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ABSTRACT: Silk fibroin (SF) has been widely used as wound
dressings due to its good biocompatibility. To enhance the
antibacterial properties of the dressings, silver (Ag) is often added.
However, an overdose of Ag may cause cytotoxicity and inhibit
wound healing. Therefore, this study aimed to develop a two-
layered membrane to reduce cytotoxicity while maintaining the
antibacterial properties of Ag through a simplified layer-by-layer
technique. The membranes comprised an Ag-rich SF layer (Ag-SF)
and a pure SF layer. The unilateral Ag-loaded membranes showed
efficient antibacterial properties at doses above 0.06 mg/mL Ag,
and the antibacterial properties were comparable on both sides. In
contrast, the SF sides of the membranes showed lower cytotoxicity than the Ag-SF sides of the membranes. Further studies on the
thickness ratio of Ag-SF/SF layers revealed that Ag0.12-SF/SF membranes with a ratio of 1:3 had high cytocompatibility on the SF
sides while holding a strong antibacterial property. Besides, the SF sides of the Ag0.12-SF/SF1:3 membranes promoted the
expression levels of collagen I and transforming growth factor-β mRNA in human foreskin fibroblasts. The SF sides of the Ag0.12-
SF/SF1:3 membranes significantly promoted the healing of infected wounds in vivo. Therefore, unilateral loading with the simplified
layer-by-layer preparation technique provided an effective method to balance the cytotoxicity and the antibacterial property of Ag-
loaded materials and thus form a broader therapeutic window for Ag applications. The unilateral Ag-loaded silk fibroin difunctional
membranes have the potential to be further preclinically explored as wound dressings.

1. INTRODUCTION

Silk fibroin (SF) is a natural protein extracted from silk.1 Due
to the abilities to promote cell migration, proliferation,
angiogenesis, and re-epithelialization, and other significant
biological advantages, SF, with a similar structure to
extracellular matrix (ECM), has been widely explored as
wound dressings.2−5 Besides, these dressings are able to
promote wound healing.3 Since most wounds are exposed to
the environments directly, they are extremely susceptible to
bacterial invasion. Therefore, preventing infection is another
important issue for wound healing. However, SF per se does
not have antibacterial effects.
Various methods have been proposed to endow SF with

antibacterial properties. Chitosan,6 antibacterial peptides,7

silver (Ag) nanoparticles,8 zinc oxide,9 etc. are commonly
added to SF to exert antibacterial effects. Among them, Ag has
been widely explored in wound dressings, since it has broad-
spectrum antibacterial properties and does not show wide-
spread drug resistance like antibiotics.10 Studies have found
that eukaryotic cells are more tolerant of Ag than prokaryotic
cells.11,12 In prokaryotes, important biochemical pathways such
as the respiratory chain or DNA replication are located at the
cytoplasmic membrane, while the mitochondria and nucleus of
eukaryotic cells are protected in cellular organelles.13 There-

fore, the difference between the cytotoxic and the antibacterial
concentrations of Ag can be used as a therapeutic window for
antibacterial applications.14

Nevertheless, the applications of Ag are controversial.15

Some researchers found that Ag-containing dressings delayed
wound healing16,17 while others confirmed that Ag-containing
dressings promoted wound healing.18,19 The pieces of
literature have no consistent conclusions on the effect of Ag-
containing dressings on wound healing. The possible reason is
that Ag is a double-edged sword, which has antibacterial
properties and is also toxic to cells.15 Therefore, how to reduce
the side effect of Ag on cell viability while maintaining its high
antibacterial capability is an urgent issue that needs to be
addressed.
The current methods to reduce Ag cytotoxicity include

green biosynthesis using plant extracts, fungi, etc.,20 combina-
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tion with antioxidants to reduce the level of reactive oxygen
species (ROS) in cells,21 and preventing the release of Ag+

from the cathodic Ag by sacrificial anodic Fe.22 The layer-by-
layer technique is a method for depositing thin films to
generate functional materials with controlled structures,
performances, and functions for various applications.23,24

Inspired by this, we proposed a simplified layer-by-layer
technique that composited an SF layer on the Ag-loaded SF
membrane. The prepared two-layer structure was further
explored whether it could reduce the cytotoxicity of Ag while
keeping its antibacterial effect.
To this end, a two-layered membrane with both a Ag-rich SF

(Ag-SF) layer and a pure SF layer was designed and fabricated.
The morphologies, physicochemical properties, and Ag+

release profiles of the membranes were characterized. The
antimicrobial activity of Ag-SF/SF membranes with different
Ag contents was evaluated by antibacterial experiments.
Human foreskin fibroblasts (HFFs) were inoculated onto
Ag-SF/SF membranes to explore the cytocompatibility of the
Ag-SF and SF sides. The influence of different thickness ratios
of the Ag-SF layer to the SF layer on cell viability was explored
to elucidate the effect of the double-layer structure on the
reduction of Ag cytotoxicity. Besides, collagen (Col) I and
transforming growth factor (TGF)-β mRNA expression levels
of HFFs on the SF sides were measured by a quantitative real-
time polymerase chain reaction (qRT-PCR). Finally, Ag-SF/
SF membranes were implanted into the rat excisional wound
splinting model challenged with Staphylococcus aureus to
evaluate the effect on wound healing.

2. RESULTS AND DISCUSSION

2.1. Morphology Characterization and Elemental
Analysis of SF and Ag-SF/SF Membranes. The morphol-
ogy of SF and Ag-SF/SF membranes was characterized by
scanning electron microscopy (SEM)−energy-dispersive X-ray
(EDX) spectroscopy. SF and Ag-SF/SF membranes both
showed a smooth surface (Figure 1A). Many particles
appeared on the Ag-SF side but not on the SF side. The
EDX results confirmed that the particles were rich in C, N, O,
Cl, and Ag (Figure 1B), and the atomic ratio of Ag to Cl was
close to 1:1 (Figure 1C), which indicates the formation of
AgCl due to the reaction between AgNO3 and CaCl2. Elements
C, N, and O were derived from SF, and elements Ag and Cl
were derived from AgCl.25 Therefore, membranes with a two-
layered structure were successfully fabricated by the simplified
layer-by-layer technique, providing a basis for subsequent
research.

2.2. Phase, Mechanical Properties, and Ag+ Release
Profiles of Ag-SF/SF Membranes. X-ray diffraction (XRD)
patterns were obtained to investigate the crystalline phase of
SF and AgCl (Figure 2A). There was a typical diffraction peak
presented in the XRD spectra of the SF membrane at 2θ =
∼21°. This characteristic diffraction peak was also observed on
the Ag-SF side of the Ag-SF/SF membrane, which can be
attributed to the crystalline diffraction of silk II with the β-
sheet structure.26,27 Meanwhile, there were several typical
peaks of AgCl that appeared at 2θ = 27.8, 32.2, and 46.2°,
which can be indexed to the (111), (200), and (220) planes,
respectively (JCPDS no. 85-1355).28 Consistent with the XRD
pattern, the characteristic peaks of SF and Ag-SF/SF
membranes at 1517 and 1623 cm−1 (Figure 2B) in the Fourier

Figure 1. Morphological characterization and elemental analysis of SF and Ag-SF/SF membranes. (A) SEM images of the SF membrane and the
Ag-SF side and SF side of Ag-SF/SF membrane with different magnifications. (B) Elements mapping and (C) atomic ratio of particles.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02035
ACS Omega 2021, 6, 17555−17565

17556

https://pubs.acs.org/doi/10.1021/acsomega.1c02035?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02035?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02035?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02035?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02035?rel=cite-as&ref=PDF&jav=VoR


transform infrared (FTIR) spectra belonged to the vibrations
of amide II and I, respectively, which also confirmed the
existence of the β-sheet structure in Ag-SF/SF membranes.29

The addition of Ag did not change the structure of SF.
Since skin is elastic and has a certain range of motion,

wound dressings should have a certain tensile strength.30 As
shown in Figure 2C−E, the Young moduli and tensile
strengths of SF and Ag-SF/SF groups were similar. The
prepared SF and Ag-SF/SF membranes both had high tensile
modulus (∼7.6 MPa), which was close to the 8 MPa in the
previous study, indicating that the tensile strength of the Ag-
SF/SF membrane was similar to that of the natural skin
tissue,31,32 and the β-sheet structure formed by ethanol
treatment enhanced mechanical properties.33 Besides, the

addition of Ag endowed the membranes with antibacterial
activity and AgCl particles apparently formed in situ. As shown
in Figure 2F, in the early stage, Ag+ exhibited a burst release,
while the internal Ag+ released relatively slowly in the later
stage. Also, the cumulative release amount of 14 days
accounted for about 25% of the total membrane. The release
curve indicated that the release rate of Ag+ slowed down
gradually, which may provide a relatively long-term anti-
bacterial property.

2.3. Antibacterial Property of Ag-SF/SF Membranes.
The antibacterial assessment of Ag-SF/SF was quantitatively
evaluated by a zone of inhibition (ZOI) test. In the ZOI test of
the samples against S. aureus, the Ag0.03-SF/SF membrane did
not show a ZOI, but for Ag0.06-SF/SF, an obvious ZOI was

Figure 2. Phase and mechanical properties of SF and Ag-SF/SF membranes and Ag+ release of Ag-SF/SF membranes. (A) XRD patterns and (B)
FTIR spectra of SF and Ag-SF/SF membranes. (C−E) Mechanical properties of SF and Ag-SF/SF membranes. (F) Ag+ release curve of Ag-SF/SF
membranes.
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observed (Figure 3A), which indicated that the antibacterial
properties of different membranes were dose-dependent,
consistent with previous studies.15,34 The antibacterial efficacy
gradually increased with an increased Ag amount, but the
Ag0.12-SF/SF membrane showed a comparable antibacterial
effect to the Ag0.24-SF/SF membrane (Figure 3B), which
might be attributed to the fact that the released Ag+ content
reached saturation due to the precipitation−dissolution
equilibrium of AgCl and Ag+-confined diffusion on the
nutrient agar plate. To further elucidate the effect of layer
thickness ratio on antibacterial efficacy, the membranes with
different thickness ratios of the Ag-SF layer to the SF layer
were tested and the single-layered membranes with Ag
homogeneous distribution were set as the control. As shown

in Figure 3C, both the two-layered membranes and the single-
layered membranes with Ag uniform distribution showed an
obvious ZOI. Surprisingly, the SF sides and Ag-SF sides of the
membranes showed similar antibacterial efficacy, regardless of
the thickness ratio of Ag-SF/SF. It may be related to the
diffusion of Ag+, which is accepted as the major antibacterial
component of Ag-loaded materials.35 Although the bacteria did
not directly contact Ag on the SF sides, the moist environment
could facilitate the release of Ag+ to exert the antibacterial
function. Besides, the antibacterial property of the membranes
gradually decreased with an increase of SF layer thickness, but
there was no significant difference among the control group
and Ag-SF side and SF side of the membranes with the same
thickness ratio (Figure 3D). This result may be explained that

Figure 3. ZOI test of the samples against S. aureus (A−D) and E. coli (E, F). (A) Representative photos of the Ag-SF side and SF side of ZOI in
Ag-SF/SF samples with different Ag concentrations. (B) Quantitative analysis of ZOI in Ag-SF/SF samples. (C) Representative photos of the Ag-
SF side, SF side, and control of ZOI in Ag0.12-SF/SF samples with different thickness ratios. The single-layered membranes with Ag homogeneous
distribution were set as the control. (D) Quantitative analysis of ZOI in Ag0.12-SF/SF samples with different thickness ratios. (E) Representative
photos of the Ag-SF side and SF side of ZOI in Ag-SF/SF samples with different Ag concentrations. (F) Quantitative analysis of ZOI in Ag-SF/SF
samples. The diameter of the samples was 10 mm. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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a thicker SF layer resulted in a lower Ag+ concentration in the
whole membranes and the antibacterial property of Ag was

dose-dependent. It may indicate that the dissoluble Ag+ could
diffuse freely in the SF layer, while the insoluble AgCl particles

Figure 4. Cell viability detection. (A) Live/dead cell staining on SF membranes and Ag-SF side of Ag-SF/SF membranes after HFFs were seeded
for 24 h. Yellow arrows indicated dead cells. (B, C) Effects of SF with Ag on the cell viability of HFFs for 24 h. (B) HFFs were seeded on the Ag-SF
side. (C) HFFs were seeded on the SF side. **P < 0.01 and ****P < 0.0001, compared with SF.

Figure 5. Cell viability detection on Ag0.12-SF/SF1:3, Ag0.12-SF/SF1:5, and Ag0.12-SF/SF1:7 membranes. (A) Live/dead cell staining on
Ag0.12-SF/SF1:3, Ag0.12-SF/SF1:5, and Ag0.12-SF/SF1:7 membranes after HFFs were seeded for 24 h. Yellow arrows indicated dead cells. The
single-layered membranes with Ag homogeneous distribution were set as the control. (B) Effects of different ratios of Ag-SF/SF on the cell viability
of HFFs with different sides for 24 h. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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were relatively fixed in the Ag-SF layer. To prove the broad-
spectrum antibacterial activity, we also tested the antibacterial
effect of Ag-SF/SF1:3 membranes with different Ag concen-
trations against Escherichia coli. Similar to the results against S.
aureus, both the Ag-SF side and SF side of Ag0.12-SF/SF1:3
membranes showed a good antibacterial effect on E. coli
(Figure 3E,F). Therefore, Ag0.12-SF/SF1:3 membranes had
high antibacterial efficacy on both Gram-positive and Gram-
negative bacteria in skin wound infection.
2.4. Cell Viability on SF and Ag-SF/SF Membranes. To

investigate the cytocompatibility of SF and Ag-SF/SF
membranes, human foreskin fibroblasts (HFFs) seeded onto
the membranes were observed by live/dead staining. As shown
in Figure 4A, the live cells were dyed green, while dead cells
were dyed red. The number of live cells decreased obviously
and more dead cells appeared in the Ag0.24-SF/SF group
compared to other groups. Moreover, cell viability on different
sides of Ag-SF/SF membranes was further quantitatively
assessed by the cell-counting kit-8 (CCK-8) kit. As shown in
Figure 4B,C, the cytotoxicity of both sides of Ag-SF/SF
membranes increased with an increase in Ag amount.
Apparently, the viability of HFFs on the SF side was higher
than that on the Ag-SF side, as evidenced by that the SF side of
Ag0.12-SF/SF groups showed almost no cytotoxicity, while the
Ag-SF side showed relatively significant cytotoxicity (Figure
4B,C). The results indicated that the two-layered structure
could lower the cytotoxicity of Ag loaded within the

membranes. This decreased cytotoxicity of the two-layered
membranes may be related to AgCl on different sides, as
shown in SEM images. In addition, the cell viability test on the
Ag-SF side showed that the cytotoxicity was dose-dependent,
which agreed with a previous study.36

2.5. Cell Viability on Membranes of Different Layer
Thickness Ratios. Since the SF sides of the membranes
showed better cytocompatibility than Ag-SF sides, we further
explored the effects of different layer thickness ratios of
Ag0.12-SF/SF, i.e., 1:3, 1:5, and 1:7. As shown in Figure 5A,B,
compared with the membranes with a homogeneous
distribution of Ag at equivalent content, the SF sides of
Ag0.12-SF/SF membranes showed better cytocompatibility,
while the Ag-SF sides showed comparable cytotoxicity.
Therefore, our research revealed that even with a relatively
thin layer of SF, the double-layer structure of unilateral Ag-
loaded SF membranes could significantly improve the
cytocompatibility of the SF side.
From the antibacterial test and cell viability evaluation, the

SF sides of Ag0.12-SF/SF1:3 membranes showed the optimal
effect among all tested settings with a relatively strong
antibacterial efficacy and lower cytotoxicity. This could provide
a therapeutic window. The concentration discrepancy between
the antibacterial effect and cytotoxicity may be related to the
fact that important biochemical pathways in eukaryotes are
protected in cellular organelles, while prokaryotes do not have

Figure 6. Scratch test and the gene expression result to evaluate in vitro wound healing. (A−F) Microscopic images of TCP, SF membrane, and the
SF side of Ag0.12-SF/SF1:3 membrane groups at 0 and 24 h after an artificial injury with different magnifications. Relative expression levels of (G)
Col I and (H) TGF-β at day 7. mRNA levels were evaluated by qRT-PCR and normalized to GAPDH mRNA expression. ****P < 0.0001,
compared with TCP.
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such cellular organelles.12,13 Therefore, the Ag0.12-SF/SF1:3
membranes were adopted for further experiments.
2.6. Scratch Wound Healing Test on SF and Ag-SF/SF

Membranes. The in vitro wound healing effect of SF and Ag-
SF/SF membranes on HFFs was evaluated by the scratch
wound healing test. As shown in Figure 6A−F, after scratching,
the tissue culture plate (TCP), SF membrane, and the SF side
of Ag0.12-SF/SF1:3 membrane groups all showed a scratched
line without cells. Due to the flexibility of SF membranes, the
lines from the SF membranes and the SF side of Ag0.12-SF/
SF1:3 membranes were wider than those on TCP immediately
after scratching. Regardless of these discrepancies, both the SF
membranes and the SF side of Ag0.12-SF/SF1:3 membranes
showed similar in vitro wound closure to the TCP group.
Therefore, SF membranes and the SF side of Ag0.12-SF/SF1:3
membranes may promote wound healing.
2.7. Expression of Col I and TGF-β of HFFs on Ag-SF/

SF Membranes. Col I is a major component of ECM and a
natural substrate for cell attachment, growth, and differ-
entiation.37,38 TGF-β can regulate cell proliferation, migration,
differentiation, and the production of ECM and play a
multieffect role in wound healing.39 Therefore, the expression
levels of Col I and TGF-β were further assessed to explore the
potential of the Ag-SF/SF membranes on skin regeneration. As
shown in Figure 6G,H, after cultured for 7 days, the expression
levels of Col I and TGF-β in cells cultured on SF membranes
and the SF sides of Ag0.12-SF/SF1:3 membranes were higher
than those on TCP. It indicated that the addition of Ag could
still make membranes exert the function of promoting wound
healing. The promotion of Col I and TGF-β expression

indicated that both SF membranes and Ag0.12-SF/SF1:3
membranes could facilitate wound healing.

2.8. In Vivo Wound Healing of Ag-SF/SF Membranes.
To evaluate whether the membranes could promote skin
wound healing, a rat excisional wound splinting model
challenged with S. aureus was adopted. All splints standardized
the wound area during 14 days (Figure 7A). Although all
wounds healed to more than 90% in 14 days, the healing rate
of the Ag0.12-SF/SF1:3 group was significantly faster than that
of sham and SF groups (Figure 7B). Masson staining showed
that collagen formation in the Ag0.12-SF/SF1:3 group was
more than that in both sham and SF groups (Figure 7C,D). In
total, 50% of new collagen was found in the Ag0.12-SF/SF1:3
group on day 4, and the new collagen could reach 80% on day
14. The results showed that Ag0.12-SF/SF1:3 membranes
significantly promoted the healing of infected wounds with
more collagen formation. It could be mainly attributed to the
synergistic effect of the antibacterial properties of Ag and the
healing-promoting properties of SF.40,41 The bacterial infection
could aggravate wound inflammation and increase matrix
metalloproteinases, which mainly participated in the degrada-
tion of ECM.42,43 On this account, combating bacterial
infection could reduce both the bacterial burden and
inflammation and accumulate ECM, which could eventually
accelerate wound healing. Besides, SF was reported to promote
wound healing by activating the classic NF-κB signaling
pathway,44 promoting the collagen synthesis of fibroblasts and
upregulating TGF-β expression.45,46 Therefore, the unilateral
Ag-SF/SF membranes might have great potential as anti-
bacterial wound dressings. Ag-SF/SF membranes might have

Figure 7. Representative macroscopic images and Masson staining images of wounds. (A) Representative photos of wounds of sham, SF, and
Ag0.12-SF/SF1:3 groups on days 0, 4, 7, 11, and 14 after surgery. (B) Quantitative analysis of the percentage of the remaining wound area from
macroscopic images. (C) Masson staining images of three groups on days 4 and 14 after surgery. (D) Quantitative analysis of collagen formation in
the wound area in three groups. *P < 0.05, **P < 0.01, and ****P < 0.0001.
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the potential to treat chronic infectious wounds, especially
wounds that cannot heal for a long time. Since chronic wounds
are often accompanied by infection,47 Ag-SF/SF membranes
have both antibacterial and healing effects, which could
effectively treat chronic infectious wounds.

3. CONCLUSIONS

Ag-SF/SF difunctional membranes were successfully fabricated
through a simplified layer-by-layer technique. Both sides of the
Ag-SF/SF membrane exerted an antibacterial effect, and the SF
side promoted wound healing efficiently. The Ag-SF/SF
membranes with doses of more than 0.06 mg/mL Ag could
exert effective and comparable antibacterial properties on both
sides. Meanwhile, studies on cell viability revealed that Ag0.12-
SF/SF1:3 membranes had good cytocompatibility on the SF
side while holding strong antibacterial properties. Besides, the
Ag0.12-SF/SF1:3 membranes could promote the expression
levels of Col I and TGF-β mRNA in vitro and significantly
enhance the healing of infected wounds in vivo. Therefore, our
research provided a new strategy to enlarge the therapeutic
window for Ag-containing wound dressings by the simplified
layer-by-layer technique to achieve Ag unilateral distribution.
The prepared Ag-SF/SF difunctional membranes have great
potential as wound dressings for efficient skin repair.

4. MATERIALS AND METHODS

4.1. Materials and Agents. All chemical reagents were of
analytical grade and used without any further purification.
Formic acid (88%), calcium chloride (96.0%, CaCl2), sodium
carbonate (99.8%, Na2CO3), AgNO3 (99.8%), and anhydrous
ethanol (99.7%) were purchased from Sinopharm (Shanghai,
China). Silkworm cocoons were purchased from the northwest
silkworm base (Ankang, Shanxi, China).
4.2. Preparation and Fabrication of Ag-SF/SF Mem-

branes. The degumming process of silk was in accordance
with a previous study.48 The degummed SF was dissolved in
the CaCl2/formic acid solution to form the SF solution.
AgNO3 was dissolved in the SF solution to form the Ag-SF
solution. The concentration of the Ag element was calculated
based on the amounts of AgNO3 dissolved in the solutions. Ag-
SF solutions (200 μL) with the 0.03−0.24 mg/mL
concentration of the Ag element were dispersed over the
entire mold (ϕ35 mm), which were volatilized in the fume
hood for 0.5 h, and then 600 μL of SF solutions was added and
dried for another 2.5 h. For the membranes with different
thickness ratios, 200 μL of Ag-SF solutions with 0.12 mg/mL
concentration of the Ag element was thence-molded with 600,
1000, or 1400 μL of SF solution according to the same
procedure. The molds with membranes were dipped in
distilled water for 0.5 h and then immersed in absolute
ethanol for 1−2 h to release the mold. The thicknesses of
membranes were 0.3−0.6 mm, and the membranes were cut
into ϕ10-mm samples with a punch for further usage. The
membranes were named based on the combination of the Ag
element concentration in the Ag-SF solutions and the Ag-SF/
SF layer ratios, e.g., Ag0.12-SF/SF1:3 means that the two-
layered membranes with an Ag-SF/SF layer ratio of 1:3 and
the Ag element concentration in the Ag-SF solution of 0.12
mg/mL.
4.3. Characterization of Membranes. The Ag-SF/SF

membranes used for characterization tests were Ag0.12-SF/
SF1:3. The morphology of SF and Ag-SF/SF membranes was

observed under a SEM (Phenom ProX, G5, Eindhoven,
Netherlands). The element distribution of Ag-SF/SF mem-
branes was analyzed via EDX mapping on SEM. XRD patterns
were recorded on a Bruker D8 advanced powder diffractometer
(Bruker, Karlsruhe, Baden-Württemberg, Germany). FTIR
spectra were obtained under a Thermo Nexus 670
spectrometer (Thermo Nicolet, Laporte, Colorado). The
tensile properties of membranes (n = 3) were tested by a
universal testing machine (Instron 3340, Boston, MA).

4.4. Ag+ Release from Ag-SF/SF Membranes. Ag-SF/
SF (Ag0.12-SF/SF1:3) membranes (n = 3) were incubated in
2 mL of phosphate-buffered solution (PBS, Hyclone, Logan,
Utah) (pH 7.2−7.4) with 100 rpm constant agitation at 37 °C.
At 1, 6, 24, 72, 168, 240, and 336 h, 2 mL of supernatant was
collected separately and replaced with fresh PBS. The
concentration of Ag+ was estimated by atomic absorption
spectroscopy (AAS) analysis (iCE 3500, Thermo Fisher
Scientific, Waltham, MA) to assess the release profile.

4.5. In Vitro Antibacterial Test. A ZOI test was adopted
to evaluate the antibacterial efficiency against typical
pathogenic bacteria in skin wounds, i.e., S. aureus (ATCC
6538, Guangdong Microbial Culture Center, Guangzhou,
Guangdong, China) and E. coli (ATCC 25922, Manassas,
VG).34 The bacterial suspension was made in the following
steps: the single colonies of S. aureus or E. coli strain were
swabbed on the agar plates, added to 10 mL of sterile saline
(0.85% w/v NaCl in water), and then vortexed for 30 s. The
bacterial suspension was further diluted to an OD600 nm value of
0.123 to obtain the bacterial suspension concentration of 108

CFU. Then, the bacterial suspension concentration was diluted
to 107 CFU. Afterward, the bacterial suspension was smeared
evenly on the nutrient agar plate (composed of peptone, beef
extract, NaCl, and agar powder) (BKM Biotechnology,
Changde, Hunan, China) and the 10-mm-diameter disk
samples (n = 3) were placed on the agar plates. Both the
Ag-SF side and SF side of the membranes from different
groups were placed on the agar plates, based on the purpose of
the experiment. For example, in the Ag-SF side groups, the Ag-
SF side of the samples contacted the agar plates, and in the SF
side groups, the SF side of the samples contacted the agar
plates. After cultivation for 20 h at 36 °C, the images were
captured using a ruler as a calibrator and the diameters of the
transparent inhibition zones were measured by ImageJ
software (Open Source Software, OSS).

4.6. Cell Viability and Proliferation on SF and Ag-SF/
SF Membranes. The HFFs were harvested from the human
foreskin tissues provided by the Department of Urology, Qilu
Hospital of Shandong University following the national
guidelines for working with human materials. HFFs were
acquired by enzymatic digestion and cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM, Hyclone) with
10% fetal bovine serum (FBS, BioInd, Kibbutz, Israel) at 37 °C
in a 5% CO2 incubator. The membranes were preimmersed in
the culture medium overnight. HFFs at a density of 3 × 104

cells/well were seeded onto SF or Ag-SF/SF membranes in 48-
well plates. The cells were cultured in six replicates for each
group. HFFs cultured on TCP served as the control. After 24
h, three replicate cells were observed qualitatively by the live/
dead cells staining kit (Solarbio), the other three were digested
and detached from the membranes and transferred to 96-well
plates. After another 12 h, the culture medium in each well was
refreshed with 10 μL of CCK-8 (Dojindo Laboratories,
Kumamoto, Japan) and 100 μL of DMEM. The absorbance
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was detected by a microplate reader (SPEC-TROstar Nano,
BMG Labtech, Offenburg, Germany) at a wavelength of 450
nm.
4.7. Scratch Wound Healing Test. HFFs at a density of 3

× 105 cells/well were seeded onto SF or Ag0.12-SF/SF1:3
membranes in six-well plates and cultivated in high-glucose
DMEM with 10% FBS. HFFs cultured on TCP served as the
control. After confluence, the monolayer HFFs were scratched
by a sterile pipette tip and rinsed with PBS to remove cell
debris. Then, cells were further cultured at 37 °C for 24 h. The
wound healing photographs were taken at 0 and 24 h after the
scratch.
4.8. RNA Isolation and qRT-PCR Analysis. HFFs at a

density of 1 × 105 cells/well were seeded onto membranes (n
= 3) in six-well plates and cultivated in high-glucose DMEM
with 10% FBS for 7 days to detect gene expression of Col I and
TGF-β. The medium was refreshed every 3 days. Total RNA
was extracted by TRIzol reagent (Takara, Kusatsu, Japan). The
mRNA was reversed-transcribed into cDNA. The quantitative
real-time PCR assays were performed using SYBR Premix EX
Taq II (Takara) with a Light Cycler Roche 480 II Real-Time
PCR System (Roche, Basel, Switzerland). The housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used to normalize the mRNA level of Col I and TGF-β.
The sequences of the primers used in the present study are
listed in Table 1.
4.9. Skin Excisional Wound Splinting Model Prepara-

tion. Animal experiments were approved by the Medical
Ethics Committee of the School of Stomatology, Shandong
University, Jinan, China (Protocol No: GR20200708). Twelve
8-week-old adult Wistar rats (200−250 g, male) were involved
in this study. The blindness was conducted by keeping all
sample group’s information by an independent researcher
(L.Y.), which was not made public until all of the data were
collected. All wounds were randomly assigned to the three
groups, i.e., sham control, SF, and Ag0.12-SF/SF1:3 groups (n
= 8). The sham control was the group with simply punched the
skin and smeared the bacteria without placing the membrane.
In the Ag0.12-SF/SF1:3 group, the SF side of the membranes
contacted the wounds. After inhalation of anesthesia with
isoflurane, the rat’s back hair was shaved off and then the
surgical area was cleaned with iodophor and 75% ethanol in
turn. Four circular wounds of 8-mm-diameter were punched
on both sides of the back skin with disposable biopsy punches
(Kai Industries Co. Ltd., Gifu, Japan). A red round silicone pad
(inside diameter 12 mm, outside diameter 22 mm, thickness 1
mm) was glued to the skin around the wound and secured by
sutures to prevent wound closure from contraction of the skin.
Afterward, 10 μL of bacterial suspension of S. aureus (1 × 108

CFU) in 0.85% sterile saline was injected into the wound
surfaces and covered by different samples (ϕ10 mm disk).
Then, the four wounds on the back skin of rats were wrapped
with 3M Tegaderm dressings (St. Paul, MN) and finally fixed
with twining bandages (3M Deutschland GmbH, Neuss,
Germany). On 0, 4, 7, 11, and 14 days postsurgery, wound
healing photographs were taken. The rats were euthanized with

an overdose of pentobarbital on days 4 and 14, and the wounds
along with the surrounding normal skins were collected and
kept in 4% paraformaldehyde. The wound reduction was
quantified using a method according to our previous study.49

The wound area (%) was expressed as the wound reduction
using the following equation

= ×
X

wound area (%)
wound area at day
wound area at day 0

100%

4.10. Histological Analysis. The samples were dehy-
drated through graded series of ethanol and embedded in
paraffin. The continuous cross sections of 5 μm thickness were
cut along the superficial to the deep layer of the skin. Every
19th section was stained with Masson’s trichrome (Solarbio).
All samples were observed under a BX53 microscope
(Olympus, Tokyo, Japan) and measured with ImageJ software
(OSS). The collagen formation was quantified using the
collagen volume fraction (CVF).50 The area of blue-dyed
tissue was considered as the collagen area. CVF was expressed
as the collagen area/total area (%) and calculated as the area
occupied by the blue-dyed tissue, divided by the total area
under direct vision.

4.11. Statistical Analysis. All data were shown as mean ±
standard deviation (SD) and analyzed by GraphPad Prism
software 6.0 (MacKiev Software, Boston, MA). One-way or
two-way ANOVA followed by the Tukey posthoc test was used
to analyze the statistical significance. P < 0.05 was considered
statistically significant.
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