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Massive hemorrhage and chronic wounds caused by bacterial infections after trauma are significant chal-
lenges in clinical practice. An ideal hemostatic wound dressing should simultaneously manage bleeding
and prevent bacterial infections and also hold excellent biocompatibility and bioactivities to successfully
modulate immune microenvironments to promote wound healing. In this study, a silk fibroin-based light-
responsive film was demonstrated to possess effective capacity of light-induced non-compressible
hemostasis on liver hemorrhage and tail bleeding in vivo by binding with blood platelets to promote the
clotting cascade. The blood loss of the rats was significantly less after C-MASIF films were applied, which
were 1223.33 + 347.9 mg (liver trauma) and 363.33 + 60.28 mg (tail trimming). Importantly, the films
exhibited photo-controllable modulation activity on macrophages through repeated near-infrared
irradiation to regulate the immune microenvironment to enhance photodynamic antibacterial therapy.
Moreover, the light-responsive silk fibroin film effectively promoted Staphylococcus aureus infected burn
wound healing in vivo. The quantity of residual bacteria in the wound sites of mice in the C-MASIF films
group (0.05 + 0.0047 x 108 CFU mL™) was considerably less than that in the control group (3.18 + 0.75 x
108 CFU mL™), and the wound area in the C-MASIF group (78.03% + 4.12%) was considerably smaller
than that in the control group (60.33% + 8.81%) after 14 days. Overall, this light-responsive silk fibroin film
can provide a powerful strategy for wound healing of burns.

Introduction

Massive hemorrhages are the main cause of death after severe
trauma.'® Additionally, serious trauma is usually highly sus-
ceptible to bacterial infection, which inhibits the normal
wound healing process, leading to chronic wounds and severe
abscesses.”® Common wound dressings (including gauze,
cotton, and polymer bandages) usually lack effective bioactiv-
ities and antibacterial activities. Thus, they cannot provide a
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damp and cell-favorable environment at the wound sites to
promote cell growth nor do they prevent potential bacterial
infections.®” Moreover, traditional sutures are not only time-
consuming but also require suitable instruments and skilled
operators, making it difficult to immediately stop bleeding.®®
Therefore, an ideal hemostatic wound dressing should not
only simultaneously manage bleeding and prevent bacterial
infections but also hold good biocompatibility and bioactiv-
ities to successfully modulate immune microenvironments
and promote wound healing.'*"*

Silk fibroin (SF) as a natural protein is extracted from
silkworms.®'* Due to its superior biocompatibility and adjus-
table mechanical strength, various SF-based biomaterials,
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such as 2D films and hydrogels, have been developed for tissue
engineering, wound healing, and nerve repair.">™*° Moreover, SF
has also been demonstrated to facilitate platelet adhesion on SF-
based hemostatic materials to accelerate clotting cascades.”* >
In particular, SF can facilitate cell adhesion and cell growth of
various cell types (such as epithelium, endothelium, fibroblasts,
and keratinocytes) in wound healing."®**** However, the lack
of antibacterial activity and insufficient effect of regulating
immune cells, such as macrophages, limit the further appli-
cation of SF in bacteria-infected wound healing.>**’

Antibiotics are the most widespread and common means of
clinical treatment for wound infections. However, antibiotic-
resistant and multidrug-resistant bacteria have emerged due to
their overuse.?® Photodynamic antibacterial agents that can
generate reactive oxygen species (ROS) to eliminate multidrug-
resistant bacteria have been widely developed.**”*" Chlorin e6
(Ce6), a simple porphyrin compound, can effectively generate
ROS under light stimulation to kill bacteria with minimal inva-
sion and has been demonstrated to successfully activate an
immune response to enhance the photodynamic therapy.*>—*
However, Ce6 is easily cleared in the body, which limits the
efficacy of photodynamic therapy (PDT) on treating bacterial
infections.**%*
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In this study, a Ce6-modified silk fibroin-based antibacter-
ial hemostatic film (C-MASiF) was demonstrated to hold
photo-controllable modulation activity on macrophages and
successfully achieve fast light-induced hemostasis of non-com-
pressible liver hemorrhage and tail bleeding in rats as desir-
able hemostatic agents. More importantly, the C-MASIF film
exhibited high bactericidal efficiency under near-infrared
(NIR) irradiation in vivo, controllably regulating macrophage
activation through repeated NIR irradiation to regulate the
immune microenvironment toward enhanced photodynamic
antibacterial therapy, which effectively improved wound
healing on burns with bacterial infection (Scheme 1).

Results and discussion

Morphology and coagulation effect of the silk fibroin-based
film

The C-MASIF film was successfully fabricated according to our
previous literature.>® Fig. 1A shows that the C-MASIF film was
transparent with a dark color because of the Ce6 immobilized
on the protein chains of silk fibroin. The optical microscope
images (Fig. 1B and C) show that the C-MASIF film fabricated
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Scheme 1 A photodynamic hemostatic silk fibroin film with light-induced non-compressible hemostasis and photo-controllable macrophage
polarization modulation activity was developed to regulate the immune microenvironment for promoting Staphylococcus aureus infected burn

wound healing.
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Fig. 1 Morphology and coagulation effect of C-MASiF. (A) Photographs
of C-MASIF. (B and C) Microscopic images of C-MASIF, scale bar:
200 pm. (D) 3D structure of C-MASIF by atomic force microscopy. (E)
Quantitative analysis of surface roughness (R,), values represent means
+ S.D. n = 6. (F) UV - vis spectra of Ce6 and C-MASIF (water as a
solvent). (G) The content of the immobilized Ce6 on the C-MASIF, values
represent means + S.D. n = 3. (H) Stress—strain curve of C-MASIF. (I)

Tensile strength or Young's modulus of C-MASIF, values represent
means + S.D.n =5.

via casting and air drying methods had a uniformly dense
morphology and smooth surface structure on the glass slide,
which may facilitate the sealing of the bleeding sites by the
C-MASIF film to achieve rapid hemostasis. Atomic force
microscopy results indicated that the C-MASIF film had a
surface roughness of 46.83 + 14.44 nm (Fig. 1D and E).
Characteristic absorption peaks at 400 and at 640 nm
appeared in the UV-vis spectrum of C-MASIF (Fig. 1F). To
evaluate the content of immobilized Ce6 on the silk fibroin
film, an absorbance of 0.5%o solution of Ce6 conjugated
methacrylated silk fibroin in hexafluoroisopropanol and
0.005%o0 Ce6 hexafluoroisopropanol solution (as a standard
sample) was recorded at 640 nm, respectively, to calculate the
content of immobilized Ce6 on the silk fibroin film. As shown
in Fig. 1G, the content of the immobilized Ce6 on the silk
fibroin film was 0.54 + 0.05% based on the absorbance at
640 nm. The mechanical properties of the film were evaluated
using a tensile test. As shown in Fig. 1H and I, the tensile
strength of the C-MASiF was 1221 + 312.7 kPa, and the
Young’s modulus was 105.4 + 32.62 kPa, which falls within the
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range of the Young’s modulus value of human skin tissue
(0.02 MPa-100 MPa),* suggesting that C-MASiF can adapt to
dynamic movement.

Previously, we demonstrated that methacrylated silk
fibroin-based materials can adhere to tissue by bonding
between sulfhydryl groups and double bonds of the methacry-
lated silk fibroin under irradiation.>® However, to achieve
desirable hemostasis, the successful activation of a coagu-
lation cascade usually relies on the effective aggregation of red
blood cells (RBCs) and platelet adhesion, forming platelet
thrombosis to stop the bleeding.*® Moreover, previous studies
have shown that silk fibroin can promote a clotting cascade by
binding fibrinogen and platelets.*" Therefore, the coagulation
effect of C-MASIF films was further investigated by RBCs and
platelet adhesion assays. RBCs and platelets were extracted
from citrated whole blood of rabbit and respectively incubated
with C-MASIF films at 37 °C for 1 h. As shown in the SEM
images of Fig. 2A, the amounts of red blood cells and platelets
adhered to the C-MASIF films were considerably higher than
those on the glass slides. To further quantitatively analyze red
blood cells and platelets adhered on C-MAS;JF films, a C-MASiF
film or chitosan-coated glass (positive control) with red blood
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Fig. 2 (A-C) Coagulation effect of C-MASiF. SEM images of red blood
cells (RBCs) and platelets adhered on C-MASIF (A), scale bar: 20 pm.
Quantitative analysis of adhered RBCs (B) and PRP (C), values represent
means + S.D. n = 9. (D and E) Temperature variation by NIR irradiation,
values represent means + S.D. n = 3. (F) Viability of L929 fibroblasts cul-
tured with C-MASIF for 3 days after NIR irradiation. Values represent
means + S.D.n=9.
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cells was immersed in deionized water at 37 °C for 1 h to
destroy the adhered red blood cells to collect hemoglobin. The
samples were soaked in 1% Triton X-100 solution to collect
lactate dehydrogenase (LDH) from the adhered platelets and
determined by the LDH Kkit. As shown in Fig. 2B and C, the
adhesion ratio of RBCs and platelets in the C-MASIF films
group was comparable to those in the chitosan groups with
procoagulant properties, and there was no significant statisti-
cal difference between the two groups. These results indicated
that the C-MASIF film could effectively induce the aggregation
of red blood cells and platelet adhesion to activate the coagu-
lation cascade to improve hemostasis after sealing the bleed-
ing site, which might further form an effective mechanical
barrier for wound closure.

To further evaluate the effect of NIR irradiation on the
temperature of the C-MASIF film, the temperature of the film
was recorded during 10 minutes of NIR irradiation. As shown
in Fig. 2D and E, the temperature of the C-MASiF film only
increases to 28.22 °C + 0.74 °C even after 10 minutes of NIR
irradiation, which was much lower than the normal body
temperature (37 °C) and would not affect the healing would
process. Fine cytocompatibility is essential for a well-designed
biomaterial. To evaluate the effect photodynamic therapy on
normal cells, 1929 fibroblasts seeded on the C-MASIF film
were NIR irradiation for 4 min and then further cultured for 3
days. The viability of cells was assessed with CCK-8 assay. As
shown in Fig. 2F, no significant toxic effect on the cell prolifer-
ation of L929 fibroblasts was found after PDT treatment using
the C-MAS;F film.

Light-controllable macrophage activation by C-MASiF

It is known that the recruitment and activation of macro-
phages during the initial inflammatory phase considerably
contribute in eliminating microorganisms and promoting the
early stage of wound healing. However, excessive activation of
macrophages can also result in pro-inflammatory responses
and fibrosis.**** Therefore, developing engineered biomedical
materials with promising capacities on controllably modulat-
ing macrophage activation was desirable for preventing bac-
terial infections and promoting tissue regeneration. Thus, the
photo-triggered modulation capacity of the film on macro-
phage activation was then investigated by incubating
RAW264.7 cells with C-MASIF films, which was then stimulated
with repeated NIR light (660 nm, 20 mW c¢cm™?) within 48 h. As
shown in Fig. 3A and B, RAW264.7 cells incubated with
C-MASIF films were successfully activated to M1 phenotype at
12 h after the first 4 min of NIR irradiation, and possessed sig-
nificantly enhanced expression of inducible nitric oxide
synthase (iNOS). This is due to the Ce6 moieties on the
C-MASIF film, which generated ROS upon irradiation to
promote M1 polarization of macrophages.*® Interestingly, the
iNOS expression of RAW264.7 cells in the C-MASIF film group
was significantly reduced at 24 h after the first NIR irradiation
with no significant statistical difference compared to the
RAW264.7 cells in other groups, indicating that the RAW264.7
cells in the C-MASIF film group are gradually deactivated when
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Fig. 3 Light-controllable macrophage activation by C-MASiF. (A)
Fluorescence image of RAW264.7 cells during 48 h with repeated 4 min
of NIR irradiation in vitro (iNOS (red, M1) and CD206 (green, M2)). Red
squares indicate the effective activation of RAW264.7 cells at 12 h and
36 h post 1st irradiation, scale bar: 100 pm. Proportion of
M1 macrophage (B) and cell proliferation of RAW264.7 cells (C), values
represent means + S.D.n = 9.

the NIR irradiation is turned off. Subsequently, upon repeated
stimulation of 4 min NIR irradiation at 24 h after the first NIR
irradiation, the deactivated RAW264.7 cells restored the high
level of iNOS expression at 36 h after the first NIR irradiation
and then slowly deactivated. Furthermore, neither RAW264.7
cells on the blank culture plate with NIR irradiation nor the
RAW264.7 cells in the C-MASJF film without NIR irradiation
was found to be effectively activated. These results demon-
strate that the C-MASIF film can promisingly modulate the
activation of macrophages in a controlled manner with
repeated NIR irradiation. To eliminate the cytotoxic effect of
low-dose ROS generated by the C-MASJF film upon 4 min of
NIR irradiation on macrophages, the cell numbers of macro-
phages in all groups were counted. Fig. 3C shows that
RAW264.7 cells in all groups proliferated normally during the
experiments for 48 h without significant statistical difference,
indicating that the C-MASIF film and certain low-doses of ROS
had no cytotoxic effect on macrophages, which is essential for
biomedical applications.

In vivo biocompatibility of the C-MASIF film

An ideal hemostatic wound dressing should hold good bio-
compatibility when applied in vivo."”*® To evaluate the in vivo
biocompatibility of C-MASiF films, they were implanted under
the dorsal skin of Sprague Dawley (SD) rats for 28 days.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 In vivo biocompatibility of C-MASIF film. (A)
Immunofluorescence staining of the tissue around the implantation site
collected at day 14 (red: iINOS, M1; green: CD206, M2; blue: Hoechst
33342), scale bar: 200 um. (B) Proportion of M2/M1 macrophage, values
represent means + S.D. n = 3. (C) Photographs of heart, liver, spleen,
lung, and kidney tissues and images of H&E staining of each tissue at 28
days of implantation, scale bar: 200 pm.

Moreover, the skin tissue around the implantation site was col-
lected at day 14 post implantation for further immunofluores-
cence staining analysis. As shown in Fig. 4A and B, the pro-
portion of M2 type anti-inflammatory macrophages is signifi-
cantly higher than M1 type pro-inflammatory macrophages
(2.007 + 0.3352). No severe inflammatory response was
detected compared to normal tissues (1.962 + 0.2954).

To evaluate whether the degradation products of the
C-MASIF film have toxic side effects on the body, such as
thrombosis and other damage to main organs, C-MASIF films
were implanted subcutaneously in SD rats. The rats were then
perfused at day 28 post-implantation. Heart, liver, spleen,
lung, and kidney tissues were collected for frozen sectioning
and histologic analyses using hematoxylin-eosin staining
(H&E staining). As shown in Fig. 4C, the implantation of the
C-MASIF film had no significant side effect on the shape and
size of the main organs of rats compared to those of healthy
rats. An additional H&E staining assay showed that there was
no overt detrimental effect on the various internal organs of
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rats in the C-MASIF film group, indicating no significant side
effects on the circulatory, respiratory, digestive, or metabolic
systems. These results suggested that the C-MASIF film exhibi-
ted excellent in vivo biocompatibility for in vivo applications.

Photodynamic antibacterial therapeutic effect of the C-MASiF
film

Besides massive hemorrhages, extensive wound exposure is
usually at high risk of bacterial infection, leading to chronic
wounds and even death. Therefore, antibacterial properties are
critical in  developing  multifunctional = hemostatic
dressings.*" Thus, the photodynamic antibacterial effect of
C-MASIF films on Staphylococcus aureus (S. aureus) was investi-
gated. As shown in Fig. 5A and B, the proportion of dead bac-
teria on the C-MASIF films was 88% =+ 3.162% after 10 min of
NIR irradiation (20 mW cm™?). This was due to the effective
production of ROS by the Ce6 moiety, which was significantly
higher than that of the control group (3.6% =+ 2.608%).
C-MASIF films without NIR irradiation exhibited no antibacter-
ial activity (3.6% + 2.966%). These results illustrated the poor
antibacterial property of NIR light or C-MASJF film alone, but
effective photodynamic antibacterial performance of the
C-MASIF film upon irradiation.
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Fig. 5 Photodynamic antibacterial therapeutic effect of C-MASIF film
against S. aureus. (A) Live/dead bacteria staining (green: live bacteria;
red: dead bacteria), scale bar: 20 pm. (B) Proportion of dead bacteria, n
= 5. (C) Schematic depiction of in vivo photodynamic antibacterial
therapy. (D) Photographs of S. aureus infected wound of rats treated
with C-MASIF film and residual bacteria from wound sites at day 3. (E)
Quantitative analysis of antibacterial efficiency in vivo, n = 3, values rep-
resent means + S.D.
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To further validate the in vivo photodynamic antibacterial
activity of C-MASIF films, the infected wound mouse model
was established by creating a round wound (diameter: 10 mm)
on the back of BALB/c mice that was infected with S. aureus.
Then, infected wounds were treated with C-MASJF films or
saline (control group), and respectively irradiated by NIR light
(20 mW cm™?) for 10 min (Fig. 5C). The infected wound mouse
models were then individually housed in cages. To evaluate
the residual bacteria remaining at the wound site after treat-
ment, skin tissues from each group were collected on the third
day post-treatment, and microorganisms in the tissues were
extracted using sterile phosphate-buffered saline (PBS). As
shown in Fig. 5D and E, the number of residual bacteria in the
wound sites of mice in the C-MASIF films group (0.05 + 0.0047
x 10® CFU mL ") was significantly less than that in the control
group (3.18 + 0.7529 x 10° CFU mL™"). These results indicated
that the C-MASIF film possessed promising in vivo photo-
dynamic antibacterial activities to prevent bacterial infections
after trauma.

In vivo hemostatic effect of C-MASIF film

To further investigate the in vivo hemostatic effect of the
C-MASIF film for potential applications in various clinical
scenarios, the rat liver trauma model and tail trimming model
were established by cutting a gap of 2 + 0.5 cm in the liver or
cutting off the proximal 1/4 position of the tail. Then, C-MASiF
films containing Irgacure 2959 were applied on the gap in the
liver or injured tail with UV irradiation (365 nm, 50 mW cm™?)
for 2 min (Fig. 6A and C). The blood loss of the rats with liver
trauma and tail trimming in the control group (without any
treatment) were 2036.67 + 297.0 mg and 683.33 + 189.0 mg,
respectively. Moreover, the blood loss in the C-MASiF group
was significantly less after the C-MASIF films were applied,
which were 1223.33 + 347.9 mg (liver trauma) and 363.33 +
60.28 mg (tail trimming), respectively (Fig. 6B and D). These
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results indicated that the C-MASIF film possessed a strong
capacity for light-induced non-compressible hemostasis in vivo
because of the rapid photoreaction between the C-MASJF film
and tissue, and the excellent capacities of the C-MASIF film on
facilitating pro-coagulation cascades by aggregating red blood
cells and platelet adhesion.?®

Therapeutic effect of C-MASIF films on promoting infected
burn wound healing

Burn wounds are a complex and severe form of skin trauma,
with large burn areas, tissue necrosis, and susceptibility to
infection, which are extremely common in daily life.>* Silk
fibroin-based biomaterials have been reported to promote skin
regeneration by recruiting macrophages, fibroblasts, and other
cells to the wound site. However, the lack of antibacterial
activity limits the application of silk fibroin-based biomaterials
in bacteria-infected burn wounds.>**®* Therefore, to evaluate
the therapeutic effect of C-MASIF films on promoting the
healing of bacteria-infected burn wounds, a common infected
burn model on the back of mice was established by following a
procedure in the literature®*’ (Fig. 7A). Infected burn wounds
were treated with C-MASJF films or saline (control group), and
respectively irradiated by NIR light (20 mW cm™2) for 10 min.
As shown in Fig. 7B, the S. aureus infection at the wound site
of mice in the C-MASIF group was significantly relieved when
compared with that of the control group. Furthermore, no
abscess was observed due to the promising photodynamic
antibacterial activity of the C-MASJF film and enhanced initial
immune response. Conversely, mice in the control group
showed severe abscesses in the burn wounds. The wound area
in the C-MASIF group (78.03% = 4.12%) was significantly
smaller than that in the control group (60.33% =+ 8.81%) after
14 days (Fig. 7C). Tissues from the wound sites in each group
were collected at day 14, and further analyzed by hematoxylin-
eosin (H&E) staining. As shown in Fig. 7D, histological examin-
ation indicated that the wounds in the C-MASiF group exhibi-
ted a connective epithelium layer with high regularity and
more blood vessels and hair follicles compared to the control
group, contributing function to the healed skin.>® Conversely,
there was more inflammatory cell infiltration in the control
group. In the later stage of wound healing, M2 polarization of
macrophages can significantly facilitate tissue regeneration.’”
Therefore, the infiltration and polarization of macrophages in
the wound sites was analyzed by immunofluorescence staining
the tissue for iNOS as a marker of M1 immunostimulatory phe-
notype and CD206 as a marker of M2 immunosuppressive phe-
notype at day 14. As shown in Fig. 7E, corroborating with histo-
logical examination, a significantly larger amount of M1 pro-
inflammatory macrophages was found in the wound sites in
the control group due to the bacterial infection. However, sig-
nificantly reduced pro-inflammatory macrophage infiltration
and a higher proportion of M2 macrophages to
M1 macrophages were found in the C-MASIF group due to the
photodynamic antibacterial and inflammatory regulatory
effects of the C-MASIF film.>”°® More importantly, the
M2 macrophages mainly recruited surrounding blood vessels

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 C-MASIF films on promoting infected burnt wound healing. (A)
Schematic illustration of in vivo experiments. (B) Representative photo-
graphs of wound sites during 14 days post treatment. (C) Quantitative
analysis of the wound area, n = 5. (D) H&E staining of regenerated tissue
on day 14 (white dashed line: the junction between the wound and
normal tissue; red arrow: aggregation of inflammatory cells; yellow pen-
tagram: blood vessel/hair follicle), scale bar: 200 pm. (E) Macrophage
distribution in wound tissue visualized by immunofluorescence staining
(nucleus (blue), INOS (M1, red), and CD206 (M2, green)), scale bar:
100 pm. (F) Ratio of M2/M1 macrophages, n = 3. Values represent means
+ S.D.

and hair follicles in the regenerated skin tissue in the C-MASiF
group, which could promote the proliferation and differen-
tiation of vascular endothelial cells by secreting vascular endo-
thelial growth factors to stimulate blood vessels and hair fol-
licle regeneration (Fig. 7F),>>°® which was consistent with the
results of H&E staining. These results revealed that C-MASiF
could positively promote S. aureus-infected burn wound recov-
ery by its effective photodynamic antibacterial property and
inflammatory regulatory capacity.

Experimental
Fabrication of C-MASiF

C-MASIF was successfully fabricated according to the pre-
viously reported method.>® Brieflyy, 5 mL Ce6 (Frontier
Scientific, USA) solution (0.1%, w/v) containing 30 mg 1-(3-(di-
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methylamino)  propyl)-3-ethylcarbodiimide  hydrochloride
(EDC) (TCI, China) and 30 mg N-hydroxysuccinimide (NHS)
(Sigma-Aldrich, USA) was introduced into 50 mL methacrylated
silk fibroin solution (1%, w/v). The mixture was stirred over-
night at 4 °C in the dark, subsequently dialyzed at 4 °C for 2
days, and then lyophilized. The freeze-dried powder was dis-
solved in deionized water to prepare a 15% (w/v) solution of
Ce6-conjugated methacrylated silk fibroin, then 400 pL solu-
tion was added dropwise onto a square glass slide (22 mm x
22 mm), and air dried at 4 °C to form a C-MASiF film. Then,
C-MASIF was treated with anhydrous ethanol to obtain the
p-folding of silk fibroin (Yonghua Chemical Technology Co.,
Ltd, China). The morphology of the C-MASiF film was
observed by ZEISS-AX10 (Carl Zeiss AG, Germany).

Atomic force microscopy (AFM)

The morphology and roughness of the C-MASIF film were
further investigated using atomic force microscopy
(FM-Nanoview 6800, Flyman Precision Instrument Co., Ltd,
China). The C-MASiF film was fixed on the platform and
scanned using tap mode. The area of the test was 1.0 x 1.0 pm
and the amplitude of the vibration source was 0.1 V.

Content of immobilized Ce6 on the silk fibroin film

To evaluate the content of immobilized Ce6 on the silk fibroin
film, the absorbance of 0.5%o0 solution of Ce6-conjugated
methacrylated silk fibroin in hexafluoroisopropanol and
0.005%0 Ce6 hexafluoroisopropanol solution (as a standard
sample) was recorded at 640 nm respectively to calculate the
content of immobilized Ce6 on the silk fibroin film by UV-vis
spectroscopy (UV-2450, Shimadzu, Japan).

Mechanical test

Tensile-strength measurements were performed using an elec-
tronic universal testing machine (UTM, TFW-58, China).
Samples with 17 mm width and 0.1 mm thickness were tested

at a displacement rate of 2 mm min~" at room temperature.

Red blood cells adhesion assay

RBCs were extracted from citrated whole blood obtained from
New Zealand rabbits by centrifugation (400g, 10 min). 100 pL
of red blood cell suspension was incubated with glass sides,
C-MASIF films and chitosan films for 1 h at 37 °C. Then, the
glass sides and films were washed with PBS for three times.
Adherent red blood cells on samples were characterized by
scanning electron microscope (S-3400N II, Hitachi, Japan).
Then, 4 mL of deionized water was added and incubated at
37 °C for 1 h to destroy the adhered RBCs and release hemo-
globin. The 100 pL supernatant was transferred to a 96-well
microplate, and then its OD value at 540 nm was measured by

an EIX-800 microelisa reader.
Adhered RBCs (%) = ODsample/ODcontrol X 100%

ODgample; the OD540 nm value treated with samples; ODcontrol,
the OD540 nm value without treatment.
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Platelet adhesion assay

Platelet-rich plasma (PRP) was extracted from citrated whole
blood obtained from New Zealand rabbits by centrifugation
(400g, 10 min). 100 pL of PRP was incubated with glass sides,
C-MASIF films and chitosan films for 1 h at 37 °C. Then, the
glass sides and films were washed with PBS for three times.
Adherent platelets were characterized by scanning electron
microscope (S-3400N II, Hitachi, Japan). Lactate dehydrogen-
ase was further extracted from adherent platelets on the
samples using 1% Triton X-100 solution, and then determined
by LDH kit (Shanghai Biyuntian Biotechnology Co., Ltd,
China) according to instructions.

Adhered platelets (%) = ODgample/ODcontrol X 100%

ODgample, the OD490 nm value treated with samples; ODonrol,
the OD490 nm value without treatment.

Temperature variation by NIR irradiation

The C-MASIF was exposed continuously under a 660 nm laser
for 10 minutes, and the temperature of the C-MASIF film was
recorded using an infrared thermal imager (HIKMICRO,
China).

Cytotoxicity

The cytotoxicity of the hydrogels was assessed by the cell
counting kit-8 (CCK-8) (Beyotime Biotechnology, China). The
mouse fibroblast (L929) cells (Cell Bank of the Chinese
Academy of Sciences, China) were seeded on C-MASJF in the
24-well plate with a density of 30 000 cells per mL per well, and
irradiated under NIR laser (20 mW cm™?) for 4 min, then incu-
bated for 24, 48 and 72 h. 100 uL CCK-8 reagent was added to
each well and incubated for 4 h at 37 °C. Then, the absorbance
of each well was measured at 450 nm by an EIX-800 microelisa
reader. The relative cell viability was calculated as follows:

Cell viability (%) = AbSexperiment/AbScontrol X 100%.

Light-controllable macrophage activation

RAW264.7 cells (1 x 10* cells per well) were seeded in 24-well
plates, and C-MASiF films were then incubated with RAW264.7
cells and followed by NIR irradiation (660 nm, 20 mW cm?)
for 4 min. At 24 h after the first NIR irradiation, C-MASIF films
incubated with RAW264.7 cells were irradiated again with NIR
light (660 nm, 20 mW cm™?) for 4 min and cells were continu-
ously incubated for another 24 h. During the experiment,
RAW264.7 cells were immunofluorescence stained at 0, 12, 24,
36, 48 h with the anti-INOS rabbit monoclonal antibody
(1:400, 18985-1-AP, Proteintech, USA), anti-CD206 mouse
monoclonal antibody (1:400, 60143-1-Ig, Proteintech, USA),
goat anti-mouse Alexa Fluor 488-conjugated preadsorbed anti-
body (1:400, ab150113, Abcam, USA), goat anti-rabbit Alexa
Fluor Cy3-conjugated preadsorbed antibody (1:400, ab97075,
Abcam, USA) and Hoechst 33342 (1:20, Thermo Fisher
Scientific, USA), and then imaged using a fluorescence micro-
scope (DM2500, Leica, Germany).
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Photodynamic killing of S. aureus in vitro

100 pL of S. aureus (~10° CFU mL™") obtained from China
Microbial Culture Collection were inoculated on the surface of
the blank plate or C-MASIF, incubated at 37 °C for 20 min, and
then subsequently irradiated with or without a NIR laser
(660 nm, 20 mW cm™?) for 10 min, respectively. Then, PBS was
used to resuspend the S. aureus, and the S. aureus solution was
then stained with Calcein-AM and PI (CA1630-500T, solarbio,
China) for 20 min in the dark. The stained bacterial suspen-
sion was spread onto a 18 mm square glass slide and imaged
using a fluorescence microscope (Axioscope 5, Zeiss,
Germany).

Photodynamic killing of S. aureus in vivo

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Nantong
University, and approved by the Animal Ethics Committee of
Nantong University.

The Staphylococcus aureus infection model was established
by cutting the round wound (10 mm diameter) on the back of
6-week-old male ICR mice, and 50 pL clinically isolated
S. aureus suspension (1 x 10’ CFU mL™") was applied to the
wound sites. These mice were then randomly divided into two
groups. C-MASIF and saline (control group) were used to treat
the infected wounds respectively, which then underwent NIR
treatment (660 nm, 20 mW c¢m ) for 10 min. The mice were
subsequently housed in cages individually for 3 days. Tissue at
the wound sites of the mice was collected, and microorgan-
isms were extracted from the tissue using sterile PBS.
Microorganism colonies on solid LB agar plates were counted
after incubating the diluted microorganism suspension at
37 °C for 24 h. The results were expressed as the bacterial kill
rate:

kill% = (CO — C)/CO X 100%

where C is the CFU of the experimental group, and C, is the
CFU of the control group.

In vivo degradation and histologic analysis of C-MASiF

C-MASIF samples were weighed and implanted under the
dorsal skin of SD rats. Then, at days 4, 7, 14, and 28, the rats
were sacrificed and the samples were collected for further his-
tologic analysis. The results of the degradation rate were deter-
mined as follows:

Degradation rate = (Wy — W¢)/Wy X 100%

where W, is the weight of C-MASIF after implantation, and W,
is the initial weight.

Immunofluorescence staining of the tissue around the
sample implantation site at day 14 was performed to evaluate
the expression of iNOS (1:400, 18985-1-AP, Proteintech,
USA) and CD206 (1:400, 60143-1-Ig, Proteintech, USA). The
stained tissue was then imaged using a fluorescence micro-
scope (DM2500, Leica, Germany) with normal tissue as the
control.
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At day 28, the rats were perfused with a 4% paraformalde-
hyde solution, and heart, liver, spleen, lung, and kidney were
collected. Tissue was frozen-sectioned for hematoxylin and
eosin (H&E) staining. Healthy SD rats were used as the control.

Hemostatic test in vivo

After shaving and disinfecting the abdomen of anesthetized
SD rats, their abdominal cavities were opened to expose the
livers. The liver was placed on the surface of pre-weighed
gauze and filter paper, and a gap of 2 + 0.5 cm was cut. Then,
the gap was covered using the C-MASiF film with a photo-
initiator (Irgacure 2959). The hemostatic film was allowed to
adhere to the liver upon UV light (365 nm, 50 mW cm™?) for
2 min. The amount of bleeding on filter paper was measured.

After fixing the anesthetized SD rats, their tails were wiped
with alcohol for disinfection. The proximal 1/4 position of the
tail was cut, which was immediately covered using the
C-MAS;HF film with a photo-initiator (Irgacure 2959). The hemo-
static film was allowed to adhere to the liver upon UV light
(365 nm, 50 mW cm™?) for 2 min. The amount of bleeding on
the filter paper was measured.

Infected burn wound repair

The back hair of the anesthetized mice was shaved. Then, an
iron nail with a diameter of 10 mm was heated in boiling
water and transferred immediately to the back of the mouse,
and contact was maintained for 30 s. After cooling for 10 min,
50 uL of S. aureus (1 x 10’ CFU mL™") was injected subcu-
taneously at the scald site. Burn wounds were covered with
C-MASIF films or washed with saline, respectively, followed by
NIR (660 nm, 20 mW cm™2) treatment for 10 min. After
surgery, each mouse was raised in a single cage to ensure free
feeding. Photographs of the wounds were taken on days 0, 1, 4,
7, and 14, and the wound area was measured using Image ]
software. At day 14 post-treatment, wound tissues were col-
lected. Subsequently, frozen sections were obtained and
stained with H&E or immunofluorescence (iNOS (1:400,
18985-1-AP, Proteintech, USA) and CD206 (1:400, 60143-1-Ig,
Proteintech, USA)). Images were examined using a fluorescence
microscope (DM2500, Leica, Germany).

Data analysis

All experimental results were analyzed using Graphpad Prism
8.0 and Image J software. Results are expressed as the mean +
standard deviation (SD), and differences between the two
groups were analyzed by a two-tailed, unpaired Student’s ¢ test.
The p < 0.05 was considered significant (*p < 0.05, **p < 0.01,
and ***p < 0.001).

Conclusions

In summary, a multifunctional silk fibroin-based hemostatic
wound dressing with photo-antibacterial properties was devel-
oped for non-compressible hemostasis and the promotion of
bacteria-infected wound healing. The C-MASIF film had a
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surface roughness of 46.83 + 14.44 nm, the tensile strength of
the C-MASIF was 1221 + 312.7 kPa, and the Young’s modulus
was 105.4 + 32.62 kPa. This antibacterial hemostatic film had
excellent procoagulant properties and in vivo biocompatibility
to achieve rapid hemostasis on non-compressible liver and tail
bleeding in rats. The blood loss of the rats was significantly
less after the C-MASIF films were applied, which were 1223.33
+ 347.9 mg (liver trauma) and 363.33 + 60.28 mg (tail trim-
ming). Importantly, the film controllably regulated macro-
phage activation through repeated NIR irradiation to modulate
the immune microenvironment to enhance photodynamic
antibacterial therapy for accelerating the repair of S. aureus
infected burn wounds. The number of residual bacteria in the
wound sites of mice in the C-MAS;JF films group (0.05 + 0.0047
x 10° CFU mL™") was significantly less than that in the control
group (3.18 + 0.75 x 10° CFU mL™"), and the wound area in the
C-MASIF group (78.03% + 4.12%) was significantly smaller
than that in the control group (60.33% =+ 8.81%) after 14 days.
Therefore, we believe that this silk fibroin-based hemostatic
film has great potential for applications in hemostasis, anti-
infection and tissue repair.

There are some limitations in this study. The use of UV and
UV initiators to achieve tissue adhesion is not desirable in
clinic use. Thus, in future studies, to minimize the toxicity of
UV light, up-conversion nanoparticles can be combined with
current thin films to achieve effective tissue adhesion with
visible or NIR light.®! In terms of eliminating UV initiators,
novel photosensitive functional groups, such as o-nitro-
benzene, can also be introduced into silk fibroin chains to
achieve effective tissue adhesion under blue light without any
photoinitiator.®
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