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Bacterial repellence by biomedical materials is a desirable property that can potentially improve the healing

process. In this study, we described a simple and green method to prepare a novel piperazine polymer (PE),

which was based on the rawmaterials piperazine (PA) and ethylenediaminetetraacetic dianhydride (EDTAD).

The structure and thermal stability of the obtained material were characterized using Fourier transform

infrared spectrometry (FTIR), nuclear magnetic resonance spectroscopy (NMR), elementary analysis,

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). To evaluate the

antibacterial properties of PE, a strain of Gram-negative Escherichia coli (E. coli) bacteria and a strain of

Gram-positive Staphylococcus aureus (S. aureus) bacteria were used. The results indicated that PE

exhibited good antibacterial activity against both strains of bacteria in a short time frame. The initial

cytotoxicity test of the obtained material was based on the changes in the morphology and proliferation

of osteoblasts, and the results demonstrated that the cytotoxicity of PE was concentration-dependent.

Combining the experimental results of these two parts, it was shown that bacteria could be inhibited by

a certain concentration of PE, while its toxicity toward osteoblasts was very low. In summary, these

results revealed the potential usefulness of PE in biomedical applications.
1. Introduction

Bacterial contamination is a highly vexing problem that has
attracted serious concerns globally.1–3 Microorganisms can
colonize on a wide variety of surfaces, including wound dress-
ings, food packages or medical devices, and this colonization
may lead to the formation of a biolm. A so-called biolm
results from the accumulation of organic molecules, metabo-
lites and microorganisms, providing an ideal shelter for the
bacteria inside. Therefore, these bacteria could become resis-
tant to the host immune system, as well as to antibiotic treat-
ment.4–6 Since the biolms are so difficult to remove, the only
effective way to deal with a biolm-induced infection is to
completely replace it with a new one. However, this is extremely
inconvenient and costly. Therefore, it is highly desirable to nd
methods to resist bacterial adhesion or even kill the bacteria.
This strategy focuses on preventing the biolm formation at the
initial stage. In the published literature, there are two primarily
strategies. One strategy is to design an antibacterial surface,7–10

and the other is to use antimicrobial agents.11–14

Various surface modications have been developed to
improve their antibacterial properties, such as
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functionalization with bacteriostatic groups or bactericidal
agents.15 The more commonly used antimicrobial materials in
this eld include the following categories: quaternary ammo-
nium salts, phosphonium salts, metal ions, or even antibacte-
rials such as ciprooxacin, et al.16–19 However, most of these
antibacterial materials have some problems, such as high costs,
complicated production processes, low durability, residual
toxicity or a rapid increase in bacterial resistance that render
them ineffective within a few years.20,21 Compared with these
traditional small molecule antibiotics, antibacterial polymers
have unique advantages. There are two antibacterial polymers
that are worth mentioning. One of which are natural occurring
antimicrobial peptides (AMPs), which are well known for much
lower levels of bacterial resistance. However, these are costly,
undergo proteolytic degradation and are synthetically chal-
lenging.22–25 The other is chitosan (CTS). As one of the most
important and abundant natural polysaccharides, CTS
demonstrates excellent performance, is biocompatible and
nontoxic, and exhibits antimicrobial activity.26,27 However, CTS
is limited by its poor solubility.28 Therefore, it is necessary to
develop various facile methods to produce novel polymers with
simple syntheses, good antimicrobial activity, solubility and
biocompatibility.

Due to its unique physicochemical characteristics and bio-
logical activities, PA and its derivatives have been widely
investigated for applications in chemical industry, especially in
the eld of medicine. PA and its derivatives have been used to
synthesize antibacterials (such as ciprooxacin), antibiotics,
RSC Adv., 2019, 9, 10135–10147 | 10135
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antianxiety drugs, anti-inammatory drugs, anticancer drugs,
and so on.29–33 However, these are mainly small molecule drugs,
and their synthetic routes are relatively complex. In view of this,
we probed the possibility of using PA as a raw material to
prepare novel polymers with good biological activity, and we
simultaneously streamline the preparation process. We have
conducted preliminary explorations and veried the feasibility
of this idea in a previous study. In this article, we will elaborate
on our previous work.34,35

Herein, we chose PA and EDTAD as the raw materials to
synthesize a novel piperazine polymer in a simple way. The
antibacterial properties and biocompatibility of the obtained
polymer were then evaluated to determine its potential applica-
tion. In particular, the antibacterial activity of this novel polymer
toward two reference strains, E. coli ATCC 25922 and S. aureus
ATCC 6538, were investigated. Among themultitudinous bacteria
that cause clinical infections, S. aureus is considered to be the
most problematic, due to its high incidence in burn, traumatic
and other types of wounds.36,37 In addition to this, further eval-
uation of the biocompatibility (or cytotoxicity) of this novel
polymer to osteoblasts was conducted. Ciprooxacin, a widely
used antibacterial agent that contains a piperazine unit, was
selected as a control in these two important experiments.
2. Experimental section
2.1 Materials

The EDTAD, PA, Rhodamine-Phalloidin and 40,6-diamidino-2-
phenylindole (DAPI) were purchased from the Sigma-Aldrich
Corporation and used without further treatment or purica-
tion. Dimethyl sulfoxide (DMSO) and anhydrous ethanol were
purchased from the Chongqing Drug Stock Limited Company
and dried on molecular sieve. A Cell Counting Kit (CCK-8) was
supplied by Solarbio. The Dulbecco's Modied Eagle's Medium
(DMEM)/F12, trypsin, and fetal bovine serum were purchased
from the Gibco. E. coli and S. aureus were supplied by Beijing
Centers for Disease Prevention and Control, were used as the
model prokaryotic organism in this research. Bacteria were
cultured in Luria–Bertani (LB) medium and grown aerobically at
Fig. 1 The molecular structure of and synthetic routes for PE.

10136 | RSC Adv., 2019, 9, 10135–10147
37 �C until the mid-logarithmic growth phase was achieved. To
carry out the following antibacterial activity tests, the bacteria
suspension was diluted with LB medium to achieve a starting
concentration of approximately 106 CFUmL�1. The newborn SD
rats were purchased from the Experiment Animal Center of
Army Medical University.
2.2 Preparation of PE

PE was synthesized by a simple and fast method (Fig. 1). First,
equimolar amounts of EDTAD and PA were dissolved in DMSO
under nitrogen environment, respectively. Then, the solution
containing EDTAD was added dropwise to the solution con-
taining PA under nitrogen with magnetic stirring at 40 �C. Aer
reacting for 24 h, the obtained mixed solution was added to an
excess of anhydrous ethanol to produce precipitates, and
subsequently vacuum dried to constant weight at room
temperature.
2.3 Structural characterization

The FTIR spectra of EDTAD and PE were measured with KBr
pellets, and recorded using a Perkin Elmer Spectrum GXmodel,
the detection range was from 400 to 4000 cm�1. 13C NMR was
performed on a Bruker AV-4500 nuclear magnetic resonance
spectrometer and the dried samples were dissolved in D2O. The
contents of each element in PE were detected using a WACRO
elemental analyzer, for which, the accuracy of analysis was C, H,
and N #0.1%.
2.4 Thermal analysis

2.4.1 TGA analysis. The thermal stability of PE was char-
acterized using a STA449C thermal analysis system (NETZSCH).
The amount of PE for each measurement was about 10 �
0.1 mg, and all of the measurements were performed under a Ar
atmosphere with a gas ow and heated up from ambient
temperature to 600 �C. The heating rates of 5�Cmin�1 was used,
the temperature and weight changes of PE were recorded
continuously.
This journal is © The Royal Society of Chemistry 2019
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2.4.2 DSC analysis. PE of about 5 mg was encapsulated in
Al pans and measured from two cyclic heating and cooling
scans by differential scanning calorimeter (Perkin Elmer) under
a dry nitrogen gas ow. The DSC measurement was performed
at a heating and cooling rate of 10 �C min�1.
2.5 Antibacterial activity tests

Several methods have been described in the literature to assess
antimicrobial properties, such as the agar or disk diffusion test.
The quantitative methods include: determination of minimum
inhibitory concentration (MIC) and broth microdilution,38–40

determination of colony forming units,41–43 direct contact
tests,44,45 scanning electron microscopy (SEM) and transmission
electronmicroscopy (TEM),46–48 etc. In this study, we chose some
of these methods to determine the antibacterial properties of
PE.

2.5.1 Planktonic bacteria. The antibacterial activity of PE
against E. coli and S. aureus in suspensions was evaluated. The
MIC, growth curves, colony formation aer treatment with
different concentrations of PE, the morphology and internal
structure of bacterial cells that were treated with PE at a certain
concentration were investigated.

MIC is dened as the lowest concentration of a compound
that will completely inhibit the visible growth of microorgan-
isms aer an overnight incubation. In this study, the micro-
dilution method49 was employed to evaluate the MIC of PE
against E. coli and S. aureus. Ciprooxacin, a commercially
available and broad spectrum antibiotic, was selected as the
standard for comparison. First, 200 mL of the PE and cipro-
oxacin solutions at the initial concentrations were deposited
in triplicate in the rst column of a sterile 96-well plate. Then,
100 mL of the solutions containing PE or ciprooxacin were
transferred into the wells of the next column, which contained
100 mL of a sterile liquid medium, and then mixed sufficiently.
This dilution process continued until the 10th column was
reached. Then, 100 mL of the bacterial suspension was added to
each well, and the mixtures were incubated at 37 �C for 16–18 h.
The MIC was the lowest concentration at which there was no
visible growth, i.e., there was no observed turbidity.

To investigate the bacteria colony formation aer treatment
with different concentrations of PE, 10 mL of the mixtures from
the wells with no observed was used to coat plates. Aer incu-
bating overnight at 37 �C, the colonies were counted. The
concentrations of the selected wells were MIC, 2MIC and 4MIC.
The bacteria before treatment was chosen as the control.

To better understand the antibacterial properties of PE,
growth curves were performed for each strain. To start, different
concentrations of PE and a certain concentration of cipro-
oxacin were added into test tubes containing a certain
concentration of a bacterial suspension. Then, the samples
were incubated at 37 �C with agitation at 150 rpm for 10 h. The
number of bacteria was determined at 0, 0.5, 1, 2, 4, 6, 8 and
10 h by collecting 90 mL samples at each time-point. These
samples were transferred to a 96-well plate that had been
prelled with 10 mL of an MTT solution, and then incubated for
another 3 h. Aer that, 100 mL of formazan was added to each
This journal is © The Royal Society of Chemistry 2019
well to sufficiently dissolve the crystals. The absorbance value of
each well at 490 nm was measured by a microplate reader.

The antibacterial mechanism of PE against E. coli and S.
aureus was further evaluated by SEM and TEM analysis. A
certain concentration of PE solution was added to the bacterial
suspension, and the PE concentration was adjusted to 1.17
mmol mL�1. The mixtures were cultured under the same
conditions used in the above antibacterial assay. Aer incu-
bating for approximately 1 h, the PE-treated bacteria cells were
collected and prepared for SEM and TEM analysis according to
the procedure described in ref 50 and 51. For SEM, the micro-
graphs of the bacteria cells were viewed at a 3.0 kV accelerating
voltage on a ZEISS ULTRA 55, and a secondary electron image of
the bacteria cells was collected at several magnications to
observe changes in the surface characteristics. For TEM, the
bacteria cells were immersed in EPON (liquid epoxy) resin, and
ultrathin sections were examined on a JEOL JEM 2100F
microscope.

2.5.2 Adherent bacteria. To evaluate the antibacterial
activity of PE against adherent bacteria, the bacteria suspension
was rst incubated in a sterile 24-well plate at 37 �C for
approximately 3–4 h. Then, the wells were rinsed 3–4 times with
sterile distilled water to remove the non-adherent bacteria. Aer
that, 0.5 mL of PE solutions with different concentrations were
added to the wells, and the 24-well plate was then incubated at
37 �C for another 0.5 h. Aer that, the PE solution was removed
and the wells were again rinsed 3 times with sterile distilled
water. Aer coloration with DAPI (0.5 mgmL�1, in triple-distilled
water), the 24-well plate was mounted on the motorized stage of
the uorescence microscope (Olympus Corporation) and the
images were acquired.
2.6 Biocompatibility test

2.6.1 Cell culture. The mammalian cells chosen for this
study were osteoblasts, which were isolated from newborn SD
rat calvaria by an established method.52 First, the cells were
cultured in a DMEM/F12 medium, which contained 10% fetal
bovine serum and a certain concentration of antibiotics. During
this process, the culture medium was replaced every two days
until it reached 80% conuence. Then, the cells were removed
from the tissue culture ask and passaged in a new Petri dish.
These cells were called P1 (the rst generation of cells). The
third passage of cells were used for follow-up studies.53

2.6.2 Cell morphology. First, the above cells of a certain
concentration were added into a sterile 24-well plate and then
cultured in a three-gas cell incubator for 24 h. Second, the
culture media containing different concentrations of PE, or
a certain concentration of ciprooxacin, were used to replace
the initial culture medium, and then incubation continued for
approximately 24 h. Finally, these culture media were dis-
carded, and the nuclei and skeletons of the cells were stained
for viewing. The specic process was as follows: (a) the cells
were washed with phosphate buffered saline (PBS) 2–3 times.
(b) The osteoblasts were xed with an immunostaining xative
at 4 �C, and then the xative was discarded aer 30 minutes. (c)
The cells were treated with 0.25% of TritonX-100 for another 10
RSC Adv., 2019, 9, 10135–10147 | 10137
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minutes, and then washed with PBS approximately 3 times. (d)
The cytoskeleton was stained with Rhodamine-Phalloidin at
a concentration of 5 U mL�1, and then incubated at 4 �C for
approximately 12 h. (e) Washed again, and the nuclei were then
stained with DAPI solution at a concentration of 0.5–10 mg mL�1

at room temperature for another 10 minutes (the whole process
should be performed in the dark). (f) The cells were washed
again, and then covered with an anti-uorescence quenching
sealing liquid. (g) Observations were made and photos were
recorded.

2.6.3 Cell proliferation. Cell proliferation is another
important physiological process that takes place aer the initial
contact between materials and cells. Cell proliferation is not
only a direct reection of cell survival aer exposure to PE; it is
also closely related to the subsequent functional expression of
cells, such as maturity, differentiation and mineralization.52

Therefore, the proliferation of osteoblasts was chosen to further
evaluate the cytotoxicity of PE.

First, osteoblasts were seeded on a 96-well plate at a density
of 3 � 104 per mL, cultured in DMEM/F12 supplemented with
10% fetal bovine serum and maintained in a controlled atmo-
sphere for 24 h. Aer that, the culture medium was replaced by
a special medium containing a certain concentration of PE or
ciprooxacin, and then continued to culture for approximately 2
days. This day was dened as “0”. Beyond that, the culture
medium was changed to the normal one, and the cell culture
medium was renewed every 2 d. The number of osteoblasts was
determined aer 1, 4, and 7 d using CCK-8. The average oste-
oblast proliferation rate was the percentage increase in the
osteoblast quantity per day, calculated according to eqn (1).

The average osteoblast proliferation rate:

P2 � P1

P1 � Dt
� 100% (1)

where P1 and P2 are the optical density (OD) values corre-
sponding to culture times t1 and t2, respectively; Dt is the time
interval between t2 and t1.52
2.7 Statistical analysis

All experiments were performed at least three times. Statistical
comparisons were performed using SPSS soware. The signi-
cant difference between two sets of data was considered when p
< 0.01.
3. Results and discussion

The conjugation of PA and EDTAD was based on the reaction
between the amino functional groups of PA and the acid
anhydride groups of EDTAD. The synthetic route is shown in
Fig. 1.
Fig. 2 The FTIR spectra of PA (a), EDTAD (b) and PE (c).
3.1 Structural characteristics of PE

FTIR is usually employed to detect structural changes in
substances. That is because the various groups in the material
have their own specic infrared absorption peaks. Fig. 2 shows
the FTIR spectra of the PA, EDTAD and PE samples. From the
10138 | RSC Adv., 2019, 9, 10135–10147
photograph, it can be seen that PA has a visible absorption peak
at 3360 cm�1, which was assigned to the stretching vibration of
–N–H bending (Fig. 2a). EDTAD showed two distinctive char-
acteristic peaks at 1808 cm�1 and 1762 cm�1, which were
attributed to the high and low frequency absorption peaks of
–C]O in the acid anhydride groups (Fig. 2b), respectively. Aer
PA and EDTAD conjugation, the stretching vibration peak of
–N–H was replaced by the –O–H absorption peak in the carboxyl
groups of the side chains at 3430 cm�1. This absorption peak
showed a lower wave-number when compared to free –O–H,
which indicated that there may be some hydrogen bond force in
PE. Meanwhile, the characteristic peak for acid anhydride
groups disappeared in PE, and instead there were two new
absorption peaks, of which 1714 cm�1 was the characteristic
–C]O absorption peak for carboxyl groups in the side chains,
and 1639 cm�1 was the characteristic –C]O absorption peak
for –C]O–N–. These results suggested that PE was synthesized
successfully.

13C NMR analysis was also employed to characterize the
structure of PE, and the results are shown in Fig. 3. The peak at
41.34 ppm (pink) was attributed to the –CH2 of PA. The peak at
44.44 ppm (yellow) was attributed to the –CH2 of the EDTAD
backbone. The peaks at 50.87 ppm (red) and 55.21 ppm (blue)
were assigned to –CH2 associated with imide bonds and
carboxyl groups on the side chains of PE, respectively. In addi-
tion, the peaks appeared at 168.24 ppm (purple) and
171.87 ppm (green) correspond to the carbons atoms of the
–C]O–N– and –COOH groups of PE. The above information
from the 13C NMR spectrum conrmed the successful synthesis
of PE.

Next, elementary analysis was further performed to conrm
the reaction between PA and EDTAD. As shown in Fig. 4,
elemental analysis provides the information regarding the
atoms constituting PE. As expected, there were four peaks cor-
responding to C, H, O and N. By integrating the area of each
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 13C NMR spectra of PE.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 1
2:

38
:5

0 
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
peak, the C/N ratio in PE was calculated to be 3.04. The C/N ratio
in PA was approximately 1.71, while it was approximately 4.29 in
EDTAD. From this information, it can be inferred that PA and
EDTAD were reacted in an approximately 1 : 1 ratio, which is
consistent with our raw material input ratio, and the structure
of PE was as expected.
3.2 Thermal analysis

TGA results for PE are shown in Fig. 5. The curve could be divided
into two regions. The rst region occurred before 100 �C, which
was attributed to the loss of water in PE. The second weight loss
occurred at approximately 200–250 �C, and this high temperature
mass loss is related to the degradation of PE.

Fig. 6 shows the DSC thermograms of PE aer a second
heating run. As shown in the gure, PE had a clear glass tran-
sition temperature of 50.09 �C, which is consistent with our
previous study, and there was a complete phase transformation
process at this point.34 This result suggests that the pure
piperazine polymer can be prepared through this simple and
fast method.
3.3 Antibacterial activity

3.3.1 Planktonic bacteria. Our primary goal was to study
the antibacterial activity all along the chemical pathway.
Therefore, the antibacterial activity of PE against Gram-positive
S. aureus and Gram-negative E. coli was tested in free and
adherent states, respectively. The antibacterial activity results
are as follows.
This journal is © The Royal Society of Chemistry 2019
The MIC is dened as the lowest concentration of an anti-
microbial compound that will inhibit the visible growth of
a microorganism aer overnight incubation. By using the
microdilution method, the MIC of PE was found to be 1.17 mmol
mL�1 against E. coli or S. aureus at a concentration of 106 CFU
mL�1. Meanwhile, at least 1.63 mmol mL�1 of ciprooxacin was
needed to inhibit the visible growth of E. coli, and the MIC of
ciprooxacin was approximately 3.26 mmol mL�1 against S.
aureus, as shown in Table 1. These results indicated that
a certain concentration of PE could inhibit the growth of
bacteria, and its antibacterial ability may be better than that of
ciprooxacin.

Fig. 7 and Fig. 8 show the characterizations of E. coli and S.
aureus colony formation aer treatment with different concen-
trations of PE. From the gures, it can be seen that PE showed
a strong antibacterial effect in a dose-dependent manner. In
other words, as the concentration of PE increased, the number
of colonies on the plates gradually decreased. Interestingly, at
a higher concentration of 4MIC, PE killed the E. coli completely,
and there were no colonies generated on the plate, as shown in
Fig. 7d. However, when the S. aureus was exposed to the same
concentration of PE, a small number of colonies were observed
on the plate, as shown in Fig. 8d. These results indicated that PE
reduced the viabilities of both E. coli and S. aureus, but the
antibacterial effect of PE against E. coli was much better. This
may be explained by the different cell wall structures of S. aureus
and E. coli.

To further evaluate the antibacterial ability of PE, the growth
inhibitions of E. coli and S. aureus were tested with different
RSC Adv., 2019, 9, 10135–10147 | 10139
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Fig. 4 The elementary analysis of PE.
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concentrations of PE. From Fig. 9, it can be seen that the anti-
bacterial ability of PE against the planktonic bacteria was
similar to that of ciprooxacin and was concentration-
dependent. Specically, in the initial contact stage, the MIC of
Fig. 5 The TGA curve of PE.

10140 | RSC Adv., 2019, 9, 10135–10147
PE reduced the number of planktonic bacteria to some extent,
then this phenomenon disappeared soon aerwards and
resulted in an overall growth inhibition. This unreasonable
Fig. 6 DSC thermograms of PE.

This journal is © The Royal Society of Chemistry 2019
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Table 1 The MIC of PE to bacteria

Bacterial strain

MIC (mmol mL�1)

PEa Ciprooxacinb

E. coli ATCC 25922 1.17 1.63
S. aureus ATCC 6538 1.17 3.26

a Mn (PE) z 5341 g mol�1, which was calculated by EC. b Mn
(ciprooxacin) ¼ 331.34 g mol�1.
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phenomenon was attributed to the insufficient mixing during
this period, which may have caused the concentration of PE in
some areas to be greater than the MIC value, so the number of
bacteria slightly decreased. Comparing the growth inhibition
curves of E. coli and S. aureus, it was found that the E. coli could
be killed completely by PE at a concentration of 4MIC, while
there were still some S. aureus alive aer treatment with the
same concentration of PE. This result was consistent with the
colony formation, which suggested that PE showed better
antibacterial activity against Gram-negative bacteria while
compared to Gram-positive bacteria.
Fig. 7 Colony formation of E. coli treated with PE ((a) control, (b) MIC, (

This journal is © The Royal Society of Chemistry 2019
Toxic effects are usually accompanied by changes in bacte-
rial surface morphology, and the changes that occur inside the
bacteria can further explain the material's mechanism of
action. For this study, SEM was utilized to identify the
morphology and membrane integrity of both the E. coli and S.
aureus cells aer treatment with PE for 1 h, and the results are
shown in Fig. 10. In detail, the E. coli in the control group were
rodlike in shape, and the surfaces were smooth and relatively
intact. However, aer exposure to an aqueous PE solution for
1 h, the E. coli cells suffered from a change in cell shape. Most of
the bacteria changed from a rodlike shape to an irregular shape
with severe membrane damage and cytoplasm leakage.
Surprisingly, this phenomenon was not as obvious in the S.
aureus experimental group. Compared to the S. aureus control,
the bacteria in both groups were typically round in shape, but
the surfaces of the S. aureus in the experimental group were
rough, and even had a small number of holes. These results
indicated that a certain concentration of PE could change the
morphology of E. coli and S. aureus cells, whichmight eventually
lead to growth inhibition or death of the bacteria, S. aureus was
less susceptible to PE when compared to E. coli, and this result
c) 2 MIC, (d) 4 MIC).

RSC Adv., 2019, 9, 10135–10147 | 10141
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Fig. 8 Colony formation of S. aureus treated with PE ((a) control, (b) MIC, (c) 2 MIC, (d) 4 MIC).
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was consistent with the colony formation results. Furthermore,
TEM was also employed to study the antibacterial mechanism
of PE. It can be seen from Fig. 10 that both the E. coli and S.
aureus in the control groups underwent division and prolifera-
tion, and the distribution of the cell contents was uniform.
However, aer PE treatment for an hour, both bacteria lost the
ability to divide and proliferate, and some cytoplasmic deletions
were also observed in the experimental groups. These results
further conrm our speculation that the PE could not only
destroy the cell wall membrane but also cause the loss of cell
contents, thereby exerting its antibacterial effect.

3.3.2 Adherent bacteria. It is well known that once the
bacteria adhere to the surfaces of the materials, the effect of
compounds on the bacteria will be greatly reduced. Therefore,
we investigated the effects of different concentrations of PE on
the adhered bacteria, and the results are shown in Fig. 11.

Aer an adhesion time of 3–4 h, the uorescence microscopy
images showed a great number of bacteria covering the entire
bottom portion of the blank orice plates. However, when
treated with a certain concentration of PE for approximately
0.5 h, an absence of bacteria was observed, and the number of
missing bacteria showed a strong dose-dependency. However, it
10142 | RSC Adv., 2019, 9, 10135–10147
was noteworthy that even when treated with 4MIC PE, there was
still a considerable amount of adhered bacteria at the bottom of
the orice plates. These results suggested that the antibacterial
effect of PE on adhered bacteria was weaker than that of
Planktonic bacteria, which is similar to the results for antibac-
terial materials currently reported in most of the literature.
Further research is needed to study this subject, and hopefully
the activity toward adhered bacteria can be improved.
3.4 Biocompatibility test

Different kinds of cells have different cell shapes, depending on
their structures, surface tension or the inuence of external
environments. It is important that themorphology of the cells is
closely related to their life activities and functions. Therefore,
the effect of PE on the shapes of osteoblasts could be proof of its
cytotoxicity. Fig. 12 shows the morphology of osteoblasts aer
24 h of different drug treatments. As seen from the pictures, the
osteoblasts without any drug treatment were well spread out
and contained a large number of protein bers (Fig. 12c).
However, a variety of changes were observed in the other groups
aer a 24 h drug treatment. For the PE treatment groups, there
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Growth curves for E. coli (a) and S. aureus (b) treated with PE.
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was a concentration dependence. When treated with the MIC of
PE, the effects on the osteoblasts' morphology were not obvious
(Fig. 12e). However, as the concentration of PE increased, its
inuence on cell morphology increased gradually. Specically,
as the concentration increased, the osteoblasts decreased, the
spreading was incomplete and the number of F-actin bers
decreased (Fig. 12b, d, and e). Surprisingly, this phenomenon
was more pronounced in the ciprooxacin treatment group
Fig. 10 The electron microscopy images of bacteria.

Fig. 11 The rapid killing effect of adhered E. coli (a) and S. aureus (b) by

This journal is © The Royal Society of Chemistry 2019
(Fig. 12a). These results indicated that when the concentration
of PE reached a certain level, it produced a certain toxicity in
osteoblasts.

As an effective method for measuring the number of cells,
CCK-8 has been widely used in several elds, such as detecting
anticancer drug cytotoxicity, or the cell proliferation assays
induced by drugs or cytokines. In this study, CCK-8 was selected
to evaluate the effect of PE on the osteoblasts' proliferation rate,
PE �200.

RSC Adv., 2019, 9, 10135–10147 | 10143
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Fig. 12 Themorphology of rat calvarial osteoblasts treated with different materials for 24 h (�400) ((a) ciprofloxacin, (b) PE-4MIC, (c) control, (d)
PE-2MIC, (e) PE-MIC).
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and the results are shown in Table 2. From the control group, it
can be seen that aer a 24 h of adapting period, the osteoblasts
began to proliferate slowly. In 1–4 days, the average prolifera-
tion rate increased signicantly and achieved a maximum.
Then, aer 4 days, the average cell proliferation rate was
reduced. This phenomenon can be explained by contact inhi-
bition due to the large cell density during this period. However,
all of the experimental groups showed a reduced proliferation
rate on the rst day, indicating that neither ciprooxacin nor PE
showed some toxicity to osteoblasts. Then, in 1–4 days, the
average proliferation rates of the experimental groups increased
and achieved a maximum value. Aer that, the average osteo-
blast proliferation rates between days 4–7 decreased as in the
control group. Specically, the PE-treated groups showed
a lower toxicity toward osteoblasts than that of ciprooxacin at
Table 2 The average proliferation rate (%) of rat calvarial osteoblasts
treated with PE

Contents

Average proliferation rate (%)

0–1 d 1–4 d 4–7 d

Control 2.63 35.89 13.18
Ciprooxacin �4.30 20.11 14.83
PE �4.06 23.47 14.69

10144 | RSC Adv., 2019, 9, 10135–10147
the same molarity. In view of this, the subsequent work should
focus on modifying PE to reduce its cytotoxicity.

4. Conclusions

In this paper, a novel piperazine polymer, PE, was synthesized
successfully through a simple and fast method. In addition, the
overall reaction conditions were mild and required no catalyst.
The thermal stability of the as-prepared PE was estimated from
the results of TGA and DSC, which showed that the thermal
decomposition and glass transition temperatures of PE were
approximately 200–250 �C and 50 �C, respectively. When the
antibacterial material is applied to an infected part of the body,
it may also have a certain toxicity to the eukaryotic cells, while
achieving the effective killing of bacteria. Based on this obser-
vation, the antimicrobial properties and biocompatibility of PE
were studied in this paper. For the antibacterial experiments, PE
showed signicant antibacterial activity against E. coli and S.
aureus. When combining the experimental results of the anti-
microbial test with biocompatibility test, there was a bold
prediction. There may be a threshold value for damage to the
bacteria and osteoblasts when treated with PE, and the damage
threshold for osteoblasts was higher than that for bacteria. The
reason for this difference may be related to the size of the
osteoblasts and bacteria. That is, when treating osteoblasts and
bacteria with the same concentration of PE, the charge density
This journal is © The Royal Society of Chemistry 2019
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and number of active groups relative to the osteoblasts were
both less than that of the bacteria. Therefore, compared with
osteoblasts, the inhibition and killing of bacteria was much
greater. These results indicated that the obtained bioactive
piperazine polymer may be an excellent candidate for biomed-
ical applications, especially biomaterial applications, due to its
antibacterial activity and biocompatibility. However, further
investigations on the mechanism of action and the modica-
tion of PE to further reduce its cytotoxicity are required.
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