modification all showed less 
than 2% hemolysis (Fig. 4a). Interestingly, the cytotox-
icity of bare beads against fibroblast cells was exhib-
ited approximately 42%, whereas the cytotoxicity of the 
β-peptide polymer-modified beads was substantially 
lower and at a cell-compatible level (Fig. 4b).

Conclusion
We successfully modified PA beads with a synthetic 
β-peptide polymer, thiol-terminated 50:50 DM-CH. 
The resulting resin beads exhibited potent antibacte-
rial activity against both Gram-negative E. coli and 
Gram-positive MRSA. Additionally, the modified beads 
demonstrated the ability for endotoxin adsorption. The 
biocompatibility and ease of synthesis of these poly-
mer-modified beads point to their potential application 
as dual-functional materials for antibacterial and endo-
toxin adsorption.

Fig. 3  Effects of β-peptide polymer modified PA beads on the 
binding of LPS. a Illustration of the interaction between LPS and 
beads. b Beads were incubated with FITC-LPS (1 μg/mL) in PBS. c 
Beads cultivated with different concentrations of LPS in serum using 
the TAL assay, no significant differences among tests using 50–200 
EU/mL of LPS. **p < 0.01

Fig. 4  Biocompatibility studies on PA resin beads. a Hemolysis rate of bare beads, linker-modified beads, and polymer-modified beads. TBS and 
TX-100 were used as negative and positive controls, respectively. b Cytotoxicity of NIH-3T3 fibroblast cells after incubation with the extracts of bare 
beads and polymer-modified beads using MTT assay. **p < 0.01
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Materials and methods
General
PA resin beads were purchased from Tianjin Nankai 
HECHENG S&T Co.,Ltd; bromoform, chlorosulfonyl 
isocyanate, trifluoroacetic anhydride, di-tert-butyl pyro-
carbonate were purchased from Adamas-beta; Triph-
enylmethyl chloride and N-hydroxy succinimide (NHS) 
were obtained from Meryer Technologies in China; 
PBS was purchased from Thermo Fisher Scientific; LPS 
from Escherichia coli O111:B4, FITC-conjugates was 
purchased from Sigma-Aldrich; all others reagents and 
solvents were purchased from General-Reagent. In this 
study, two types of bacteria were used for in  vitro anti-
microbial test including Escherichia coli (E. coli ATCC 
25922) and Staphylococcus aureus (S. aureus USA 300, 
methicillin-resistant strain, MRSA); NIH-3T3 fibro-
blast cells (3T3 ATCC CRL-1658) were obtained from 
the Cell Bank of Typical Culture Collection of Chinese 
Academy of Sciences (Shanghai, China) and were used 
for cytotoxicity study. Synthesized chemicals were puri-
fied using a SepaBean machine equipped with Sepaflash 
columns produced by Santai Technologies Inc. in China. 
CDCl3 or D2O were used as the solvent to collect the 1H 
NMR spectra on a Bruker spectrometer at 400  MHz. 
1H NMR chemical shifts were referenced to the reso-
nance for TMS internal standard for CDCl3 and residual 
protonated solvent for D2O; The mass spectrum data of 
compounds were collected using an Agilent HPLC 1100/
MS G1956B mass spectrometer. Element analysis of the 
β-peptide polymer-modified PA resin beads was acquired 
using Thermo Fisher ESCALAB 250XI X-ray photoelec-
tron spectroscopy (XPS). Morphology of bacteria on the 
modified resin beads was observed on a Hitachi S-4800 
Field Emission Scanning Electron Microscope (FESEM). 
The TAL assay was provided by Xiamen Bioendo Tech-
nology. Co., Ltd. (Xiamen, China).

Synthesis of β‑lactam monomers and poly‑β‑peptides
β-lactam monomers and poly-β-peptides were prepared 
by following the procedure in the literature [43, 45, 46]. 

The details are given in the Additional file 1, Synthesis S1. 
Synthesis of racemic β-lactam monomer (±) DMβ; Syn-
thesis S2. Synthesis of β-Lactam monomers (±)-CHβ; 
Synthesis S3. Synthesis of polymerization co-Initiator; 
Synthesis S4. Synthesis of β-peptide polymers; Figure 
S1. 1H NMR spectrum of monomer (±) DMβ; Figure S2. 
1H NMR spectrum of monomer (±) CHβ; Figure S3. 1H 
NMR spectrum of co-initiator; Figure S4. 1H NMR spec-
trum of β-peptide polymer 50:50 DM-CH.

Synthesis of the surface linker
3-Maleimidopropionic acid N-hydroxysuccinimide ester 
(MalOSu) was prepared according to the literature [47]. 
The details are given in the Additional file 1, Synthesis S4. 
Synthesis of the surface linker; Figure S5. 1H NMR spec-
trum of surface linker MalOSu.

Synthesis and characterization of poly‑β‑peptide 
immobilized on the surface of PA resin beads
Poly-β-peptide modified PA resin beads were synthesized 
from 400 to 600  μm diameter PA beads with an amino 
layer, of which the density was 0.8  mmol/g (Synthesis 
1). Initially, 20  mg of beads were treated with MalOSu 
(26.5  mg, 0.1  mmol) in anhydrous CH2Cl2 overnight 
at rt, washed consecutively with CH2Cl2 and methanol, 
and dried. MalOSu-modified beads were reacted with a 
solution of Poly-β-peptide (SH-(DM0.5CH0.5)18) (30.8 mg, 
0.008 mmol) in anhydrous DMF overnight at rt. After the 
synthesis, Poly-β-peptide modified PA resin beads were 
washed with DMF, CH2Cl2, and methanol, and dried in 
vacuo. The dried samples were then characterized by 
XPS analysis (the raw data of figures in Additional file 2).

Examination on bactericidal efficacy of polymer modified 
surface in PBS and serum
Bacteria cells were inoculated in LB medium and cul-
tured overnight at 37 °C with shaking at 150 rpm. An ali-
quot of 7.5 mL the bacterial suspension was centrifuged 
at 4000 rpm for 5 min to harvest bacteria cells as a pel-
let as the bottom of the tube and then the collected cells 

Synthesis 1  Synthesis of poly-β-peptide modified PA resin beads
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were suspended in PBS. After repeating above operation 
for 3 cycles, the bacteria cell suspension was adjusted to 
a cell density of 2 × 105 CFU/mL for antimicrobial assay. 
MRSA was used in the PBS system. The polymer modi-
fied PA beads (20 mg) were placed in each well contain-
ing 100 µL PBS to obtain the working suspension of 105 
CFU/mL. After gently shaking at 37 °C for 2.5 h, an ali-
quot of 80 µL bacterial suspension after diluted 100 × 
from each well was added into the 96 well plate contain-
ing 100 µL LB medium, the plate was then incubated at 
37 °C and observed OD value at 600 nm at regular inter-
vals (the raw data of figures in Additional file 3). Above 
bacterial suspension finally extracted 10 µL after 24 h was 
spread onto agar plates and overnight cultured at 37  °C 
for colony counting to evaluate the viability of bacteria 
with the colony number. Additionally, MRSA and E. coli 
were used in the medium of 50% (FBS). Polymer-modi-
fied beads with different weight of 20 mg, 50 mg, 100 mg 
were added in the bacterial suspension at the final centra-
tion is 104 CFU/mL. An aliquot of 35 µL bacterial sus-
pension with the dilution of 5X after incubating 2.5  h 
was enumerated on the LB agar plate to acquire the kill-
ing efficacy of the beads. Bacterial suspension without 
any beads was used as the negative control to give the 
colony number Ccontrol, and incubation with polymer-
modified beads was marked as Csample. The killing efficacy 
of the polymer-tethered surface was calculated using the 
equation:

SEM characterization of bacterial morphology
Bacterial cell suspension at the end of the above antimi-
crobial assay was collected and was fixed with 4% glutar-
aldehyde in phosphate buffer (PB) at 4 °C overnight. Then 
the fixed cells were rinsed with PBS three times and were 
dehydrated using a graded ethanol series of (30–100% 
ethanol). The sample was dried under N2 and was used 
directly for FESEM characterization.

FITC‑LPS binding assay on polymer modified surface
200 µL of 1  μg/mL FITC-LPS in PBS was treated with 
20  mg polymer-modified beads in each well of the 
48-well plate [36]. After gently shaking away from the 
light, 100 µL solution was transferred from transparent 
48-well plate to 96-well black plate. Adsorption of the 
FITC-conjugated LPS by modified beads was studied 
through exciting the FITC-LPS at 480 nm and monitor-
ing the emission of FITC at 516  nm using a microplate 
reader (SpectraMax M2, USA) after 30  min. 200 μL of 
PBS without any beads and with modified beads was 

Killing efficacy (%) =

Ccontrol − Csample

Ccontrol
× 100.

marked as Fcontrol and Fsample respectively. The fluores-
cence intensity was calculated as follows:

Adsorption of endotoxin (LPS) in serum
20  mg of polymer-modified beads were incubated in 
50% FBS with 0–200 EU/mL endotoxin at 100  rpm for 
3 h. The Chromogenic Tachypleus Amebocyte Lysate kit 
(Xiamen Bioendo Technology company, China) was used 
to measure endotoxin. Samples were heated at 70  °C to 
precipitate proteins followed by testing endotoxin con-
centration according to the manufacture’s introduction 
(the raw data of figures in Additional file 3).

Hemolysis assay on polymer modified surface
Fresh human blood was washed with Tris-buffered saline 
(TBS) for three times and the collected human red blood 
cell (hRBC) was diluted to 5% (v/v) with TBS. An aliquot 
of 100 µL HRBCs was added into the 48-well plate con-
taining 20 mg of bead first immersed in the 100 µL TBS. 
Beads were incubated at 37  °C for 1  h with the gentle 
shake and then the collected cell suspension centrifuged 
at 3700 rpm for 5 min. An aliquot of 80 µL supernatant 
was transferred to each individual well of a 96-well plate 
to read the OD values at 405 nm (the raw data of figures 
in Additional file 3). The OD value for polymer modified 
surface, the OD value for negative control using TBS, and 
the OD value for positive control using TX-100 at 3.2 mg/
mL were marked as Atest , Anegative Apositive , respectively. 
The percentage of hemolysis was calculated from the 
equation:

Cytotoxicity evaluation
The cytotoxicity of beads was determined by the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) assay using NIH-3T3 cells [21]. Beads 
were first immersed in the DMEM culture medium at 
37  °C for 24  h. extracts were then obtained and added 
into the wells of 96-well plate overnight containing the 
fibroblast solutions (~ 1×104 cell/well). After incuba-
tion, 100 μL of MTT (5 mg/mL, in PBS) was added into 
each well for another 4 h. Then 10 μL of MTT solution 
(5  mg/mL) was added to each well and the plate was 
incubated at 37  °C for 4 h. After removing the superna-
tant from each well, 150 μL/well of DMSO was added to 
dissolve the purple MTT-formazan crystals under shak-
ing for 15  min. The absorbance of the solution in each 

LPS adsorption (%) =
Fcontrol − Fsample

Fcontrol
× 100.

Hemolysis (%) =
Asample − Anegative

Apositive − Anegative
× 100.
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well at 570 nm was measured using a microplate reader. 
The Atest represents the OD value corresponding to the 
β-peptide polymer modified beads and the bare beads, 
the Acontrol means the OD value corresponding to the 
control, the Ablank means the OD value corresponding to 
DMSO blank control. Cell viability was calculated from 
the equation:

Statistic analysis
Statistic analysis of the data was conducted using 
ANOVA and Tukey’s HSD posthoc test. A p value ≤ 0.05 
is considered as statistically significant.
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