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ABSTRACT

The treatment and healing of infected skin lesions is one of the major challenges in surgery. To solve this
problem, collagen I (Col-I) and the antibacterial agent hydroxypropyltrimethyl ammonium chloride chitosan
(HACC) were composited into the bacterial cellulose (BC) three-dimensional network structure by a novel
membrane-liquid interface (MLI) culture, and a Col-I/HACC/BC (CHBC) multifunctional dressing was designed.
The water absorption rate and water vapor transmission rate of the obtained CHBC dressing were 35.78 + 2.45
g/g and 3084 + 56 g m 2.day !, respectively. The water retention of the CHBC dressing was significantly
improved compared with the BC caused by the introduced Col-I and HACC. In vitro results indicated that the
combined advantages of HACC and Col-I confer on CHBC dressings not only have outstanding antibacterial
properties against Staphylococcus aureus (S. aureus) compared with BC and CBC, but also exhibit better cyto-
compatibility than BC and HBC to promote the proliferation and spread of NIH3T3 cells and HUVECs. Most
importantly, the results of in vivo animal tests demonstrated that the CHBC dressings fully promoted wound
healing for 8 days and exhibited shorter healing times, especially in the case of wound infection. Excellent skin
regeneration effects and higher expression levels of collagen during infection were also shown in the CHBC
group. We believe that CHBC composites with favorable multifunctionality have potential applications as wound
dressings to treat infected wounds.

1. Introduction

for wound dressing due to its inherent performances, such as ultrafine
three-dimensional network structure, high wet strength, excellent gas

As the first protective barrier of the body, human skin is the most
vulnerable organ and easily cause wounds due to various factors, such as
the mechanical injury and the pathological ulcer [1]. Skin wounds have
been passively protected by wound dressings for centuries. However, the
skin cannot undergo self-repair when the diameter of the full-thickness
skin defect is more than 4 cm [2]. More importantly, as open wounds,
skin wounds are easily infected by common pathogenic bacteria, such as
Staphylococcus aureus (S. aureus), and infection delays wound healing
[3]. Therefore, it is necessary to develop multifunctional dressings that
resist infection and promote healing as active components of the healing
process.

Over the last thirty years, bacterial cellulose (BC) biosynthesized by
Acetobacter xylinum has received considerable attention as a candidate
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permeability, high water absorbency and favorable biocompatibility
[4-7]. Compared with traditional dressings such as gauze and medical
sponges, BC-based dressing changes are easy and painless and do not
damage the skin. The nanofiber network structure can prevent bacterial
invasion and protect the wound from infection. Favorable water ab-
sorption is helpful for removing toxins, and a satisfactory water vapor
transmission rate can maintain a moist environment that is conducive to
the growth of granulation [8]. Nevertheless, pure BC has neither
favorable bactericidal properties nor bioactive groups to promote severe
skin injury repair, which limits its application in severe wound care.
To improve the cytocompatibility of BC-based dressings, collagen
[11, hyaluronic acid [9] and arginine [10,11] have been introduced into
the 3D structure of BC via various methods. The results indicated that the
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modified BC materials exhibited good cytocompatibility, promoted the
proliferation and migration of fibroblasts and endothelial cells, and
showed faster tissue repair in the absence of infection. However, for
open wounds, preventing infection is the top priority. The above dres-
sing cannot be used for healing infected wounds. Several studies have
focused on enhancing the antimicrobial abilities of BC-based dressings
using antibacterial agents, such as silver and other inorganic nano-
particles [12-15], quaternary ammonium compounds [8], antimicrobial
peptides [16], thymol [17], lignin-derived compounds [18], ketoprofen
[19] and amoxicillin [20,21]. Nevertheless, most of these antibacterial
agents showed strong cytotoxicity, although their slow release has been
achieved by various methods [22-24]. As a chitosan derivative,
hydroxypropyltrimethyl ammonium chloride chitosan (HACC) exhibits
better antibacterial properties than chitosan because of the grafted
cationic quaternary ammonium group and improved water solubility
[25]. As a cationic antibacterial agent, HACC can destroy the cell wall of
gram-positive bacteria (such as S. aureus) to achieve antibacterial effect.
Interestingly, HACC with a moderate DS of quaternary ammonium
(approximately 18-30%) exhibited evident antibacterial properties and
good compatibility with osteogenic cells [26-28]. In our previous study,
a HACC/BC dressing was prepared via in situ biosynthesis, which
exhibited favorable antibacterial activities and no cytotoxicity [29].
Nevertheless, cells in the HACC/BC group had spherical morphology, as
did those in the BC group, and the viability of the cells was not improved
by the addition of HACC.

In our previous work, HACC was covalently immobilized layer by
layer onto the surface of titanium coatings combined with collagen I
(Col-I) and hyaluronic acid (HA) [30]. The results demonstrated that the
good antimicrobial properties of multilayer modified titanium coatings
originated from HACC, while their cytobiological performance was
improved by Col-I and HA. Given this revelation, we hypothesized that if
HACC and Col-I were to be introduced into the structure of BC simul-
taneously, a novel BC-based multifunctional wound dressing with
favorable antimicrobial properties and cytocompatibility would be
obtained.

The primary objective of the present study was to develop a multi-
functional BC-based dressing with favorable anti-infective properties
and to promote healing ability for infected wounds. The antibacterial
agent HACC and bioactive material Col-I were introduced simulta-
neously into the 3D network structure of BC via a novel mem-
brane-liquid interface (MLI) culture according to the aerobic habits of
Acetobacter xylinum, via which Col-I and HACC could composite with BC
uniformly layer-by-layer [31]. The obtained Col-I/HACC/BC dressings
were characterized by scanning electron microscopy (SEM), X-ray
diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR).
The porosity, thermostability, water absorptivity and water retention
capacity of BC-based dressings were also investigated. In vitro, S. aureus
(ATCC 25923) was used to research the antibacterial activities of the
obtained dressings, while NIH-3T3 and HUVECs were employed to
evaluate the cytocompatibility of the samples. Furthermore, an infection
model of total skin injury on the backs of mice was employed to appraise
the ability of the dressings to address infection trauma.

2. Materials and methods
2.1. Materials

Col-I from pigskin with a molecular weight of 3.0 x 10> Da was
purchased from Sichuan Minglet Biological Technology Co., Ltd. Chi-
tosan (CS) with a molecular weight of 8.0 x 10* Da was provided by
Zhejiang Aoxing Biotechnology Co., Ltd. Glycidyl trimethyl ammonium
chloride (GTMAC) was purchased from Shanghai Macklin Biochemical
Co., Ltd. HACC with a moderate degree of substitution (DS, 22%) of
quaternary ammonium was prepared by grafting GTMAC to CS as pre-
viously reported [25].

213

Bioactive Materials 13 (2022) 212-222
2.2. Preparation of the Col-I/HACC/BC multifunctional dressing

The Col-I/HACC/BC multifunctional dressing was prepared by MLI
culture, as described in the literature [32]. Briefly, 400 pL culture me-
dium and 100 pL seed solution of Acetobacter xylinum were added to
24-well dishes and incubated for 3 d to prepare a pure BC pellicle
(approximately 200 pm thick) as the substrate membrane. Then, 100 pL
culture medium with 1 mg/mL Col-I and 3 mg/mL HACC was sprayed
onto the substrate in a mist to form a membrane-liquid interface on the
substrate, and BC was grown until the membrane-liquid interface was
completely consumed in 2 h. Twenty cycles of spraying were performed
until a predetermined BC-based composite thickness (approximately 2
mm) was obtained. After removing the substrate membrane, samples
were purified by ultrasonic cleaning in deionized water and
freeze-dried. The obtained Col-I/HACC/BC composite dressing was
named CHBC (Fig. 1).

The Col-I/BC (denoted as CBC) and HACC/BC (denoted as HBC)
composite dressings were fabricated according to the above methods.
Pure BC membranes as a control group were prepared via static culti-
vation. After counting the amount of COL-I and HACC added and
weighing the dried CHBC film, the weight ratio of Col-I and HACC in BC-
based films was calculated. The results were shown in Table S1.

2.3. Characterization

After sputter coating with gold, the surface morphologies of samples
were observed by SEM (SU8010, Hitachi, Japan). The porosities of the
specimens were investigated by the liquid displacement method ac-
cording to the description in our previous study [29]. The chemical
compositions of the samples were analyzed by FTIR (Nicolet 6700,
Thermo Electron Corporation, USA) in a spectral range of 4000-500
cm ! with a resolution of 4 cm ™. The phase compositions of BC-based
composites were measured using XRD (D8 ADVANCE, Bruker, Germany)
using Cu K, radiation (A = 0.1541 nm) at a scanning rate of 0.075° st
over a 260 range of 10-30°. The crystallinity index (C.L.) was calculated
by Segal’s method [33]:

_ 1200 7 Ium

C.1(%) x 100% )

200

where I5gg is the maximum intensity (in arbitrary units) of the (200)
lattice diffraction and I, is the intensity of diffraction in the same units
at 20 = 18°.

2.4. Thermostability

Thermogravimetric analysis of the samples was performed by a Pyris
1 thermogravimetric (TG) analyzer (Diamond TG/DTA, PerkinElmer,
America) with a heating rate of 10 °C min~! from room temperature to
600 °C.

2.5. Water absorbency and water retention capacity

The dried specimens (weight denoted as Wgy) were placed in
distilled water to absorb water. At certain time points, after the water on
the surface of the samples was gently removed by filter paper, the
specimens were weighed (weight denoted as Wy;). The water absorption
ratio (WAR, %) of the specimens was calculated as follows:

“’1 1 Wdry

WAR(%) = x 100% )

dry
Samples filled with water (weight denoted as W) were placed at
room temperature, and then weighed at a given time point (Wy). The
water retention ratio (WRR, %) was calculated as follows:

Wi — Way

— x 100%
Wwel - Wdry

WRR(%) = 3
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Fig. 1. Schematic illustration of the preparation of a CHBC functional dressing via a novel membrane-liquid interface culture and the process of treating infected

wounds in vivo.

2.6. Water vapor transmission rate

The water vapor transmission rates (WVTRs) of the specimens were
tested based on the American Society for Testing and Materials standard
(ASTM E—96) as described in the literature [34]. Briefly, a 50 mL glass
centrifuge tube containing anhydrous calcium chloride was sealed with
the sample, and 90% relative humidity was maintained at 37 °C. The
weight of the centrifuge tube was measured every day for 6 days, and the
WVTR (g-m~2-day!) was calculated by dividing the added mass of the
centrifuge tube (Am, g) by the cell area (A, mz) and time (t, day).

2.7. Antibacterial properties

The zone of inhibition (ZOI) of BC-based dressings was measured by
the agar plate diffusion method according to GB/T 20944 and evaluated
against S. aureus (ATCC 25923). A bacterial turbidimetric tube obtained
from Kont Bio-Chem Technology Co. (Shenzhen, China) was used to
determine the concentration of bacteria. Briefly, 1 x 108 CFUs in 200 pL
bacterial suspensions were evenly plated onto tryptone soy agar (TSA),
and one specimen was placed on the center of the TSA and then culti-
vated for 24 h at 37 °C. The ZOIs were observed and their widths were
measured as described in the literature [29].

To further investigate the antibacterial properties of BC-based
dressings, each specimen was immersed in 1 mL of bacterial suspen-
sion containing 1 x 10 CFUs in a 24-well dish and incubated for 6 h or
24 h at 37 °C. The obtained bacterial/material samples were divided into
two parts. One part was fixed in 2.5% glutaraldehyde solution, dehy-
drated using a series of graded ethanol solutions, and then observed
through SEM (SU8010, Hitachi, Japan). The other part was stained with
LIVE/DEAD BacLight Bacterial Viability kits, and then, observed by
confocal laser scanning microscopy (CLSM, Leica TCS SP2, Leica
Microsystems, Germany).

2.8. Cytocompatibility

NIH-3T3 cells were obtained from the Cell Bank of the Chinese
Academy of Sciences and HUVECs were provided by Beijing Yuhengfeng
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Technology Co., LTD, which were used to investigate the cytocompati-
bility of BC-based dressings. Cells were cultured in DMEM culture me-
dium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotics at 37 °C in a humidified incubator of 5%
CO,. After sterile materials were placed in 24-well dishes, 1 x 10 cells
were added and cultured for 1, 3 and 6 days. The viability of cells at each
time point was tested with a CCK-8 kit according to a procedure
described previously [35]. To accurately present the effects of additives
on cell activity, the optical density (OD) value at day 1 was measured as
a baseline, and the relative viability of cells was expressed as the ratio of
the OD value relative to the value for day 1 of the same specimen.

The morphology of cells of different samples was observed by SEM
and CLSM. Cells were cultured with BC-based composites for 3 days. For
SEM, after fixation in 2% glutaraldehyde, specimens were dehydrated in
a graded series of ethanol and ethanol/hexamethyldisilazane (HMDS) at
various proportions. The cells on the specimens were observed by SEM
(SU8010, Hitachi, Japan). For the CLSM assay, the cytoskeleton was
stained with Alexa Fluor 555 phalloidin (Molecular Probe, Sigma-
—Aldrich) and the cell nuclei were stained with 4,6-diamidino-2-phenyl-
indole (DAPI; Molecular Probe, Sigma-Aldrich), as described in the
literature [36].

2.9. In vivo wound healing

All mice (Kunming mice, 8-12 weeks, provided by Model Animal
Research Center of Nanjing University) were randomized into five
groups and adapted to the breeding environment for 1 week. After
anaesthetization through intraperitoneal injection of chloral hydrate
(0.5 mg/kg body weight), a full-thickness round skin wound (®10 mm)
was created on the back of each mouse. A total of 1 x 10* CFU ATCC
25923 was added to the surface of the wound. The mice in the four
groups were bandaged with sterilized BC, CBC, HBC and CHBC. For the
control group, PBS was added to the surface of the wound, which was
then bandaged with sterilized BC. The dressing films were changed
every 2 days, and the contraction of the wound was measured and
imaged. Surgical dressing changes were performed under aseptic con-
ditions. The wound area recovery closure (RC) was measured by the
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following formula [21]:

RC (%)=(R¢>R;%)/R¢y* x 100% 4

where Ry is the width of the wound area created and R; is the width of
the wound on the day that the wound dressing was changed.

To evaluate the histology and deposited collagen fibers of the wound
tissue, mice were sacrificed at 4 days and 8 days and the wound tissues
were collected in 2.5% (v/v) glutaraldehyde for 24 h. Then, each
specimen was dehydrated by graded alcohols and embedded in paraffin.
Five-millimeter-thick tissue sections were collected and stained with
hematoxylin and eosin (H&E) and Masson’s trichrome.

2.10. Statistical analysis

Experiments were repeated five times for each sample. Statistical
analysis was performed with SPSS software. All data were expressed as
the mean + standard deviation. Statistical significance was determined
(P < 0.05).

3. Results and discussion
3.1. Characterization of CHBC multifunctional dressing

Fig. 2(A) shows the SEM images of BC-based dressings. The fibers of
BC were uniform and smooth, and there was much space between the
fibers, as described in the literature [8]. On the SEM images of HBC,
some pores of BC were filled with HACC, and the structure of BC was also
obvious. In contrast, the BC fibers of CBC were conglutinated with each
other by Col-I. The CHBC image showed features of both HBC and CBC,
which were affected by HACC and Col-I. The structural change in
BC-based composite films along with the introduction of different ma-
terials was also verified by measurement of porosity via the dielectric
saturation method (Fig. 2(B)). The porosity of BC was 89.82 + 1.13%.
After HACC was added, the porosity of HBC decreased to 82.57 + 1.63%,
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while CBC had the lowest porosity (70.68 + 1.98%). The porosity of
CHBC was 77.96 + 1.82%, which was between that of HBC and that of
CBC.

To further determine the surface chemistry of the samples, FTIR
analyses of BC, HACC, Col-I, HBC, CBC and CHBC were carried out
(Fig. 2(C)). BC showed O-H stretching at 3346 cm’l, aliphatic C-H
stretching at 2897 cm ™! and C-O-C stretching vibrations at 1166 cm ™!,
1119 ecm ™! and 1058 ecm ™! [37]. In the spectrum of HACC, the peak at
1648 cm ™! was due to amide I absorption, the peak at 1568 cm ™ cor-
responded to the deformation vibration of -NH;, groups, and the peak at
1481 cm™! was ascribed to G-H bending of the trimethylammonium
group [25,38]. For Col-, the peak at 1651 cm ™! was ascribed to the
C=O0 stretching vibration, the peak at 1541 cm™! was due to N-H
bending, and the peak at 1240 cm ™! was attributed to the C-N stretching
vibration [39]. Obviously, the FTIR curve of CHBC included all char-
acteristic peaks of BC, HACC and Col-I, which further indicated that
HACC and Col-I were successfully introduced into the BC structure. On
closer inspection, the blueshift occurred at characteristic peaks of C-H
stretching, C=0 stretching and -NH, deformation vibration, which
indicated that there were intermolecular interactions between the BC
fibrils and Col-I and HACC molecules.

Fig. 2(D) shows the XRD spectra of BC, HBC, CBC and CHBC. From
the XRD spectra, the XRD pattern of BC exhibited diffraction peaks at 26
values of approximately 14.90°, 17.34° and 23.03°, which were
considered to be the (11( — )0), (110), and (200) reflection planes of the
cellulose I structure, respectively [40]. After introducing HACC and
Col-I, the XRD patterns of HBC, CBC and CHBC did not change signifi-
cantly, which means that the introduction of HACC and Col-I did not
influence the crystal structure of BC. After careful observation, the three
diffraction peaks of HBC, CBC and CHBC were slightly shifted. To further
verify the slight changes, C.I. of samples were calculated. The C.I. of
HBC, CBC and CHBC are significantly lower than that of BC. The results
indicated that the presence of HACC and Col-I in the BC culture medium
has an effect on the formation process of BC crystals. Similar results have
been found in our other work [41,42].
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Fig. 2. Characterization of BC-based composite films. (A) SEM images of BC, HBC, CBC and CHBC; (B) porosity of BC, HBC, CBC and CHBC; (C) FTIR spectra of BC,
HACC, Col-I, HBC, CBC and CHBC; (D) XRD patterns of BC, HBC, CBC and CHBC.
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3.2. Thermostability

The thermostability of BC-based dressings investigated by TG anal-
ysis is shown in Fig. 3(A). Three mass loss steps were observed in the TG
curves of BC: evaporation of free water at 50-100 °C with 5% weight
loss, depolymerization and decomposition of BC at 313-410 °C with
approximately 80% mass loss, and the carbonization process at
400-600 °C [43-45]. The excellent thermostability of BC was mainly
due to its high crystallinity and purity. After introducing Col-I or HACC,
the organic decomposition temperature of HBC (234-380 °C) and CBC
(300-383 °C) was obviously lower than that of BC, which could be
attributed to the decreased crystallinity of BC and lower thermostability
of Col-I and HACC [37]. Interestingly, depolymerization and decom-
position of CHBC occurred from 310 to 400 °C. In other words, the
thermostability of CHBC was better than that of CBC and HBC. The
reason for this may be the intermolecular interactions among Col-I,
HACC and BC, which were obtained by FTIR assay. Finally, the ash
content of samples was 1.7% for BC, 6.2%% for HBC, 16.2% for CBC and
17.0% for CHBC. In the derivative thermogravimetric (DTG) curve of the
samples (Fig. S1), the maximum peaks of BC, CBC, HBC and CHBC
occurred at 366.1 °C, 359 °C, 357 °C and 364 °C, respectively. The re-
sults also indicated that CHBC had considerable thermostability.

3.3. Water absorbency and water retention capacity

As shown in Fig. 3(B), BC showed rapid water absorption capacity,
and 50.25 + 2.62 g/g water was absorbed into the BC structure in 2 h,
while the total water absorbed by BC was 60.16 + 3.64 g/g. The
excellent water absorbency of BC could be attributed to the porous
structure of BC and the large amount of hydroxyl groups on the surface
of BC fibers [46]. The absorption rates of HBC, CBC and CHBC were
24.74 + 2.03 g/g, 41.38 + 2.93 g/g and 35.78 + 2.45 g/g, respectively.
The main reason for the decrease in the water absorption rate may be
that the volume of BC did not increase after water absorption because of
the rigid BC fiber. Therefore, the introduced Col-I and HACC occupied
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the pores of BC that would otherwise hold water. Furthermore, the ab-
sorption rate of CBC was higher than that of HBC, which may have been
due to the high hydrophilicity of Col-I. Excellent water absorption is
needed for an ideal dressing to remove the exuded fluid of the wound in
time. The water absorption rates of Vaseline gauze, poly(l,
8-octanediol-cocitric acid)/polylactic acid electrospun nanofibrous
membranes and tough chitosan dressings were 0.41 g/g, 7.6 g/g, and 21
g/g, respectively [42,47,48]. The water absorption rate of CHBC was
significantly higher than that of the above three materials, which means
that the absorption properties of CHBC can meet clinical needs.

The water retention rate of the samples is presented in Fig. 3(C). The
water retention capacity of BC was very poor, and the water went within
10 h. Because the porosity of BC was higher than 89%, the hydroxyl
groups on the BC fibers could hold only a small amount of water. The
absorbed water in BC was mostly free water, which easily seeped out, as
we observed. After introducing Col-I or HACC, CBC and HBC exhibited
better water retention rates than BC. Notably, CHBC showed the best
water retention capacity, and the water retention rate after 48 h was up
to 11%. which may be attributed to the synergistic effect of Col-I and
HACC.

3.4. WVIRs

The WVTRs of samples are shown in Fig. 3(D). BC exhibited a very
high WVTR because of its hydrophilic nature, as reported in the litera-
ture [49]. The WVTR values of HBC (2922 + 31 g m 2.day!), CBC
(2081 + 46 g m_z-day_l) and CHBC (3084 £ 56 g m_z-day_l) were
higher than that of BC (2819 + 47 g m~2.day '), and CHBC had the
highest WVTR. The reason for this may be that the introduced Col-I or
HACC could increase the space between the polymer chains, which
could promote water vapor diffusivity through the sample [50]. The
optimum WVTR of wound dressings varies from 1900 to 5800 g
m2.day~! [50]. Therefore, all of the BC-based dressings, especially
CHBC, were suitable for wound dressings and maintained a moist
environment, which could promote granulation growth and accelerate
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Fig. 3. Physicochemical properties of BC-based composite films, typical thermal degradation profiles (A), water absorption curves (B), water retention curves (C) and

water vapor transmission rates (D). *P < 0.05 compared with Guaze.
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wound healing.
3.5. Antibacterial properties

Although BC can protect against bacterial invention as a physical
barrier, it does not have a bactericidal function and cannot clear existing
infections, which may reduce its effectiveness for highly contaminated
wounds [51]. In our previous work, the acceptable antibacterial prop-
erties of HACC/BC films were verified [29]. In this study, the effect of
HACC and Col-I on the antimicrobial activity of CHBC was further
investigated. The ZOI results shown in Fig. S2. There was no ZOI in the
images of the BC and CBC groups, while the ZOIs of HBC and CHBC were
obvious, indicating that HACC can be released to kill bacteria that did
not come in contact with the material. It is worth noting that the ZOI of
CHBC was slightly smaller than that of HBC (Fig. S2(B)). The reason for
this may be that Col-I could promote bacterial growth, as well as human
cell growth.

Fig. 4(A) shows the SEM images of colonizing bacteria at 6 h and
biofilm formation at 24 h on different samples. After cultivation for 6 h,
large amounts of bacteria colonized the surfaces of BC and CBC, while no
bacteria were found on HBC and CHBC. After 24 h, the biofilms of
S. aureus covered the surfaces of BC and CBC. In contrast, there were
only a few bacteria in HBC and CHBC. The SEM results confirmed that
BC-based composite films containing HACC could reduce the

CBC

A

24 h

20 ym
UL

Bioactive Materials 13 (2022) 212-222

colonization and biofilm formation of S. aureus, and the effect of Col-I on
antibacterial properties was minimal.

The condition of bacteria on the four kinds of samples was also
observed by CLSM after staining with the LIVE/DEAD BacLight Bacterial
Viability Kit (Fig. 4(B)). Whether cultivated for 6 h or 24 h, the bacteria
on the surfaces of BC and CBC were green, indicating that they were
alive. Most of the cells on the surface of HBCs and CHBCs were dead and
stained red. The results of CLSM further demonstrated that BC-based
composite films containing HACC could kill the bacteria colonizing
the material and had favorable bactericidal functions, as reported in the
literature [30].

3.6. Cytocompatibility

The proliferation of NIH-3T3 cells and HUVECs on the surfaces of BC-
based composite films is shown in Fig. 5(A) and (B). Both cell lines
proliferated very well on all specimens, and there was no evidence of
cytotoxicity. The proliferation of cells in groups containing Col-I (CBC
and CHBC) was distinctly better than that in the BC and HBC groups.
Several studies reported that BC could suitably improve cell spreading
and proliferation [11,52,53]. Nevertheless, the effect of BC on cells was
based on the physical and chemical characteristics of BC, which were
inferior to the biochemical signals of bioactive molecules [54-56].
Hyaluronan nanocomposites and silk scricin have been confirmed to

HBC

CHBC

Fig. 4. Antibacterial properties of BC-based composite dressings and S. aureus were employed. (A) SEM images of colonized bacteria at 6 h and biofilm formation at
24 h on different samples; (B) CLSM images of living bacteria (green) and dead bacteria (red) on different samples after the Live/dead bacteria staining at 6 h and

24 h.
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Fig. 5. Cytocompatibility of BC-based composite dressings. (A) and (B) show the relative proliferation rates of NIH3T3 cells (A) and HUVECs (B) on different
samples; (C) shows SEM morphologies of cells on samples; (D) shows the cytoskeletal morphology and spreading of cells on samples. *P < 0.05 compared CHBC with

BC and HBC, #P > 0.05 compared CHBC with CBC.

improve the cytocompatibility of BC, as well as Col-I employed in this
work [57,58]. It is worth noting that there was no significant difference
between CBC and CHBC, indicating that the antibacterial agent HACC
had no effect on the cytocompatibility of CHBC.

To further verify the cytocompatibility of CHBCs, images of NIH-3T3
cells and HUVECs on specimens after cultivation for 3 days were
observed by SEM and CLSM, and the results are shown in Fig. 5(C) and
(D). Cells on CBC and CHBC showed complete spread and exhibited a
polygonal and fusiform morphology, while those on BC and HBC
retained their original appearance because of incomplete spread. The
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results indicated that CHBCs had excellent cytocompatibility, which was
conferred by Col-I.

3.7. In vivo wound healing

Inhibiting infection and promoting healing are two important
properties of ideal wound dressings. In in vivo studies, a wound infection
model was established to detect the ability of the CHBC functional
dressing to treat infected wounds. The macrolevel observation of the
healing process is shown in Fig. 6(A). On day 2, obvious suppuration was
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Fig. 6. In vivo animal experiment results. (A) Representative photographs of the wounds on Day 0, 2, 4, 6 and 8 after covering with dressing. The wounds without
infection and treated with BC were noted in the control group. The bar was 10 mm. (B) is wound area closure percentage of wounds. *P < 0.05 compared CHBC group

with other groups.

observed in the BC group, while there were no signs of infection in the
control group, indicating that the wound infection model was estab-
lished successfully. The same symptoms of infection occurred in the CBC
group but not in the HBC and CHBC groups. The infection in the BC and
CBC groups was also verified by SEM of wound tissue on day 2 (Fig. S3).
The tissue surface of the control, HBC and CHBC groups was smooth
without any trace of damage. However, a large number of pores formed
by bacteria were found on the surface of the BC and CBC specimens. The
results indicated that the antibacterial agent HACC could prevent in-
fections caused by gram-positive bacteria. Similar results have been
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reported in our previous studies [27,30,59].

Throughout the healing process, the healing effect of the BC group
was worse than that of the control group, which was attributed to the
infection. Unfortunately, after Col-I was introduced, the healing of
infected wounds in the CBC group was slower than that in the BC group,
which may be because Col-I could promote bacterial growth. The results
indicated that Col-I alone has a negative effect on infectious cutaneous
wound healing. As expected, the wounds of the HBC group healed better
than those of the BC group because of the elimination of infection, as
described in the literature [21]. It was exciting that the fastest healing
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process occurred in the CHBC group. Almost all wounds healed, the skin
approached a normal appearance on day 8, and robust hair growth was
noted. These results may be due to the synergy of collagen and HACC.
HACC cleared bacteria to prevent infection, while Col-I promoted cell
growth and tissue healing. The RC of the wound area was statistically
analyzed and is shown in Fig. 6(B). Wound healing in the BC and CBC
groups was severely delayed by bacterial infection, and the RC values of
the BC and CBC groups on day 2 were only 6.5 + 4.5% and 3.3 + 2.7%,
respectively, which were much lower than those of the control (39.1 +
3.7%), HBC (41.8 + 3.3%) and CHBC (53.2 + 3.1%) groups. The RC of
the CHBC group at all time points was significantly higher than that of
the other groups. After 8 days of treatment, the RC of the CHBC group
was almost 100%, which was clearly higher than that of the control
(81.1 + 2.0%), BC (72.3 £ 2.6%), CBC (55.5 + 3.1%) and HBC (72.5 +
2.5%) groups. Several studies have also reported that the healing time of
infected wounds treated with antibacterial dressings was approximately
2 weeks [60-63].

To evaluate wound healing and tissue regeneration at the histolog-
ical level, H&E staining was employed, and the results are shown in
Fig. 7(A). On day 4, the epithelial tissue of the BC and CBC groups
showed a large number of scattered inflammatory cells. The results
indicated that infected wounds (BC and CBC groups) were more difficult
to heal than normal wounds (control group), even though CBCs con-
tained collagen. In contrast, the epithelial tissue of the HBC and CHBC
groups grew neatly, with fewer inflammatory cells, and new hair folli-
cles (blue arrow) were formed, which, due to the infection, were elim-
inated by HACC, allowing the wound to heal normally. Interestingly,
more regular new tissue and new hair follicles were observed in the
CHBC group than in the HBC group at both time points.

In the process of wound healing, collagen synthesized by fibroblasts
is the main component of the extracellular matrix, so the deposition of
collagen at the wound site is of great significance for wound repair [64].

A

Control

Day 4

Day 8

w

Day 4

Day 8

& B
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Masson’s trichrome staining was used to evaluate the expression of
collagen in the wound at different time points, and the results are shown
in Fig. 7(B). Collagen deposition in the BC and CBC groups was lower
than that in the other three groups at both time points because of
infection. Unfortunately, the CBC group showed the lowest collagen
expression, which may be due to the aggravation of infection and worse
wound healing caused by the introduction of collagen alone. Interest-
ingly, collagen deposition was highest in the CHBC group, and collagen
was evenly distributed in each part of the epidermis and dermis. The
results further indicated that CHBCs could promote the deposition of
collagen around the wound and inhibit the growth of bacteria to prevent
wound infection, leading to better wound healing.

4. Conclusions

In summary, a CHBC composite film was fabricated successfully as a
novel multifunctional wound dressing via MLI culture. The CHBC
dressings showed a porous structure and good water absorption, which
are conducive to the absorption of exudates around the wound and the
maintenance of a moist environment. Furthermore, the CHBC dressings
exhibited favorable antibacterial properties against S. aureus and good
cytocompatibility to promote NIH3T3 cell and HUVEC proliferation and
spread. Most importantly, the CHBC dressings significantly prevented
wound infection, reduced inflammation, promoted wound healing, and
accelerated the formation of new epithelial tissue compared with BC.
These favorable multifunctional properties suggest that CHBC dressings
have great potential for treating infected wounds.
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