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While silver nanoparticles are widely used to endow materials with antibacterial activity, silver nanowires
(AgNWs) have not attracted much attention. Herein, the composites of bacterial cellulose (BC) and AgNWs were
prepared through a novel step-by-step in situ biosynthesis which retains the three-dimensional network of BC.
The results of water vapor permeability, water uptake rate, and water retention rate showed that the BC/AgNW
wound dressings could absorb wound skin exudates and maintain moisture environments. Furthermore, the BC/
AgNW dressings were robust and stretchable. More importantly, the BC/AgNW dressings exhibited sustained
release of Ag™. The results from animal tests indicated that the BC/AgNW dressing with 38.4 wt% AgNWs
exhibited higher expression levels of cytokeratin-10 and integrin-f4, greater proliferation of keratinocytes and
formation of epithelial tissues and greatly improved skin regeneration over the bare BC. We propose that the
integrated nanofibrous structure and the excellent and sustained antibacterial activity of AGNWs are responsible
for the excellent in vivo wound healing ability and biocompatibility. These results suggest that the BC/AgNW
composites have promising application as wound dressings.

Silver nanowire
Antibacterial activity

1. Introduction

Since its discovery in 1880s by A. J. Brown [1], bacterial cellulose
(BC) has attracted much attention during the last decades and its po-
tential applications cover a wide variety of areas from the earliest skin
substitutes for burns and ulcers, food additives, cosmetics, facial masks,
and papers to the sophisticated products of artificial cartilage, bone,
heart valve prosthesis, artificial blood vessels, cornea and so on [2,3].
Such broad applications of BC are attributable to its striking physical and
mechanical characters, including high purity, hydrophilicity, crystal-
linity, biocompatibility, ultrafine fiber diameter (20-100 nm), high
water holding capacity, high mechanical properties, broad chemical and
physical modifying ability, shapeability, and nano-scaled three-dimen-
sional (3D) network structure [4]. Although numerous materials have
been developed to make wound dressings [5-10], BC is also a suitable
material for wound dressings since it can provide a moist environment

which is beneficial for healing [11] and biodegradability is not
mandatory in wound dressings. Although providing an effective bio-
logical barrier to the wound, the fact that BC has no antibacterial activity
limits its applications in clinics. In this context, much effort has been
made to endow it with antibacterial activity. To date, many papers
regarding BC antibacterial wound dressings have been published
[12-15], among which those with silver nanoparticles (AgNPs) are the
most common [13,14] although other agents such as chitosan [16],
e-polylysine nanocoatings [17], amoxicillin [15], to name a few, have
also been employed. Usually, the in situ metallization technique is
employed to introduce AgNPs onto BC, simply by immersing BC in a
silver nitrate solution followed by reducing the absorbed silver ions
(Ag") to metallic AgNPs under the reduction action of sodium borohy-
dride. The AgNPs-loaded BC exhibit strong antibacterial activity against
gram-negative Escherichia coli (E. coli) and gram-positive Staphylococcus
aureus (S. aureus) [18].
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As an alternative candidate, silver nanowires (AgNWs) have also
gained growing attention in the field of antibacterial agents [19]. It is
hypothesized that, unlike AgNPs, i) AgNWs may have a reinforcing ef-
fect due to their higher length-to-diameter ratio and thus stronger
antibacterial BC wound dressing may be obtained; ii) AgNWs do not
block pores, which are important to maintain air circulation; iii) AgNWs
do not experience rapid release of Ag" and thus a more sustained release
and improved biocompatibility is expected. However, the studies on
BC/AgNW composites are very limited. This is due to the difficulty in
dispersing AgNWs throughout the BC network, which is much more
difficult compared with AgNP-loaded BC dressings which are realized by
solution immersion. In general, two methods are used for adding
nanofillers to BC matrix, namely mechanical mixing and in situ biosyn-
thesis [20]. The first method breaks the integrated structure of BC while
the second one cannot achieve uniform distribution of AgNWs in BC due
to their large fiber length. The pioneering work conducted by Lv et al.
reported a BC/AgNW composite thin film which was fabricated by
vacuum filtration [21]. Using this method, the AgNWs are concentrated
on the top of BC membrane, leading to a bilayered structure. Therefore,
to achieve uniform distribution of AgNWs in the entire BC network is
still a challenge.

In this work, inspired by our previous work which uniformly
dispersed graphene [22] and graphene oxide [23] in the BC matrix, we
report for the first time novel BC/AgNW composite dressings which
were prepared by the step-by-step in situ biosynthesis [20,22,24,25]. It is
hypothesized that this novel method may lead to a new BC/AgNW
dressing that will possess uniformly dispersed AgNWs throughout the BC
matrix and exhibit good mechanical properties and favorable
biocompatibility.

2. Materials and methods
2.1. Materials

Commercially available AgNW suspension was purchased from
VIGON Technologies (Hefei, China). Reagents for biosynthesis of BC
included acetic acid, glucose, tryptone, yeast extract, and disodium
phosphate. All chemicals were provided by Acros (New Jersey, USA) and
used as received with no purification. The bacterial strain for BC pro-
duction was Komagataeibacter xylinus X-2, from Tianjin University of
Science and Technology, Tianjin, China.

2.2. Preparation of BC and BC/AgNW dressings

A BC pellicle was prepared by static culture according to previously
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described procedure [26]. The cultured BC pellicle became the substrate
for subsequent BC/AgNW pellicles preparation using the step-by-step in
situ biosynthesis [20,22,24,25]. AgNW-containing culture media were
prepared by adding AgNW suspension (5 mg mL™!) to the culture me-
dium at varying volume ratios of 10: 1, 10: 3, and 10 : 4.5, followed by
vigorous stirring for 1 h, similar to our previous work [20,24,25] (a
AgNW suspension was prepared, rather than graphene oxide). The
schematic diagram of the preparation procedures is displayed in Fig. 1.
The processes include repeated spraying and in situ growth of BC until a
predetermined thickness (0.5-2.0 mm depending on the usage) is ach-
ieved. The harvested BC/AgNW pellicles were boiled in NaOH solution
to remove the bacterial cells. The pellicles were then thoroughly rinsed
in deionized water. The obtained pellicles were freeze-dried for 24 h,
yielding BC/AgNW dressings, which are named BC/AgNW-1,
BC/AgNW-2, and BC/AgNW-3, corresponding to AgNW suspension to
culture medium ratios of 10 : 1, 10 : 3, and 10 : 4.5, respectively.

2.3. Characterization

Scanning electron microscope (SEM, SU8010, Japan) was used to
observe the morphology of the composites. The average fiber diameter
was determined by measuring at least 100 fiber segments, similar to our
previously reported method [27]. Similarly, at least 200 pores were
selected to measure the pore size [28]. Atomic force microscopy (model
5500, Agilent, USA) images were recorded under the tapping mode. An
Xpert Pro MPD X-ray diffractometer (XRD) was used to assess their
crystal structure with Cu-K, radiation (A = 154 nm). Fourier transform
infrared spectroscopy (FTIR, Spectrum one, PerkinEler) and X-ray
photoelectron spectroscopy (XPS, AXIS Ultra DLD, Japan) were con-
ducted to determine the surface chemistry. Thermogravimetric analysis
(TGA) was performed with a thermal analyzer (PerkinElmer Pyris 1,
USA) from room temperature to 600 °C at a heating rate of 10 °C min ™!
under N5 flow (100 mL min~1).

The contact angle was determined with a contact angle goniometer
(CA, JGM-360B, Chengde Chenghui Testing Machine Co. Ltd. Chengde,
China) with a 5 pL water droplet. Brunauer-Emett-Teller (BET) surface
area of BC and BC/AgNW dressings was evaluated from nitrogen
adsorption isotherms at 77 K with a surface area analyzer (NOVA
2200e).

The tensile properties of BC/AgNW dressings (in wet state) were
characterized with a MUF-1050 micro-electromagnetic fatigue tester
(Tianjin Care Measure & Control Co. Ltd. Tianjin, China). The mea-
surements were conducted at a 5-mm min " strain rate (room temper-
ature, 25 °C, 65% relative humidity). The tensile tests were performed
on rectangular specimens with a size of 20 mm x 5 mm x 1 mm. The

BC/AgNW dressing

Fig. 1. Schematic illustration of BC/AgNW dressing preparation.
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testes were repeated at least 5 times to calculate the means and standard
deviations.

Based on Archimedes’ principle, the total porosity was determined
from the liquid displacement method [6]:

M, —M; — M.

Porosity(%) = - > x 100% @
1 — M

where M; and M, represent the weights of two specific gravity bottles
which contained ethanol and BC/AgNW dressings, respectively; M3
means the weight of the bottle and remaining ethanol after removing the
BC/AgNW dressings; M; is the dry weight of the BC/AgNW dressings
before submerged into ethanol.

Water uptake ability (Wa) was quantified as follows. Briefly, the
freeze-dried dressings were weighed (W) followed by submerging in
SBF (simulated body fluid) for a predetermined duration of time
(20-140 min). The fluid-filled dressings were subsequently gently
transferred with tweezers to a Petri dish, where the dressings were
allowed to stand for 1 min to allow the removal of excess liquid on the
surface. The dressings were then weighed (W) to calculate the water
uptake ability, Wy, from Equation (2) [29].

x 100% 2
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W

0

The water retention rate (Wg) was measured by keeping dressings in
the conditions of 25 °C and relative humidity of 65% for different time
durations. The Wy was calculated using the equation [30]:

W, — W,

=
We {WW_WJ x 100% 3)

where Wy is the weight of dried dressings, Wy, is the initial weight of the
wet dressings, and W, is the weight of dressings after conditioning for t h.

The water vapor transmission rate (WVP) describes the water
permeability of a film during a predetermined time period. The WVP of
BC/AgNW dressings was determined at 20 °C using glass vials with an
opening covered with BC/AgNW dressings (hydrogel, circular shape,
diameter 30 mm, thickness 0.5 mm) according to previously reported
method [31]. The glass vials containing 10 mL of deionized water were
put in a desiccator at 20 °C for 7 h, where silica gel was used to maintain
a constant low humidity. The water vapor can penetrate through the
exposed dressings. At regular intervals during the 7 h, the weights of the
watering-containing vials were measured. The WVP (g m~' h™! Pa™})
can be calculated using the equation [32]:

_ Sxd

T AXAP Q)

where S (g h™1) is the rate of water evaporation through the dressings as
determined by the slope of the graph with the weight of vials (g) vs time
(h); d and A are the thickness (m) and the area (m?) of the dressings,
respectively. Ap represents the difference in water vapor pressure across
the dressings (2.33 kPa at 20 °C) [32].

Release of Ag" was tested using freeze-dried circular dressings with a
diameter of 15 mm. Dressings were immersed in 50 mL of the deionized
water for different periods at 37 °C. The suspending fluids were then
analyzed for Ag"™ by an inductively coupled plasma optical emission
spectrometer (ICP-OES, Optima 5300DV, PerkinElmer, Shelton, USA).

2.4. Antibacterial activity assay

S. aureus (ATCC 25923) and E. coli (ATCC 8739), two typical Gram-
positive and negative bacteria, respectively, were used to determine the
antibacterial profiles of various dressings, which were quantified with
both disc-diffusion and colony forming unit (CFU) methods.

2.4.1. Disc-diffusion method
The antibacterial properties were evaluated with a disk diffusion test
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where the zone of inhibition (halo width) was measured. One-hundred
microliter E. coli or S. aureus suspension was evenly spread on Luria-
Bertani (LB) agar plates. Subsequently, circular BC/AgNW dressings
(15 mm in diameter) were placed onto the LB agar plates and incubated
overnight at 37 °C. The halo width was determined with ImageJ
software.

2.4.2. CFU method

Twenty-four-well culture plates were filled with 500 pL of LB me-
dium containing 10'* CFU mL™"! of E. coli or S. aureus. The BC/AgNW
dressings were then placed in the wells and incubated at 37 °C. Subse-
quently 100 pL of the medium was removed from the well and spread
onto fresh LB agar plates to incubated at 37 °C for 24 h. The CFU values
were used to calculate the antibacterial ratio (A;) with Equation (5):

A, = {Cbc_ C“] x 100% (5)

e

where Cp, and C, represent the colony counts of blank and experimental
groups, respectively.

2.4.3. Fluorescent microscopy analysis

Bacterial fluorescent staining live/death assay was performed.
S. aureus and E. coli suspensions containing 10°-10” CFU mL™! were
used. The bacteria were incubated with dressings at 37 °C for 24 h. The
mixture was stained with 4',6-diamidino-2-phenylindole (DAPI)
following the instructions from the DAPI staining kit and imaged with a
fluorescence microscope (Nikon TS2, Japan).

2.5. Biocompatibility testing

To evaluate the biocompatibility of the AgNW-containing dressing,
the mouse embryonic fibroblast cell line (NIH-3T3) were selected to
conduct the Cell Counting Kit-8 (CCK-8) assay. NIH-3T3 cells were
maintained in minimal essential medium (MEM) with fetal bovine
serum. The dressings were sterilized, soaked in MEM for 12 h, and
incubated in a 24-well plate for 1, 2, and 3 days under the standard cell
culture condition. Then, the dressings with adsorbed cells were trans-
ferred to another 24-well plate, followed by the addition of 50 pL of
CCK-8 reagent and 500 pL of culture medium per well, followed by in-
cubation for 4 h (in darkness) under the standard cell culture condition.
Subsequently, the culture medium was collected and poured into to a 96-
well plate to determine the absorbance at a wavelength of 450 nm.

2.6. In vivo wound healing ability

2.6.1. Animal experiments

A total of 48 male Institute of Cancer Research (ICR) mice (8-week
old, 22-25 g) were provided by the Experimental Animal Center of
Nanchang University, Nanchang, China. All animal experiments were
conducted in accordance with the ethical guidelines approved by the
Animal Use and Care Administrative Advisory Committee of the East
China Jiaotong University. Before the creation of wounds, anaestheti-
zation was achieved with 5% chloral hydrate (Merck, Germany) given
intraperitoneally. The dorsal region skin of mice was depilated using an
electric shaver and then disinfected with 70% alcohol. The back of the
mice was shaved and circular excisional full-thickness wounds with
diameter of 15 mm were created. The mice were divided into three
groups (16 mice each): BC group, wounds in each animal were covered
with BC dressing; BC/AgNW-3 group, covered with BC/AgNW-3 dres-
sing; control group, wounds in each mouse received no treatment. Each
mouse was kept in separate cages with complete access to food and
water. Wound healing was monitored by optical microscope on certain
time points (3rd, 6th, 9th, and 12th days). Wound healing rate (WHR)
was expressed as WHR = (Ag—Af)/Ayp. The initial area (A() represents the
area measured at the time of the surgery (day 0) while the final area (Ayf)
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is the area measured at the time of euthanasia (day 3, 6, 9, and 12).

2.6.2. Histological analysis

The wound healing process was also observed at a histological level.
At predetermined times, samples of wounds and surrounding tissues
were collected from the animals on the 3rd and 12th post-operative
days. The excised tissue was fixed with 4% formaldehyde and
embedded in paraffin, which were then sliced into 5.0 pm-thick histo-
logical sections, affixed onto glass slides, and stained with Hematoxylin
and Eosin (HE) dye for histological analysis. The stained samples were
visualized under an optical microscope (Nikon TS2, Japan).

2.6.3. Immunohistochemistry

For immunohistochemistry staining, the sections, affixed on the
slides, were deparaffinized, treated with antigen retrieval solution, and
incubated with 5% normal donkey serum for 1 h to minimize nonspecific
staining. The sections were incubated with primary antibodies overnight
at 4 °C, with secondary antibodies for 2 h at 37 °C, then counterstained
with DAPI for 10 min at 18-21 °C, followed by observation under the
aforementioned optical microscope.

2.7. Statistical analysis

Statistical analysis was accomplished with the SPSS Statistics (v20)
and a one-way ANOVA. Results with p-values of less than 0.05 were
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considered statistically significant. Data were expressed as the means +
standard deviations.

3. Results
3.1. Morphology, structure, and physiochemical properties

Prior to morphology observation, TGA was conducted and the results
show the contents of AgNWs in BC/AgNW-1, -2, -3 dressings are 11.2%,
30.0%, and 38.4% (dry weight), respectively (Fig. S1, Supplementary
Material).

Fig. 2 presents the digital images and SEM images of bare BC,
AgNWs, and BC/AgNW dressings. Fig. 2a demonstrates the difference in
color among the dressings due to their different AQNW contents. Fig. 2b
is a representative SEM image of AgNWs and Fig. 2c shows a typical SEM
image of BC. As shown in Fig. 2d-f, it is difficult to distinguish BC
nanofibers from AgNWs under SEM observation as they have similar
diameter (Fig. 2g and Fig. S2, Supplementary Material) and appreance.
The EDS result (Fig. S3, Supplementary Material) confirms the uniform
distribution of AgNWs in BC/AgNW-3. Fig. 2h demonstrates that the as-
prepared BC/AgNW dressings are strong, flexible, and stretchable,
which make them suitable as a clinical dressing product.

To determine the crystal and chemical structures of BC/AgNW
dressings, XRD, FTIR, and XPS examinations were conducted. Fig. 3a
reveals three dominant diffraction peaks in the XRD pattern of BC, which

Fig. 2. (a) Digital images of BC and BC/AgNW dressings. (b—f) SEM images of AgNWs (b), BC (c), BC/AgNW-1 (d), BC/AgNW-2 (e), and BC/AgNW-3 (f) dressings.
Insets in d, e, and f show higher magnification images. (g) Average fiber diameter of AgNWs, BC, and BC/AgNW dressings. (h) Digital images showing the robustness
and excellent stretchability and flexibility of the BC/AgNW dressings.
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are located at 20 = 14.7°, 16.0°, and 22.7°, which are typical patterns of
cellulose I [24]. In addition, in the spectra of BC/AgNW dressings, five
typical diffraction peaks associated with AgNW crystals are detected at
20 = 38.1°, 44.2°, 64.5°, 77.3°, and 81.4°, which are diffractions of
(111), (200), (220), (311), and (222) planes, respectively [33]. The XRD
result confirms the formation of BC and Ag composites.

To determine whether there is any interaction between AgNWs and
BC, FTIR analysis was conducted (Fig. 3b). The bands at 1057 and 1112
are due to C-O stretching vibration and the peak at 1163 cm™! corre-
sponds to the C-O-C stretching vibration [34]. The band at 1617 cem !
can be assigned to C=0 [35]. An additional peak at 1558 cm ! in the
BC/AgNW dressings’ spectra results from the hydrogen bonding inter-
action between BC and AgNWs [35].

XPS analysis was also conducted (Fig. 3c—e). The wide-scan spectrum
shows the presence of Ag, C, and O elements (Fig. 3c), agreeing with the
EDS result. Fig. 3d displays two peaks in the Ag 3d region, corresponding
to Ag 3ds,2 and Ag 3ds3/,, belonging to metallic silver, consistent with
several previous studies [36,37]. Fig. 3e reveals the right shift of O 1s for
BC/AgNW-3 as compared to bare BC, which indicates the possible
hydrogen bonding between ~OH groups in BC and the carbonyl groups
of PVP on AgNWs [38], agreeing with the FTIR result.

The mechanical properties of BC/AgNW dressings were measured.
The tensile stress-strain curves show similar trend and the maximum
stress increases with the content of AgNWs (Fig. 4a). The quantitative
results in Fig. 4b demonstrate the same pattern. The highest tensile
strength (1.56 MPa) and modulus (2.88 GPa) are observed in BC/AgNW-
3 while its strain at break (44%) is comparable to other samples
including BC dressing (38.8%-43.8%). The improved strength and
modulus upon the addition of AGNWs are due to the entanglement be-
tween continuous BC nanofibers and discontinuous AgNWs and
hydrogen bonding between them.

Nitrogen adsorption-desorption experiments were performed to
examine the surface area. As shown in Fig. S4 (Supplementary Material),
BC and BC/AgNW dressings show typical type IV isotherms with type H3

(@) -

(b)
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hysteresis loop according to BDDT classification [39]. It is noted that the
Brunauer-Emmet-Teller (BET) specific surface area of BC is 322 m? g_l,
which decreases to 143 m? g~! for BC/AgNW-3, suggesting that incor-
poration of AgNWs leads to reduction in specific surface area. Further-
more, the pore size and porosity were determined and presented in
Figs. S5 and 6 (Supplementary Material), respectively, which demon-
strate that the average porosity and pore size decrease with the content
of AgNWs.

The BC/AgNW dressings were further characterized to determine
their water uptake ability (W) and water retention ratio (WR). Wy is of
great importance in wound dressings which controls wound exudates
and maintains moist environment on the wounds. As shown in Fig. 5a,
the Wy of both BC and BC/AgNW dressings increases with soaking time.
For all samples, a rapid increase in Wy is observed during the first 20
min, and it slows down afterwards. It is believed that the BC/AgNW
dressings absorb water through two ways, namely i) chemical route due
to the high water affinity of BC and ii) physical route due to the pores
within the 3D network and low water contact of BC, which generates the
Laplace pressure and capillary force that drives the water into the pores
[18]. Note that the BC/AgNW dressings uptake less water than BC and
the Wy value of BC/AgNW decreases with the AGNW content due to their
lower porosity (Fig. S6, Supplementary Material) and larger water
contact angle (Fig. S7, Supplementary Material). It is worth to mention
that the Wy values of all BC/AgNW dressings are still at a high level,
which are over 6000% after immersing in the deionized water for 140
min. Such a good absorption property of BC/AgNW dressings enables
them to absorb a great deal of exudate, which makes them potential
wound dressings.

Similarly, the ability to control the water loss at an ideal rate is also
important for wound dressings [40]. Therefore, the Wg of various
BC/AgNW dressings was estimated (Fig. 5b). As expected, the Wg of BC
and BC/AgNW decreases with exposure time. It is noted that the
BC/AgNW-3 still keeps 35.7% water after 12 h and the value decreases
to 13.7% at 24 h. These values are higher compared to some previously
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Fig. 3. (a) XRD patterns of BC/AgNW dressings. (b) FTIR spectra of BC/AgNW dressings. (c) Full-scan XPS spectrum of BC and BC/AgNW-3 dressings. (d) XPS
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spectrum of the Ag 3d region of BC/AgNW-3 dressing. (e) High-resolution spectra of O 1s of BC and BC/AgNW-3 dressings.
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reported materials such as maghemite/cellulose nanocomposite mem-
brane which kept 10% water at 7 h [41]. The higher Wy of BC/AgNW
dressings can keep the wound moist for a longer time, which benefits

healing.

As seen in Fig. 5c, the WVP of bare BC dressing is 9.1 x 107/ g
m 'h~!Pa! while BC/AgNW-3 dressing shows a WVP of 5.6 x 107 g
m~'h~'Pa~!, demonstrating a decreasing trend with the content of

AgNWs [32].
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Fig. 5d shows the Ag" release behavior starting from 24 h since Ag™
concentration was too low to detect (below the lower limit of the ma-
chine) before 24 h. The approximate linear lines demonstrate that BC/
AgNW dressings release Ag" quite stably.

3.2. Antibacterial activity

The antibacterial activities of BC/AgNW dressings against gram-
positive S. aureus and gram-negative E. coli were measured by disc
diffusion and colony forming unit (CFU) methods. The halo test results
are shown in Fig. 6a. It is seen that bare BC dressing shows no halo circle
for S. aureus and E. coli, as expected. All BC/AgNW dressings display
distinct halos around the circular dressings, due to the release of Ag™. In
addition, the antibacterial activities against S. aureus and E. coli increase
with the content of AgNWs.

To further quantify the antibacterial activities, CFU method was used
(Fig. S8 and Table S1, Supplementary Material). It is found that, after
only 6 h of incubation, the percentage reduction of S. aureus is larger
than 80% for all samples, approaching 100% for BC/AgNW-3. The
fluorescence microscope images (Fig. 6b) reveal the same trend,
consistent with the disc diffusion and CFU results. Interestingly, the
antibacterial activities of BC/AgNW dressings against E. coli is weaker
than S. aureus. Such result was also reported by other researchers, which
is due to the fact that the cell wall of the Gram-negative bacteria con-
sisting of lipids, proteins and lipopolysaccharides can provide effective
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protection against biocides whereas the Gram-positive bacteria do not
have lipopolysaccharides [42]. Overall, BC/AgNW dressings exhibit
excellent antibacterial activities against S. aureus and E. coli.

The morphologies of S. aureus and E. coli cells grown on the BC/
AgNW-3 dressing were observed by SEM (Fig. 6¢). The S. aureus cells
on BC dressing are typically round-shaped and the E. coli cells are rod-
shaped and both types of cells exhibit smooth intact cell walls. The
cell numbers of S. aureus and E. coli reduce markedly after culture with
BC/AgNW-3 and collapsed, wrinkled, and damaged membranes are
noted, suggesting the significant role of BC/AgNW-3 in damaging
S. aureus and E. coli.

3.3. Biocompatibility of BC/AgNW dressings

CCK-8 assay was conducted to assess the cell viability of BC/AgNW
dressings by using NIH-3T3 cells which were incubated on the sample
surfaces for 1, 2, and 3 days. Fig. 7a demonstrates a lack of significant
difference in cell viability between bare BC and BC/AgNW dressings at
day 2 and 3, although there is significant difference between BC and BC/
AgNW-3 on day 1 (p < 0.05), indicating their good biocompatibility and
thus being promising biomedical material for wound dressing
application.

The NIH-3T3 cells cultured on BC/AgNW dressings for 1, 2, and 3
days were investigated by fluorescent microscopy (Fig. 7b). There is
little difference in cell growth and morphology between BC and BC/Ag

14+ Il BC/AgNW-1
[ BC/AgNW-2

’§1 21 [ BC/AGNW-3
E1o; ik
g 8 *%
> | | |
2 6
I

o N A~ O

S.aureus E.coli

E.coli
BC BC/AgNW-1

BC/AgNW-2 BC/AgNW-3

Fig. 6. Antibacterial activity of BC/Ag dressings. (a) Digital images and halo width of the inhibition zone of BC/Ag dressings against S. aureus and E. coli. (b)
Fluorescence microscopy images of adherent S. aureus and E. coli on the surfaces of BC/Ag dressings. Scale bar: 50 pm. (c) SEM images of bacteria on BC/Ag dressings.

Scale bars: 1 pm.
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dressings. Therefore, the result further indicates that BC/AgNW dress-
ings show little toxicity, making them suitable materials for wound
dressings.

3.4. In vivo wound healing

For in vivo studies, only BC/AgNW-3 dressing was selected owing to
its high AgNWs content and favorable mechanical properties and
biocompatibility. The bare BC and BC/AgNW-3 dressings were used in
wound healing assays. Wounds without any dressing were used as
control. The wounds were monitored for 12 days and their images were
photographed at the 3rd, 6th, 9th, and 12th day post operation (Fig. 8a).
In addition, the wound healing rate (WHR), which is expressed by the
percentage of wound area closure, was evaluated (Fig. 8b). Atday 3, BC/
AgNW-3 dressing shows a WHR of 28% while it is 10% for bare BC and
control groups. Similarly, the BC/AgNW-3 dressing shows higher WHR
than bare BC and control groups at days 6 and 9. At day 12, 90% of
wound is healed for bare BC and control group whereas the wound is
almost completely healed and robust growing hair is noted for the BC/
AgNW-3 group, approaching normal healthy skin, suggesting that the
BC/AgNW-3 dressing has excellent healing ability.

Histological examination, via HE staining, was conducted to examine
the wound healing for up to 12 days (Fig. 9a). At day 3, granulation
tissue is observed. In the control and bare BC groups, a large number of
inflammatory (inside dotted lines) and infiltrated cells are observed and
severe fibrous hyperplasia and disordered tissue structure are observed.

BC /AgNW-2 BC /AgNW-3

Fig. 7. (a) Viability of NIH-3T3 cells cultured on BC/AgNW dressings. (b) Fluorescent images of NIH-3T3 cells cultured on BC/AgNW dressings. *p

<0.05,n=5.NS

Interestingly, in the BC/AgNW-3 group, there are fewer inflammatory
cells and orderly tissue structure and abundant granulation tissue are
noted. Furthermore, in the BC/AgNW-3 group, the wound is occupied by
the epidermal layer at 12th day, and the presence of mature cuticle in-
dicates the re-epithelialization of new skin regeneration. However, in
the control and BC groups, the scar tissue is thicker, and the mature
cuticle and re-epithelialization are fewer, compared to the BC/AgNW-3
group. Moreover, hair follicle growth (red arrow) is observed in the BC/
AgNW-3 group. Therefore, such histology results indicate that the BC/
AgNW-3 dressing greatly promotes skin regeneration.

Immunohistochemistry analysis was also performed. Firstly,
expression of cytokeratin-10 (CK-10) was determined. To distinguish the
keratinizing pathway expressed during wound healing, keratin CK-10, a
mature marker, was selected. At day 3, there are a small number of
keratinocytes (green) in the BC and control groups, while the BC/AgNW-
3 group shows complete and continuous keratinocytes in the epidermis
(Fig. 9b). At day 12, there are some proliferated keratinocytes in the
epithelial tissues in the control and BC groups, but the structure is not
organized. In the BC/AgNW-3 group, proliferation and differentiation of
multiple layers of tightly linked keratinocytes are observed, which is
very beneficial to the integrity of the basal membrane of the skin.
Expression of integrin-p4 was also analyzed (Fig. 9c). Note that the
control and BC groups are not completely filled with granulation tissue
and proliferative epithelial tissues are not found. In the BC/AgNW-3
group, fully grown epithelial tissues are noted indicating a high de-
gree of healing.
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Fig. 8. In vivo animal experiment results. (a) Optical images of the wounds at days 3, 6, 9, and 12 after covering with dressings. (b) Wound healing rate (WHR) after

covering with dressings.
4. Discussion

Silver has long been used in treating bacterial infections, wounds,
burns and cuts largely because of its bactericidal effect. The mechanism
of such effect is due to the release of Ag' or the generation of reactive
oxygen species, or both, which leads to bacterial cell wall disintegration,
DNA dimerization, respiratory chains inhibition and ultimately death
[43]. Nevertheless, in human being, prolonged exposure to excessive
Ag" may provoke harmful side effects such as argyria [44]. Furthermore,
Ag" depletion as a result of fast and successive Ag" release may cause
reduced bacterial inhibition efficiency [45]. These problems are more
severe when nanoparticle-shaped silver is used since its larger surface
area than other silver shapes (e.g. wire-shaped silver). In this study, we
used AgNWs which not only achieve sustained and excellent antibac-
terial activity and improved mechanical properties, but also maintain
the nanofibrous and highly porous structure of pristine BC.

Firstly, the obtained data in Fig. 5d suggest that the BC/AgNW
dressings exhibit almost a constant releasing rate of Ag" during the
whole process of 9 days. The highest release rate of Ag" for BC/AgNW-3

on the 9th day is 160 pg g, which is converted to an Ag™ concentration
of 1.5 pg mL~L. This value is comparable to a previously reported safe
Ag* concentration of 1.77 pg mL™! for A549 lung cells [46]. Such
releasing behavior can not only enable the dressings to have sustained
release (thus keeping long-term antibacterial activity) but also mitigate
any possible cytotoxicity (thus showing good biocompatibility). More-
over, compared to other Ag-loaded dressings, BC/AgNW-3 shows better
antibacterial activity. For instance, the BC/AgNW-3 shows inhibition
zones of 5.8 mm and 6.5 mm against E. coli and S. aureus, respectively,
which are much larger than those of previously reported AgNP-loaded
dressings (Table S2, Supplementary Material) except for
polyvinylpyrrolidone-ciprofloxacin/ethyl cellulose-AgNPs that showed
an inhibition zone of 8.5 mm against E. coli [47].

Secondly, BC/AgNW dressings exhibit interpenetrated structure in
which AgNWs and BC nanofibers are entangled together leading to
robust dressings. Such characters are important because a qualified
wound dressing must be strong and stretchable enough to resist the
physical stress and also be soft enough to allow for the patient’s daily
activities. The mechanical tests do confirm that the incorporation of
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BC/AgNW-3

Fig. 9. Staining results of untreated, BC-treated, and BC/AgNW-3-treated wounds. (a) Histological analysis of the wounds 3 and 12 days post operation. The areas
inside dotted lines indicate presence of inflammatory cells. (b) Immunofluorescence staining of cytokeratin-10 (CK-10) 3 and 12 days post operation. (¢) Immu-

nohistochemical staining of integrin-B4 12 days post operation. Scale bars: 100 pm.

AgNWs endows the BC/AgNW dressings with enhanced mechanical
strength (Fig. 4), an important character for clinical use.

Thirdly, the BC/AgNW dressings show highly porous nanofibrous
structure (Fig. 2) although the porosity and pore size are relatively
smaller than those of bare BC. Such structure provides biophysical cues
to promote cell proliferation [48], thus accelerating the wound healing
process and promoting wound repair. In addition, the porous structure,
together with the hydrophilicity (Fig. S7), endows the BC/AgNW
dressings with large water uptake and suitable WVP (Fig. 5).

Besides those physiochemical properties, the biocompatibility of BC/
AgNW dressings was tested with in vitro experiments including CCK-8
assay and fluorescent microscopy. Results from the in vitro experi-
ments suggest that the addition of AgNWs does not have significant
impact on cellular responses to the dressings such as cell attachment,
growth, and proliferation. These results imply that the incorporation of
AgNWs does not cause obvious cytotoxicity.

In vivo experiments with mice were conducted to accurately char-
acterize the processes of wound healing. Digital images and wound
healing rate (Fig. 8) clearly show the quicker wound healing in the BC/
AgNW-3 group as compared with BC and control groups, which

10

indicates the role of AgNWs in promoting wound healing. Indeed, some
previously studies confirmed that silver can quicken the healing rate and
stimulate the proliferation and relocation of keratinocytes [49,50].
Furthermore, Liu et al. reported that the silver can improve the prolif-
eration of keratinocytes and trigger the differentiation and maturation
of keratinocytes [51]. Our result (Fig. 9b) supports those findings. It is
known that cytokeratin is widely distributed in the epidermis in normal
skins [52]. In the repairing process of damaged skin, the epidermal
differentiation at each stage is characterized by the expression of specific
proteins such as keratin-10 [53]. The result in Fig. 9b indicates that the
expression of CK-10 in the BC/AgNW-3 group is much higher compared
with the control and BC groups, indicating the higher epidermal dif-
ferentiation degree [52]. Integrin is one of the significant members of
cell adhesion molecule family. The integrin p4 mainly mediates the
adhesion between cells and ECM components and indicates the skin
wound healing degree. Upregulation of integrin 34 expression can pro-
mote tight connection between epithelial cells and fibroblasts, and
accelerate wound healing [54]. In this study, the higher expression of
integrin 4 for the BC/AgNW-3 group than those of the control and BC
groups (Fig. 9¢) suggests its better and faster recovery of epithelial tissue
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[54], which agrees with many previous results [51,55].

All these results suggest that the BC/AgNW dressings exhibit excel-
lent wound healing capability and negligible inflammatory response.
The inflammation-free nature is due to its favorable antibacterial
properties derived from sustained release of Ag". The favorable wound
healing capability can be ascribed to the combined effects of porous
nanofibrous structure, good hydrophilicity, suitable moist keeping
ability and WVP. Results from this study indicate that the BC/AgNW
dressings is a suitable wound dressing to effectively prevent infection
and accelerate wound healing, which can also be used as an excellent
wound coverage material.

5. Conclusions

In summary, BC/AgNW composites have been successfully fabricated
as new wound dressings via a novel step-by-step in situ biosynthesis. The
BC/AgNW dressings display plentiful pores and suitable water vapor
permeability, water uptake rate, and water retention rate, which are
advantageous for reducing exudates and preserving a humid environ-
ment. Moreover, the BC/AgNW dressings show a porous structure with
hydrophilic and nano-topographical surface. More importantly, the BC/
AgNW dressings show sustained release of Ag*, which contributes to the
long-term excellent antibacterial activities against E. coli and S. aureus
and non-toxicity to NIH-3T3 cells. In vivo animal tests reveal that the BC/
AgNW dressings display enhanced wound healing ability and a faster re-
epithelization and tissue organization as compared with BC and un-
treated control groups, which are related to the excellent antibacterial
activities. These results suggest that the BC/AgNW dressings could be
promising wound dressings. In summary, this study presents a simple
and effective method for preparing novel BC/AgNW-based dressings for
potential medical wound caring purposes.
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