¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry B

View Article Online

View Journal | View Issue

Highly stretchable porous regenerated silk fibroin

".) Check for updates‘
film for enhanced wound healingTf

Cite this: J. Mater. Chem. B, 2023,

11,1486 Fengchao Sun,?® Dongdong Xiao,“® Hui Su,?® Zhiliang Chen,?° Bijia Wang,°

Xueling Feng, 22° Zhiping Mao (2°° and Xiaofeng Sui (2 **°

Silk fibroin (SF) has received interest in tissue engineering owing to its biocompatibility, biodegradability,
and favorable mechanical properties. However, the complex preparation, brittleness, and lack of pores in
the structure of the silk fibroin film limit its application. Herein, we show that facile dissolution of SF in
aqueous phosphoric acid followed by regeneration in aqueous ammonium sulfate ((NH4),SO,4) could
afford highly stretchable films with nano-pores formed in the nonsolvent-induced phase separation
process. The named phase separation, which determines the morphology and mechanical properties of
the regeneration silk fibroin (RSF) films, is highly dependent on the (NH4),SO,4 concentration as well as

Received 5th September 2022, the initial concentration of the SF solution. Therefore, the RSF films exhibit a tunable pore size ranging

Accepted 5th January 2023 from 230 to 510 nm and excellent stretchability with tensile strain up to 143 + 16%. Most interestingly,
the RSF films were shown to support the proliferation of human skin fibroblasts in vitro as well as speed

up full-thickness skin wound healing in a rat model. This work establishes an easy and feasible method
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Introduction

The skin is the biggest organ in the human body, covering the
whole body’s surface and performing a variety of physiological
tasks." However, the vulnerability of skin to harm such as
through burns, mechanical injuries, illness, or surgery can
threaten skin health. Wound healing is a multi-stage process
that includes hemostasis, inflammation, proliferation, and
extracellular matrix remodeling.> To speed up the healing
process, it is critical to provide a favorable external environ-
ment by covering the wound with an appropriate dressing
material. The optimal wound dressing should be biocompati-
ble, dust bacteria resistant, breathable yet able to maintain an
appropriate moist environment, and preferably biodegradable.?
Many biomaterials,* such as cellulose, sodium alginate, chitosan,
and silk fibroin (SF), have been exploited as wound dressings.
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to access porous RSF membranes that can be used for wound dressing in clinical settings.

SF is a structural protein obtained from degumming of
silkworm cocoons. Due to its excellent mechanical properties,
good biocompatibility, and programmable degradation,>® SF is
widely used in medical applications,” in the form of sutures,
corneas, dressings, bone nails, blood vessels, and even wear-
able healthcare systems.®°

The features of SF that make it ideal for skin wound healing
are as follows: inducing a low inflammatory response;'®'!
accelerating re-epithelialization and angiogenesis;'>"* promot-
ing cell migration and proliferation through activating NF-kB,
MEK and JNK signaling pathways;'*'> and accelerating blood
coagulation by promoting platelet adhesion and aggregation.®

Typically, SF needs to be disassembled in specific dissolu-
tion systems and then reconstructed into various forms to
satisfy various application requirements.'” Lithium bromide/
water and calcium chloride/ethanol/water are the most exten-
sively used systems for solubilizing SF.'® Both require long-
term dialysis, desalting to create an aqueous solution of SF and
additional induction of water insolubility of the film.'**°
Because the present preparation methods are time-consuming,
a faster method of preparing regeneration silk fibroin (RSF) films
is desirable.

Although various SF-based wound dressings having been
developed for promoting skin regeneration, few works had
systematically investigated the effect of pore structures in RSF
films for this purpose. A given pore size in a dressing not
only offers permeability but also promotes cell migration and
adhesion.*" Existing strategies to introduce pores in the RSF

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic illustration of the preparation processes for the porous RSF films and corresponding crystal structure changes.

films include direct addition of porogenic agents such as PEO??
and PEG>® or inducing the formation of nanoparticles by auto-
claving treatment.”® These procedures are complicated, and
leftover porogenic agents may negatively affect the mechanical
properties and biocompatibility of the final film. As a result,
producing porous RSF films in a quick and straightforward
manner remains a challenge.

Herein, to address the challenges in the preparation of
RSF films, we established a rapid method for the direct and
controllable construction of porous RSF films enabled by
nonsolvent-induced phase separation to meet the requirements
of ideal wound dressings (Fig. 1). Phosphoric acid (H;PO,)
has previously been used to dissolve SF, but further studies
have been hindered by the fact that H;PO, can cause SF

2327 Our recent study revealed that lowering of

degradation.
dissolution temperature could effectively prevent severe acid-
catalyzed hydrolysis by H;PO,.”® Therefore, SF was dissolved in
85 wt% aqueous H;PO, at —18 °C in the current work followed
by regeneration in 20% (w/v) ammonium sulfate solution. The
morphology and mechanical properties of RSF films prepared
were tuned by controlling the regeneration process. The cell
proliferation and in vivo wound healing effects of these RSF
films as wound dressings were comprehensively evaluated. We
believe that the named approach might be useful for producing
high-performance silk-based films for wound-healing and other

clinical applications in general.

Materials and methods

Materials

Silk fibers were purchased from Zhitai Silk Co., Ltd (Jiangxi,
China) as raw materials. Phosphoric acid (H;PO, 85 wt%, PA)

This journal is © The Royal Society of Chemistry 2023

and ammonium sulfate ((NH4),SO,) were purchased from
Shanghai Titan Scientific Co., Ltd (Shanghai, China). Sodium
carbonate (Na,COs) and lithium bromide (LiBr) were purchased
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
All reagents were of analytical grade and used as received.
For sample preparation, deionized water was used.

Preparation of silk fibroin solution

Silk fibers were boiled for 30 minutes at 100 °C in 0.02 M
Na,CO; to remove sericin, rinsed completely with deionized
water, and dried in an oven for 8 hours at 60 °C. The
degummed silk fibers were then cut, and the 85 wt% phospho-
ric acid solution was pre-set at —18 °C. The fibers were stirred
thoroughly into the phosphoric acid solution. The mixture was
then placed at —18 °C for 1 h, with stirring every 15 min for
2 min. Optical microscopy was used to observe the dissolution
process until the fibers disappeared completely. The obtained
silk fibroin solution was de-bubbled by centrifugation at
12 000 rpm for 10 min at 18 °C for subsequent use.

Fabrication of silk fibroin films

The silk fibroin solution was scraped on a glass plate at room
temperature using a 1 mm-thick film scraper and subsequently
submerged in a coagulation bath of (NH,),SO, solution at
different concentrations at 15 °C for 50 min. The concentration
of (NH,),SO, was varied from 15% (w/v) to 30% (w/v). The RSF
films were completely washed with deionized water until neutral.
The concentration of the silk fibroin solution was 10 wt%, unless
otherwise mentioned.

Preparation of lyophilized silk fibroin

To obtain lyophilized silk fibroin, the silk fibroin solution was
dialyzed in distilled water for three days to remove phosphoric
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acid, then frozen at —80 °C for three hours and dried in a
freeze-drier (Labconco FD5-3, USA) for 48 hours.

Rheological behavior of silk fibroin solutions

A HAAKE MARS 60 rheometer (Thermo, USA) with a conical
plate (35 mm, 1°) was used to test the rheological properties of
the 10% silk fibroin solution.

The oscillation frequency sweep test was performed at 25 °C
to obtain the storage modulus (G’) and loss modulus (G”) in the
angular velocity range of 1 to 600 rad s~ *. To ensure the test was
performed in the linear viscoelastic region of the solution,
a strain value of 3% and a frequency of 1 Hz were selected.

In order to characterize the gelation rate of the silk fibroin
solution in different concentrations of (NH,4),SO, (from 15% (w/v)
to 30% (w/v)), the oscillation time sweep mode was selected with
the strain and frequency set as 3% and 1 Hz, respectively. At 25 °C,
2 mL of varying concentrations of (NH,),SO, solution were added
when the test was carried out for 60 s.

Intrinsic viscosity

The RSF films prepared from 25 °C and —18 °C phosphoric acid
solutions were completely dissolved in a 9.8 M lithium bromide
solution under 60 °C. The solutions were cooled and filtered
into a capillary viscometer. The efflux times of diluted solutions
of different concentrations were tested after the temperature
stabilized at 25 °C. Each group was tested three times. The
intrinsic viscosity of the silk fibroin solution was calculated and
extrapolated according to the research.”

Fourier transform infrared spectroscopy (FTIR)

FT-IR spectra of the RSF films were obtained from an FTIR
Spectrophotometer (Spectrum Two, PERKI-NELMER, USA) over
a wavelength range of 500-4000 cm™'. For each measure,
32 scans were recorded with a resolution of 4.0 em™". The
secondary structures of the RSF films were evaluated by Fourier
self-deconvolution of the amide I region (1580-1730) using
peakfit 4.12. The following peaks were assigned to different
secondary structures: 1620 cm™ " (B-sheet), 1650 cm ™" (random

coil/helix) and 1700 em ™" (B-turn).

X-Ray diffraction (XRD) measurement

XRD patterns were collected from a DX-2700BH multifunctional
X-ray diffractometer (Haoyuan, China), with Cu Ko radiation (4 =
1.5419 A), operated at 40 kV and 40 mA with a step size of 0.03°.
The profile of the RSF film was recorded at 2° min™~" in the 20 scan
angle range of 5°-50°.

Morphology observation by SEM

SEM of the RSF film was conducted on a scanning electron
microscope (TM-3030, Hitachi, Japan) with the voltage setup at
15 kV. The sample needs to be fixed on the conductive adhesive
and sprayed with gold before SEM observation.

Image]J analysis

The pore size distribution and thickness of RSF films were
calculated using Image]J software based on the SEM surface and
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cross-sectional images, respectively. The percentage of the sur-
face area covered by pores, which is defined as the surface
porosity in this study, was also calculated using Image]J.

Mechanical measurement

The mechanical properties of RSF films in a wet state
were tested using a UH6502 Universal Testing Machine (UH
Measurement & Control, China). All samples were cut to
5 mm wide by 50 mm long and then stretched at a rate of
10 mm min " at 25 °C and 50% relative humidity.

Water content measurement

The water content of the RSF film was calculated using the
following equation:

WHZO =100% x (Ww — Wd)/Ww

Here, W,, is the mass of the sample in the wet state, and Wy is
the mass after drying to a constant weight at 60 °C.

Air permeability

The air permeability of the RSF films was measured under a
differential pressure of 200 Pa using a capillary flow porometer
(POROLUX 100FM, Belgium).

Thermal analysis

The thermal degradation of silk fibroin materials was deter-
mined by a thermogravimetric analyzer (TG-209, NETZSCH)
at 30-900 °C in a nitrogen atmosphere with a heating rate of

10 °C min ™.

In vitro degradation experiment

The mass retention of the RSF film in PBS buffer (pH 7.4) and
protease XIV solutions was used to evaluate degradation
performance. Proteinase XIV was dissolved in PBS buffer to
achieve a concentration of 1 U mL™". The RSF10 was weighed
and placed in 10 mL centrifuge tubes containing PBS or enzyme
solution, respectively, with a sample-to-solution mass ratio of
1:100. The samples were incubated for 12, 24, 48, and 72 hours
at 37 °C. They were removed at each time point, rinsed three
times with deionized water, and finally oven dried at 60 °C for
4 h to achieve constant weight. The masses before (M,) and
after (M) incubation were recorded, and the residual mass (%)
was obtained by dividing M, by M,. Each group contained three
replicated samples.

Cell culture and viability assay

The biocompatibility of RSF films was assessed using the Cell
Counting Kit-8 (CCK-8) (Do-jindo Molecular Technologies, Inc.,
Kumamoto, Japan). Human skin fibroblasts (Shanghai Cell
Library of the Chinese Academy of Science, Shanghai, China)
were cultured in serum-free Dulbecco’s Modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum.
Cells were incubated in a humidified incubator at 37 °C with
5% CO,, and the medium was changed every 3 days. RSF films
were sterilized with 75% ethanol for 30 min, then rinsed three
times with PBS solution, cut, and placed in 96-well tissue

This journal is © The Royal Society of Chemistry 2023
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culture plates (BD Falcon, Corning Inc., NY, USA). Subsequently,
cells were inoculated onto the RSF films at a density of 1 x 10> per
well. On days 1, 3, and 5, 500 UL of medium containing 50 pL of
CCK-8 solution was added to each well. After 2 h of incubation at
37 °C in 5% humidified CO,, the cell proliferation effect was
measured using CCK-8. The absorbance at 450 nm was then
measured using a microplate reader (Varioskan, Thermo Fisher
Scientific Inc., MA, USA). On day 5, the Live and Dead Cell Assay
was used to evaluate the viability of human skin fibroblasts and
assess cell morphology under microscopy.

Wound healing assay

The Institutional Animal Care and Use Committee of Shanghai
Ninth People’s Hospital approved the study protocol (License
number: HKDL [2016] 149). The wound healing-promoting
properties of RSF films were investigated using a rat model of
a full-thickness skin defect. Six-week-old male Sprague-Dawley
rats (150-200 g) were used for the experiments. The rats were
anesthetized by inhalation of isoflurane, and two circular
defects with a diameter of 10 mm were created on their dorsum
using a tissue punch and surgical scissors. Circular defects
were covered by conventional wet gauze (control group) and
RSF10. The RSF films were sterilized with ethanol and covered
on the wound surface with an outer layer of gauze, finally fixed
with adhesive 3 M. The control group was treated with gauze
and adhesive. After the experiments, the SD rats were eutha-
nised by inhalation of CO,. Wound regeneration was assessed
by monitoring the wound on day 7 and day 21. Hematoxylin-
eosin (HE) staining and Masson’s trichrome (MT) staining were
performed on the wound surface on day 21, and epidermal
regeneration was assessed by histological analysis.

Statistical analysis

At least three independent measurements were collected and
expressed as a mean =+ standard deviation for all experiments.

View Article Online

Journal of Materials Chemistry B

Statistical comparisons were performed using ANOVA, and
*p < 0.05 was recognized as statistically significant.

Results and discussion
Morphology of the RSF films

The relative average molecular weight can be characterized by
intrinsic viscosity. The intrinsic viscosity of SF solutions in aq.
LiBr was used as an indirect indicator of the size (molecular
weight) of the RSF samples. As shown in Fig. S1 (ESIY), the RSF
prepared from the cold (—18 °C) aq. PA solution had signifi-
cantly higher intrinsic viscosity (0.434 dL g ') than the RSF
prepared from the room temperature solution (0.373 dL g ).
These results suggest that degradation of SF in aq. PA was
notably suppressed at —18 °C.>° So the dissolution temperature
was chosen at —18 °C. Aqueous (NH,),SO, solution is com-
monly utilized in the fabrication of RSF materials because of its
salting-out effect.*™* SF molecules self-assemble by rearran-
ging hydrophobic and hydrophilic regions to minimize the free
energy of the system and thus adopting a more ordered
conformation.>® In the nonsolvent-induced phase separation
method, the constitution of the coagulation bath and the initial
polymer concentration, both play a part in determining the
surface and sub-surface morphology of the RSF films. The
influence of coagulation bath concentrations was examined
by scanning electron microscopy (Fig. 2). Phase separation
occurs in the casting solution during the preparation process,
generating a polymer-poor phase and a polymer-rich phase,
which are then convert inverted to pores and the membrane
matrix, respectively.>>” As shown in Fig. 2, at a low (NH,),SO,
concentration of 15% (w/v), the cross-section of the RSF film
exhibits a tight porous structure while the film obtained from
the 30% (w/v) (NH,4),SO, bath exhibits finger-like macropores.
The change in pore size at the surface and in the cross-section

Fig. 2 SEM images of the cross sections (a—h) and surface (i—1) of RSF films prepared from 15% (w/v) (NH4)>,SO4 solution (a, e and i), from 30% (w/v)
(NH4)2SO4 solution (b, f and j), and from 6 wt% SF concentrations (c, g and k) and 10 wt% SF concentrations (d, h and ) (20% (w/v) (NH4),SO4,.

This journal is © The Royal Society of Chemistry 2023
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with varying (NH,4),SO, concentration follows opposite trends
(Fig. S2, ESIY).

The outward diffusion of H;PO, and the inward diffusion of
water and (NH,),SO, (anti-solvent) during coagulation resulted
in a phase separation process started from the interface. Higher
(NH,4),SO, concentration would lead to faster diffusion of the
antisolvent, the former would speed up the coagulation of SF at the
interface, resulting in a dense surface with less pores. The surface
layer formed would in turn slow down the diffusive exchange of
solvent and anti-solvent in the sublayer,*®*° therefore resulting in
a different coagulant concentration gradient along the cross
section.”” The steeper coagulant concentration gradient would
result in transient liquid-liquid partitioning and the formation
of asymmetric films with a relatively thin and dense top layer and
finger-like macropores in between. Transient liquid-liquid parti-
tioning gives rise to polymer-poor nuclei that would absorb the
surrounding solvent and eventually develop into macropores.*®
On the other hand, a coagulation bath of lower concentration
afforded films with a sponge-like middle layer sandwiched by thick
skin layers resulting from delayed liquid-liquid partitioning.

Furthermore, the influence of varying the SF concentration
of the casting solution was investigated. The concentration of
the coagulation bath was set to be 20% (w/v) and the regenera-
tion was done at 15 °C. The cross sections of RSF films all
contain macropores (Fig. 2 and Fig. S3a, ESIt). As the SF casting
solution became more concentrated, the surface porosity of the
RSF film significantly decreased from 26.2% to 2.4%, the
average pore size also decreased from 0.51 + 0.19 pum to
0.23 & 0.09 um (Fig. S3d, ESIt). In addition, the thickness of
the RSF film gradually increased from 182 (RSF8) to 367 pm
(RSF14) (Table S1, ESIT). Higher polymer concentration would
yield a higher polymer-rich phase volume, resulting in decreased
surface porosity.”> When the concentration of SF solution
increased, the SF quickly aggregated on the surface, reducing the
pore size of the RSF films.** The porosity had a positive correlation
to the water content of the film. For instance, RSF6 had an 86.63%
water content (Table S1, ESIt). As the SF concentration increased,
the water content in the RSF films decreased, and the film
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structure became more compact with lower porosity. As shown
in Fig. S4 (ESIt), the air permeability of the RSF films increased
from 48.8 to 61.2 mm s !, demonstrating that the porous
RSF films have an outstanding air permeability performance.
Therefore, different regeneration bath concentrations can be used
to prepare RSF films with varying microstructure architectures.
Moreover, the thickness, surface porosity, and pore size distribu-
tion can be changed further by modifying the SF concentration.

Mechanical properties of RSF films

(NH,),SO, concentration and SF concentration greatly affected
the mechanical properties of the RSF films. The effect of the
coagulation process on the RSF films was investigated (Fig. 3a).
Due to the dominance of the loss modulus (G’ < G”), the
resultant SF solution has a liquid-like behavior, which enables
easy and rapid membrane scraping (Fig. S5a, ESIt). With the
increase of (NH,4),SO, concentration in the coagulating bath,
the tensile strength (o,) and elongation at break (g,) of RSF
films first increased from 0.30 + 0.02 MPa and 88 + 12% (15%
(w/v)) to 0.39 £+ 0.02 MPa and 143 + 16% (20% (w/v)), then
gradually decreased to 0.36 £+ 0.03 MPa and 100 £+ 11% (30%
(w/v)), respectively (Fig. S6a, ESIt). The oscillatory time-sweep
mode was used to describe the solution-gel transition®* beha-
vior of the SF induced by the (NH,),SO, solution (Fig. S5b,
ESIt). Briefly, 2 mL of (NH,4),SO, solution of predetermined
concentration (15-30% (w/v)) was gently added to the rheo-
meter plate at approximately 60 s after the start of the test, and
then the gelation point (G’ = G") was observed.

The rate of gelation gradually increased with the increasing
concentration of the regeneration bath, and gelation was
accomplished in less than 5 minutes at 30% (w/v) (NH,4),SO,.
A higher gelation rate leads to reduced strain for causing more
defects within the RSF films,** whereas slower gelation at lower
coagulant concentrations would result in the formation of a
more compact structure and inevitably lead to more severe
hydrolysis due to prolonged exposure of SF to acidic conditions,
which also worsen the mechanical properties of the film.
As shown in the SEM, as the concentration of the regeneration
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Fig. 3 Typical stress—strain curves of wet RSF films prepared at (a) different (NH4),SO,4 concentrations ranging from 15% (w/v) to 30% (w/v) and
(b) different SF concentrations ranging from 6 wt% to 14 wt% (20% (w/v) (NH,4),SO4 solution).
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bath grows, so does the number of finger-like holes in the film.
The pores provide the film with a significant deformation capacity,
but they also create stress concentration and lower its strength.
As a result, the strain of RSF films will exhibit a tendency for an
initial rise and subsequent decline as the concentration of the
coagulating bath increases. A 20% (w/v) (NH,4),SO, solution was
chosen as the coagulating bath for further investigations.

The effect of the SF concentration on the mechanical proper-
ties of RSF films was also investigated (Fig. 3b). As the concen-
tration of the SF solution increased from 6 wt% to 10 wt%, the
tensile strength (0p,) and elongation at break (e,) gradually
increased from 0.22 4+ 0.01 MPa to 0.39 £+ 0.02 MPa and
111 £ 13% to 143 £ 16%, respectively. This is due to the fact
that at higher SF concentrations, SF chains tend to aggregate,
interact and entangle with each other more readily, leading to
improved mechanical properties of the RSF films. However,
further increase of SF concentrations led to a decrease in the
elongation at break due to the presence of more macropores.

The extraordinarily high elongation of RSF may be attribu-
ted to the fact that water molecules plasticize the protein
structure, weakening intermolecular interactions and making
it more conducive to intermolecular chain slippage, and the
porous structure of the film can undergo greater strain when
being stretched. Furthermore, the lower B-sheet content also
improves the elongation properties of RSF films. The maximum
tensile strength of the RSF was 0.39 MPa with 143% strain. It is
worth noting that the tensile elongation of our film is much
higher than films made from FA/CaCl, (70%),*® LiBr/H,O
(50%),*® and CaCl,/EtOH/H,0 solution (49.4%).*”

Secondary structure change of silk fibroin

Fourier transform-infrared (FT-IR) spectroscopy and X-ray dif-
fraction (XRD) were employed to investigate the change in SF’s
secondary structure during the dissolution-regeneration process.

(a) (b)
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The amide I band, which reflects the secondary structure proper-
ties of the SF peptide chain*® is observed at 1600-1700 cm ™.
Typically, degummed silk fiber shows a characteristic f-sheet peak
at 1620 cm ™ while Iyophilized SF exhibits a peak at 1645 cm™*
corresponding to random coils. As shown in Fig. 4a, the RSF films
prepared herein display both peaks at 1620 and 1650 ¢cm™ ',
suggesting that f-sheets and random coils co-exist in RSF. Subse-
quently, the IR curves within the amide I region were deconvoluted
for quantitative analysis of the B-sheet and random coil contents
(Fig. 4b). The degummed silk fiber, lyophilized SF, and RSF films
were found to contain 50%, 16% and 23% of B-sheets, and 47%,
80%, and 73% of random coils, respectively (Fig. 4c), suggesting
most of the B-sheets in natural SF were lost during solubilization
and only part of them were recovered during regeneration.

Similarly, it can be seen from XRD profiles that degummed
silk fiber exhibits a strong characteristic B-sheets diffraction
peak®® at about 20.5°% lyophilized SF shows the typical silk I
diffraction peak at approximately 24.5° and the RSF films
display a weak B-sheet diffraction peak (Fig. 4d), revealing
similar trend as the FT-IR results.

The thermal properties of RSF films in comparison to
degummed silk and lyophilized SF were evaluated using a thermo-
gravimetric analyzer (Fig. S7, ESIt). The lyophilized SF was found
to have the largest bound water content (9.8%), whereas the
degummed silk fiber has the lowest (3.8%). RSF films started to
degrade at around 270 °C, which was 30 °C lower than that of the
degummed silk. This was likely due to the partial loss of -sheets,
which contributes to weakened thermal stability®® in RSF films.
Nevertheless, the RSF films are still sufficiently stable to heat for
applications for biomedical applications.

Degradability and cytocompatibility

The RSF10 prepared using the non-solvent induced phase separa-
tion method has both sponge-like interpenetrating microporous
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Fig. 4 (a) FTIR spectra, (b) FTIR deconvolution, (c) secondary structure quantitative analysis, and (d) XRD profiles of degummed silk fiber, lyophilized silk

fibroin, and RSF films.
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structure and finger-like macropores, as well as the benefits of the
pore structure of both lyophilized sponge and electrospun silk
membrane, with good air permeability and water absorption
properties, which may be helpful to promote wound healing.
The porous substrate can improve cell viability when the average
pore size of polymer film pores is reduced from the micron to the
nanometer level.>® Therefore, RSF10 was selected for the follow-
ing experiments due to its suitable pore size and mechanical
properties.

Degradability is an important property for biomaterials used
in vitro and in vivo. The favorable degradability of SF has been
well demonstrated, it was also shown that the rate of SF
degradation could be efficiently controlled by altering the
content of B-sheets.”>>® Phosphate-buffered saline (PBS) at
neutral pH (pH = 7.4) and protease XIV were used to assess
the in vitro degradation of RSF films. As seen in Fig. 5a, the
degradation rate of RSF film became slower as the exposure
period increased. The films degraded more quickly in the
protease XIV solution than in PBS, as was expected. The
remaining mass of RSF10 was about 83.1% and 57.2% after
72 h in PBS and protease XIV solutions, respectively, demon-
strating appreciable in vivo biodegradability.

One potential application of RSF films is as a wound dres-
sing for preventing infection and encouraging skin tissue
regeneration. To this end, it’s critical to evaluate the RSF’s
biocompatibility for it will be in direct contact with the wound.
Cell Counting Lit-8 (CCK-8) was used to examine the adhesion
and proliferation of human skin fibroblasts on RSF films.
Fig. 5b shows the proliferation of cells on RSF10 at 1, 3, and
5 days. The relative cell proliferation rate increased with
increasing culture time and was comparable without a signifi-
cant difference between RSF10 and tissue culture plate (TCP)
on day 5. Further examination of the cell morphology on the
fifth day revealed that the cells had a healthy spindle-shaped
morphology and most cells were viable (Fig. 5¢). The results
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Fig. 5 (a) Weight change of RSF10 in a PBS buffer (pH 7.4) and in protease
XIV solution over time. (b) CCK-8 assay of cells’ viability on the RSF10 and
TCP for 5 day co-culture. Values are means + SD for each group (n = 6).
(c) Fluorescence microscopy images of cells cultured on the RSF10 for
5 days.
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demonstrated that RSF films are cyto-compatible with human
skin fibroblasts.

In vivo wound healing assessment

A full-thickness skin defect rat model was established to test
the wound-healing properties of RSF films. Digital pictures of
rat wounds after various treatment materials and periods are
shown in Fig. 6a. With increasing treatment time, the wound
area was gradually decreased. Fig. 6b quantifies the percentage
of residual wound area after various treatments. By day 7,
all wound sites were crusted and the wound sizes were signifi-
cantly reduced. In particular, the wound areas of the control
group were statistically significantly larger than those of RSF10,
51.5 + 3.3% and 31.9 + 4.3%, respectively (p < 0.05). The
favorable effect of nanopores on wound healing was also
reported by Liu,>* etc., where they found a greater reduction
in wound area when using nano-porous SF films compared
with non-porous controls. Notably, by day 21, wounds were
almost completely healed, with a large amount of regenerated
epidermis and hair covering the area, with a wound area of
6.8 £ 2.9% in the control group and a wound area of 4.2 + 1.8%
in RSF10. These findings show that the RSF film can clearly
promote wound healing, probably because its porous structure
can fulfill the wound’s oxygen permeability throughout the
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Fig. 6 (a) Gross morphology of the healing progression of the full-
thickness wounds treated with the different materials after 7 and 21 days.
(b) Wound area measurements of the different materials after 7 and 21
days. Values are means + SD for each group (n = 5, *P < 0.05). (c)
Hematoxylin-eosin and (d) Masson’s trichrome staining images of the
wound sections.
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healing process as well as the microenvironmental require-
ments for appropriate cell proliferation.>*>*

The wound healing effect of the RSF films at d21 was further
evaluated using the hematoxylin-eosin (HE) stained histological
images shown in Fig. 6¢c. Compared with the control group,
which still had thick scabs in the defect region and a large
number of inflammatory cells, the wounds treated with RSF
films demonstrated greater epidermal remodeling and notice-
ably more neovascularization. Masson’s trichrome (MT) stain-
ing was used to examine collagen deposition in the regenerated
dermis (Fig. 6d). Compared to the control group, the RSF film
group had a darker blue color with a tighter connection
between the epidermis and the dermis, indicating better col-
lagen growth and partial restoration of normal structure and
function, further demonstrating its superior wound healing
capabilities.

Conclusions

In summary, we have developed a facile method to prepare RSF
films with tunable pore size, excellent stretchability, and out-
standing biocompatibility by using aqueous phosphoric acid
(85 wt%) as the dissolving solvent and aqueous ammonium
sulfate (20% (w/v)) as the coagulating bath. The process is
straightforward, efficient and environmentally friendly, and it
does not require the use of complicated procedures such as
dialysis. The tunable nano-porous structure resulted from the
nonsolvent-induced phase separation process not only improved
breathability, but also increased wound-healing speed. The RSF
films exhibit outstanding stretchability, good biocompatibility,
and excellent wound-healing effects. These results suggest that
the RSF films are promising candidates for full-thickness skin
defect repair in tissue engineering applications.
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