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Cellulose/chitosan composite, as a mature commercial antibacterial dressing, is an important type of wound
repair material. However, how to achieve the perfect compound of two components and improve antibacterial
activity is a major, lingering issue. In this study, a bifunctional group modified bacterial cellulose (DCBC) was
prepared by carboxymethylation and selective oxidation. Further, the chitosan (CS) was compounded in the
network of DCBC by self-crosslinking to form dialdehyde carboxymethyl bacterial cellulose/chitosan composites
(S-DCBC/CS). The aldehyde group can react with amino of CS by Schiff base reaction. The carboxyl group of
DCBC and the amorphous distribution of CS molecular chains increase the antimicrobial properties of com-
posites. The bacteriostatic rate of composites could be higher than 95%. Bacteria can be attracted onto the
surface of composites, what we call it “directional adhesion antibacterial effects”. In particular, a kind of large
animal wound model, deep II degree infected scald of Bama miniature pig, was used to research the antimicrobial
and healing properties of materials. The S-DCBC/CS can effectively inhibit bacterial proliferation of wound and
kill the bacteria. The wound healing rate of S-DCBC/CS was up to 80% after three weeks. The composites show
better antibacterial and promoting concrescence effects than traditional chitosan dressings.

1. Introduction removal, infection inhibition, wound healing promotion, and reduced

scarring [4,5].

Wound healing is a multifactorial, physiological and complicated
process and generally needs to be covered with a dressing immediately
after skin was damaged, because complications associated with wounds
are infection, deformity, overgrowth of scar tissue and bleeding [1,2].
However, the traditional dressing is not able to meet the demands which
are antibacterial activity, breathability and liquid absorption, especially
the moisture retention. Most of them are not functional in wound
healing. Besides that, the wet healing theory has set new requirements to
new designed wound dressing which include hydrogel dressings, cellu-
lose dressing, chitosan dressing and alginate medical dressings. An ideal
material for wound dressing should have some advantages, such as high
absorbing ability [3], good oxygen permeability, pain alleviation, easy
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Bacterial cellulose (BC), produced by Acetobacter xylinum and other
genera and the cell-free enzyme systems [6], is becoming a promising
biopolymer for several applications, including optically transparent
nanocomposites [7,8], food additives [9], textile materials [10] and
biomedical materials [11,12], due to its unique properties, such as high
mechanical strength, high crystallinity and a highly pure nanofibrillar
network structure [13]. Biomedical applications of BC have received
considerable attention in literature, for example, in wound dressing
[14], blood vessels, vascular grafts [15] and delivery systems of drug
and protein [16,17]. In particular, BC has attracted a host of research
interests in skin tissue repair and wound care materials, which closely
mimics collagen [18]. Although BC has been shown to be effective as
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wound dressing, it has no antimicrobial properties and promoting
healing capability by itself to prevent the wound infection [18]. In order
to overcome this shortcoming, fabrication of composite blends with
other natural biopolymers [19,20] or nanoparticles [21,22] have been
suggested [23]. Wu et al. first used in-situ reduction to obtain the
BC/nano-Ag antibacterial dressing which had good antibacterial effects.
But the biosafety of nano-Ag is still debatable in recent years. Other
inorganic nanoparticles, including ZnO, TiO», and Cu, has the similar
question. Other researchers use the organic antibacterial agent, such as
quaternary ammonium compounds (QACs), metformin and chitosan
(CS).

Chitosan, as effective antibacterial ingredients, have been widely
used in dressing [24,25], because of its nontoxic, biocompatible, anti-
microbial activity [26], biodegradable, moisture retentive and readily
available properties [27] and a large number of derivatives also have
been described [28]. The antimicrobial activity of CS is attributed to the
large number of amino in CS molecular. Therefore, CS/BC composites
can potentially be a promising candidate for wound dressing [29,30] as
well as for food packaging [31]. In earlier research, BC/CS composite
has been successfully prepared by immersing wet BC pellicle in CS so-
lution followed by freeze-drying process. The mechanical properties of
BC/CS composite are maintained at certain levels between BC and CS
[32,33]. In order to improve the mechanical properties, the Zhong group
prepared a novel BC/CS semi-interpenetrating network hydrogels via
blending the slurry of BC with CS solution followed by cross-linking with
glutaraldehyde. The hydrogels showed antibacterial activity against
tested Gram-positive and Gram-negative bacteria [34]. In addition to
using glutaraldehyde as a crosslinking agent, acrylic acid also is used for
crosslinking between BC and CS [35].

According to recent literature, most of the studies deal only with the
preparation of BC/CS mixed materials through the following two
methods. One method is dipping BC into an acetic acid solution of chi-
tosan [36] and then freeze-drying [37]. The second way is adding the
crosslinking agent. There are some other methods including irradiation
crosslinking [38], the addition of CS into the culture medium [39].
However, all of these methods have their disadvantages respectively, for
example, poor mechanical properties, the toxicity of crosslinking agent
and complicated synthesis process which involves irradiation control,
cleaning small molecule and control of culture conditions and so on.
Therefore, a new method is used for preparing BC/CS composites.
Inspired by the oxidation modified cotton cellulose as a crosslinking
medium and Schiff’s base reaction between amine and aldehyde, Wang
[40] prepared a kind of BC/CS composites that could be used in soft
tissue reconstructions by the self-crosslinking reaction. In this reaction,
the oxidized BC is both matrix material and crosslinking ingredient. The
using of toxic cross-linker can be avoided in order to ensure the
biocompatibility. However, it is worth noting that the antimicrobial
properties may be reduce because of the consumption of amine in this
reaction. Thus, how to balance crosslinking and antimicrobial is an
important problem in preparation BC/CS composites by
self-crosslinking.

Hence, a bifunctional group modified BC which included aldehyde
group and carboxymethyl was designed and prepared by substitution
reaction and selective oxidation successfully. This modified BC could
cross-link with chitosan to form stable composites by Schiff base reac-
tion between aldehyde group and amino. The carboxymethyl group of
BC molecule and the amorphous distribution of the CS molecular chains
enhance the antibacterial activity of this composites. The microfluidic
chip technology and immunofluorescence staining are used for
researching cell proliferation, cell migration and collagen I expression.
What is more, the directional adhesion and antibacterial effects of
composites against different bacteria as well as action mechanisms were
investigated. In particular, the composites as a wound dressing were
used for treating deep II degree scald wounds in Bama miniature pig. To
test the antibacterial ability of the S-DCBC/CS (self-crosslinking dia-
ldehyde carboxymethyl bacterial cellulose/chitosan) composites, the
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wounds were infected by seeding bacteria. These DCBC/CS composites
is a good kind of antimicrobial materials that would be utilized for in-
fectious wound as a wound dressing.

2. Materials and methods
2.1. Materials

Bacterial cellulose (BC) was offered by Hainan Yida Food Co., Ltd.
Chitosan (CS, the viscosity is 300 mPa s) was purchased from Weifang
sea source Biological Products Co., Ltd. Sodium periodate (NalO4), hy-
drochloric acid (HCI), Sodium chloroacetate (CICH,COONa) and sodium
hydroxide (NaOH) were purchased from Sinopharm Chemical Reagent
Beijing Co., Ltd.

2.2. Preparation of the dialdehyde carboxymethyl bacterial cellulose
(DCBC)

The preprocessing method of pure BC is the same as that of previous
research [41]. The carboxymethyl bacterial cellulose (CBC) was pre-
pared as follows. Firstly, BC was dissolved in a mixed solution with
deionized water and ethyl alcohol (The volume ratio of HoO and ethyl
alcohol is 3:4) in order to exchange the solvent. Then BC was immersed
into the aqueous sodium hydroxide (10%) over 40 min at room tem-
perature. Afterwards, sodium chloroacetate was added, and this mixed
solution was stirred in an oil bath at 55 °C with 6 h. After cooling to
room temperature, a small amount of hydrochloric acid (0.1 M) was
added into the simples and thus converting carboxyl groups to carboxyl
acids. The CBC were obtained at last. The CBC was immersed in NalO4
solution (0.02 M) for 24 h. The obtained dialdehyde carboxymethyl
bacterial cellulose (DCBC) was washed with deionized water for storage.

2.3. Preparation of the self-crosslinking dialdehyde carboxymethyl
bacterial cellulose/chitosan composites (S-DCBC/CS)

The DCBC was immersed in CS solution for 24 h at room tempera-
ture. The CS solution can be obtained from 2 g CS dissolving in the 2%
acetic acid solution. The obtained composites were repeated washed
with deionized water and stored at 4 °C.

2.4. Determination of degree of aldehyde substitution

The aldehyde content of DCBC was subsequently quantified by Schiff
base reaction with hydroxylamine. The preparation methods of hy-
droxylamine solution are same as the literature report [42]. HCI titrating
solution (0.1 M) and NaOH standard solution (0.1 M) were obtained
separately. NaOH standard solution was applied to titrate the HCl so-
lution in the presence of phenolphthalein as the indicator solution.
Adding acquired hydroxylamine solution (5 mL) and absolute alcohol (5
mL) into DCBC (0.1 g) sample and then the mixture was refluxed for 10
min. Then, HCI solution was used to titrate the mixture by watching the
color change of the solution from yellow to green. The results were
corrected by the blank tests. The degree of aldehyde substitution was
calculated as follows:

162 x N x (Vi —V,) 1

= x 100
W X = X

degree of aldehyde substitution(%) = 2

(€]
Where V; (L) is the volume of HCI solution consumed in DCBC samples,
V3 (L) is the volume of HCl solution consumed in blank samples, N (mol/
L) is the normality of HCI solution, W (g) is the sample weight and the
number 162 (g/mol) represents the relative molecular mass of one cel-
lulose unit.
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2.5. Characterization of S-DCBC/CS

FT-IR analysis was performed on a TENSOR II spectrometer (Bruker,
Germany). The spectra were recorded with 16 scans and the resolution is
4 cm™! at 4000-600 cm™~'. The samples were freeze-dried and then
coated with a thin carbon film by sputtering. The microscopic
morphology of the samples was observed with AURIGA Cross Beam FIB/
SEM field emission electron microscopy; the acceleration voltage was
10 kV. To analyze the surface elements of samples, Energy Dispersive
Spectroscopy (EDS) was tested in the same instrument.

To test crystalline state of the different samples, X-ray power
diffraction (XRD) measurements were performed at 5 °C, on a Rigaku D/
MAX-RB diffractometer (40 kV, 100 mA) with Cu Ka radiation, and the
diffraction patterns were collected in the 20 range from 10 to 90° at a
scanning rate of 4°/min.

The surface roughness of BC, DCBC, CS and S-DCBC/CS were
measured by atomic force microscopy (Dimension FastScan, Bruker,
Germany) and Contour GT-K 3D Optical Profiler (Bruker, Germany). All
of the samples need to be dried naturally to meet AFM testing re-
quirements. All groups were measured in triplicate. The contact angles
of BC, DCBC, CS and S-DCBC/CS were measured by contact angle
measuring instrument (OCA15+, Dataphysics). The test liquids selected
in the experiment was deionized water. Contact angle measurement was
carried out in three different areas of the same sample.

Static tensile testing was conducted for BC, DCBC, CS and S-DCBC/
CS in accordance with ASTM D 638-2003 Type IV specimens by TA-XT
plus texture analyser at room temperature and humidity at a constant
speed of 50 mm/min. The samples (n = 3) were tested in original
hydrogel state.

2.6. Antibacterial activity test of different samples

The samples after sterilization were placed in 2 mL-centrifuge tubes
including 100 pL diluted E.coli (or S.aureus)culture and 400 pL sterile
liquid medium. The centrifuge tubes were placed in 37 °C temperature
humidity chamber for 12 h. Then the samples were washed 2-3 times by
PBS solution to remove the bacteria that do not adhere to the samples
surface. The washed samples were placed in 500 pL medium and ul-
trasonic wave for 2 min in order to exfoliate adherent bacteria. 10 pL
culture medium was taken out and evenly coated on the solid AGAR
mediums. The solid AGAR mediums were taken photographs and
counted the number of colonies after placing in the temperature hu-
midity chamber for 24 h. The bacteriostatic rate was calculated by the
following formula:

NC—NS

C

x 100

@

bacteriostatic rate(%) =

Where N¢ represents the colony count of control group and Ng represents
the colony count of antibacterial samples.

The samples in 10 mm diameter were individually placed into a 24-
well plate with one for per well, and the bacteria solution (3 x 10* CFU/
mL, 500 pL) were inoculated into each well and cultured for 24 h at
37 °C. After the samples were rinsed thrice with 200 pL sterile PBS, each
sample was stained with 600 pL of a dye solution that prepared from a
mixture of SYTO fluorescent nucleic acid staining agents and propidum
iodide in 5 mL deionized water for 15 min. Then the samples were
observed via a fluorescence microscope (ZEISS Axio Vert. Al, Germany).

2.7. Cell culture, proliferation, migration and immunofluorescence
staining

To investigate the migration of Human Umbilical Vein Endothelial
Cells (HUVEC, Beijing Yuhengfeng Biotech Co. Ltd.) on samples, we used
a microfluidic chip. The HUVEC was stained by Cell Tracker-green
(Thermofisher Scientific, USA). The microfluidic chips were fixed on
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the surface of samples. Then 3 x 10® HUVEC suspension was injected
into the microfluidic channel, then put into the incubator culturing for 4
h and peeled off microchip. The patterned cells on samples were
observed by laser confocal microscopy at 0, 3, 6, 12 and 24 h. The
reduction of the blank area is seen as the wound healing process.

To investigate the expression of Collagen-I, HUVEC were seeded on
different samples and cultured 7 days. Then HUVEC were fixed by 3.7%
formaldehyde, permeabilized with a rupture agent for 5 min, incubated
with closed fluid for 1 h, primary antibody (Sigma-Aldrich, American)
for 2 h at 37 °C. After that, the cells were incubated with rabbit poly-
clonal antibody (Sigma-Aldrich, American) for another 1 h. The nuclei
were stained with Hochest 33342 (Dojindo, Japan), and observed with
laser confocal microscopy.

2.8. Animal studies

Bama miniature pig weighing 7-8 kg were injected with Su-mian-xin
IT injection (0.15 mL/kg). The skin on the back was scalded for 30 s at
80 °C with the copper (d = 20 mm) of the digital temperature control
scald apparatus. The specific experimental steps are as follows. Eight
pigs, sex in half, were used in animal experiments. Deep II degree scald
wounds were distributed in both sides of the spine in each pig. The
infected wounds were made by inoculating 20 pL bacterial suspension
(Staphylococcus aureus and Pseudomonas aeruginosa) to each wound.
Then the wounds were covered with corresponding dressings separately
(BC, CS and S-DCBC/CS). The CS dressings are the commercial dressing
products (Guangzhou Keji Medical Instrument Co., LTD, Guangdong
Device Registration Approval No. 20122640353) which have passed the
CFDA certification. These animals were feed separately and normally
without any other treatment. During the first 4 days, the frequency of
dressing changing is once a day. The general observation was made at
the different time points (0, 4, 8, 14, 20 and 28 days). Besides, some
other operations, including sampling and bacteria counting, wound area
measuring, photograph and binding wound up, are taken simulta-
neously. The situation of wound, including crusts formation, crusts
falling off and anti-infection were recorded by visual inspection and
photograph. In addition, the wound healing rate can be calculated as
follows:

S(} — Sn

0

0% = x 100% 3

The % is the wound healing rate. Sy and S, are the wound area of
the 0 day and the n day separately.

The samples for bacterial culture were collected from the wounds
which were on the left and right side of pigs randomly. The time points
are 4, 8, 14, 20 and 28 days after injury. This animal experiments were
done by Beijing Dinghan Henghai Biotechnology Co., LTD and Beijing
Dingguo Changsheng Biotechnology Co., LTD.

2.9. Histological and immunofiuorescent staining

The wound tissues were taken for pathological examination. The
wound tissue (width: 5-8 mm, depth: up to the sarcolemma) were
sectioned along the spinal lateral. There was 5 mm normal skin at either
end of wound tissue. All the tissues were fixed in 10% neutral formalin
and embedded in paraffin. Hematoxylin and eosin (HE) immunohisto-
chemical stain were performed and analyzed with microscopic exami-
nation. The observed contents included: epidermal growth, fibroblasts,
new dermal collagen and the change of hair follicle and sebaceous
glands close to the normal skin tissues. The HE staining slices were
photographed by micrography.

After melting paraffin of tissue sections at 60 °C these sections were
depafinized in xylene series. Placed in gradually decreasing ethanol
series and distilled water for rehydration and then in hematoxylin so-
lution for 10 min. Sections were dipped in distilled water after washing
under tap water for few minutes. After 1% hydrochloric acid alcohol



Y. Xie et al.

differentiation, the sections were washed by current water for 10 min
again. Placed in Ponceau’s acid fuchsine solution for 5 min then dipped
two times in distilled water and placed in phosphomolybdic acid solu-
tion for 5 min until the connective tissue becomes clear. Tissue sections
were dipped into aniline blue solution for 5 min and into 1% glacial
acetic acid for 1 min. Sections were dewatered by 95% ethanol and
absolute alcohol in turn, and then were closed with neutral gum.

3. Results and discussion
3.1. Characterization of the S-DCBC/CS

Usually, chitosan/cellulose composites were prepared by means of
solution casting that is a physical blending. Besides, an alternative
approach is to add chemical crosslinking agent, including glutaralde-
hyde, borate, tripolyphosphate and so on. But we designed a bifunc-
tional group modified BC which is both a matrix material and a
crosslinker. The preparation method is shown in Fig. 1a. Some studies
have shown that dialdehyde bacterial cellulose (DBC) can be obtained
from BC by the NalOy-selective oxidation reaction. Chitosan can react
with DBC by Schiff’s base reaction (nucleophilic addition) in water, a
crosslink composites can be prepared. The BC was firstly modified by
carboxymethylation and the carboxyl groups (-COOH) was grafted onto
BC. In fact, the carboxylic acid of the modified BC can enhance the
electropositivity of amino because of the slightly acidic of carboxylic
acid (Fig. 1b). In addition, the carboxyl can react with amino of CS and
further enhance the crosslinking. The second effect of carboxyl group is
hindering the bacteria absorbing trace elements and thus inhibits bac-
terial proliferation. In this study, the aldehyde group (-CHO) of dia-
ldehyde carboxymethyl bacterial cellulose (DCBC) react efficiently with
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the amide group of CS, and the CS are fairly well distributed in the BC 3D
network. The contacts between CS and fibers of BC are maintained by
chemical bonds. In the process, toxic chemical crosslinking agent can be
avoided.

As shown in Fig. 2, several ways were used to measure the physical
and chemical properties of composites, including SEM, EDS, FTIR, XRD.
Moreover, the mechanical properties and water holding capacity were
also tested in this study. The results of SEM photos reveal that there’s a
total difference in BC’s micro-sized morphology and structure before
and after the modification. The fiber diameters of BC became thicker and
a part of fibers were broken after carboxymethylated and selective
oxidation modification. The carboxymethyl modification also increased
the porosity of BC. Research shows that the change of the fiber diameter
may be due to hydrogen bonds to break [43]. The fracture of fibers was
the result of the selective oxidation by NalO4. The oxidation reaction
results in the chemical bond rupture in the C2, C3 of the six-membered
ring-like structure of p-glucose. The changes of fiber structure could
have an impact on mechanical performance of DCBC. The microscopic
structure of CS is significantly different from BC. The CS had no
particular distinguishing features in morphology on the condition of
high magnification but had three-dimensional porous structure at lower
magnifications (Fig. S1). The structural characteristics could be related
to the treatment method that is freeze-drying after dissolve. The
microstructure of S-DCBC/CS that the fibers are linked together by
chitosan crosslinking reaction is remarkably different from that of other
samples. The crosslinking and chitosan penetration didn’t change the
fiber diameter of DCBC. But the hole size of composites became large
after the self-crosslinking. The large size of hole will help to absorb
tissue exudate. The micro-pore structure of CS scale to nano-pore
structure due to the composite between CS and BC. This nanoscale

The preparation process of composite materials
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Fig. 1. Schematic diagram of the preparation of S-DCBC/CS by self-crosslinking reaction and antimicrobial effects of composites (E. coli).
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Fig. 2. (a)SEM and EDS, (b) FTIR, (c) Transparency contrast under wet and dry states, (d) XRD, (e) The water holding capacity (25 °C and 60 °C), (f) Mechanical

properties of BC, DBC, CS and S-DBC/CS.

structures are conducive to the functional groups (mainly amino of CS)
exposed clearly and these functional groups could improve the anti-
bacterial activity and biocompatibility.

The FT-IR spectrum of different samples are shown in Fig. 2b. The
spectra of the sample of BC have shown strong signals at 3350, 2910,
and 1050 ecm™!. These signals correspond to the characteristic absorp-
tion peak of BC. After carboxymethylation, the carboxyl group (-COOH)
was grafted on the molecular of BC. The FT-IR spectrum of carbox-
ymethyl bacterial cellulose (CBC) is different from the BC’s (Fig. S2).
These peaks including 1560 cm™!, 1410 cm ™! came from the antisym-
metric and symmetric stretching vibrations of -COOH. For DCBC, the
peak at 1650 cm ™! was the carbonyl absorption band that came from the
selective oxidation. The FTIR spectra helped to verify the success of
carboxymethylation and selective oxidation modification. For the FTIR
spectrum of CS, a broad peak existing between 3500 and 3100 cm™*
corresponds to the stretching vibrations of N-H and O-H [44]. Two peaks
at 1650 and 1560 cm ™! are attributed to the C=0 in the amide group
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and N-H bending vibration of the amine group, respectively [45]. The
bands between 1100 and 1000 cm™' are assigned to C-N and C-O
stretching vibrations. The absorption at 1700 ¢cm™! and 1570 cm™?
resulted from C=N bond and C-N bond verifying the formation of the
Schiff’s base occurred between the oxidized cellulose and chitosan. The
absorption peaks of DCBC and CS spectra were reflected in the
S-DCBC/CS spectrum [46].

The X-ray diffractograms of BC, DCBC, CS and S-DCBC/CS are also
presented in Fig. 2d. In the XRD spectrum of BC, three peaks can be
observed. These peaks are typical for cellulose, the Bragg angles are
respectively 14.57°, 16.97°and 22.81° corresponding to (110), (110)
and (200) crystal planes of cellulose. The three peaks are characteristic
peaks of cellulose I crystals. This is consistent with the literature report
[47]. The characteristic peaks of cellulose also can be observed in the
XRD spectrum of modified BC and composites, and there are no char-
acteristic peaks of CS (20 = 10°, 20°) in the spectrum of composites. It
can be explained that the CS molecule was amorphous in the composites.
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This amorphous distribution of CS molecule exposes more amino groups
and increases the contact area between CS molecule and bacteria
(Fig. 1b). These characteristics will contribute to the improvement of
antibacterial activity of S-DCBC/CS.

A moist environment can promote the penetration of the active
substances, protect wounds against bacterial invasion, and provide a
painless removal from wound surface after recovery [48]. An ideal
wound dressing should lock the exudate, as well as maintain proper
wound moisture during the healing process. Therefore, the water
retention capacity of the S-DCBC/CS dressings were measured at 25 °C
and 60 °C. These data are presented in Fig. 2e. The water retention of
DCBC and S-DCBC/CS is no significant difference. The water retention of
S-DCBC/CS is better than that of pure BC and second only to CS. Besides,
the water retention of S-DCBC/CS is still better than that of pure BC and
closer to that of CS at 60 °C. Compared with other samples, the water
retention characteristic of S-DCBC/CS composites stand out more under

0.9
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60 °C. Thus, from a moisturizing perspective, the S-DCBC/CS composites
which is similar to the BC could be used for wound dressing. It was worth
noting that the transmittance of composites is better than that of dried
CS. This is due to the amorphous state of CS molecular structure. From
the BC point of view, chitosan addition or crosslinking reduced the light
transmission of BC (Fig. 2c). But the composites still retain a fair amount
of transmittance which can help to observe the wound healing and
exudation condition when it is used as a dressing. For the mechanical
property, breaking strength of the composites was decreased after
modification. This is related to the aldehyde modification of BC. The
degree of aldehyde substitution of DCBC is 22.13%. To a certain extent,
this degree of aldehyde substitution could maintain the mechanical
property of DCBC and provide sufficient aldehyde. But the hydrogen
bonding and covalent bonding of BC were still broken during the
modification. The dressing needs to have good flexible and adhesion
rather than too high strength, just like the gel dressing, so the breaking
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strength and elongation at break of S-DCBC/BC reached 25 KPa and 23%
respectively which still could meet the requirements of wound dressing.
In addition (Fig. S3), it was noticeable that the CS showed tear layer
upon layer.

3.2. Surface performance analysis

In the field of biomaterials, the surface performance of composites is
important to the cell proliferation and adhesion. Hence, the surface
roughness, surface topography and hydrophilicity were tested by AFM,
3D Optical Profiler and contact angle meter. The testing results of sur-
face properties were shown in Fig. 3. As shown in Fig. 3a and c;, the
surface roughness of BC was greater than other samples at the millimeter
scale. This is ascribable to the fact that there are many folds on the BC
surface after dried at room temperature. The roughness of CS was also
bigger than DCBC and S-DCBC/CS which was due to the three-
dimensional porous structure of CS which came from the freeze-drying
of CS solution.

AFM is one of the tools to study surface roughness as a function of
layers because its ability to scan surface morphology at small scales.
Therefore, as shown in Fig. 3b, the surface topography of composites
was measured by AFM at the micron scale. Compared with the rough-
ness at millimeter scale, the roughness of BC and CS was less than the

E. coli

DCBC BC

CS

E. coli B S-DCBC/CS

S. aureus

S. aureus
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other samples at micron scale. Fig. 3b shows the surface topography of
different samples. It is possible to see that the morphology changes of BC
after modification. Pure BC has obvious nanofiber structure, but the
fiber morphology of DCBC was not obvious. This was due to the breaking
hydrogen bonds and fracture of chemical bonds which led to the crystal
structure of BC be broken. The fiber morphology of S-DCBC/CS was
more ambiguous than DCBC, because the CS molecule was filled in the
3D network of BC fibers. For the hydrophilicity and contact angle, the
images of contact angle were shown in Fig. S4 and the statistics was
shown in Fig. 3c3. The contact angle of CS and S-DCBC/CS was bigger
than pure BC and modified BC. The contact angle of BC was lower than
10°. However, studies have shown that the BC surface was too smooth to
benefit cell adhesion and growth. The S-DCBC/CS surface with certain
roughness was more favourable for cell growth.

3.3. The antimicrobial properties

E. coli and S. aureus incubated with BC, DCBC, CS and S-DCBC/CS
were dyed with a LIVE/DEAD fluorescence kit to analyze the antibac-
terial activity of different samples. Under fluorescence microscope,
viable bacteria appear as green and dead bacteria appear as red color.
The fluorescent micrographs revealed that most of the bacteria (E. coli
and S. aureus) were alive well on the surface of BC and DCBC. BC and
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Fig. 4. (a) Fluorescence micrographs of E.coli and S.aureus incubated on the surfaces of BC, DCBC, CS and S-DCBC/CS. (b) The plate colony-counting experiments of
BC, DCBC, CS and S-DCBC/CS. (c) Statistics of the area live of bacteria on surfaces with different samples. (d) Statistics of the area of dead bacteria on surfaces with

different samples. (e) Inhibition rate of the different samples.
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DCBC don’t show antibacterial activity. The results of CS and S-DCBC/
CS was contrary to BC and DCBC. The live bacteria (E. coli and S. aureus)
almost don’t exist on the surface of CS and S-DCBC/CS. The CS and S-
DCBC/CS show excellent antibacterial activity against E. coli and
S. aureus. As shown in Fig. 4b, in order to investigate the antibacterial
activity further, the colony-count method was used to test the bacte-
riostatic rate of different samples. The results showed that the bacte-
riostatic rates of BC and DCBC were generally lower than 10%. However,
the bacteriostatic rates of CS and S-DCBC/CS higher than 90%, even
more 99%. The CS and S-DCBC/CS show excellent antibacterial activity.
The results of colony count experiment displayed a satisfied consistence
with live/dead dyeing experiments.

In particular, as we can see from Fig. 4e, the inhibition rate of S-
DCBC/CS was a little higher than CS. Some researches [49,50] show that
the carboxyl group could promote chitosan to adsorb trace elements.
These elements are extremely important for bacterial proliferation. Be-
sides, the carboxyl group can improve the electropositivity of amino of
CS, to a certain extent. Thus, the carboxyl group of BC could enhance
antimicrobial activity of CS. More importantly, the molecule structure of
chitosan become amorphous in the 3D network of BC, which would
expose more amino groups and increase contact area with bacteria.
Amino is the most important group to the antibacterial activity of CS. In
addition, there is another important point to be noted. The fluorescent
dye images and bacteria area statistics show that the total bacterial
count of S-DCBC/CS higher than that of CS. This phenomenon has to do
with the 3D nano-network structure and high moisture of composites.
The nano-network structure is good for bacterial adhesion and the high
moisture characteristics favor the survival of bacterial. In other words,
relative to CS, bacteria tend to stick on the surface of S-DCBC/CS. The
S-DCBC/CS could promote bacteria adhesion, then to kill them. This
characteristic is called “active” antibacterial action in this study.

3.4. Cell compatibility and migration

The cell biocompatibility of different samples was studied by several
methods. Mouse fibroblast (1.929 cells) was often used to test the
biocompatibility of materials. Therefore, the L929 cells were cultured on
different samples surface for 3 days and were observed with fluores-
cence microscope. As shown in Fig. S5, the cell number of CS and S-
DCBC/CS were significantly greater than DCBC. Besides, the cyto-
compatibility of pure BC was also better than DCBC. This is related to the
large of aldehyde group which come from the selective oxidation
modification. The aldehyde group is disadvantage to the cell prolifera-
tion and adhesion. After self-crosslinking reaction, the cytocompatibility
of composites was significantly better than pure BC. This is because that
the aldehyde groups of DCBC are consumed by self-crosslinking reaction
and the CS has better biocompatibility than pure BC.

Collagen-I synthesized by endothelia cell is a kind of structural
protein in animal skin. The metabolism of collagen-I directly affects the
repair quality of the wound. Therefore, the HUVEC also was seeded on
different samples surface and the collagen-I was observed by fluores-
cence microscope after Immunofluorescence staining. From the immu-
nofluorescence staining images of Fig. 5a, it can be seen that S-DCBC/CS
can significantly promote the expression of collagen-I in HUVEC. The
number of nuclei on S-DCBC/CS is more than pure BC and DCBC, indi-
cating that S-DCBC/CS can promote the proliferation of HUVEC. The
number of nuclei and expression of collagen-I on DCBC are the least.
This is also due to the large amount of aldehyde groups in the BC fiber.
The excellent biocompatibility and high Collagen-I expression of S-
DCBC/CS benefited from the biocompatibility of CS and the Schiff’s base
reaction between aldehyde group of DCBC and amino of CS.

To study the effect of composites on the cell migration, we imple-
mented a microfluidic device that allows quantitatively evaluating the
collective cell migration on materials. As shown in Fig. 5b, different
from the scraping line method, our device employed a special configu-
ration to facilitate quantitative measurement for cell migration [51].

255

Bioactive Materials 17 (2022) 248-260

The cell migration process can be dynamically depicted by quantifying
the blank area among cells where was previously occupied by exclusive
post in the microfluidic chip. As can be seen from Fig. 5c, the HUVEC
migration were characterized by the laser confocal microscope at
different time point of 0 h, 3 h, 6 h, 12 h and 24 h. The results showed
that compared with other materials, the HUVEC present the fastest
migration on the CS and S-DCBC/CS. The HUVEC almost recovered the
blank space of S-DCBC/CS in 6 h. The migration rate of CS is close to the
composites. But the cell migration of S-DCBC/CS is higher than the other
samples in 3 h. The HUVEC recovered the “wound” more rapidly on
S-DCBC/CS whereas the S-DCBC exhibit the poorest biocompatibility for
supporting cell migration even compared with BC (Fig. 5c and d). The
results indicated that the good biocompatibility of S-DCBC/CS benefited
from the grafting of CS which could consume the aldehyde group of the
DCBC. The empty area data of BC, CS and S-DCBC/CS were not quite
different. But the migration rate of S-DCBC/CS was higher than the other
samples obviously before 9 h. Moreover, the migration speeds of HUVEC
which is obtained from the slope of the migration rate curve on
S-DCBC/CS was also faster than other samples. This also showed that the
S-DCBC/CS had good influence on the HUVEC proliferation and
migration and would be conducive to wound healing.

3.5. In vivo infeviacted wound healing of S-DCBC/CS

Wound situation was evaluated for each group on days 4th, 8th,
14th, 28th and healing situation images were represented on Fig. 6.
Wound area was photographed and wound area (mm?) was calculated
using a computer software (Image J) (Fig. 6d). The rest of healing im-
ages were listed on Supplementary information (Fig. S6). Data obtained
from these calculations were evaluated using statistical methods. The
wound was porcelain white after deep II degree scald and had mild
swelling. Then the skin of wounds region started to change color and
formed crusts. The color of skins changed, in turn, from porcelain white
to pink, brown or light brown then, and black last. The skin also changed
from soft to hard. On the 4th day, scald area showed an obvious dividing
line with normal tissue. The wound manifested as tissue hyperemia,
local brown and a red border that tended to wear off after 14 days. On
the 8th day after injury, all of the wounds formed crusts and some crusts
began to come off naturally. Most of the crusts sloughed off obviously
and a few of new epithelium started to form 14 days after injury. The
wound closed up 28 days later.

According to the wound healing statistics (Fig. 6d), wound healing
rate in each group was about 10% 4 days after injury. The wound
healing rate of group S-DCBC/CS increased by more than 50% after 14
days, significantly higher than that of group BC. The healing rate of S-
DCBC/CS and CS was even higher as 80% after 28 days. From the entire
healing process, the healing rate of S-DCBC/CS was evidently higher
than that of group BC and CS. This result indicated that the S-DCBC/CS
has an effect in promoting burn wound healing.

Moreover, bacterial cultures were made on these wounds that were
selected randomly. This result was shown in Fig. 6¢ and the statistical
results of colony count was found in Table S1. The colony count of all the
groups was gradually reduced with time growing after injury. The
wounds treated with S-DCBC/CS and CS had significantly less colony
than the group BC (P < 0.01). It has been proved that CS is a basic
polysaccharide in the nature that has good antibacterial ability. DCBC
can be modified by CS to improve the micro-organism resistance. But the
amino of CS is consumed by self-crosslinking reaction. There will be a
potentially decrease in antimicrobial performance. But the results of
animal experiments rarely showed the decrease of antibacterial activity.
Instead of decreasing, as shown in Fig. 6¢, the antibacterial activity of
group S-DCBC/CS was a litter better than CS group. This result were
consistent with the bacteria live/dead dyeing. We believed that was
mainly benefited from the carboxymethylated modification of BC. Pre-
vious research has shown that the carboxylic group can improve the
antibacterial activity of CS.
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To further investigate the wound healing progress, histological
determination including H&E and Masson’s trichrome staining were
performed as shown in Fig. 7. Microscopic images obtained from the
tissue sections’ histochemical staining (Hematoxylin Eosin and Masson’s
Trichrome staining) are presented in Fig. 7a and b. From the HE staining
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of 4 days, the coagulative necrosis of epidermal layer and papillary layer
can be observed under the microscope. The subdermal vascular network
close to necrotic tissue were hyperemia. Especially in Group BC, the
epidermis and dermis were necrotic and showed tissue fusion between
epidermis and dermis, unclear composition and severe damage. All of
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the groups were covered with scab in 8 days after injury and the new
skin tissues could be seen under the scab by the microscope. After 14
days, it has been observed for these samples that most of the wounds
healed well and the collagen in the dermis was tight. In contrast, the
reparative effect of group CS and S-DCBC/CS was better than BC group.
At the four weeks after injury, the wounds were entirely covered with
new skin which the structure was mature. It was seen for the tissue bi-
opsies that collagenous fibers of deep dermis were arranged more
orderly. The new capillaries and fibroblasts could be observed under the
dermis. Epithelial island was from focal nodular hyperplasia to regional
hyperplasia and hair follicle proliferated actively. The group of S-DCBC/
CS and CS had a better recovery than the group of BC obviously. The
result of tissue biopsies also showed that the S-DCBC/CS had the per-
formance of promoting wound healing.

The result of Masson’s Trichrome staining is shown in Fig. 7b. Main
layers of the skin such as epidermis, dermis and hypodermis, reticular
and papillary sub layers of dermis and skin adjuncts such as hair follicles
and wens were evident by both staining studies. The trichrome stain
highlights the collagen fiber in blue. The epidermis, the blood vessels of
dermis, lymphatic vessels, hair follicles, sebaceous glands, sweat glands,
muscle fibers and fibroblasts were stained red and the nuclear stained in
blue-black. As Fig. 7 shows, coagulation necrosis area of the upper
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dermis was reddish in the tissue slides. The changes of skins in the
Masson’s Trichrome staining were similar to the corresponding HE
staining slice.

Given the above, compared to BC, the S-DCBC/CS can promote
wound healing and prevent bacterial contamination. As shown in
Fig. 7c, in the early stages of wound healing, the primary role of S-
DCBC/CS dressing is boosting the wound’s ability to retain moisture as
well as to keep germs from seeping into the body. The humid conditions
and special nanostructure of S-DCBC/CS dressing can promote
epidermal cells multiplication. The bacteria tend to directional move
and adhere to the surface of S-DCBC/CS dressing, and then be killed by
the antibacterial ingredients. Moreover, the S-DCBC/CS dressing also
helps the dermal collagen repair during the wound-healing process.
These conclusions are supported by dead/alive staining results of bac-
teria and histological observation. It’s worth noting that no significant
differences were observed in epidermis growth between S-DCBC/CS and
CS. However, the promoting concrescence of S-DCBC/CS is obvious
better than CS. It could be due to the positive impact of BC on collagen
tissue repair because of the wet healing. So, the S-DCBC/CS has the best
promoting healing effect in our study. The promoting healing ability and
antibacterial activity of composites reach to those of commercial dres-
sing. The S-DCBC/CS could be used as a wound dressing.
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4. Conclusions

In summary, a kind of novel bifunctional group modified BC was
prepared by carboxymethylation and selective oxidation. Then, a func-
tional S-DCBC/CS composites with the DCBC as the base material and
crosslinking ingredient was also prepared further. The S-DCBC/CS
composites could promote cell proliferation and migration, and then
lead to the wound healing. The XRD shows that the crosslinking and
chitosan penetration have little effect on the crystallinity of modified
BC. S-DCBC/CS composites have a better water retention than pure BC
and could provide moist environment. The bacteriostatic rate of com-
posites can reach 99% because of the amorphous distribution of CS
molecules in the composites and the influence of carboxyl groups. The S-
DCBC/CS with a good effect on bacteria adherence could attract bacteria
adhesion and kill them. The cell migration of S-DCBC/CS is the highest
in 3 h. Thus, composites have a good influence on the HUVEC prolif-
eration and migration. In the deep II degree scald wounds healing of
large animal model, the S-DCBC/CS composites could promote
epidermal growth and collagen production in two weeks. The promoting
healing ability and antibacterial activity of S-DCBC/CS composites are
same as the commercial dressing, or even better.
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