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Usnic-Acid-Functionalized Silk Fibroin Composite Scaffolds

for Cutaneous Wounds Healing

Xiaoying Zha, Xingliang Xiong, Cheng Chen, Yang Li, Linggin Zhang, Haojiang Xie, and

Oifeng Jiang*

Despite the progress in chronic wound treatment, antibacterial cutaneous
scaffold with high efficiency in wound healing is still the hot spot in the

field. In present study, a functionalized silk fibroin (SF) cutaneous scaffold
incorporated with natural medicine usnic acid (UA) is investigated, in which
UA is used as an antibacterial and wound-healing reagent. Via electrospin-
ning, UA-SF mixture is fabricated into UA-SF composite scaffold (USCS),
which is composed of uniform nanofibers with average diameters of around
360 £ 10 nm. The interwoven nanofibers form mesh structure providing suf-
ficient moisture permeability for scaffold. With methanol treatment, USCS
presents improved mechanical properties and stability to protease XIV. In the
presence of USCS, the growth rate of both Gram-positive and Gram-negative
bacteria, including Staphylococcus aureus, Streptococci pyogenes, Escherichia
coli, and Pseudomonas aeruginosa, is significantly inhibited in plate culture
and suspension assays. In a cutaneous excisional mouse wound model,
USCS presents a significant increase of wound closure rate, compared

with pure SF scaffold and commercial dressing, Tegaderm Hydrocolloid

3M_ The histological assessments further prove that USCS can enhance
re-epithelialization, vascularization, and collagen deposition in wound site to
promote the wound-healing process, which indicates the potential application

skin and to enhance wound healing. Theo-
retically, an ideal wound dressing should
possess the advantages of antibacterial
activity, biocompatibility, gas permeability,
and tunable mechanical properties.!

As a natural protein extracted from
the Bombyx mori silk worm cocoon,? silk
fibroin (SF) has been considered as an
exceptional polymer matrix for biomed-
ical application due to its controllable
degradability,®* excellent biocompat-
ibility,®] and tunable mechanical prop-
erties.*®l SF can be easily engineered
into different structures including
tubes,”’  hydrogels,1  freeze-dried
sponges,P1213]  electrospun  mats, 471
films,[” % and microspheres.?2! Pre-
vious study has demonstrated that SF-
based wound dressings could accelerate
wound closure with less inflammation
than commercial wound-healing product,
DuoActive dressing.?l More importantly,
SF could be generated in aqueous state
under relative mild conditions which

of USCS in chronic wound treatment.

1. Introduction

As the largest organ in human body, skin is an important
part for maintaining the stability of internal environment and
normal physiological functions of body. Chronic cutaneous
wounds often destroy the integrity of skin, resulting in severe
damage to human body, like bacterial infection, inflammation,
and tissue necrosis.! For efficient wound treatment, wound
dressing is frequently used to restore the normal function of
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make it an attractive material for sensi-

tive biologics loading.!®l Previous study
has shown that antibiotic could be efficiently loaded into SF
to further functionalize the material with antibacterial and
wound-healing activities.[?)l However, more or less, the SF
materials mixed with certain antibiotics always confront the
issue of allergy or drug resistance, which is intensively con-
sidered in clinical application.?

As a metabolite of lichen, the natural medicine usnic acid
(UA) is a secondary lichen metabolite extensively studied
for the broad variety of biological features,®” and it has great
potential in pharmacology and clinic due to its unique charac-
teristics such as antibacterial, anti-inflammatory, antiviral, and
biocompatibility.?>2¢! Previous studies showed that UA reduced
the bacterial infection in a mouse model without detectable tox-
icity and drug resistance, which might give UA a bright future
in infection treatment.”’-?%! Besides, NaUA, synthesized by a
chemical reaction of UA and sodium salt, could significantly
facilitate wound closure in a full-thickness cutaneous exci-
sional mouse wound model.3% Additionally, bactericidal activity
of UA-loaded electrospun fibers of Eudragit L-100 and polyvi-
nylpyrrolidone was examined against Staphylococcus aureus.3"
Moreover, previous study has successfully loaded UA into a
polymer matrix, NaCMC to prepare a bioadhesive film by gels’
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casting, which presented significantly antibacterial properties,
cytocompatibility, and promotion in wound healing.1*?]

Although SF-based materials and UA-loading dressings are
booming, there is little specific research focus on potential
application in clinics based on combination of SF and UA. In
the present study, we novelty proposed an antibacterial cuta-
neous scaffold, UA-SF composite scaffold (USCS), via electro-
spinning. First, mechanical properties and degradation stability
of USCS were optimized with tunable fabrication parameters.
Second, antibacterial activities of USCS were demonstrated by
growth inhibition on Gram-positive and Gram-negative bacteria
including S. aureus, Streptococci pyogenes, Escherichia coli, and
Pseudomonas aeruginosa. Third, a cutaneous excisional mouse
wound model was used to evaluate the wound-healing effect of
USCS, and the possible mechanism of wound-healing promo-
tion was also probed with the histological assessment of wound
tissue. Compared with traditional wound dressings such as
Tegaderm Hydrocolloid *M, USCS not only presented much
better antibacterial activities and wound-healing effect, but also
obtained much improved gas permeability and mechanical
properties, which indicated that combination of UA and SF
might provide a potential strategy for clinical treatment with
chronic wound.

2. Results and Discussion

2.1. Characterization of Composite Scaffolds

The surface morphology and internal fiber network of scaf-
folds were explored by scanning electron microscopy (SEM)
images. More detailed information about surface morphology
of scaffolds, processing parameters during electrospinning,
and average diameter of nanofibers is listed in Figure S1 and
Table S1 (Supporting Information). Scaffolds from 18 wt% SF
concentration were accompanied by droplets, and the diam-
eter of nanofibers was not uniform (Figure 1a—c); however, the
concentration of UA (0.5%) had no effect on the structure of

www.mbs-journal.de

scaffolds (Figure 1d). As shown in Figure le-g, scaffolds from
20 wt% SF concentration presented uniform fibrous structures
with the average diameter of nanofibers being around 360 +
10 nm. The nanofibers are interwoven with each other to form a
mesh structure which was supposed to guarantee UA sufficient
loading and continuous release. Similarly, UA concentration
up to 0.5% had no significant influence on fibrous structure
of scaffolds, in which the average diameter of nanofibers was
around 365 + 10 nm (Figure 1h). The SF concentration of
20 wt% was chosen for following studies.

Previous studies have shown that methanol treatment could
control the mechanical properties of SF nonwoven fabrics by
changing the B-sheet content.® In this work, methanol was used
to induce B-sheet formation inside SF nanofibers to improve both
mechanical and biological stability of the scaffold. The secondary
structure at amide I region in scaffolds was investigated by Fourier
transform infrared spectroscopy (FTIR) analysis. As shown in
Figure 2a, in the FTIR spectra, an absorption peak at 1644 cm™
was observed in untreated scaffolds attributed to the noncrystal-
line structure, such as o-helix (1600-1615 cm™, 1711-1720 cm™),
random coil (1641-1646 cm™) and B-turn (1661-1685 cm™),
which were consistent with previous studies.*) In contrast,
the intensity of B-sheet at 1631 cm™ was significantly increased
after methanol treatment, indicating an increase of the P-sheet
content (Figure 2a,b). Furthermore, Fourier self-deconvolution
to the original spectra was performed followed by curve fitting
(Figure 2¢,d).""5 Figure 2b shows the content of B-sheet increased
after treatment (from 15.45% to 50.27%) while the content of non-
crystalline structure decreased (o-helix: from 11.81% to 8.52%;
random coil: from 34.21% to 3.14%). The increase of B-sheet con-
tent induced by methanol treatment provided an efficient way to
tune the mechanical properties and stability of scaffolds.*”!

2.2. Performance of USCS

Tunable mechanical property is an important factor for cuta-
neous scaffold, which theoretically can be customized for

Figure 1. Characterization of USCS with SEM. a—c) Pure SF scaffolds with the concentration of 18 wt% under different magnifications of 4, 10, and
20 k, respectively. d) USCS loading of 0.5% UA under magnification of 10 k. e-g) Pure SF scaffolds with the concentration of 20 wt% under different
magnifications of 4, 10, and 20 k, respectively. h) USCS loading of 0.5% UA under magnification of 10 k.
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Figure 2. a) FTIR analysis of scaffolds prior and post treatment by methanol with original FTIR absorbance spectra of amide | region between 1750
and 1580 cm™, the fractions distribution of different SF conformations in amide | region. b) Content of different conformations in SF before and after
methanol treatment. c) Curve fitting from Fourier self-deconvolution to the original spectra before methanol treatment (blue/black/red/green line indi-
cates baseline/subtracted data (the original peak subtract the baseline)/fitting curve/hidden peak). d) Curve fitting from Fourier self-deconvolution to
the original spectra after methanol treatment (blue/black/red/green line indicates baseline/subtracted data (the original peak subtract the baseline)/

fitting curve/hidden peak).

different wound site.ll In this study, stress—strain curves and
ultimate tensile strength (UTS) were tested to determine the
mechanical properties of USCS. As shown in Figure 3, before
methanol treatment, the USCS from 18 wt% concentration
was easy to fracture with elongation break point at only 0.92%;
however, the flexibility of USCS was significantly improved
when concentration reached 20 wt% (2.52%). Methanol treat-
ment could slightly promote the flexibility of USCS with both
18 and 20 wt% concentration, increasing the elongation break
point to 1.28% and 2.98%, respectively (Figure 3a), which
might indicate SF concentration is the main factor for USCS
flexibility rather than B-sheet content induced by methanol
treatment. Furthermore, before methanol treatment, lower
SF concentration (18 wt%) presented lower UTS which was
1.03 £ 0.18 MPa (Figure 3b), by increasing SF concentration to
20 wt%, the UTS could be up to 1.68 + 0.41 MPa (Figure 3c).
After methanol treatment, the UTS values of scaffolds from 18
wt% and 20 wt% SF were both significantly increased to 1.69
+ 0.45 and 2.61 + 0.61 MPa, respectively. This change might
be attributed to the increase of B-sheet formation in scaffolds
induced by methanol, which caused contraction and higher
packing density of the fiber mats, which are often thought to
result in enhanced stiffness in dry mechanical tests.*3! More-
over, the content of UA (0.5%) had no significant influence on
UTS of scaffolds with different SF concentrations. This might
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be because UA was simply mixed in the mesh structure of
USCS, instead of high affinity binding, which provided con-
venient way for UA release.

The degradation rate is another feature should be considered
for cutaneous scaffold, especially in the presence of enzyme. In
present work, degradation of USCS to protease XIV at different
time points was studied in vitro. As shown in Figure 3d,e, it only
took 5 days for USCS with 18 wt% SF concentration to degrade
to 5.8% of its original mass. However, increasing SF concentra-
tion would improve the resistance of USCS to protease XIV and
USCS with 20 wt% SF concentration required 8 days to degrade
to 11.36% of its original mass. Methanol treatment promoted
the stability of USCS to protease XIV in both 18 wt% and 20
wt% SF concentration groups and the time prolonged to 9 and
14 days for each group to degrade to the similar remaining mass
ratio. The decreased degradation rate of USCS after methanol
treatment could be related to the promotion of the B-sheet for-
mation induced by methanol, which leads USCS to maintain
mechanical integrity and insoluble in water.>= Therefore, the
degradation of USCS could be easily manipulated with different
concentrations of SF or methanol treatment.

Because accumulation of interstitial fluid at wound site may
lead to inflammation and even ulceration of the wound, it is desir-
able for cutaneous scaffold to have enough permeability, which
can be referred to water vapor transmission rate (WVTR) index.’¥
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Figure 3. a) Stress—strain curves of USCS obtained in the tensile test. USCS from 20 wt% SF concentration (green curve) presented much enhanced
flexibility compared with 18 wt% SF concentration (black curve). Methanol treatment slightly improved flexibility of USCS from both 18 wt% (red curve)
and 20 wt% (blue curve) SF concentrations. b) The changes in UTS of scaffolds from 18 wt% SF before and after treatment by methanol. c) The changes
in UTS of scaffolds from 20 wt% SF before and after treatment by methanol. d) Degradation rate of USCS from 18 wt% SF in protease XIV before (red
line) and after (blue line) treatment by methanol. e) Degradation rate of USCS from 20 wt% SF in protease XIV before (red line) and after (blue line)
treatment by methanol; black lines represent the weight changes of USCS treated with PBS. f) WVTR of USCS and Tegaderm Hydrocolloid 3™ over time.
g) UA sustained release from USCS before and after methanol treatment.
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The WVTR for USCS was =5112.8 £ 134.9 g m2 d™! at the begin-
ning, then decreased gradually to 21773 + 249.5 g m™ d™" till 132
h, By comparison, the WVTR of commercial product, Tegaderm
Hydrocolloid 3M was only about 2656.8 + 377 g m= d! at the
beginning, then decreased gradually to 21773 + 249.5 g m~2 d™!
till 132 h. It is worth noting that WVTR of USCS after 132 h was
very similar to fresh Tegaderm Hydrocolloid *M (Figure 3f). Like
most traditional bandages, Tegaderm Hydrocolloid M has thick
texture and most of the evaporated water was absorbed by them-
selves and cannot be sent out timely; this is the reason why tradi-
tional bandages “whiten” the wounds and even stinking.** These
results showed that USCS exhibited excellent air permeability,
which could probably accelerate wound healing.

In this work we found that changes in the secondary struc-
ture of USCS might control the release behavior of UA. As
shown in Figure 3g, a burst release of UA was observed in
USCS without methanol treatment, and UA up to 58.2% was
released at the first day, and nearly completely released by the
fourth day. In contrast, after methanol treatment, UA release
was only about 31.9% at the first day, and the full release took
up to 10 days even longer. This might because the B-sheets
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formation induced by methanol made USCS inner structure
more stable and compact in the presence of water, resulting in
slower and sustained UA release./?’!

2.3. Antibacterial Effects of USCS

To examine the antibacterial activity of USCS, we performed
the inhibition zone test and suspension assays against Gram-
negative bacteria (E. coli and P. aeruginosa) and Gram-positive
bacteria (S. aureus and S. pyogenes). Obvious inhibition zone was
observed in all bacteria in the presence of USCS, and the diam-
eter of inhibition zone increased positively with the UA concen-
tration (Figure 4a). Specifically, larger inhibition zone could be
detected in Gram-positive bacteria, even with low UA concen-
tration, which was relatively smaller in Gram-negative bacteria,
by comparison. This result is consistent with the previous study
that UA has stronger effect on Gram-positive bacteria than on
Gram-negative bacteria.l”®! Interestingly, with all bacteria, the
inhibition zone spread evenly around the center of USCS, which
might indicate that UA release was uniform and sustained.
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Figure 4. a) The antibacterial activity of scaffolds with and without UA. Scale bars: 10 mm. b—e) The antibacterial index of scaffolds with different con-
centrations of UA. f-i) The growth curves of four types bacterial. j-m) The concentration of bacterial cultured together with scaffolds at 24 h.
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Furthermore, the antibacterial index was used to semiquan-
tify the antibacterial activity of USCS. As shown in Figure 4b-e,
the antibacterial index of S. aureus can reach about 2.02 £ 0.09,
while that of S. pyogenes can be as high as 12.01 + 0.25. Simi-
larly, the inhibitory effects on E. coli and P. aeruginosa were
also different, respectively, 1.65 £ 0.08 and 1.19 + 0.01. It can
be seen from the figure that inhibition degree of UA on the
growth of Gram-positive bacteria was much higher than that
on Gram-negative bacteria. Interestingly, 0.2% UA showed the
best growth inhibition for Gram-positive bacteria and 0.4% for
Gram-negative bacteria.

To further probe antibacterial activity of USCS, the growth
curve of bacterial in the presence of USCS was measured in
bacteria suspension assays. The bacterial growth rate was pre-
sented by optical density at 600 nm (ODg) at different time
points, and the final concentration at 24 h was also calculated.
As shown in Figure 4f~m, the OD values of all bacterial sus-
pensions were significantly decreased in the presence of USCS,
which were consistent with inhibition zone test. For Gram-posi-
tive bacteria, significant inhibitory effect could be achieved with
UA minimal concentration at 0.05% which was enhanced with
the increase of UA concentration and the maximum inhibition
appeared at 0.2% UA. Although, for Gram-negative bacteria,
the minimum inhibitory concentration of UA was 0.2%, and
the peak inhibition reached at 0.4% concentration, it is still far
below the minimal concentration that UA might induce toxicity
to human body,**%”! which means USCS could be efficiently
used on different bacteria types.

2.4. Biocompatibility of USCS

In the present study, USCS exhibited exceptional biocompati-
bility based on in vitro cell culture and cell viability test. NIH3T3
fibroblasts cultured in USCS extraction medium presented
nearly identical morphology to controls (Figure 5a—e). This
result was further confirmed by the CCK-8 cell viability test, a
soluble formazan dye with the maximum absorbance at 450 nm
produced as metabolically active cells react with a tetrazolium
salt in the CCK-8 reagent.’8l As shown in Figure 5f, there were
no significant differences in the cells viabilities among USCS
with different UA concentrations and the controls, which sug-
gested that the USCS or UA release had no significant influ-
ence on cell growth. Moreover, cells crawling fragments on
USCS were observed under SEM (Figure 5g—j). Compared with
controls, cells could attach to USCS with normal spreading and
morphology, concluding that the prepared USCS have excellent
biocompatibility.

2.5. Evaluation of Wound-Healing Performance

A cutaneous excisional mouse wound model was used to eval-
uate the wound-healing effect of USCS. To visualize wound clo-
sure over time, photographs of the wound region were taken on
days 0, 3, 7, and 12, in which Tegaderm Hydrocolloid *M, pure
SF scaffolds, and empty wound were used as positive, negative,
and blank controls, respectively. As shown in Figure 6, USCS
presented quickest wound-healing response among all groups.

Macromol. Biosci. 2021, 21, 2000361

2000361 (7 of 13)

www.mbs-journal.de

The wound size was significantly reduced on day 3 in the pres-
ence of USCS with a healing rate of around 53.3% £ 74%, while
the commercial product, Tegaderm Hydrocolloid *M was only
35.4% + 3.9%. On day 7, more significant wound closure could
be observed in the USCS group compared with controls, and
the healing rate reached 82.1% + 6.4%. Moreover, open wound
could be barely found in the USCS group on day 12 with the
healing rate of around 96.5% =+ 1.31%, which was significantly
greater than positive control (81.8% + 2.1%), negative control
(78.3% + 7.6%), and black control (571% =+ 10.2%), respectively
(Figure 6b). Previous studies have shown that SF protein alone
might promote wound healing by degrading into small pep-
tide.3) However, in the present work, the pure SF scaffold
did not exhibit significant difference on wound-healing effect
to Tegaderm Hydrocolloid *M, which might indicate that UA
sustained release from USCS should be the main cause for the
promotion of wound healing.

Hematoxylin-eosin (HE) staining of tissue sections on
wound site further revealed more detail information about
USCS promoting wound healing. The USCS group showed
slight epithelialization with more granulation tissue for-
mation compared with controls on day 3 (Figure 7a,d,g,j).
Besides, less infiltrated inflammatory cells could be observed
in the USCS group, which might be due to the anti-inflam-
matory activities of UA.[®) On day 7, compared with the
blank control group, little epidermis formation gradually
appeared in negative and positive control groups, whereas
the integrity of epidermis was much higher in USCS group
at the same time. More important, ingrowth of capillaries
and rejuvenation of skin appendages could be only detected
in the USCS group on day 7, which indicated that healing
was much faster in the USCS group. The healing stage was
even more different between USCS and control groups on
day 12, capillaries ingrowth and skin appendix began to
appear at the wound site where was filled with immature
angiogenesis in positive and negative control groups. Never-
theless, the epidermal proliferation and the epidermal layer
enlargement were much more significant in the USCS group
with more rejuvenation of skin appendix (Figure 71). In addi-
tion, more assembled skin could be observed in the USCS
group with compact epidermis, regenerated dermis, and
standard thickness of skin layers.[]

Skin wound healing is a multiple process, in which granu-
lation tissue formation, collagen deposition, and angiogen-
esis occur simultaneously with epithelialization and wound
contraction.! In order to elucidate the possible mechanism
of USCS in promoting wound healing, Masson’s Trichrome
staining was conducted at first to determine the effect of
USCS on collagen deposition. Theoretically, collagen deposi-
tion will begin on days 5-6 after skin injury and reach its peak
on day 15.1 As shown in Figure 8, the collagen deposition,
represented by blue, was significantly higher in the USCS
group than controls on days 3 (Figure 8a,d,g,j). Moreover, col-
lagen deposition had reached its peak on day 7 in the USCS
group, which just gradually appeared in positive and nega-
tive control groups. It could be speculated that UA sustained
release from USCS could enhance expression and deposi-
tion of collagen in wound site. Besides, considering that col-
lagen deposition is usually accompanied by angiogenesis,"
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Figure 5. a—e) Cell morphology under microscope after 24 h culturing in extraction medium of USCS. Scale bars: 400 um. f) CCK-8 cell viability test.

g—j) SEM images of cells attached to USCS.

these results were consistent with HE staining which showed
ingrowth of capillaries began in the USCS group on day 7.
Furthermore, maturated neovascularization, hair follicles, and
skin appendage were showed up in the USCS group on day 12,
which indicated that the healing process was more efficient in
USCS than controls (Figure 8l). These results might suggest
that USCS could enhance wound healing by efficiently acti-
vating collagen deposition.
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Angiogenesis is another important step of wound healing,
which can provide necessary nutrition for granulation and sur-
rounding tissues.[*»*} As mentioned before, angiogenesis was
initiated promptly in the USCS group compared with controls,
and the potential mechanism was also discussed in this work.
Previous studies have shown that the expression of endoge-
nous vascular endothelial growth factor (VEGF) is significantly
increased during wound-healing angiogenesis, especially in the
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roups, it prolonged to day 7 even later to get the peak
expression. Although, the downregulation of VEGF

histochemical analysis on days 3, 7, and 12 after wounding  expression showed up on day 7 in the USCS group, ingrowth
(Figure 9). The expression level of VEGF significantly increased  of capillaries significantly began. Considering the sequence
and quickly reached its peak on day 3 in USCS group, while in  between VEGF expression and angiogenesis, it is reasonable to

black control pure SF scaffolds

day 3

Tegaderm
Hydrocolloid*™

USCS

Figure 7. Hematoxylin and eosin staining images of wounds. a—c) Black control. d—f) Covered with pure SF scaffold. g—i) Covered with Tegaderm
Hydrocolloid 3M. j-I) USCS treatment. Red arrows point to the punched site; orange arrows: epidermal layer; blue arrows: infiltration of inflammatory

cells; purple arrows: rejuvenation of skin appendages; green arrows: new granulation ti
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ssue; black arrows: neovascularization. Scale bars: 200 um.
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Figure 8. a) Masson's Trichrome staining images of wounds. a—c) Black control. d—f) Covered with pure SF scaffold. g-i) Covered with Tegaderm
Hydrocolloid®™. j—I) USCS treatment. Black arrows point to the punched site; blue color represents collagen staining. Scale bars: 200 um.

assume that USCS could advance VEGF expression to enhance 3. The expression of CK10 could be observed in all groups on day
wound healing. 7; however, the expression level was significantly higher in the
As a major structural component of stratified epithelia, ~ USCS group (Figure 10b,e,h,j). The highest expression of CK10
cytokeratin 10 (CK10) is a specific marker to evaluate growth of  appeared on day 12 in the USCS group, where the compact epi-
regenerated epithelial layers.! As shown in Figure 10, CK10 thelial layers were formed according to HE staining results. The
was first present in the wound edge covered of USCS group, results indicated that USCS could accelerate the formation and
while little or no expression could be detected in controls on day  repair process of the epithelium to promote wound healing.

Tegaderm
Hydrocolloid-¥ USCS

S [P
R

black control pure SF scaffolds

Figure 9. a) VEGF immuno-histochemistry staining images of wounds. a—c) Black control. d—f) Covered with pure silk scaffold. g—i) Covered with
Tegaderm Hydrocolloid M. j-I) USCS treatment. Brown part represents the intermittent VEGF expression. Scale bars: 200 um.
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Figure 10. a) CK10 immuno-histochemistry staining images of wounds. a—c) Black control. d—f) Covered with pure silk scaffold. g—i) Covered with Tega-
derm Hydrocolloid M. j-I) USCS treatment. Blue arrows represent the intermittent CK10 expression; black arrows point to the site of CK10 continuous

expression in the integrated epidermal layer. Scale bars: 200 um.

3. Conclusion

In the present work, we proposed a natural, biocompatible
composite cutaneous scaffold, USCS with exceptional antibac-
terial, and wound-healing activities. Via electrospinning, SF
solution mixed with UA was fabricated into a mesh structure
of USCS with the average diameter of nanofibers being around
360 + 10 nm, which granted much improved air permeability
compared with commercial wound dressing, Tegaderm Hydro-
colloid M. The mechanical properties of USCS could be tuned
with different SF concentrations and methanol treatment,
which promoted the flexibility (18% SF concentration:1.28%
vs 20% SF concentration: 2.98%) and stiffness (in term of
20% SF concentration: before treatment (1.69 + 0.45 Mpa) vs
after treatment (2.61 £ 0.61 MPa)) respectively. With sustained
release of UA, USCS exhibited significant growth inhibition
on both Gram-positive and Gram-negative bacteria, including
S. aureus (antibacterial index is 2.02 £ 0.09), S. pyogenes (12.01 +
0.25), E. coli (1.65 £ 0.08), and P. aeruginosa (1.19 = 0.01). In
the model of full-thickness skin wounds on the back of mice
for 12 days, USCS presented prompt wound-healing response
and significantly enhance the wound closure rate (96.5% =+
1.31%) compared with the black control (571% + 10.2%), pure
SF scaffold (78.3% =+ 76%), and commercial wound dressing,
Tegaderm Hydrocolloid M (81.8% + 2.1%). Furthermore, the
potential mechanism of USCS in promoting wound healing
might be summarized to enhancement of re-epithelialization,
vascularization, and collagen deposition, which were benefited
from USCS. Altogether, the unique combination of SF and UA
might provide a new strategy for clinical treatment with chronic
wound.

4. Experimental Section

Extraction of SF Aqueous Solution: Silk solution was prepared from
B. mori cocoons according to previous studies.t>'5#1 Briefly, cocoons were
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cut into small pieces and boiled in 0.02 m sodium carbonate solution for
45 min to remove sericin protein. After rinsing, the silk material was dried
and solubilized in 9.3 m lithium bromide (Shanghai Macklin Biochemical
Co., Ltd.) solution at 60 °C for 4 h to obtain the initial silk solution; it
was subsequently dialyzed for 2 days with dialysis bags (Beijing Solarbio
Science & Technology Co., Ltd.; MWCO = 3500); and then centrifuged at
9000 rpm at 4 °C to collect SF aqueous solution (=6 w/v%).

Preparation of USCS: SF aqueous solution was dried into films and
then re-dissolved in formic acid (Shanghai Macklin Biochemical Co.,
Ltd.) to obtain base solutions with final SF concentrations at 18, 20, and
22 wt%.1%8l Then, different mount of UA (Shanghai Macklin Biochemical
Co., Ltd.) was mixed into base solution to obtain electrospinning
solution with the UA final concentrations at 0.05%, 0.1%, 0.2%, 0.3%,
0.4%, and 0.5%. The electrospinning solution was placed in a 10 mL
syringe capped with a needle of 0.9 mm diameter. High voltages of
15, 18, and 20 kV power supply were connected via an alligator clip to
the external surface of the needle. The distance between the spinneret
and the collector was 15 cm; the flow rate was 0.36-0.6 mL h™": and the
process was carried out at around 23 £ 3 °C and 45% + 5% humidity.[5*]

Characterization of the USCS: The surface morphology of USCS was
observed by SEM images (54800, Hitachi, Chiyoda-ku, Japan) at an
acceleration voltage of 5 kV with gold sputtered on the sample surfaces.
USCS before and after inducing by methanol were used for FTIR analysis;
the B-sheet content and contribution of the different SF conformations
to the amide | region were examined by Fourier self-decomposition
and curve fitting using software (OriginPro 2018; OriginLab, Corp.,
Northampton, USA).[51]

Mechanical Performance Testing: The mechanical testing of scaffolds
was done according to previous method.®l Scaffolds were cut into
20 mm x 10 mm rectangular samples, and the sample thickness was
measured with a vernier caliper (Guanglu 111). The UTS was obtained
when tensile tests were performed using a computer-controlled
electronic universal testing machine (J)G475-2008, E43.104) equipped
with a 100 N load cell at a rate of T mm min~', and the stress—strain data
were obtained automatically.

Enzyme Degradation: USCS were cut into approximately equivalent
mass (20 £ 5 mg), incubating at 37 °C in phosphate buffer solution
(PBS) solution containing 3.1 U mL™ protease XIV (Sigma-Aldrich, St.
Louis, MO, USA).B4 At different time points, solutions were replaced
with fresh ones; sample residues were collected, rinsed gently with
ultrapure water, and dried daily, then weighed to mass remaining
assessment. USCS in PBS without enzyme served as a control.
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Water Vapor Transmission Rate: To detect the moisture permeability of
USCS, WVTR was determined according to the standard YY/T 0471.2—
2004.34 Briefly, a circular piece of the scaffold was mounted on the top
of a tube of 35.7 £ 0.1 mm diameter containing 18 mL of water, and the
whole system was weighed and then incubated at 37 °C and 20% relative
humidity. The WVTR (g m2 day™') was calculated using the following
equationt3

WVTR:(WO—Wt);—('|OOO><24 0
where W, and W, are the weights of the system before and after
incubation (g), respectively, and T is the length of the interval (h).
Tegaderm Hydrocolloid 3™ was used as a control.

UA Release: The UA release was measured according to previous
studies.[>?5% Briefly, USCS was immersed in PBS at 37 °C and gently
shaken, and the soak solution was extracted and refreshed with equal
PBS at different time points. UA release was reflected by spectral
changes of the extraction using a microplate reader (Multiskan, Thermo
Fisher Scientific, Co., China) at 200-400 nm.

Antibacterial Test: S. aureus, S. pyogenes, E. coli, and P. aeruginosa
were used in the antibacterial test. For the inhibition zone test, USCS
was cut into pieces approximately circle, subsequently sterilized with UV
radiation for 4 h. Bacteria were grown in Muller—Hinton (MH) media
at 37 °C with continuous shaking for 6 h, then aliqouts (200 uL) of the
bacterial suspension were manually spread on MH agar plates, followed
by placing the sterile USCS on plates. After 24 h of incubation at 37 °C,
the radii of inhibition zones in each plate were measured from center to
edge, and the results were expressed as antibacterial index, calculated by
the following equation

Area of inhibitionzone

Antibacterial index = Area of USCS (2)

For bacterial suspension assay, antibacterial activity was evaluated
according to previous procedure.’®l The sterile samples and bacterial
suspension were added into fresh medium, continuous shaking at 37 °C.
At different time points, aliqouts of the mixture were taken out and
ODgqo Was determined by a microplate reader, which was referred to as
bacteria concentration.

Cytocompatibility: NIH3T3 fibroblasts were cultured in Dulbecco’s
modified Eagle medium (DMEM) (Gibco) supplemented with 10% fetal
bovine serum (FBS) (contains penicillin/streptomycin, EVERY GREEN,
Zhejiang Tianhang Biotechnology Co., Ltd.) in a humidified atmosphere
of 95% and 5% CO, at 37 °C. Then, the culture medium was changed
into USCS extraction medium and cultured in 96-well plates for 24
h; normal cultured cells were used as a control. The morphology of
cells was observed under a microscope (Olympus CX23) after 24 h of
incubation. Besides, CCK-8 (Solarbio, Beijing, China) assay was used
to assess cell viability according to the manufacturer’s instructions.®l
Briefly, CCK-8 solution was added to each well and incubated for 2 h,
and then OD,s, was measured with a microplate reader. The cell viability
was defined as the ratio of ODys of the treated and control groups. In
addition, sterile USCS was placed in wells with 1 x 10* cells per well in
96-well plate, and then fixed with glutaraldehyde after 24 h of incubation.
Cell morphology was observed by SEM at an acceleration voltage of 5 kV
with sputter-coated with gold on the sample surfaces.[>40]

In Vivo Wound Closure Rate Studies: All experiments were carried out
in accordance with the guidelines of the Ethical Committee of Chongging
Medical University (CQMU). All animals were 8 weeks old male mice
(Laboratory Animal Center, CQMU) and were randomly distributed by
four groups each with three time points: 3, 7, and 12 days. The dorsal
surfaces were shaved after anesthetization and punched & mm full-
thickness skin wounds, treated with USCS, Tegaderm Hydrocolloid“,
pure SF scaffold, and empty wound, were applied as experimental,
positive, negative, and black control groups, respectively. Wound area
was measured with ImagePro6 (Media Cybernetics, Bethesda, MD, USA)
on days 0, 3, 7, and 12, and the degree of wound healing was expressed
by wound closure rate, calculated by the following equationl3%:34
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Ay — A
wound closure rate = %

0

©)

where Ay and A; are the area of original wound and the area of remaining
wound after a period of treatment, respectively.

Histological Analysis and Immunostaining: Mice were sacrificed by
CO, exposure after 3, 7, and 12 days, and the samples of full-thickness
skin wound and subcutaneous tissue were collected. These samples
were fixed in 4% paraformaldehyde for at least 24 h, subsequently
embedded in paraffin and sectioned into a thickness of 10 um to
undergo routine histological processing with hematoxylin-eosin and
Masson’s Trichrome staining for histological analysis.[?#30424 primary
antibodies for CK10, VEGF (Abcam, Cambridge, MA), and SP-POD kit
(Solarbio Science & Technology Co., Ltd.) for immuno-histochemistry
analysis.B042#] Antigen retrieval was performed on sections under
heating, and then incubation with a blocking reagent for 20 min. The
samples were incubated at 4 °C overnight with antimouse CK10 and
VEGF (diluted 1:100 in antibody diluent) after removing the blocking
reagent. Subsequently, sections incubated with a secondary antibody
for 30 min, incubated with SP-POD reagent for 30 min, then incubated
with diaminobenzidine (DAB) coloration reagent for 20 min and
washed with water to terminate the reaction. In the end, the sections
were counterstained by hematoxylin, dehydrated, transparent, and
sealed.

Statistical Analysis: All results were reported as mean * standard
deviation. Differences among groups were analyzed by one-way analysis
of variance (ANOVA). A p-value of <0.05 was considered as a statistically
significant difference.
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