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Abstract: Due to the spread of drug-resistant bacteria in hospitals, the development of antibacterial
dressings has become a strategy to control wound infections caused by bacteria. Here, we reported a
green strategy for in situ biomimetic syntheses of silver nanoparticles@organic frameworks/graphene
oxide (Ag@MOF–GO) in sericin/chitosan/polyvinyl alcohol hydrogel. Ag@MOF–GO was synthe-
sized in situ from the redox properties of tyrosine residues in silk sericin without additional chemicals,
similar to a biomineralization process. The sericin/chitosan/Ag@MOF–GO dressing possessed a high
porosity, good water retention, and a swelling ratio. The hemolysis rate of the composite was 3.9%
and the cell viability rate was 131.2%, which indicated the hydrogel possessed good biocompatibility.
The composite also showed excellent lasting antibacterial properties against drug-sensitive and drug-
resistant pathogenic bacteria. The composite possessed excellent hemostatic activity. The coagulation
effect of the composite may be related to its effect on the red blood cells and platelets, but it has
nothing to do with the activation of coagulation factors. An in vitro cell migration assay confirmed
and an in vivo evaluation of mice indicated that the composite could accelerate wound healing
and re-epithelialization. In summary, the composite material is an ideal dressing for accelerating
hemostasis, preventing bacterial infection, and promoting wound healing.

Keywords: biomimetic synthesis; hemostasis; antibacterial activity; wound healing

1. Introduction

Skin is the largest organ covering the entire body that can maintain internal balance
and prevent external microbial invasion. Our body can repair damaged tissue on its own,
which is a time-consuming process. However, multiple factors can cause serious skin in-
juries, leading to wound infection, uncontrolled bleeding, and serious complications [1–3].
Thus, the development of novel wound dressings with multifunctional properties, includ-
ing hemostasis, low-hemolysis, long-term antibacterial activity, and wound healing, is
vitally important [4–6].

Silk sericin, a glycoprotein that accounts for almost 30% of silk cocoons, is usually
discarded from the textile industry [7]. The biological activity of sericin in improving cell
adhesion, antibacterial activity, and biodegradation has also been explored as a serum
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substitute [8–10]. In addition, sericin-based hydrogels also have other properties that are
beneficial to wound healing such as biocompatibility, water retention, and antioxidants [11].
However, the amorphous and fragile nature of sericin limits its application in the field of
biomedicine [12]. Improving the mechanical properties of silk glue is therefore the key to
expanding its potential applications. The amino, carboxyl, and hydroxyl functional groups
in sericin enable it to be successfully blended or cross-linked with other polymers, thus
improving its mechanical properties. Polyvinyl alcohol (PVA) is a polymer with excellent
properties such as gas permeability, biocompatibility, and excellent film forming ability,
and is often blended with natural polymers to improve their mechanical properties [13–15].
Chitosan is another attractive biopolymer as it promotes the generation of an extracellular
matrix and the activation of macrophages to accelerate wound healing [16–21]. Blending
silk gum with PVA could improve the mechanical properties of silk gum while maintaining
the swelling ability of chitosan, thus expanding the application of sericin-based composites
in the biomedical field. However, the spread of antibiotic-resistant bacteria in hospitals
often leads to wound infection, which reduces the application effect of sericin-based
composite dressings in the care of infected wounds [22]. At present, many studies have
focused on the development of more effective sericin-based composites with antibacterial
activity to treat wound infections related to multi-antibiotic resistant bacteria [23–25].

Metal–organic frameworks (MOFs) are a new type of coordination polymer formed
by the bonding of metal cations and organic ligands [26–28]. MOFs have been widely
used in the medical field because of their application in different areas such as drug
delivery [29], wound healing [30], bioimaging [31], and biosensors [32] to improve the
human lifestyle. Therefore, to speed up healing and prevent microorganisms from entering
the wound, MOFs are used as fillers for wound healing [33]. In recent years, Ag–Metal
organic frameworks (Ag–MOF) have attracted more and more attention based on the
strong antibacterial activity of silver [34]. Many studies have proven that silver is a
powerful weapon against drug-resistant bacteria [35]. However, the three-dimensional
structure of Ag–MOF is easily destroyed in water, which limits its application in the
field of medical dressing hydrogels. The preparation of silver nanoparticles@organic
frameworks (Ag@MOF) through the organic ligand adsorption of silver nanoparticles
has become an effective method to solve the problem. In addition, organic ligands of
Ag@MOF can enhance their biocompatibility and can help Ag+ penetrate the bacterial cell
membrane [36,37]. The three-dimensional structure of the organic ligand can be used as
a metal ion library to realize the slow release of Ag+, which can keep the wound sterile
for a long time [38]. However, some studies have also shown that high concentrations of
Ag@MOF have a certain cytotoxicity and may cause DNA damage [36].

Graphite oxide (GO) is an oxidized form of the graphene sheet, and oxygenated
functional groups are attached to the substrate planes and edges of GO sheets [39–42]. As a
result, this makes GO more hydrophilic with a larger surface area [43]. Its biocompatibility
is mainly affected by its high surface area and hydrophilicity, which makes GO more widely
used in the field of biomedicine [44,45]. GO has good antibacterial activity [36]. In order to
use Ag@MOF safely, supporting Ag@MOF with Go is an effective way to reduce the amount
of Ag@MOF without affecting its functions. Moreover, the formation of Ag@MOF–GO
composites promoted synergistic effects which can improve their antibacterial activity
compared to their original components.

In previous reports, AgNPs–GO was immobilized in polyvinyl alcohol or chitosan
by chemical or physical adsorption after synthesis through a complex process [23]. The
green synthesis of AgNPs–GO has received more and more attention due to the increasing
awareness of environmental protection. Biomineralization is the combination of nanotech-
nology and biology, which uses a biomacromolecule to synthesize a biocomposite [9]. This
provided inspiration for researchers to design advanced biocomposites and nanocompos-
ites. In the past few decades, natural polymers have been usually used as a template to
form inorganic–organic hybrid composite materials [46]. Biological materials inspired by
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proteins such as sericin have attracted more and more interest due to their fascinating
properties and practical applications [9].

Our work aimed to prepare CS/SS/Ag@MOF–GO hydrogels with hemostasis,
antibacterial, cell adhesion, low toxicity, and wound healing as seen in Figure 1. Ag@MOF–GO
impregnated into sericin/chitosan (SS/CS) hydrogels were successfully synthesized through
a green strategy. The microstructure, water-solubility, swelling degree, and water reten-
tion of hydrogels were characterized. Furthermore, the hemostatic activity, antibacterial
activity, biocompatibility, cell adhesion, cell migration, and animal experiments were
evaluated systematically.
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Figure 1. The design of chitosan/silk sericin (CS/SS) hydrogels incorporated with silver nanoparticles@organic frame-
works/graphene oxide (Ag@MOF–GO).

2. Materials and Methods
2.1. Materials

Chitosan (with a degree of deacetylation 96.56%), polyvinyl alcohol (PVA: with an
average degree of polymerization of 1788), and 1,3,5-benzenetricarboxylic acid were pro-
vided by Aladdin reagent Shanghai Co., Ltd. (Shanghai, China). Sericin, AgNO3, NaOH,
and glycerol were procured from Sinopharm Chemical Reagent Co., Ltd. Beijing, China.
Graphite flakes were obtained from Sigma Aldrich (St. Louis, MO, USA). The reagents
used were all of analytical grade.

2.2. Synthesis of Ag@MOF

First, 1.025 g 1,3,5-benzenetricarboxylic acid (BTC) was dispersed in 75 mL of deion-
ized water. A NaOH solution (1 M) was added dropwise to the suspension until the pH
value reached 7. In this solution, 12.5 mL AgNPs solution (0.05 wt%) was also added
dropwise and stirring was continued for 24 h. The solution was washed 3 times alternately
with distilled water and ethanol, and dried.
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2.3. Preparation of GO Sheets

GO was synthesized by the Hummers method [47]. Graphite flakes (2 g) were dis-
solved in 46 mL H2SO4 and stirred to form a black solution. A total of 1 g sodium nitrate
was added to the solution in the ice bath and stirred for 3 h, then 6 g of potassium perman-
ganate (KMnO4) was added as the oxidant to keep the temperature below 20 ◦C for 30 min.
A total of 92 mL of deionized water was added to the solution, stirred for 15 min and then
80 mL of 3% H2O2 (the solution is close to brown at this time) was added. The solution
was centrifuged at 7200 rpm for 30 min, and the supernatant was decanted. The resulting
precipitate was centrifugally cycled in deionized water until a neutral pH value (7.0) was
obtained. The sample was freeze-dried at −80 ◦C for 24 h.

2.4. Synthesis of Ag@MOF–GO

Ag@MOF–GO nanocomposites were synthesized by the deposition–precipitation
method. First, 1.025 g 1,3,5-benzenetricarboxylic acid (BTC) was dispersed in 75 mL of
deionized water, then 1 M of NaOH solution was added dropwise to the suspension, and
75 mL distilled water was added until the pH value reached 7. A total of 12.5 mL of AgNPs
solution (0.05 wt%) and 15 mL of graphene oxide solution (0.1 wt%) was added to the
suspension and stirred for 24 h. The solution was washed with alcohol and deionized water
3 times, and then dried at 60 ◦C for 24 h to obtain the Ag@MOF–GO composite material.

2.5. Preparation of CS/SS/Ag@MOF and CS/SS/GO Hydrogels

Briefly, the silkworm cocoon pieces (2 g) were boiled at 120 ◦C for 60 min at a high
pressure, and the sericin was extracted into water (60 mL). Then, the sericin solution was
lyophilized into powder after filtration to remove sericin fibers. A total of 2 g of chitosan
was dissolved in 100 mL of 1.5% (v/v) acetic acid solution and stirred at room temperature
for 1 h to prepare the chitosan solution. A total of 100 mL of SS solution (2% w/v in water)
and 200 mL of PAV solution (15% w/v in water) was prepared, while the solution was
stirred and mixed to obtain a CS/SS solution. A total of 0.5% Ag@MOF and 0.5% GO was
added to the solution and stirred evenly,. The solution was frozen at −25 ◦C for 24 h and
thawed at 25 ◦C for 8 h for three cycles before being washed with deionized water.

2.6. Preparation of CS/SS/Ag@MO–GO Nanocomposite Hydrogels

The CS/SS/Ag@MOF–GO nanocomposite was synthesized by the freeze–thaw cycle
method. A total of 1.025 g of 1,3,5-benzenetricarboxylic acid (BTC) was dispersed in 75 mL
of deionized water, 1 M of NaOH solution was dropped into the suspension, and 75 mL of
distilled water was added until the pH reached 7. Then, 12.5 mL of silver nitrate solution
(0.05 wt%), 15 mL of graphene oxide solution (0.1 wt%), and a certain amount of CS/SS
solution were added to the suspension and stirred for 24 h. The solution was frozen at
−25 ◦C for 24 h and thawed at 25 ◦C for 8 h for three cycles before being washed with
deionized water to obtain the hydrogel.

2.7. Characterization

The samples Ag@MOF, GO, and Ag@MOF–GO as well as their composite hydrogels
were recorded on an IRAffinity-1 spectrometer (Shimadzu, Kyoto, Japan) in the range
4000–400 cm−1 with a scanning rate of 2 cm−1. The morphology of Ag@MOF, GO, and
Ag@MOF–GO as well as their composite hydrogels were obtained by a JSM-6700F scan-
ning electron microscope (SEM) (JEOL, Tokyo, Japan). Transmission Electron Microscopy
(TEM) images were investigated by a Philips CM 120 transmission electron microscope.
X-ray diffraction spectra were obtained by an X-Ray diffractometer (ULTIMALV, Japan
Science Corporation, Tokyo, Japan). The scanning diffraction angle was between 5 and 50◦,
and the current was 20 mA. UV spectroscopy was investigated by a Shimadzu UV-2550
spectrometer in the scanning mode of 200–800 nm.
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2.8. Thermogravimetric Analysis

The thermal property of the samples was conducted using the SDT-Q600 thermal
analyzer (USA). The samples were heated in a nitrogen atmosphere at 50–700 ◦C.

2.9. Water Solubility (WS) of the Hydrogels

The hydrogel was cut into 1 cm × 1 cm and dried at 110 ◦C to obtain the initial dry
mass (W1). Subsequently, the hydrogel was completely immersed in distilled water for
24 h and then dried at 110 ◦C to obtain the final mass (W2). The WS was calculated by the
Equation (1):

WS =
W1 − W2

W1
× 100 (1)

2.10. Water Vapor Permeability

The water vapor permeability (WVP) was measured by gravimetrical methodology [48].
The hydrogel was sealed in a cup containing anhydrous calcium chloride and then placed
in a desiccator containing a saturated solution of deionized water to dry for 30 h. The
weight of the cup was gradually increased until it reached a steady state. The WVP was
calculated as follows:

WVP =
∆W × d

S × t × ∆P
(2)

where ∆W (g) is the weight gain of the World Cup; d (m) is the thickness of the hydrogel;
S (m2) is the exposed hydrogel area; t (h) is the time; and ∆P (KPa) is the actual difference
between the two samples.

2.11. Water Retention Studies

The hydrogel was soaked in distilled water at 37 ◦C, and the equilibrium swelled
hydrogel was placed in an oven at 37 ◦C [49]. The hydrogel was weighed at predetermined
intervals. The water retention (WR) for the hydrogel was calculated as follows:

WR(%) =
Wt

We
× 100 (3)

where Wt is the weight of the hydrogel at time t and We is the swelling weight at equilibrium.

2.12. In Vitro Antibacterial Study and Ag Ion Release Measurement

The inhibition zone method was used to assess the antibacterial activity of the hydrogel
with the strains of drug-sensitive E. coli, S. aureus, and drug-resistant DRE and MRSA [50].
First, 100 µL of 108 CFU/mL bacterial suspension was spread on the LB agar plate, and
then the sterile hydrogel with a diameter of 6 mm (sterilized by UV irradiation) was placed
on the agar surface. The plate was placed in an incubator at 37 ◦C for 48 h, and then the
diameter of the inhibition zone was measured.

A single horizontal diffusion cell was used for the skin penetration test in vitro, with
an effective diffusion area of 1.13 cm2. The CS/SS/Ag@MOF and CS/SS/Ag@MOF–GO
films (1.13 cm2) were applied to the stratum corneum of the skin. A phosphate buffer
brine (PBS, 3.0 mL, pH 7.4) acted as the receiving body fluid. The sampling time was 2, 4,
6, 8, 10, 12, 24 h. The receptor culture medium was extracted at 2.0 mL, and the same
volume of fresh receptor medium was added to keep the receptor volume unchanged. The
concentration of the receiver solution was determined by HPLC.

2.13. Antibacterial Effects of the Extract Liquid of Samples

The liquid CS/SS/Ag@MOF–GO and CS/SS/Ag@MOF samples were extracted and
a ratio of 1.25 cm2/mL was prepared according to the ISO 108993.12–2012, in which
CS/SS/Ag@MOF-GO and CS/SS/Ag@MOF specimens were immersed in 0.9% NaCl
solution at 37 ◦C for 24 h. A total of 10 µL of the bacterial suspension and 90 µL of the
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extract liquid was dropped on the petri dish, and cultured at 37 ◦C for 3 h, 6 h, 18 h, and 24 h.
Then, the colony forming units on petri dish were counted.

2.14. Morphological Characterization of Bacteria

E. coli, DRE, S. aureus, and MRSA cells were incubated with CS/SS/Ag@MO–GO
dispersion (65 µg/mL) in isotonic saline solution at 37 ◦C and were shaken at 200 rpm
for 3 h [51]. Then the bacteria cells were washed 3 times with PBS and fixed with 2.5%
glutaraldehyde solution for 3 h. The samples were dehydrated with 30/40/60/80/90/100%
ethanol gradient solution and freeze-dried. Finally, the surface morphology of the samples
was observed by the scanning electron microscope.

2.15. In Vitro Cytotoxicity

The L929 cells were grown in Dulbecco’s modified Eagle medium containing
10% heat-inactivated fetal bovine serum with 2 mM L-glutamine, 4.5 g L−1 glucose, and
1% penicillin/streptomycin solution. The cells were kept under aseptic conditions at 37 ◦C
and 5% CO2. The media were refreshed every 2 days until the cells reached confluence. The
disc shaped sponges (CS/SS, CS/SS/Ag@MOF, CS/SS/GO, and CS/SS/Ag@MOF–GO)
were sterilized in 75% ethanol for 30 min and irradiated in ultraviolet (UV) radiation for
another 30 min. The discs were placed onto a 24-well plate after rinsing with sterilized
PBS (10 mM, pH 7.4) thrice and seeded with 1 mL cell suspension at 2 × 104 cells mL−1

concentration in each well. After incubating for 24 h, 100 µL MTT solutions were added for
4 h, then 400 µL of DMSO was added to each well, and the resultant dissolvable solution
was transferred into a 96-well plate. The absorbance at 490 nm was recorded using a
microplate reader. The control group containing cells was cultured without samples. The
cell viability of the samples was calculated as:

Cell viability = OD490(sample)/OD490(control) × 100%, where the optical density (OD)
values of the samples and the control are coded as OD490(sample) and OD490(control).

2.16. Hemostatic Properties of Hydrogels
2.16.1. Blood Clotting Kinetics and Clotting Blood Time (CBT)

In brief, 0.7 mL of anticoagulant rabbit blood from the volunteer was collected in
EDTA-coated Falcon tubes. Composite dressings (5 mm × 5 mm) were placed in a
polypropylene tube. Blood was slowly distributed on to the composite dressing and
coagulation was initiated by adding 0.5 mL of 0.2 M calcium chloride to the blood. Further,
tubes containing blood were incubated at 37 ◦C for 5 min, 10 min, and 15 min, and 20 mL
of deionized water was slowly added through the walls of the tubes without disturbing
the clotted blood. The red blood cells (RBCs) that were not entrapped in the clot were
hemolyzed with water and the absorbance of the resultant RBCs containing solution was
measured at 540 nm. A similar treatment was followed for a controlled sample (blank)
without the composite.

Samples of 20 mg were put into the test tube, preheated at 37 ◦C for 5 min, and 1 mL
of anticoagulant rabbit blood was added for further incubation at 37 ◦C for 3 min. Then
500 µL of CaCl2 solution (25 mmol/L) was added. The time from when the CaCl2 was
added to when the blood clot was designated as CBT was measured. The unsampled blank
group was used as the control group and the same method was used. Three measurements
were taken for each group.

2.16.2. Blood Plasma Clotting Analysis

Platelet-poor plasma (PPP) was obtained from anticoagulated whole blood centrifuged
at 3000 rpm for 15 min. A 100 mg sample was mixed with 1 mL PPP and incubated at
37 ◦C with constant shaking at a constant speed for 20 min so that the sample and plasma
were evenly mixed and could be used as the plasma to be tested. A total of 0.1 mL of the
plasma to be tested was placed in the test tube, and then 0.1 mL of the APTT test solution
was added and placed in the instrument for clotting time determination and incubated for
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3 min at 37 ◦C. Then 0.1 mL of the 0.025 mol/L CaCl2 solution was added and put into the
instrument to measure the coagulation time. Similarly, the corresponding kits were used to
detect the prothrombin time (PT) and thrombin time (TT) [52]. Each group was measured
three times.

2.17. Adhesion of Erythrocyte and Platelets

Samples of 100 mg were incubated in 37 ◦C anticoagulated whole blood for 30 min [53].
Then the samples were washed 3 times with a phosphate-buffered saline (PBS) and fixed
with 2.5% glutaraldehyde solution for 3 h. After washing with PBS, it was dehydrated
with 30/40/60/80/90/100% ethanol gradient solution and freeze-dried. The anticoagu-
lated blood was centrifuged at 1000 rpm/min for 10 min, and platelet-rich plasma was
obtained from the upper layer. Similarly, the adhesion of the platelets to the samples was
proved by the same method. The surface of the hydrogel was observed on the scanning
electron microscope.

2.18. Hemolysis Assay

The diluted whole blood solution was prepared by diluting 4 mL of fresh anticoagulant
whole blood with 5 mL of 0.9 wt% NaCl solution [54]. The sample was cut into small pieces
of 1 cm × 1 cm and rinsed with distilled water and 0.9 wt% NaCl solution. It was put
into a test tube, and 10 mL of 0.9 wt% NaCl solution was added. The tube was heated
at 37 ◦C for 30 min, then 0.2 mL diluted whole blood was added and heated at 37 ◦C for
1 h. The solution was centrifuged at 1000 rpm for 10 min, and then the absorbance of the
supernatant at 545 nm was measured with an ultraviolet spectrophotometer. The hemolysis
was calculated according to the formula:

HR =
ODsam − ODneg

ODpos − ODneg
(4)

where ODsam, ODneg, and ODpos are the adsorptions, negative control, and positive control
of samples, respectively.

2.19. Cell Migration Assay

L929 fibroblasts were seeded in DMEM containing 1% penicillin-streptomycin and
10% fetal bovine serum (FBS) [39]. The cells (1 × 104) were seeded in a 24-well plate and
incubated at 37 ◦C in a humidified CO2. They were scratched with a 10 mL pipette and
rinsed with PBS to remove dead cells. The cells were treated with Ag@MOF–GO, and
the other group served as a control. The cells were lightly washed again with PBS, fixed
with 4% of paraformaldehyde for 25 min, and then the cells were labeled to obtain an
optical image.

2.20. In Vivo Animal Experiment

Sixteen eight-week-old male BALB/c mice with a bodyweight of about 20 g were
divided into 4 groups. The mice were anesthetized with ether on the day of injury, and a
full-thickness circular wound (about 10 mm in diameter) was made on the back of the mice.
Control-1 (medical gauze), CS/SS, control-2(medical gauze), and CS/SS/Ag@MOF-GO
were used to cover the wound in the 4 groups. The dressings were changed daily. The wound
area was measured and photographed when the dressing was changed. The image J was used
to measure the wound area. The picture file was dragged to the software area and opened
quickly. The picture intended to be processed was selected, and the distance between the
ruler and the wound adjusted, then the area with the appropriate area was selected, and
the pictures were cropped outside the selected area. The image brightness and contrast
were adjusted and the color threshold was adjusted, and the wound area was selected
by changing the threshold. The “Magic Wand” was clicked on in the menu bar and the
selected area was clicked on to automatically generate ROI. The wound area with our own
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sketch was selected and stored in the ROI manager. The ROI area was calculated and the
data was saved. The healing rate (HR) was calculated as follows:

HR =
S0 − S

S0
× 100% (5)

In the formula, S0 and S are, respectively, the wound area on the day when the wound
surface was formed and the wound area on the day when the dressing was added.

A total of 14 days after the injury, a sample of skin tissue was taken, fixed with
10% formalin, and a histological examination was performed. The samples were stained
with hematoxylin–eosin (H&E) and observed under a Leica DMI3000B light microscope
(Sigma Aldrich, St. Louis, MO, USA).

2.21. Statistical Analysis

All experiments were carried out 3 times (n = 3), and the data are expressed as
mean ± standard deviation. The results were analyzed with a one-way ANOVA by SPSS
(version 22.0, SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Characterization of Ag@MOF–GO

The FTIR spectrum of the synthesized Ag@MOF, GO, and Ag@MOF–GO are shown
in Figure 2a. In the spectrum of the initial Ag@MOF, the bands between 1250 cm−1 and
1750 cm−1 corresponded to the carboxylic acid ligands of BTC coordinated with metal
sites of the framework [36]. The symmetric and asymmetric stretching vibration modes
of the carboxylate groups in BTC were observed at 1353/1437 cm−1 and 1551/1650 cm−1,
respectively. The band at 1104 cm−1 is assigned to the C-O stretching vibration of the C-OH
group. In the case of GO, the band at 1723 cm−1 is assigned to C=O stretching vibration on
the carboxyl group while the absorption band at 1630 cm−1 may be the bending vibration
of C-OH [39]. The band at 1068 cm−1 is attributed to the stretching vibration modes of
C-O-C. Ag@MOF–GO has similar characteristics to Ag@MOF. Both Ag@MOF and GO
contain carboxyl groups. However, the changes in the environment of the carboxylic acid
ligands indicate that the interaction of ligands with GO led to a distortion of the MOF
framework. The decreased intensity in the bands between 1250 and 1750 cm−1 may be
related to the coordination change of the carboxylic acid ligand, which may be due to
the functional group of GO participating in MOF as linkers. The slight shift of the band
corresponding to the BTC carboxylic acid ligand (between 1250 and 1750 cm−1) to the
right also proves the change in the coordination of the carboxylic acid ligand of MOF.
Due to the complete absence of C-O-C corresponding to the band at 1068 cm−1, it supports
the formation of Ag@MOF–GO composites instead of physical mixtures of components.
Considering that this group and the carboxyl group can easily coordinate with the Ag+

center and occupy the surrounding coordination sites, they are likely to participate in
the formation of the composite.

Figure 2b shows the X-ray diffraction (XRD) patterns of the synthesized Ag@MOF,
GO, and Ag@MOF–GO. The large d-spacing of the diffraction peaks of GO at the 11.12 (001)
plane indicates that oxygen-containing functional groups were attached to the structure
during the oxidation process [55]. A lower intensity peak appeared at 26.49 which indicates
the presence of a small amount of reduced graphene oxide. The XRD patterns of the
Ag@MOF–GO composites are very similar to those of Ag@MOF and show characteristic
peaks, which are related to the crystal structure of the MOF phase. Furthermore, the
crystal structure of Ag@MOF–GO is disturbed to a certain extent, which may be related
to the coordination of the C-O-C group to the Ag+ center. The result is consistent with
FTIR analysis.



Polymers 2021, 13, 2812 9 of 21
Polymers 2021, 13, x FOR PEER REVIEW 9 of 22 
 

 

 
Figure 2. (a) FTIR spectrum, (b) XRD pattern, (c) UV–vis spectrum, (d) TGA curves of Ag@MOF, GO, and Ag@MOF–GO; 

TEM images of (e,f) Ag@MOF, (g,h) GO, and (i,j) Ag@MOF–GO. 

Figure 2b shows the X-ray diffraction (XRD) patterns of the synthesized Ag@MOF, 

GO, and Ag@MOF–GO. The large d-spacing of the diffraction peaks of GO at the  

11.12 (001) plane indicates that oxygen-containing functional groups were attached to the 

structure during the oxidation process [55]. A lower intensity peak appeared at 26.49 

which indicates the presence of a small amount of reduced graphene oxide. The XRD pat-

terns of the Ag@MOF–GO composites are very similar to those of Ag@MOF and show 

characteristic peaks, which are related to the crystal structure of the MOF phase. Further-

more, the crystal structure of Ag@MOF–GO is disturbed to a certain extent, which may be 

Figure 2. (a) FTIR spectrum, (b) XRD pattern, (c) UV–vis spectrum, (d) TGA curves of Ag@MOF, GO, and Ag@MOF–GO;
TEM images of (e,f) Ag@MOF, (g,h) GO, and (i,j) Ag@MOF–GO.

The UV–visible spectrum of the synthesized samples is shown in Figure 2c. In the case
of GO, the absorption band at 242 nm was similar to the π-πtransition of the aromatic C-C
bond, while the band at 292 nm was related to the n-π * transition of the C=O bond [39].
For Ag@MOF, the absorption band at 256 nm corresponds to the π-π * transition of the
aromatic C-C bond. The slight shift of the absorption bands of GO to the right is due to
the faster electron transfer speed and the increase in the transition energy between the
molecules of the Ag@MOF–GO nanocomposite.
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The TEM images of the synthesized samples are presented in Figure 2. Ag@MOF
is composed of many long rod-shaped nanoparticles with diameters ranging from
100 to 400 nanoparticles [36]. The silver component in Ag@MOF (Figure 2e,f) is well dis-
persed, mainly with a size of about 7 nm in diameter. Synthetic graphene oxide has a
curved and folded structure, and there are some cracks (Figure 2g,h) [43]. The addition
of GO (Ag@MOF–GO) resulted in the formation of longer, regular rods with a diameter
almost twice that of the MOF itself (Figure 2i,j). In addition, compared with Ag@MOF,
the size of the Ag component in Ag@MOF–GO is larger. Interestingly, the surface of the
composite rod (Ag@MOF–GO) has a lot of perforations. This structure may have a positive
impact on the properties of the nanocomposite and further promote the release of silver in
the Ag@MOF–GO when it comes into contact with bacteria.

3.2. FTIR of Composite Dresssings

The infrared spectrum of the CS/SS hydrogels showed the characteristic bands of
sericin and chitosan, which may be due to the presence of the intermolecular and in-
tramolecular hydrogen bonding networks between chitosan and sericin. Figure 3a shows
that the absorption band at 3305 cm−1 corresponds to the stretching vibration of -NH
and -OH while the absorption band at 2922 cm−1 is assigned to the asymmetric stretching
vibration of the CH bond [56,57]. The band at 1650 cm−1 may be related to the C=O
stretching vibration of amide I while the absorption band at 1548 cm−1 and 1408 cm−1 may
be assigned to the -OH and -NH bending vibration of amide II, respectively [50]. After the
addition of Ag@MOF, the shift of the band at 1037 cm−1 to the left may be due to the Ag-O
stretching vibration mode. With the addition of GO, the composite also showed a new
absorption band around 1635 cm−1, indicating the bending vibration of C-OH. Similarly,
for the CS/SS/Ag@MOF–GO composite, the sharp bands near 1643 cm−1 and 1022 cm−1

are considered to be Ag@MOF–GO located in the CS/SS.

3.3. Water Solubility, Swelling Degree, and Water Retention

Figure 3b–d shows the results of the moisture-related properties. CS/SS, CS/SS/Ag@MOF,
CS/SS/GO, and CS/SS/Ag@MOF–GO showed water solubility and a swelling degree in
descending order while they exhibited water retention in ascending order. This may be due
to the rigid hydrophobic structure of Ag@MOF and the layered structure of GO [39]. The
lower swelling and water solubility of the wound dressing can prevent the dressing from
dissolving or deforming and causing negative effects on the wound [58]. The higher water
retention provides a moist environment for the wound and promotes wound healing [49].

3.4. Hemostatic Properties of Dressings

The hemostatic activity of the composite dressing was evaluated by determining the
absorbance value of RBCs at 540 nm in un-coagulated blood. As seen in Figure 4, CS/SS,
CS/SS/Ag@MOF, CS/SS/GO, and CS/SS/Ag@MOF–GO showed absorbance values in
descending order. This indicated that the CS/SS/Ag@MOF–GO dressing had a higher
adsorption efficiency as compared to the control blood without the dressing. Thus, the
CS/SS/Ag@MOF–GO composite dressing had a faster blood clotting ability, compared to
the blank (without dressing), as shown in Figure 4. CBT is an effective method to determine
the blood coagulation performance of materials. The hemostatic performance of the sam-
ples was intuitively evaluated through the CBT test. Figure 3e shows that the time of clot
formation for the control group (blood only) was nearly 249 s, and about 219, 210, 181 s for
CS/SS, CS/SS/Ag@MOF, CS/SS/GO, respectively, while that for CS/SS/Ag@MOF–GO
was no more than 160 s. The results indicate that CS/SS/Ag@MOF–GO had significant
advantages over the other samples in promoting blood coagulation.
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The plasma coagulation cascade consists of internal, external, and common pathways,
all of which are gathered at a common point, where factor X is activated to XA, which in turn
activates prothrombin to thrombus [59]. APTT is a relatively common screening experiment
for the endogenous coagulation system, which is used to determine the endogenous
pathway coagulation factors [52]. PT is generally considered to be an effective method
for evaluating the exogenous coagulation system. TT is used for the determination of
thrombin in plasma in vitro to check the ability of fibrinogen to convert to fibrin (common
pathway). Figure 3f–h shows the test results of APTT, PT, and TT of each material after
contact with the rabbit plasma. It can be seen that for all the experimental groups, APTT
was between 16.8 s and 18.3 s, PT was between 7.2 s and 8.5 s, and TT was between
16.2 s and 18.4 s, which showed that there was no significant difference between the
samples. Compared with the measurement time, there was no significant difference. This
result shows that the hemostatic effect of CS/SS/Ag@MOF–GO was not achieved through
traditional internal, external, and common pathways, which is in line with the results of
other polymers containing GO. The process of blood clotting mainly depends on the effect
of the coagulation factors as well as the quality and quantity of effective erythrocytes and
platelets. Since CS/SS/Ag@MOF–GO did not show the effect of promoting coagulation
factors, this may be due to thrombosis caused by the effect of CS/SS/Ag@MOF–GO on
erythrocytes and platelets.

3.5. Adhesion of Erythrocyte and Platelets

By observing the number and morphology of erythrocytes and platelets that adhered
to the surface of the material, the hemostatic mechanism of the sample was further studied.
The results (Figure 5b,c) show that most of the platelets that adhered to each sample were
deformed, indicating that they had an outstanding efficiency in activating platelets [53].
The hydrogel did not affect the normal morphology and activity of erythrocytes, indicating
that it has a good biocompatibility to erythrocytes. In addition, the number of erythro-
cytes and platelets that adhered to the surface of CS/SS, CS/SS/Ag@MOF, CS/SS/GO,
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CS/SS/Ag@MOF–GO was in increasing order, which explains the difference in CBT for
these groups. Compared with the other samples, Ag@MOF–GO in CS/SS/Ag@MO—GO
has a compact structure and larger specific surface area, allowing more erythrocytes and
platelets to adhere and aggregate to accelerate blood coagulation, which is consistent with
the results of SEM.
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3.6. Antibacterial Activities and Ag Ion Release of the Dressings

In order to observe the sustained antibacterial activity of CS/SS/Ag@MOF–GO
against drug-sensitive and drug-resistant pathogenic bacteria, the inhibition zone method
was performed on the strains of drug-sensitive S. aureus, E. coli, and drug-resistant
MRSA, DREC [60]. Figure 5 shows that CS/SS had no obvious antibacterial activity
against all strains, while the inhibition zone formed by CS/SS/GO was smaller, indicat-
ing that it had a limited toxicity to bacteria. CS/SS, CS/SS/GO, CS/SS/Ag@MOF, and
CS/SS/Ag@MOF–GO showed antimicrobial activity in ascending order. The antibacterial
activity of CS/SS/Ag@MOF–GO was significantly increased, possibly due to the synergis-
tic effect of the composite (Ag@MOF–GO) [36]. Ag@MOF–GO continuously released Ag+

to the surrounding environment, and it inactivated the bacteria in their respective regions,
resulting in no significant change in the size of the inhibition zone for 7 days (Figure 6a–d).

Through SEM analysis, the nature and extent of the damage to the bacterial cell
by CS/SS/Ag@MOF–GO can be recognized from the changes in the morphology of the
bacteria [51]. Untreated E. coli (Figure 5e) have normal rod shapes, while after incubat-
ing E. coli with the sample, the cell showed severe morphological damage and shrank
(Figure 5i). The remaining types of bacteria after incubation with CS/SS/Ag@MOF–GO
had varying degrees of damage (Figure 6f–h,j–l).
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Figure 6. Pictures of the inhibition zones for bacterial from the sterilizing effectiveness test for
(a) E. coli, (b) DRE, (c) S. aureus, and (d) MRSA; (1) CS/SS, (2) CS/SS/Ag@MOF, (3) CS/SS/GO, and
(4) CS/SS/Ag@MOF–GO. SEM images of intact and damaged E. coli (e,i), DRE (f,j), S. aureus (g,k),
and MRSA (h,l).

According to our experimental results, a possible antibacterial mechanism of CS/SS/
Ag@MOF–GO was further illustrated. Ag@MOF–GO in CS/SS/Ag@MOF–GO diffused to
the surface of the bacteria and continuously released Ag+. The direct interaction between
Ag+ and the thiol group protein may destroy the integrity of the bacterial membrane [34].
The interaction between the O-containing functional groups of CS/SS/Ag@MOF–GO and
bacterial lipopolysaccharide promoted the interaction between Ag+ and bacteria to destroy
bacterial cells. In addition, these O-containing functional groups can bond with cell cations
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(Ca2+ and Mg2+). In addition, the generation of reactive oxygen species (ROS) leads to the
fragmentation of DNA, resulting in bacterial cell death [36].

The results shown in Figure 7a demonstrate that CS/SS/Ag@MOF possessed the maxi-
mum skin permeation effect. In addition, the skin permeation amount of CS/SS/Ag@MOF–GO
and CS/SS/Ag@MOF was 18.19 and 46.23 µg/cm2, respectively, at 24 h. The cytotoxicity is
marginal when the amount of skin penetration is small. Figure 7b shows the antibacterial
effect of the extract of CS/SS/Ag@MOF and CS/SS/Ag@MOF–GO samples. It can be seen
clearly that all extracts exhibited excellent antibacterial activity at all intervals at more than
20%, and CS/SS/Ag@MOF showed a higher antibacterial ability. This is due to the higher
Ag+ release in CS/SS/Ag@MOF.
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3.7. Biocompatibility of Dressings

Good biocompatibility is an important factor in wound dressings [54]. A hemolysis
test was examined for an assessment of the blood compatibility of the sample. Figure 6b
shows the color difference between the four sample groups, the positive control group,
and the negative control group. Light yellow was observed in all four sample groups,
similar to the negative control group, while bright red was observed in the positive control
group. The result is shown in Figure 8a, and after adding Ag@MOF, the hemolysis rate of
CS/SS was slightly increased (4.3%). Compared with the CS/SS/Ag@MOF, CS/SS/GO
and CS/SS/Ag@MOF–GO showed a very low hemolysis ratio (3.7% and 3.9%), which
indicated that the blood compatibility of samples was good. SEM (Figure 8c) also exhibited
clearly that the structure of erythrocyte treated by samples was not damaged. Therefore,
the CS/SS/Ag@MOF–GO composite dressing is considered to be a non-hemolytic material.

In order to further evaluate the cytocompatibility of these samples, the samples
were tested for cytotoxicity [49]. As shown in Figure 8d, the cell viability of CS/SS,
CS/SS/Ag@MOF, CS/SS/GO, CS/SS/Ag@MOF–GO was 115.1, 104.3, 125.5 and 131.2%,
respectively. The CS/SS dressing obviously promoted the growth of L929 cells. Although
the cell viability treated with CS/SS/Ag@MOF composite decreased due to the addition of
Ag@MOF, it was still higher than the control group. The addition of GO and Ag@MOF–GO
significantly enhanced the cell viability of the CS/SS composite. The above experiments
confirmed that the CS/SS/Ag@MOF–GO composite has a good biocompatibility and broad
application prospects as hemostatic and wound healing materials.
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3.8. In Vitro Cell Migration Assay of Dressings

The growth and migration of cells is an important feature of the tissue regener-
ation stage in the wound healing process [39,61]. Figure 9 shows the cell migration
assay of L929 cells. It can be observed that, compared with the control group (CS/SS),
CS/SS/Ag@MOF–GO exhibited an excellent cell migration ability. In addition, the pre-
pared Ag@MOF–GO has a porous spatial structure, which is conducive to the adhesion,
migration, and proliferation of cells. Figure 9b shows the quantification of the wound
closure area. At the 12th and 24th hours, the wound area reduction in the presence of
Ag@MOF–GO was very significant, compared with the control group. Therefore, the mi-
gration test is consistent with the higher cell migration of synthetic CS/SS/Ag@MOF–GO
than the control, providing a way for potential wound healing applications.
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3.9. In Vivo Wound Healing

Full-thickness skin wound healing was performed using CS/SS and gauze (control-1),
CS/SS/Ag@MOF–GO, and commercial hemostat (control-2), and the healing rate was
evaluated. Figure 10a shows that CS/SS and CS/SS/Ag@MOF–GO healed faster than
control-1 and control group-2, respectively, on the 7th day after surgery. As reported
in previous studies, chitosan/sericin dressings can accelerate epithelialization [10]. The
CS/SS/Ag@MOF–GO and CS/SS have also been proven to have good healing effects.
As shown in Figure 10b, CS/SS/Ag@MOF–GO had a significant healing rate compared to
the control group-2. This good wound healing rate was attributed to the antibacterial prop-
erties of Ag@MOF-GO. On the 14th day after surgery, the wound healing rates of CS/SS
and CS/SS/Ag@MOF–GO were about 91.4% and 95.3%, while those of the control group
were only 51.2% and 62.3%. In general, the wound healing ability of CS/SS/Ag@MOF–GO
and CS/SS was significantly better than that of gauze. These wound dressings, especially
CS/SS/Ag@MOF–GO dressings, are more effective in accelerating wound healing.
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3.10. Histological Analysis

In order to evaluate the speed and quality of the newly regenerated tissues, H&E stain-
ing was performed for histological analysis. Figure 10c shows the histological observation
of the wound tissue after 14 days. The wounds treated by CS/SS and CS/SS/Ag@MOF–GO
showed an intact epidermis, while the wounds treated by Control-1 and Control-2 were
not completely closed. For the CS/SS and CS/SS/Ag@MOF–GO groups, the granulation
tissue had been organized into fibrous connective tissue, and the epidermal density of
CS/SS/Ag@MOF-GO was higher. The above results show that the CS/SS/Ag@MOF–GO
dressing enhanced the ability of wound tissue repair.

4. Conclusions

A CS/SS/Ag@MOF–GO nanocomposite was successfully prepared through a one-
step environmentally friendly method. For comparison, CS/SS/Ag@MOF and CS/SS/GO
were also fabricated. The effects of the presence of GO and Ag@MOF on the microstructure,
water-solubility, swelling degree, water retention hemostatic activity, antibacterial activity,
biocompatibility, cell adhesion, cell migration, and animal experiment of the samples were
investigated. The FTIR results showed the integrity of the structures of Ag@MOF–GO
within the hydrogels were maintained well. The moisture-related properties of CS/SS
were enhanced when Ag@MOF and GO were added, and it was more particularly no-
ticeable in the presence of Ag@MOF–GO. Cytotoxicity and hemolysis tests as well as
an in vitro blood clotting assay indicated that the material possessed good biocompat-
ibility and highly effective coagulation function. However, coagulation did not play a
role in the traditional model, involving exogenous, endogenous, or common pathways,
which indicated that CS/SS/Ag@MOF–GO did not contribute much to the activation
of coagulation. The acceleration of blood coagulation by CS/SS/Ag@MO–GO may be
related to its adhesion to erythrocytes and platelets. The antibacterial test indicated that
the hydrogels possessed long-lasting antibacterial activities against drug-resistant and
drug-sensitive pathogenic bacteria. The in vitro cell migration assay confirmed that the
CS/SS/Ag@MOF–GO dressings led to a faster cell migration compared with that of other
controls. The in vivo evaluation of mice indicated that CS/SS/Ag@MOF–GO can accel-
erate wound healing and re-epithelialization. The above results show that the prepared
CS/SS/Ag@MOF–GO composite dressing has potential application in wound care.
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