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ABSTRACT: A bacterial bioﬁlm is one of the main reasons that many
diseases are diﬃcult to cure. Herein, a teicoplanin (TPN)-loaded selfadapting chitosan-based hydrogel (CPH) system, called TPN-CPH, was
prepared by encapsulating antibacterial TPN into CPH. This TPNCPH can eﬀectively combat preformed bioﬁlms in vitro of Staphylococcus aureus (S. aureus). It has a good therapeutic eﬀect on fullthickness cutaneous wounds in vivo of mice infected with bioﬁlms. In
addition, TPN-CPH can accelerate wound healing by self-adapting the
wound and providing a moist environment. The operation process of
TPN-CPH is simple, and no external stimulation such as light and heat
is needed in the treatment process, making it more convenient for
clinical application. Furthermore, this is a challenge to use self-adapting
hydrogels to adapt the micro-size channels of bioﬁlms. TPN-CPH
provides a chitosan-based self-adapting hydrogel system for loading drugs to kill bacteria in bioﬁlms, and thus it is promising for
infection control.
KEYWORDS: hydrogel, drug delivery, self-adapting, bioﬁlm, antibacterial

■

INTRODUCTION
In recent years, scientists believe that most human bacterial
infections are related to bacterial bioﬁlms, especially those
chronic and refractory infections.1−9 In the process of growth
and reproduction, bacteria secrete a large amount of
extracellular polymeric substances (EPS) such as polysaccharides, proteins, extracellular DNA, and phospholipids, which
encapsulate bacteria to form bioﬁlms.10,11 When the bioﬁlm
matures or is stimulated by the environment, some bioﬁlms
will disperse and bacteria will spread and colonize to new
surfaces. These dispersed bacteria have high toxicity and pose
intrinsic risks to acute infection.12 Those bacteria in the
formed bioﬁlm are diﬀerent from planktonic bacteria; they
have extremely strong resistance to harsh environments, host
immune defense mechanisms, and bactericides such as
antibiotics.13,14 Therefore, general antibiotic treatment has
poor eﬀects on bacterial infection related to bioﬁlms. How to
eﬀectively remove bioﬁlms is a major challenge for human
being.
Scientists have developed many strategies to ﬁght bacterial
bioﬁlms.15−19 Among them, some methods have been
speciﬁcally used to inhibit the formation of bioﬁlms.20−24
These methods either use small-molecule organic compounds
to inhibit the surface adhesion of bacteria at the initial stage
and interfere with the quorum sensing system or use speciﬁc
pathway inhibitors to inhibit the synthesis of second nucleotide
messenger molecules and the maturation of bioﬁlms.25−31
However, the bioﬁlm infection that has already occurred is
inevitable, so researchers have also designed some strategies to
© XXXX American Chemical Society

combat the preformed bioﬁlm. Common methods of destroying preformed bioﬁlms include electrochemical methods and
the use of antibacterial components with anti-bioﬁlm activity,
biomolecules capable of degrading extracellular polymers, and
drug delivery systems to destroy mature bioﬁlms.12,32−39
Hydrogels have been widely applied in biomedicine40−44
due to their high hydrophilicity, permeability, and biocompatibility.45−47 Zhang et al.48 prepared a multiresponse, dynamic,
and self-healing chitosan-based hydrogel by reacting aldehyde
groups on dibenzaldehyde-terminated telechelic poly(ethylene
glycol) with amino groups on chitosan to form Schiﬀ base
bonds. Using the hydrogel as a delivery carrier, the
encapsulation and controlled release of rhodamine B and
lysozyme were successfully achieved. They then obtained a
magnetic self-healing hydrogel by mixing Fe3O4 nanoparticles
into the hydrogel,49 which could squeeze through a narrow
channel by shape transformation under the assistance of an
external magnetic ﬁeld. Furthermore, Li et al.50 found that the
hydrogel can change shape and move autonomously under
natural conditions because its dynamic Schiﬀ base network
allows the hydrogel to move like a very viscous ﬂuid. However,
so far, the smallest pore size that self-healing hydrogels can
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spontaneously penetrate is still unknown, which is a scientiﬁc
problem to be explored. As we know, there are many pores and
channels into the bacterial bioﬁlm so that cells deep within the
bioﬁlm can receive nutrients and oxygen and expel wastes.10
Up to now, it is still not clear what the speciﬁc size of channels
is in bioﬁlms. However, a few literature studies reported that
the size of these pores ranges from 10 nm up to more than 10
μm.51,52 Therefore, we assume that self-adapting hydrogels can
inﬁltrate the bioﬁlms from those pores and channels. Thus, it
can be used as a drug carrier to combat bioﬁlms. Herein, a
glycopeptide antibiotic, teicoplanin (TPN), was loaded into a
self-adapting chitosan-based hydrogel (CPH) to obtain the
TPN-CPH system to verify the above hypothesis (Scheme 1).
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RESULTS

Preparation and Characterizations of CPH. The CPH
was prepared by mixing 3% (w/w) glycol chitosan aqueous
solution and 1% (w/w) DF-PEG4000 aqueous solution in a
volume ratio of 3:1. Under this condition, the gelation time
was about 10 min (Figure 1a). It indicated that the CPH was
successfully prepared through cross-linking of GC with the
linker DF-PEG. A porous network structure (Figure 1b) could
be clearly observed using a scanning electron microscope
(SEM). These porous structures greatly increase the speciﬁc
surface area inside the hydrogel so that hydrophilic groups can
quickly make contact with water molecules, further increasing
water content of the hydrogel.
A series of CPH with diﬀerent solid contents were prepared
to analyze their rheological properties. As shown in Figure 1c,
the storage modulus (G′) value of CPH is about 280 Pa, which
is lower than that of the CPH1 hydrogel (about 560 Pa). This
suggests that with the increase in the content of DF-PEG, the
cross-linking degree of the hydrogel was increased and the
mechanical strength was enhanced. That means that the
mechanical strength of CPH can be easily adjusted by
changing the amount of DF-PEG.
The self-adaptability of CPH was also veriﬁed according to
the method in the previous literature.49 CPH could change its
shape spontaneously under the action of gravity, passing
through those gaps formed among glass beads and ﬁnally
reaching the bottom of the vial after 24 h (Figure 1d).
However, most of the reduced hydrogel in the control group
was still above the beads, and there was no obvious shape
change compared with the CPH. The main reason for this
phenomenon is the existence of dynamic Schiﬀ base bonds in
CPH. These Schiﬀ base bonds are continuously in the alternate
process of chemical bond formation and breaking, coupled
with the driving action of gravity and surface tension. These
factors prompted CPH to change its shape to adapt to uneven
surfaces, showing excellent self-adaptability.

Scheme 1. (a) Illustration of the Synthesis and Structure of
CPH. (b) Self-Adaptability and Bactericidal Mechanism of
CPH, where Self-Adapting Hydrogels Can Inﬁltrate the
Bioﬁlm from Those Pores and Channels

Figure 1. Characterizations of the self-adapting CPH. (a) Preparation process of CPH. The GC solution was stained with FITC for better
observation. (b) SEM picture of the CPH microstructures (the bar is 100 μm). (c) Storage modulus (G′) of CPH with diﬀerent solid contents
(strains: 1%, 25 °C). The solid content of CPH was 2.5%, and that of CPH1 was 2.75%. (d) Self-adaptability of CPH. CPH reduced by NaBH3CN
was used as a control.
B
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In Vitro Antibacterial Test. It was founded that TPN had
a good antibacterial eﬀect on Staphylococcus aureus (S. aureus),
and the minimum inhibitory concentration was 1 μg mL−1
(Figure S2). Then, TPN-CPH was obtained by loading TPN
into CPH, its antibacterial activity was evaluated by inhibition
zone experiments, and the results are shown in Figure 2a. In

Figure 2. (a) Inhibition zone experiments of CPH, TPN, and TPNCPH. The red mark in the ﬁgure represents the width of the
bacteriostatic ring. (b) Quantitative results of the width of the
antibacterial ring in diﬀerent groups (n = 3 for each group). (c)
Cumulative release proﬁles of TPN from CPH in PBS solutions with
diﬀerent pH levels (n = 3 for each pH value).

Figure 3. Combating activity of diﬀerent groups against S. aureus
bioﬁlms in vitro. (a) CLSM images of bacterial bioﬁlms after being
treated with PBS (a1), CPH (a2), TPN (a3), and TPN-CPH (a4).
The dead bacteria in bioﬁlms were stained red by PI. The bar is 50
μm. (b) Surviving bacteria in bioﬁlms after treating with PBS (b1),
CPH (b2), TPN (b3), and TPN-CPH (b4). (c) Colony count results
of each group in (b) (n = 3 for each group). Signiﬁcant diﬀerences
among diﬀerent groups are speciﬁcally marked: ***p < 0.001.

the CPH group, there was no antibacterial ring around the
material, indicating that CPH alone did not have antibacterial
activity. However, it is obvious that both the TPN group and
the TPN-CPH group have antibacterial rings. Among them,
the inhibition eﬀect of the TPN group was the most obvious,
the width of the inhibition ring was about 5.29 mm, and that of
the TPN-CPH group was about 2.86 mm (Figure 2b). These
results showed that TPN-CPH could release TPN eﬀectively
and produce an obvious antibacterial eﬀect on S. aureus.
To further study the in vitro release of TPN from TPNCPH, the cumulative release of TPN under diﬀerent pH
conditions was measured (Figure 2c). The ﬁgure shows that
the release rate of TPN is relatively fast on the ﬁrst day and
then gradually slows down. In general, TPN has the
characteristics of continuous release in this CPH carrier
system. On the fourth day, the cumulative release of TPN in
the pH 7.5 phosphate buﬀer saline (PBS) reached 90.44%, and
that in the pH 5.4 PBS was 93.88%. In addition, the release
rate of TPN at pH 7.5 was slightly slower than that at pH 5.4.
The reason for this phenomenon is that the CPH is a crosslinked Schiﬀ base, which is itself weakly alkaline. It is favorable
for the degradation of CPH under acidic conditions.
Therefore, TPN releases faster under pH 5.4.
Combating Bioﬁlms by TPN-CPH In Vitro. In order to
explore the bactericidal eﬀect of TPN-CPH on bacteria in
bioﬁlms, mature S. aureus bioﬁlms were treated with PBS,
CPH, TPN, and TPN-CPH respectively in vitro, and the
results are shown in Figure 3. In the PBS group, the red
ﬂuorescence was quite weak, suggesting that there were very

few naturally dead bacteria in the bioﬁlm. The red ﬂuorescence
intensity in the CPH group was similar to that in the PBS
group, indicating that CPH itself had no obvious antibacterial
eﬀect against S. aureus in bioﬁlms. Compared with above two
groups, the red ﬂuorescence intensity in the TPN solution
group and the TPN-CPH group were signiﬁcantly enhanced.
The number of dead bacteria in the bioﬁlm of the TPN-CPH
group was the highest. These phenomena indicated that TPN
had a certain killing eﬀect on S. aureus in bioﬁlms, but it
worked weakly, while TPN-CPH could enhance the penetration of TPN in bioﬁlms, thereby producing a better
combating eﬀect on bioﬁlms.
The number of viable bacteria surviving in the bioﬁlms was
measured, and the results are shown in Figure 3b,c. The colony
numbers of the PBS group (∼3343 CFU mL−1) and the CPH
group (∼3021 CFU mL−1) were similar, but the TPN group
(∼826 CFU mL−1) was obviously lower than the above two
groups. Signiﬁcantly, the TPN-CPH group had the lowest
colony number, ∼34 CFU mL−1, far lower than other groups.
This result is consistent with the result of Figure 3a, indicating
that TPN-CPH has a good killing eﬀect on S. aureus in
bioﬁlms.
Treatment of Full-Thickness Cutaneous Wounds in
Mice with Bioﬁlm Infection. To further apply this drugloaded hydrogel system to treatment in vivo, a mouse fullthickness cutaneous wound model with bioﬁlm infection was
established successfully and corresponding treatments were
C
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carried out (Figure 4a). Wound healing was studied on days 0,
4, 8, and 12, and the results (Figure 4b,c) showed that the

colonies in the control group (∼1830 CFU mL−1), the TPN
group (∼568 CFU mL−1), and the TPN-CPH group (∼34
CFU mL−1) decreased in turn; among them, the TPN-CPH
group was the least. This result veriﬁed the bactericidal ability
of TPN-CPH on S. aureus in the bioﬁlm of cutaneous wounds,
which echoed the results in vitro and provided a powerful
experimental veriﬁcation in vivo.
Evaluation of Biocompatibility. Biomedical materials
should have good biocompatibility, so the cytotoxicity of GC,
DF-PEG, and TPN to mouse ﬁbroblast cells (L929) was tested
(Figure S5a,c). The results showed that the cell viability of the
GC solution group was greater than 90% within a
concentration range of 1−16 mg mL−1, and that of the DFPEG solution group was greater than 85% within a
concentration range from 0.125 to 2 mg mL−1. This indicated
that GC and DF-PEG showed excellent cytocompatibility to
L929 cells, suggesting that CPH as a drug carrier would not
cause great toxic and side eﬀects to cells. However, TPN
solution had relatively greater cytotoxicity to L929 cells, and
the cell viability was less than 80% after 24 h of co-cultivation.
The cytocompatibilities of extracts of CPH and TPN-CPH
were also tested and compared with TPN. The results are
shown in Figure 5a. After 24 h of co-cultivation, the cell
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Figure 4. Treatment of bioﬁlm infection of full-thickness cutaneous
wound in mice. (a) Schematic representation of experimental process.
(b) Wound healing process after treatment in diﬀerent groups. The
bar is 2 mm. (c) Statistical results of the wound healing rate (n = 6 for
each group). (d, e) Colony count results of skin tissue around the
wound after 12 days of treatment (n = 3 for each group). The wounds
treated with PBS were used as a control group. Signiﬁcant diﬀerences
among all the groups are speciﬁcally marked: *p < 0.05; **p < 0.01;
***p < 0.001.
Figure 5. (a) Comparison of the cytotoxicity of CPH, TPN, and
CPH-TPN to L929 cells (n = 4 for each group). Signiﬁcant
diﬀerences among all the groups are speciﬁcally marked: **p < 0.01.
(b) H&E staining of mouse skin wound tissues in diﬀerent groups
after 12 days of treatment. Wound tissue treated with PBS was used as
a control group. Green arrows point to inﬂammatory cells. Blue
arrows point to hair follicles.

wounds in all groups were accompanied by extremely serious
suppuration on day 0. After 4 days of treatment, the wound
suppuration in the control group treated with PBS was still
obvious, but the situations in the TPN solution group and the
TPN-CPH group were markedly improved, which may be
caused by the antibacterial eﬀect of TPN. During the
treatment, the wound area of all groups showed a gradual
shrinking trend. However, the healing rate of the TPN-CPH
group after the eighth day was obviously better than those of
other groups. On the 12th day, the wounds in the TPN-CPH
group were almost completely healed, which was signiﬁcantly
diﬀerent from the relative wound areas in other groups. It
demonstrated that TPN-CPH is beneﬁcial to wound healing.
This may be caused by the fact that TPN-CPH provided a
relatively moist environment for the wound, in which wound
cells could regenerate and migrate faster due to the selfadapting property of CPH. In other words, in the early stage of
treatment, TPN-CPH has a prominent antibacterial eﬀect on S.
aureus, which leads to the improvement of wound suppuration.
In the later stage of treatment, TPN-CPH can create a
relatively moist environment for the wound to accelerate the
wound healing. Therefore, TPN-CPH has great application
value in wound healing.
Living bacteria remaining in the wound tissue after 12 days
of treatment were also evaluated, and the results are shown in
Figure 4d,e. It can be seen from the results that the number of

viability of the CPH group was about 97%, while that of the
TPN group was only 70%. Interestingly, the cell viability of the
TPN-CPH group was as high as 86%, which was much higher
than the TPN group. The main reason for this result was that
the actual concentration of TPN in the TPN-CPH group was
lower than that in the TPN solution group due to the slowrelease eﬀect of CPH on TPN. Therefore, loading TPN into
CPH was beneﬁcial to reduce the cytotoxicity of TPN and
ensured that TPN-CPH had good cell compatibility with L929
cells.
Furthermore, H&E staining was also performed on mouse
skin wound tissues in diﬀerent groups after 12 days of
treatment to evaluate wound healing and the in vivo
biocompatibility of diﬀerent materials (Figure 5b). From the
staining results, it was not diﬃcult to ﬁnd that the skin
epidermis in the control group had obvious discontinuities,
and a large number of inﬂammatory cells inﬁltrated among the
dense ﬁbrous tissues of the dermal reticular layer, mainly
lymphocytes. In the TPN solution group and the TPN-CPH
D
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group, the wound tissue was covered by intact squamous
epithelium, accompanied by hyperkeratosis and insuﬃciency,
and the keratinized layer was loose. However, in the TPN
solution group, more inﬂammatory cells inﬁltrated the dermal
ﬁbrous tissue, and there were very few hair follicles. In contrast,
the inﬁltrating inﬂammatory cells in the TPN-CPH group were
signiﬁcantly reduced, and there were more hair follicles and
sebaceous glands, which indicated that TPN-CPH had better
biocompatibility in vivo and was more beneﬁcial to wound
healing.
Mechanism Speculation of TPN-CPH in Treating
Bioﬁlm Infection. Based on all the above experimental
results, the mechanism of TPN-CPH killing S. aureus in
bioﬁlms was speculated. There are a lot of Schiﬀ base bonds in
TPN-CPH, which are unstable and in the dynamic process of
chemical bond formation and fracture alternately, which shows
the change of hydrogel shape macroscopically. When TPNCPH makes contact with the bioﬁlm, its shape changes under
the action of gravity and surface tension, and then it enters the
bioﬁlm through the pores and channels on the bioﬁlm. As we
know, the bioﬁlm is acidic (pH < 6). Under this condition,
TPN-CPH will accelerate degradation and release more TPN
to act on bacteria, thus achieving a better combating eﬀect on
bioﬁlms.

spraying. Then, the microstructure of the hydrogel was characterized
by SEM (JEOL JSM-7800F, JEOL, Japan). The acceleration voltage
used for the SEM analysis was 10.0 kV. A Leica CLSM was used to
observe the antibacterial eﬀect against S. aureus in bioﬁlms.
Synthesis of DF-PEG. DF-PEG was prepared by referring to the
method of the previous literature.49 Brieﬂy, 6.52 g of poly(ethylene
glycol) was dissolved in toluene and then the solution was evaporated
to dryness on a rotary evaporator to remove water. After that, 3.26 g
of 4-carboxybenzaldehyde was added followed by 1.68 g of DCC as a
dehydrating agent and 0.05 g of DMAP as a catalyst. Finally, 30 mL of
tetrahydrofuran was added as a solvent to completely dissolve
reactants. The reaction was stirred at room temperature for 24 h.
Afterward, the mixture obtained after the reaction was ﬁltered. The
collected ﬁltrate was dropped into ether for precipitation to wash
impurities. The puriﬁcation process was repeated three times. Finally,
the white solid DF-PEG was obtained through vacuum drying for 24
h.
Preparation of CPH. A 3% wt GC solution, 2% wt DF-PEG
solution, and 1% wt DF-PEG solution were prepared by dissolving
GC and DF-PEG in deionized water. Then, 1% wt DF-PEG solution
and 3% wt GC solution were mixed evenly at a volume ratio of 1:3 for
10−20 min to obtain CPH. A 2% wt DF-PEG solution and 3% wt GC
solution were mixed at a volume ratio of 1:3 to obtain CPH1.
Preparation of TPN-CPH. TPN was dissolved in a 3% wt glycol
chitosan solution to obtain TPN-GC solution. Then, TPN-GC
solution was mixed with a 1% wt DF-PEG solution evenly at a volume
ratio of 3:1 to result in gelation.
Mechanical Strength of CPH. Typically, a piece of hydrogel (∼1
mL, 20 mm diameter) was put on the measuring plate of a rheometer.
The storage modulus (G′) of the hydrogel was recorded under
diﬀerent frequencies (strains: 1%, 25 °C). All hydrogels were tested
through the same process.
Self-Adapting Property Test of CPH. According to the method
in the literature with slight modiﬁcation, the self-adaptability of CPH
was studied. In short, a layer of glass beads (diameter: 4 mm) was put
on the bottom of a vial to create an uneven surface. Gaps were formed
among these small glass beads. Then, the hydrogel sheet was put on
top of these small balls and it was observed whether the hydrogel will
pass through those gaps to the bottom of the vial. The hydrogel
reduced by NaBH3CN was used as a control.
In Vitro Release of TPN. First, 1 mL of GC/DF-PEG mixed
solution containing TPN was added into a 10 mL centrifuge tube to
form a hydrogel. Next, 5 mL of PBS buﬀer solution was added as a
release medium. The tube was placed on a constant temperature
shaker at 37 °C and 180 rpm. At predetermined intervals, 3.0 mL of
the release medium was taken out and immediately replaced with the
same volume of fresh PBS solution. The OD value of the collected
liquid at 279 nm was measured using an ultraviolet spectrophotometer.
In Vitro Biocompatibility Studies. The biocompatibility study
was carried out with L929 cells. L929 cells were cultured in a 96-well
plate from an initial inoculum of 8 × 103 cells in each well. The cells
were cultured in RPMI-1640 supplemented with 10% fetal bovine
serum, 5% penicillin−streptomycin, and incubated at 37 °C in an
incubator with 5% CO2 for 24 h to make them adhere to the wall
followed by removing the medium in each well and adding 100 μL of
extract solutions of CPH, TPN solution, and extract solutions of
TPN-CPH. The 96-well plate was placed in an incubator and
incubated for a total of 24 h. The 96-well plate was put into the
incubator for another 24 h. After that, 10 μL of MTT dye was added
to each well and incubated for 4 h at 37 °C. A total of 100 μL of SDS
was added to each well to dissolve formazan crystals. The plate was
then analyzed with a microplate reader. Measurements of dye
absorbance were carried out at 570 nm. Wells containing only cells
and culture medium served as controls. Six replicate wells were used
for each group, and the experiment was repeated three times. GC, DFPEG, and TPN were also assayed using the same method (Figure S5).
Preparation of Bacterial Suspension. The S. aureus ATCC
25923, obtained from the American Type Culture Collection, were
inoculated on a tryptone soybean agar (TSA) solid culture medium

■

CONCLUSIONS
In summary, the TPN-CPH system was successfully prepared
with a simple method. The drug-loaded hydrogel system has
good self-adaptability, degradability, and biocompatibility. The
self-adapting TPN-CPH allows it to adapt to various uneven
surfaces and external microstructures by changing its shape.
More importantly, this research demonstrated that the TPNCPH could enter the pores of the bioﬁlm. One reason is its
self-adaptability, and the other is that TPN-CPH itself is
weakly alkaline. Under the acidic conditions inside the bioﬁlm,
CPH is accelerated to release more TPN to act on inner S.
aureus, thereby producing a better combating eﬀect on the
bioﬁlm. In addition, TPN-CPH can create a relatively moist
environment for cutaneous wounds, which can promote cell
regeneration and speed up cell migration to accelerate wound
healing. These outstanding characteristics make TPN-CPH
promising in the treatment of diseases related to bioﬁlm
infections.

■

EXPERIMENTAL SECTION

Reagents and Chemicals. Glycol chitosan (Wako Pure Chemical
Industries, 90% degree of deacetylation, Mn ≈80,000 up) and PEG
(Sinopharm Chemical Reagent, Mn ≈4000) were used as purchased.
DF-PEG (Mn ≈4000 g mol−1) was synthesized following a procedure
in the previous literature.47 Teicoplanin was ordered from Changchun
Yuandaguoao Pharm. All solvents were purchased from Sinopharm
Chemical Reagent and used directly without further puriﬁcation.
Other agents were purchased from Sinopharm and used without
further puriﬁcation.
Characterizations. A total of 5 mg of DF-PEG powder was
dissolved in 0.6 mL of dimethyl sulfoxide-d6, and then the 1H NMR
spectra of DF-PEG were obtained using a JEOL JNM-ECA400 (400
MHz) spectrometer. The rheology analysis of CPH was carried out
using an AR-2 rheometer with parallel plate geometry (20 mm in
diameter). In the rheological analysis, “Oscillation Frequency”
scanning mode was used. The temperature within two parallel plates
was 25 °C. The strain was 1%, and the angular frequency increased
from 0.1 to 100 rad/s. The experiment was repeated three times. CPH
was freeze-dried and then adhered to the conductive adhesive for gold
E
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by an inoculation ring and were incubated at 37 °C for 20 h. A single
colony of S. aureus on the TSA plate was transferred to tryptone soy
broth (TSB) liquid culture medium and incubated overnight with
shaking at 37 °C. After that, bacterial solutions were centrifuged at
6000 rpm for 6 min to collect the bacteria followed by washing three
times with 0.9% NaCl solution. Finally, the concentration of the
bacterial suspension was adjusted to around 1 × 109 CFU mL−1.
Minimum Inhibitory Concentration (MIC) of TPN. TPN stock
solution with a concentration of 1280 μg mL−1 was serially diluted
with TSB culture medium so that the ﬁnal concentrations of TPN in
each well of the 96-well plate were 64, 32, 16, 8, 4, 2, 1, 0.5, 0.25, and
0.125 μg mL−1. Then, 100 μL of 1 × 106 CFU mL−1 S. aureus
suspension was added into each well. Also, the S. aureus suspension
and TSB medium without TPN were, respectively, used as the
positive control group and negative control group. It was repeated
three times per well. Finally, the 96-well plate was placed in the
bacteria incubator to incubate for 20 h at 37 °C. The OD value at 590
nm was measured using a microplate reader.
In Vitro Antibacterial Activity of TPN, CPH, and TPN-CPH.
After the S. aureus suspension was prepared by the method described
above, it was diluted with PBS to 1 × 106 CFU mL−1. A total of 100
μL of diluted bacterial suspension was taken and coated on TSA
culture media using a glass coating rod. Then, sterile ﬁlter papers were
attached to the center of TSA plates. A total of 100 μL of TPN
solution, CPH, and TPN-CPH was next placed on sterile ﬁlter papers.
These plates were cultured in the bacteria incubator to incubate for 20
h. Photos were taken, and the width of the bacteriostatic ring was
measured.
Culture of S. aureus Bioﬁlms. Bioﬁlms were cultured referring to
the method in the literature53 with a slight modiﬁcation. In order to
culture bioﬁlms, the S. aureus ATCC 25923 suspension was obtained
by the method in the “Preparation of Bacterial Suspension” section.
The bacterial suspension was diluted to a concentration of 1 × 108
CFU mL−1 with a TSB culture medium. Next, 1 mL of the bacterial
suspension above was transferred to each 35 mm laser confocal Petri
dish (glass bottom diameter was 20 mm) followed by placing them in
the bacteria incubator to incubate for 24 h at 37 °C. Then, culture
media were discarded and replaced with new TSB culture media.
Then, they were incubated for another 24 h to form mature bioﬁlms.
These bioﬁlms were gently washed three times with PBS to remove
planktonic bacteria.
Killing S. aureus in Bioﬁlms In Vitro. Mature S. aureus bioﬁlms
were cultured by the operation described above. Next, these bioﬁlms
were further cultured with adding 1 mL of PBS, CPH, TPN, and
TPN-CPH on the surfaces at 37 °C for 24 h. Then, propidium iodide
(PI) dyes were added to the laser confocal Petri dish to stain dead
bacteria in bioﬁlms in the dark for 15 min at room temperature.
Excess dyes were discarded by gently washing bioﬁlms three times
with PBS. The results were observed using a confocal laser scanning
microscope to take photos. Imaris software was used to process the
obtained pictures.
According to the previous literature,54 a colony counting method
was used here to quantify living bacteria in bioﬁlms. In short, 100 μL
of 1 × 108 CFU mL−1 S. aureus suspensions diluted by TSB medium
was added to each well in a 96-well plate. The suspensions were
allowed to grow for 24 h at 37 °C. After replacing the fresh TSB
medium, they were cultured for another 24 h to form mature bioﬁlms.
Next, 100 μL of PBS, CPH, TPN, and TPN-CPH was added to
diﬀerent wells to treat bioﬁlms for 24 h. Subsequently, those added
substances were removed from wells and bioﬁlms were washed 2
times mildly with PBS. Then, 100 μL of PBS were added into each
well to sonicate bioﬁlms for 20 min and collect suspensions. These
suspensions were serially diluted and spread on TSA plates. The
number of colonies was counted after 24 h incubation at 37 °C.
Treatment of Bioﬁlm Infection in the Full-Thickness
Cutaneous Wound of Mice. BALB/c mice aged 6−8 weeks
(weighing 18−20 g) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. and allowed to acclimatize
for 1 week in the laboratory. The experiment was approved by the
Animal Ethics Committee of Beijing University of Chemical

Technology. These animals were randomly grouped into three groups
with 12 animals per group. Before the experiment, the backs of all
mice were shaved using an electric shaver. In order to construct a
model of full-thickness cutaneous wound bioﬁlm infection in mice,
the mice were anesthetized with sodium pentobarbital. A mouse fullthickness cutaneous wound with a diameter of about 7 mm was made
on the back through a skin biopsy punch. After that, 10 μL of S. aureus
suspension (1 × 108 CFU mL−1) was evenly dispersed into the
wound. The infected wound was covered with 3M transparent
dressing to prevent contamination by other bacteria. Two days later,
the wounds were treated with TPN, CPH, and TPN-CPH, which
were applied once every 2 days. After 12 days of treatment, all mice
were sacriﬁced and the skin tissues around these wounds were taken.
Parts of these samples were used for colony count, and the other parts
were used for histopathological analysis.
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