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Abstract: Wound infection remains a major challenge for health professionals, because it delays wound healing and
increases the overall cost and morbidity. Therefore, the development of new biomaterials with new antibacterial
properties and healing effects remains a dire clinical need. To solve this problem, we developed silver nanoparticles
embedded in y-cyclodextrin metal-organic frameworks (Ag@MOF) and platelet-rich plasma (PRP)-loaded hydrogel
systems based on methacrylated silk fibroin (SFMA) and methacrylate hyaluronic acid (HAMA) as Ag* ion and growth
factor delivery venhicles for inhibiting the growth of drug-resistant bacteria and promoting wound healing. The pre-
pared SFMA/HAMA hydrogel demonstrated good rheological properties, swelling capability, appropriate mechanical
properties and controllable biodegradability. The SFMA/HAMA/Ag@MOF/PRP hydrogel showed sustained release
profiles of Ag* ions and EGF. The SFMA/HAMA/Ag@MOF hydrogel have good inherent antibacterial properties against
both gram-negative bacteria and gram-positive bacteria. The prepared hydrogel showed excellent cytocompatibility
and could stimulate the growth and proliferation rate of NIH-3T3 cells. In vivo experiments showed that SFMA/
HAMA/Ag@MOF/PRP hydrogel treatment enhanced the healing of full-thickness wounds, reduced inflammatory cell
infiltration, and promoted re-epithelialization and collagen synthesis. All results indicated that the prepared hydrogel
has tremendous potential to reduce wound infections and improve wound healing.

Keywords: Platelet-rich plasma (PRP), nanosilver, methacrylated silk fibroin (SFMA), methacrylate hyaluronic acid
(HAMA), wound infection

Introduction

Chronic wound healing is one of the most com-
mon and difficult problems encountered by cli-
nicians [1, 2]. Surgical debridement is the key
to treating chronic wounds, but how to promote
and accelerate wound healing after removal of
infected and necrotic tissue is a challenge for
every surgeon [3, 4]. The limited availability of
autologous skin or flap grafts and the rejection
of allogeneic skin grafts have promoted the
search for novel bioalternative materials to
treat wounds [5]. With the development of
molecular biology techniques and materials
science, a variety of natural biomaterials have
been widely used in the treatment of chronic

wounds and have achieved a certain effect [6,
7]. However, these common dressing materials
without insufficient antimicrobial activity are
not sufficient to eliminate bacterial infection.
Bacterial infections at the wound tissue site
usually delay the wound healing process or
even lead to serious life-threatening complica-
tions [8, 9]. Therefore, it is now imperative to
develop an efficient wound dressing to simulta-
neously enhance antimicrobial capacity and
improve wound healing.

Silver nanoparticles with small particle sizes
and large specific surface areas have been the
research focus of antibiotics in recent years
and have strong penetration, broad-spectrum
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Scheme 1. Flow diagram of the preparation of the SFMA/HAMA/PRP/Ag@MOF hydrogel.

sterilization, unique antibacterial mechanisms
and no drug resistance [10, 11]. Meanwhile, it
can promote cell growth and wound healing
and has no irritating reaction to the skin, which
opens up prospects for the wide application of
silver nanoparticles [12, 13]. However, dis-
solved silver ions have active chemical proper-
ties (easy to oxidize or agglomerate to form
aggregates with large particle sizes), which lim-
its their application [14, 15]. Metal-organic
frameworks (MOFs), also known as porous
coordination polymers, are crystalline porous
materials composed of inorganic metal ions or
clusters connected by multidentate organic
ligands [16, 17]. MOFs may be of interest in bio-
medical applications, but they are often unsta-
ble in solutions containing physiological pro-
teins [18]. Therefore, we can load MOFs into
the hydrogel as a strategy to alleviate its degra-
dation and prevent the premature release of
silver ions so that silver-based MOFs (Ag@MOF)
can be used to promote wound healing [19,
20].

Platelet-rich plasma (PRP) is a kind of concen-
trated plasma separated from blood that has
large platelets, growth factors and a small
amount of red blood cells [21, 22]. PRP has
great potential in the field of regenerative medi-
cine because of its low cost-effectiveness, wide
source, low risk of infection and strong ability of
therapeutic tissue regeneration. PRP contains
a large amount of fibrinogen, which is activated
by external stimulation to produce a large am-
ount of fibrin and release a variety of growth
factors (EGF, VEGF, IGF, TGF-B1, PDGF, etc.) [23-
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25]. These growth factors play a complemen-
tary role in a variety of regenerative medicine
treatment programs for tissue repair, including
the treatment of muscle and spinal diseases,
osteoarthritis, chronic complex and intractable
wounds [26]. Currently, there are some disad-
vantages in the clinical research of PRP. The
main problem is the explosive release of PRP,
which limits the long-term treatment of PRP
[27]. In addition, due to the short bioactivity
cycle of PRP in vitro, whether PRP can be load-
ed with hydrogels to prolong the bioactivity
cycle to better promote wound healing is
unknown [28, 29].

Silk fibroin (SF) and hyaluronic acid (HA) are
natural hydrophilic colloids with good adhesion
and biocompatibility. Natural polymers con-
tain hydroxyl and amino groups, which can be
chemically modified to improve mechanical
properties and biological stability [30-32]. In
this paper, HAMA was synthesized by modifying
HA with methacrylic anhydride (MA), and SFMA
was synthesized by modifying SF with glycidyl
methacrylate (GMA) (Scheme 1). Then, in the
presence of UV light and photoinitiator LAP, the
SFMA/HAMA composite hydrogel was formed
by mixing the SFMA solution and HAMA solu-
tion. Based on the biological functions and
research background of Ag@MOF, PRP and
modified hydrogels, this study proposed the
hypothesis that SFMA/HAMA hydrogels could
be used as silver ions and growth factor carri-
ers. Material characterization, biocompatibility
and a rat wound infection model were used to
study and evaluate the mechanism and effect
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of SFMA/HAMA/PRP/Ag@MOF in promoting
wound healing.

Material and methods
Materials and reagents

Hyaluronic acid (HA) was purchased from
Shanghai Yuanye Biotechnology Co., Ltd.
(Shanghai, China). Sliced cocoons were pur-
chased from Zhejiang Academy of Agricultural
Sciences. y-Cyclodextrin (y-CD), KOH, meth-
acrylic anhydride (MA), glycidyl methacrylate
(GMA) and polyethylene glycol (PEG, Mw=
20,000) were purchased from Macklin Bio-
chemical Technology Co., Ltd. (Shanghai,
China). Silver nitrate (AgNO,) was purchased
from Sigma Aldrich Corporation (MO, USA).
Platelet-rich plasma (PRP) was obtained from
Army General Hospital of Guangzhou military
region (Guangzhou, China). Escherichia coli (E.
coli, ATCC8739) and Staphylococcus aureus
(S. aureus, ATCC-14458) were obtained from
Chuangsai Biomedical Material Co., Ltd.
(Guangzhou, China).

Synthesis of methacrylated silk fibroin (SFMA)

The cocoons were cut into small pieces and
added to 2 L Na,CO, (0.02 M) solution and
boiled for 45 min. The degummed SF was
washed with deionized water three times and
oven-dried at 60°C overnight. Then, 25 g of
degummed SF was dissolved in 100 mL lithi-
um bromide solution (9.3 M). When the fila-
ments were completely dissolved, 15 mL GMA
was added to the mixture and stirred at
room temperature overnight. After the reaction,
the solution was filtered through a miracloth
(Miracloth) and dialyzed into a dialysis bag
with a molecular weight of 3500 Da. After dialy-
sis in distilled water for 3-5 days, the solution
was lyophilized for 48 h to obtain SFMA.

Synthesis of methacrylate hyaluronic acids
(HAMA)

HAMA was also synthesized following a previ-
ously published protocol [33]. 1 g of HA was
dissolved in 100 mL of distilled water, followed
by the addition of 3 mL of methacrylic anhy-
dride into the HA solution. The pH of the reac-
tion was adjusted to 8.5 by the addition of 5
mol/L NaOH and kept at room temperature
under continuous stirring for 8 h. After dialysis

4469

in distilled water for 3-5 days, the solution was
lyophilized for 48 h to obtain HAMA.

Synthesis of AS@MOF

Nanosized CD-MOF crystals were generated
following previously published protocols [34].
The Ag@MOF was prepared by impregnation
reduction following a previously published pro-
tocol with slight modifications [35]. Briefly, 500
mg of CD MOF crystals was dispersed in 1 mL
of acetonitrile, and then 4 mL of AgNO, (10
mM) was added and vigorously stirred. After
stirring for 48 h, the reaction mixture was cen-
trifuged and washed three times with acetoni-
trile and deionized water and then lyophilized to
obtain Ag@MOF.

Preparation of SFMA/HAMA hydrogel

For the preparation of composite hydrogels,
the concentration of SFMA in the PBS solution
was fixed at 10 wt%, and varying concentra-
tions of HAMA (0.5 wt%, 1.0 wt% and 1.5 wt%)
in PBS solution were mixed in SFMA solution at
a 1:1 volume ratio. LAP (0.1 wt%) was subse-
quently added as a photoinitiator. The mixture
was then injected directly into 48-well culture
plates and irradiated with 405 nm light for 30
s.

Characterization of the synthesized materials

SF, SFMA, HA and HAMA were characterized
by *H NMR (AV-500, Bruker, Germany) in D20.
The morphological characteristics of AG@MOF
nanoparticles were analyzed using TEM (Libra
200, Carl Zeiss, Germany). After freeze-drying,
the surface morphologies were characteriz-
ed by scanning electron microscopy (SEM,
S-3400, Hitachi, Japan).

Physical evaluation of the composite hydrogels

Swelling ratio of the hydrogels: SFMA/HAMA
hydrogel samples with different HAMA concen-
trations were placed in PBS solution (pH=7.4).
At defined intervals, the swollen hydrogels were
removed and weighed. The calculation formula
of the swelling ratio was as follows:

Swelling ratio (%)=(W-W,)/W x100%

Where W, is the weight of the sample at time t
and W is the weight of the hydrogel at time O.
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Rheological assessment: Rheological charac-
terization was performed on a TA rheomet-
er instrument (Malvern Instruments Ltd.,
Malvern, UK). Before the test, the hydrogel
samples remained overnight at 4°C, and the
storage modulus (G’) and loss modulus (G”)
were measured at 25°C. In amplitude scan-
ning, the test temperature was 25°C, and the
angular frequency was swept from 0.1~100
rad/s.

Compression test: To measure the compres-
sion properties of hydrogels, we used a univer-
sal testing machine (Shimadzu AGS-X10KN,
Kyoto, Japan) to conduct compression tests
on SFMA/HAMA hydrogels with different HAMA
concentrations. Hydrogel samples with a diam-
eter of 9 mm and mean height of 6 mm were
measured with a strain rate of 5 mm/min.

Degradation in vitro: To simulate human body
fluids, the SFMA and SFMA/HAMA hydrogels
were immersed in PBS solution (pH=7.4) with
or without lysozyme (1000 U/mL). Then, the
hydrogel was placed on a constant tempera-
ture shaker at 37°C, and the stirring speed
was 60 rpm. After a defined degradation time,
the hydrogel samples were removed and
washed with deionized water three times, fol-
lowed by vacuum-drying. The degradation ratio
of the swelling ratio was as follows:

Degradation ratio (%)=M, /M, x 100

Where M, is the mass of the initial hydrogel
after lyophilization and M, is the mass of the
degraded hydrogel after lyophilization at time t.

Release of Ag* ions: Inductively coupled plas-
ma-mass spectrometry (ICP-MS) was used to
quantify the release of Ag* ions from the
SFMA/HAMA/Ag@MOF hydrogel. Briefly, SF-
MA/HAMA/Ag@MOF hydrogel was incubated in
10 mL PBS solution (pH=7.4). At different time
points, PBS supernatant liquor was collected
and completely refreshed with fresh PBS.
Finally, the collected samples were digested
with concentrated nitric acid (HNO,) to deter-
mine Ag" iron levels.

Release of EGF: ELISA methods were used to
quantify the release of EGF from the SFMA/
HAMA/Ag@MOF/PRP  hydrogel. Briefly, the
hydrogel was incubated in 1 mL PBS solution
(pH=7.4). At different time points, 1 mL of fresh
PBS was added after removing 1 mL of PBS
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supernatant liquor from the well. The collected
samples were measured by an EGF Human
ELISA kit (Meimian, Jiangsu, China), and the
accumulative release profiles of EGF were plot-
ted against time.

In vitro antibacterial activity: E. coli and S.
aureus were utilized to evaluate the antibacte-
rial performance of hydrogels. Each hydrogel
sample (600 uL) was placed in 24-well plates,
and then 1.5 mL bacterial suspensions with a
concentration of 1 x 108 CFU/mL were added.
SFMA/HAMA hydrogel was used as a blank
control group. After 4 h of incubation at 37°C,
serial 10-fold dilutions of the mixture were cul-
tured in Luria-Bertani agar using the pour plate
method to count low colony-forming units. The
antibacterial ratio of the swelling ratio was as
follows:

Antibacterial ratio (%)=(C,-C)/C, x 100

Where C, is the number of culture colonies in
the blank control and Cg is the number of cul-
ture colonies in the SFMA/HAMA/Ag@MOF
hydrogel.

In vitro biocompatibility test

Biocompatibility test: Cell Counting Kit-8
reagent was used to assay cell viability. The
500 uL hydrogel samples were added to a
24-well plate and then irradiated with 405 nm
light for 30 s. Next, the 3T3 cell suspension
was seeded in a 24-well plate with 20,000
cells in each well. The medium was also
changed every two days, and the cells were
cultured for 24 h, 48 h and 72 h. Cell viability
was tested with CCK-8 by adding CCK-8 solu-
tion to each well. The absorbance value was
measured by a microplate reader (SH1000,
Corona, Japan) at 450 nm.

Live/dead staining: The hydrogels loaded with
cells were washed with PBS twice, and then
200 pL of the prepared working solution (2 yM
calcein-AM and 8 pM propidium iodide) was
added. After 15 min of incubation while being
protected from light, stained samples were
placed in the well plate under fluorescence
microscopy (Olympus BX51, Tokyo, Japan) for
observation.

Flow cytometric analysis of apoptosis: Apoptotic
cells were detected using an Annexin V-FITC/PI
Apoptosis Detection kit (Kaiji Biotech, Nanjing,
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China). Briefly, cells were collected by centrifu-
gation at 1,000 x g for 5 min at room tempera-
ture. Cells were stained with 5 pL Annexin
V-FITC and 10 pL PI for 15 min in the dark.
Subsequently, the percentage of apoptotic
cells was immediately detected using a
NovoCyte flow cytometer (Coulter Epics XL,
Beckman, USA) and analyzed using FlowJo
software.

Cell migration test: The migration behavior
of HUVECs was observed by scratch test in
vitro. HUVECs were inoculated into 24-well
plates (5 x 10° cells/well) and cultured at
37°C for 24 h to form a monolayer of cells. A
200 pl pipette tip was used to make a horizon-
tal scratch, and the cells were gently rinsed
with PBS to remove suspended cells and cell
fragments. The hydrogel extract solution was
added and cultured at 37°C. At the scheduled
time, the cells were photographed using a
microscope, and the scratch area was mea-
sured using Image software. The cell migration
rate was calculated based on the following
formula:

(Ao~ A

Cell migration (%) = X 100%

0

Where A, is the initial scratch area and A, is the
area at different times.

Establishment of a rat wound infection model

Animal experiments were approved by the
Institution Animal Ethics Committee of Ruige
Biotechnology. Sprague-Dawley (SD) rats (200-
220 g) were selected and divided into four
groups: the control group, SFMA/HAMA and
SFMA/HAMA/Ag@MOF hydrogel groups, and
SFMA/HAMA/PRP/Ag@MOF hydrogel group.
The rats were anesthetized by intraperitoneal
injection of 1% pentobarbital sodium solu-
tion at a dose of 65 mg/kg, and the hair on the
back of the rats was removed with an electric
razor and hair removal cream under anesthe-
sia. Four round wounds with a diameter of 12
mm were made on the back of each rat with a
biopsy punch, and then 40 uL mixed bacterial
solution (1 x 108 CFU/mL E. coli and 1 x 108
CFU/mL S. aureus) was added to the wound
surface. Finally, the hydrogel was covered with
the wound surface, and the hydrogel was fixed
on the backs of rats with a 15 mm x 15 mm
medical PU membrane. The wound dressing
was changed every 3 days.
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Histological analysis

On the 3rd, 7th and 14th days, one rat in each
group was killed, and the wound and its adja-
cent skin were collected for histological analy-
sis. The wound skin tissues of rats in different
groups were fixed in tissue fixation solution for
24 h and then embedded in paraffin wax. The
tissue samples were cut longitudinally into 4
pum thick sections, and the tissue sections were
stained with hematoxylin and eosin (H&E) and
Masson. Finally, all slices were photographed
and analyzed by optical microscopy.

Statistical analysis

Statistical analyses were performed using
SPSS22.0. All values were tested to be in
accordance with a normal distribution, ex-
pressed as the means + SD (standard devia-
tion) from a minimum of three experiments.
One-way analysis of variance (ANOVA) was
used for comparison between the experiment
group and control group. All results were con-
sidered statistically significant at *P < 0.05,
**P < 0.01, ***P < 0.001.

Results
Characterization of polymers and hydrogels

H-NMR was used to verify the chemical
structure of SFMA and HAMA. As shown in
Figure 1A, after GMA modification of SF, a new
signal peak appears at 6.11 ppm, which is the
signal generated by the vibration of H nuclei in
-C=CH. Meanwhile, an obvious methyl (-CH,)
signal appears at 1.89 ppm. Therefore, we
can confirm that the ethynyl group can be suc-
cessfully modified on SF molecules using GMA
under the current experimental conditions [36].
As shown in Figure 1B, it was found that the
pure HA after modification had obvious chemi-
cal signals of -C=CH at chemical displace-
ments of 5.84 ppm and 6.26 ppm [32]. TEM
images of MOF@Ag showed spherical nanopar-
ticles with sizes ranging from 80 to 120 nm
(Figure 1C). When the irradiation time reached
60 s, the solution had lost its fluidity, and obvi-
ous gel blocks were formed at the bottom of
the glass bottle, which indicated that the solu-
tion had completely realized sol-gel transforma-
tion (Figure 1D).

Hydrogels have interpenetrating porous struc-
tures with pore sizes usually larger than indi-
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Figure 1. A. *H NMR spectra of SF and SFMA. B. *H NMR spectra of HA and HAMA. C. TEM images of Ag@MOF. D.
Photograph of the SFMA/HAMA hydrogel through UV crosslinking.

vidual cells. In addition, hydrogels contain a
large number of hydrophilic groups, which
easily absorb water and swell, similar to the
natural extracellular matrix (EMC). As shown in
Figure 2A, all hydrogels exhibited interpen-
etrating porous microstructures, which could
affect the swelling rate, mechanical properties
and drug delivery of hydrogels. The intercon-
nected porous structure of hydrogels creates a
3D microenvironment supporting cell prolifera-
tion, migration and intercellular interactions
[37]. When used as a medical dressing, it can
keep the wound surface moist and facilitate
the growth of new granulation tissue without
causing secondary injury [38].

Rheological properties

As shown in Figure 2B, all the storage moduli
(G’) of hydrogels were higher than the loss mod-
ulus (G”), which indicated a completely gelled
network material. Meanwhile, the G’ of the
SFMA/HAMA hydrogel increased with increas-
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ing HA concentration, which indicated an
increase in the crosslinking density in the
hydrogel. As shown in Figure 2C, the G’ was
approximately one order of magnitude higher
than the G” over the frequency sweep (0.1-10
Hz), indicating a predominant elastic response.

Swelling ratio analysis

When human skin is injured, a large amount of
fluid will exude from the wound, which easily
causes pathogenic microorganism infection,
leading to delayed healing or chronic nonheal-
ing wounds. In clinical medicine, medical
dressings are required not only to absorb exces-
sive exudate but also to maintain a moist
wound healing microenvironment to promote
wound healing. Thus, good swelling perfor-
mance is an important index to evaluate the
comprehensive performance of medical dress-
ings. The swelling property is always the uni-
que property of the hydrogel, which represents
the water absorption performance of the hydro-

Am J Transl Res 2023;15(7):4467-4486



A composite hydrogel for wound healing

>

SFMA/1.0%HAM SFMA/1.5%HAMA
B /‘"\_ A e = \ - % 4 A \ .
¥ '\;,\ ! ./' "t:'_ ¥
\ &
o
o
xX#®
o
0
™
X
B C
——G' —{—G"SFMA - G' —{1—G"SFMA
—h—G' =/~ G" SFMA/0.5%HAMA —A— G’ —/— G" SFMA/0.5%HAMA

1044 —€— G’ —O—G" SFMA/1.0%HAMA 10¢ —4—G' —<—G" SFMA/1.0%HAMA
e —p—G' —{>—G" SFMA/1.5%HAMA - —p—G' —{>—G" SFMA/1.5%HAMA
© o]
o o
2 10 RRRRERLLLLLLRLELELEE0E000 @
= T 3
'8 FFPPPbbbbbbbbbbbbbbbbbbbb -8
€ e
= 102 0&2&.’.’&.’.’}.’.‘0&.’&.’.0'000000000000 =
o -.-......-. o
< BN i =
7} w

10!

0 100 200 300 400 500 600
Time (s) Frequency (Hz)

4473 Am J Transl Res 2023;15(7):4467-4486



A composite hydrogel for wound healing

Figure 2. A. SEM images of SFMA/HAMA hydrogels with different HAMA concentrations. B. Rheological properties of
hydrogels. C. The viscosity of hydrogels within the frequency range of 0.1-10 Hz.
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gel. A higher swelling ratio indicates a stronger
water absorption performance. The swelling
property of the hydrogel also affects the sus-
tained release rate of the drug. Wound infec-
tion will have many exudates; traditional dress-
ings have poor water absorption and cannot
absorb water continuously [39]. Hydrogels have
continuous water absorption during a certain
period of time to ensure that the exudation of
the wound can be steadily absorbed [40, 41].

As shown in Figure 3A, the swelling rate of all
hydrogels showed trapezoidal growth, indicat-
ing that the swelling rate of the hydrogel no
longer increased after the initial water absorp-
tion rate reached a certain limit. Meanwhile, all
hydrogels reached their swelling equilibrium
state in the first 4 h. The swelling rate of the
SFMA/1.5% HAMA hydrogel showed a maxi-
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mum swelling ratio of 30%, and the swelling
ratio of the SFMA/HAMA hydrogel increased
gradually with increasing HA concentration.

Compression analysis

Stress-strain curve of SFMA/HAMA hydro-
gels with different HAMA concentrations. As
shown in Figure 3B, the compression strength
of the SFMA/1.0% HAMA and SFMA/1.5%
HAMA hydrogels was much greater than that
of the SFMA and SFMA/0.5% HAMA hydrogels.
This was because the SFMA/1.0% HAMA and
SFMA/1.5% HAMA hydrogels have more cross-
linking points to form, thus forming a high-
density network. Moreover, friction between
polymer chains increased in tight structures.
When the hydrogel was compressed, the poly-
mer chain was constrained to achieve different

Am J Transl Res 2023;15(7):4467-4486
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Figure 4. A. In vitro release curves of EGF. B. In vitro release curves of Ag*.

deformations, requiring more force. All results
indicated that the increase in HAMA concen-
tration was beneficial to enhance the mechani-
cal properties of SFMA/HAMA hydrogels. In
summary, the SFMA/1.0% HAMA hydrogel was
selected as the best hydrogel for the next
application.

In vitro degradation

The degradation of biomaterials is an impor-
tant problem in tissue engineering applica-
tions [42]. Ideally, the degradation rate of bio-
materials should be regulated according to the
regeneration process of implanted tissue, thus
guiding the formation of new tissue. Complex
enzymatic pathways lead to the degradation
of biomaterials when exposed to body fluids,
so in vitro enzymatic degradation is an ideal
choice to better predict the stability of bio-
materials in vivo. As shown in Figure 3C, all
hydrogels degraded gradually over time.
Meanwhile, the hydrogel degraded faster with
the enzyme. In the degradation process, the
pure SFMA hydrogel degraded more than
90% at 14 days. After HAMA was added, the
degradation performance of biomaterials was
improved, and the degradation was nearly 70%
at 14 days. Generally, animal wound healing
time is approximately 14-21 days, so biomateri-
als should also have an appropriate degrada-
tion time to match the rate of skin regenera-
tion. In vitro degradation experiments showed
that the SFMA/HAMA hydrogel was suitable for
wound repair.
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Ag" release and EGF studies in vitro

Figure 4A and 4B show the cumulative slow-
release curves of Ag" ions and EGF in the
hydrogel, and the release kinetics remained
controlled through day 7. The cumulative
release curve of EGF showed slow release in
the first 4 days and then maintained a relati-
vely slow release rate. The main reason for the
slow release was the swelling and degradation
of the hydrogel. The cumulative release curve
of Ag* ions showed a slow release trend during
the first 3 days and then maintained the trend
of quick release. This was mainly because ele-
mental Ag existed in AG@MOF nanoparticles in
the early stage, and then the elemental Ag
gradually hydrolyzed to form Ag* ions.

In vitro antibacterial evaluation

Wound infection is a major challenge in wound
care management, and hydrogel dressings
with antibacterial properties can avoid wound
infection and maintain proper moisture around
the wound. Gram-positive S. aureus and gram-
negative E. coli were used as representative
pathogens in skin infection to evaluate the
antibacterial performance of the as-prepared
hydrogel in this study. As shown in Figure
5A, after coincubation with SFMA/HAMA/PRP/
Ag@MOF hydrogel at 37°C for 4 h, colonies of
surviving E. coli and S. aureus on agar plates
of the SFMA/HAMA/PRP/Ag@MOF(10) and
SFMA/HAMA/PRP/Ag@MOF(20) hydrogel treat-
ment groups were significantly lower than those
of the SFMA/HAMA/PRP hydrogel group. As
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Figure 5. A. Images of E. coli and S. aureus colonies after coculture with SFMA/HAMA/PRP hydrogels with different
Ag@MOF concentrations. B. Antibacterial rate of E. coli and S. aureus.

shown in Figure 5B, the antibacterial ratios of
SFMA/HAMA/PRP/Ag@MOF(5), SFMA/HAMA/
PRP/Ag@MOF(10) and SFMA/HAMA/PRP/Ag@
MOF(20) hydrogels against E. coli and S. aure-
us were 97.1 + 0.5%, 90.5 + 0.9%, 99.8 +
0.1%, 99.0 £ 0.1%, 99.9 + 0.1%, and 99.8 +
0.2%, respectively. When the concentration of
Ag@MOF reached 10 pg/mL, the antibacterial
ratio of SFMA/HAMA/PRP/Ag@MOF demon-
strated a better antibacterial activity with an
antibacterial ratio of > 95%. Prior studies
reported that Ag@MOF displayed an anti-
bacterial effect by releasing silver ions and
inducing the generation of reactive oxygen spe-
cies (ROS) [20]. Moreover, the low concentra-
tion of Ag* ions helps to reduce the cytotoxicity
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to cell tissue. Considering the antibacterial
activity and biocompatibility, 10 pyg/mL Ag@
MOF was selected as the optimal concent-
ration.

Biocompatibility of the hydrogels

Medical dressings are products that come into
direct contact with tissue cells on the wound
surface and must be nonirritating, nontoxic
and nonsensitizing to the human body [43].
Therefore, the evaluation of the biocompatibili-
ty of materials is essential in the research and
design of biomedical materials. NIH-3T3 fibro-
blasts for this assay because they play an inte-
gral role in the process of wound healing.
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Figure 6A shows a fluorescence microscope
photograph of 3T3 cells cocultured on the
hydrogel surface for 1, 2 and 3 days. The
green color represents viable cells; red color
represents dead cells. As the coculture time
increased, the density of 3T3 cells gradually
increased. Meanwhile, the SFMA/HAMA/PRP
hydrogel group showed the highest cell den-
sity. Furthermore, quantitative analysis of cell
proliferation measured by CCK-8 assay also
verified the same phenomenon that SFMA/
HAMA/PRP and SFMA/HAMA/PRP/Ag@MOF
had high cell viability (Figure 6B). All results
indicated that the SFMA/HAMA/PRP/Ag@MOF
hydrogel has good biocompatibility and can
promote cell proliferation.

As shown in Figure 6C and 6D, the staining of
dead cells and living cells showed that there
was no significant difference between early
apoptotic cells and necrotic cells among the
three groups, which indicated that the hydrogel
did not increase apoptosis. On the other hand,
the results of the cell cycle analysis showed
that the percentages of cells in GO/G1 phase
and S phase were similar in the three groups.
The above results show that the hydrogel has
good biocompatibility with cells.

To further study the effect of the hydrogel on
the proliferation of HUVECs, we carried out
scratch experiments in vitro. HUVECs in all
groups moved to the scratches (Figure 6E).
Compared with the control group, the cell
migration rate of the PRP group and hydrogel
group increased by approximately 30.83% with-
in 8 h (Figure 6F).

Among them, Ag@MOF and SFMA/HAMA had
no significant effect on cell migration. The
scratches in the PRP group and the hydrogel
group almost disappeared after 24 h, which
indicated that SFMA/HAMA/PRP/Ag@MOF hy-
drogel could accelerate HUVEC migration.
Prior studies have also revealed that PRP can
promote cell migration [44].

Evaluation of wound healing in vivo

The wound repair effect of the SFMA/HAMA/
PRP/Ag@MOF hydrogel was evaluated by estab-
lishing an infected wound model in rats. The
results of the appearance photos of the wound
showed that the wound treated with SFMA/
HAMA/PRP/Ag@MOF hydrogel was much more
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efficient than the other three groups (Figure
7A). On the 3rd day, obvious secretions and
pus were seen in the control group, and the
wound area did not decrease significantly.
Meanwhile, the wound area decreased to a
certain extent in the SFMA/HAMA and SFMA/
HAMA/Ag@MOF hydrogel groups, while the
wound contraction area was the largest in the
SFMA/HAMA/PRP/Ag@MOF hydrogel group,
indicating that it played a relatively good role
in promoting wound healing. On the 7th and
10th days, the effect of the three hydrogel
groups was better than that of the control
group. On the 14th day, although all groups
showed a very small residual wound area, the
SFMA/HAMA/PRP/Ag@MOF hydrogel group
had the least scarring. The quantitative analy-
sis of the wound healing rate showed that 7
days after the operation, the wound closure
rate of the SFMA/HAMA/PRP/Ag@MOF hydro-
gel group (84.1%) was significantly higher
than that of the control group (78.2%), SFMA/
HAMA/hydrogel group (80.1%) and SFMA/
HAMA/Ag@MOF hydrogel group (81.5%) (Fig-
ure 7B). All results showed that SFMA/HAMA/
PRP/Ag@MOF hydrogel treatment had better
healing performance in the early healing
stage. In conclusion, the SFMA/HAMA/PRP/
Ag@MOF hydrogel group had a better wound
healing effect than the control group and
SFMA/HAMA group, which was attributed to
the antibacterial properties of the hydrogel,
the ideal biocompatibility of silk fibroin, hyal-
uronic acid and PRP in promoting wound heal-
ing, and the excellent wound repair environ-
ment provided by the hydrogel.

Histological evaluation

Wound healing is a complex and orderly pro-
cess involving hemostasis, inflammation, prolif-
eration, and tissue remodeling [45]. On the
3rd day, all groups showed significant acute
inflammation (Figure 7C), which may be caus-
ed by bacterial infection and inflammatory cell
migration. In addition, compared with the con-
trol group, obvious epithelialization of skin tis-
sue was observed in the SFMA/HAMA/Ag@
MOF and SFMA/HAMA/PRP/Ag@MOF hydrogel
groups. On the 7th day, due to the short re-
covery time, the wounds of the four groups
showed larger inflammatory areas, and the
wounds treated with SFMA/HAMA/Ag@MOF
and SFMA/HAMA/PRP/Ag@MOF hydrogels had
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Figure 6. A. Live-dead staining of HSF cells cultured on the SFMA/HAMA, SFMA/HAMA/PRP and SFMA/HAMA/PRP/Ag@MOF hydrogels at days 1, 2 and 3. B. Cell

viabilities of HSF cells treated with various hydrogels. C. Flow cytometric analysis results of apoptosis. D. The apoptosis rate of cells was detected by flow cytometry.
E. Representative images of the scratch assay. F. Statistical analysis of the scratch assay.
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Figure 8. A. Quantitative analysis of the granulation tissue thickness and the collagen volume fraction of different
groups for 14 days. B. Quantitative analysis of the collagen volume fraction of different groups for 14 days.

less inflammatory cell infiltration than the con-
trol group and SFMA/HAMA hydrogel group,
indicating that SFMA/HAMA/Ag@MOF and
SFMA/HAMA/PRP/Ag@MOF hydrogels could
reduce the inflammatory reaction of the wound
at the initial stage of wound healing. It is worth
noting that the control group has the lowest
proportion of extracellular matrix, which also
means that the granulation tissue of the con-
trol group grows the slowest, which fully refl-
ects the role of hydrogel in promoting wound
healing and once again proves the correctness
of the theory of wet healing. Subsequently, on
the 14 h day, the inflammatory reaction of the
wound site in all groups significantly subsided
compared with the 7 days after operation, indi-
cating that the wounds of the four groups had
transitioned from the inflammatory phase to
the proliferative phase. However, there was still
a significant gap in the area of inflammation
among the four groups; that is, the control
group had the largest inflammatory area, while
the SFMA/HAMA/PRP/Ag@MOF hydrogel group
had the smallest inflammatory area. In addi-
tion, some skin appendages, such as hair folli-
cles and sweat glands, were clearly observed
in the wound site of the SFMA/HAMA/PRP/Ag@
MOF hydrogel group, while these skin append-
ages were rarely or even absent in the other
groups. As shown in Figure 8A, there is a
significant difference in the thickness of granu-
lation tissue between the SFMA/HAMA/PRP/
Ag@MOF group and other groups, reaching
1397 pm. Meanwhile, the collagen content
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reached 75.41%, which was significantly differ-
ent from the control group and other hydrogel
groups (Figure 8B). These results show that
the SFMA/HAMA/PRP/Ag@MOF hydrogel can
promote wound healing. These results suggest
that the synergistic effect of Ag@MOF and
PRP in the SFMA/HAMA/PRP/Ag@MOF hydro-
gel can promote the epithelialization of infect-
ed wound tissue and reduce inflammation.

Collagen is an important component of the
extracellular matrix and plays an important
role in the function of skin tissue [46]. Masson
staining was used to investigate collagen depo-
sition in the wound at different healing times
(Figure 7D). Compared with the collagen depo-
sition at 14 days, the overall collagen deposi-
tion at the wound site was relatively low at the
initial stage of wound healing (3 days). The rea-
son was that the wound was mainly in the
inflammatory reaction stage after 3 days, and
relatively few fibroblasts infiltrated the wound
site. On the 14th day, wound healing was in the
stage of proliferation and remodeling, when the
number of fibroblasts increased and collagen
synthesis and deposition increased significant-
ly, so Masson staining showed a dark green
color. Generally, the overall trends at 3 days
and 14 days were consistent. Compared with
the blank group and SFMA/HAMA hydrogel
group, more collagen was deposited in the wo-
unds treated with SFMA/HAMA/Ag@MOF and
SFMA/HAMA/PRP/Ag@MOF hydrogels, and the
collagen fibers were most evenly distributed in
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the wounds treated with SFMA/HAMA/PRP/
Ag@MOF hydrogels.

Through the analysis of the materials, we con-
cluded that SFMA/HAMA/PRP/Ag@MOF hydro-
gel as a wound dressing has a good function to
promote the healing of infected wounds. The
reasons can be attributed to the following
points. First, SFMA/HAMA/PRP/Ag@MOF hy-
drogel can quickly absorb blood and tissue
secretions into the hydrogel because of its
unique porous structure, which will help to
enhance wound healing [47]. Second, SFMA/
HAMA/PRP/Ag@MOF hydrogels can slowly
release growth factor (EGF), and EGF can pro-
mote metaplastic ductal formation in the pro-
cess of tissue regeneration [48]. Third, the
SFMA/HAMA/PRP/Ag@MOF hydrogel has ex-
cellent antibacterial properties, which can
reduce wound infection by either inhibiting or
killing the bacteria [49], thus improving the
speed of wound healing.

Discussion

Delayed or even non healing of wounds re-
mains a major clinical challenge so far [50].
Generally, wound healing includes four stages:
hemostasis, inflammation, proliferation, and
tissue remodeling [51]. With the in-depth
study of wound healing mechanism and the
accumulation of wound treatment experience,
the importance of clinical treatment of trau-
ma and microenvironment has attracted more
and more attention. A lot of evidence shows
that the treatment plan cannot be completed
in a wound that is not fully debridement and is
not conducive to tissue repair in the microenvi-
ronment [52]. In addition to debridement, trau-
ma treatment also requires controlling infec-
tion, inflammation, and regulating water bal-
ance. Therefore, if the wound is to be repaired
well, it must be free of infection and excessive
exudate, and it needs a microenvironment con-
ducive to tissue growth and vascularization.
This puts forward specific requirements and
necessary conditions for the design of tissue
engineering wound repair materials. However,
most of the reported wound repair materials
currently have shortcomings and single perfor-
mance, which cannot meet the needs of vari-
ous stages of wound healing at the same time.

The reason why SFMA/HAMA/PRP/Ag@MOF
hydrogel has a good healing promoting effect
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is: Firstly, SFMA/HAMA/PRP/Ag@MOF can ab-
sorb some of the wound exudate without the
need for debridement treatment in the early
stage, thus creating a good physiological envi-
ronment for the wound. Absorbing the wound
exudate not only stores nutrients for wound
healing but also maintains a moist environ-
ment for a long time. A humid and hypoxic
environment can maintain a normal potential
gradient from the edge of the wound to the
center, stimulating the generation of capillari-
es [53]. Secondly, SFMA/HAMA/PRP/Ag@MOF
hydrogel slowly releases a variety of cytokines,
and activates cell surface receptors in the
wound through Erk-Akt signaling pathway and
Yes associated protein (YAP) to regulate gene
expression, thus regulating cell proliferation
and differentiation, and participating in the
degradation of matrix in the wound and tissue
reconstruction [54]. In addition, these growth
factors can promote angiogenesis in the wound,
provide blood supply and abundant nutrients
for wound repair, and alleviate neuropathic scar
pain at the wound site [55].

Additionally, SFMA/HAMA/PRP/Ag@MOF has
excellent antibacterial properties, slow release
of Ag', and reduced cytotoxicity to tissues.
Early bacterial infections in wounds can
increase exudate and delay wound healing,
while SFMA/HAMA/PRP/Ag@MOF persistent
antibacterial activity creates a sterile microen-
vironment for the wound, which can reduce the
invasion of pathogens and the inflammatory
reaction at the wound site, thus promoting
wound healing. Furthermore, SFMA/HAMA/
PRP/Ag@MOF hydrogel has a through porous
structure, which not only supports the forma-
tion of granulation tissue at the initial stage,
but also helps the adhesion and migration of
fibroblasts and endothelial cells, and provides
necessary space for the formation of new
blood vessels [56]. In addition, with the degra-
dation of hydrogel scaffold, its degradation
products provide essential nutrients for the for-
mation of granulation tissue. The growth of
granulation tissue is also an important link in
the process of wound repair. Granulation tissue
is composed of fibroblasts, endothelial cells,
and new capillaries, which helps to fill the tis-
sue defect of the wound, helps to contract the
wound, and creates necessary conditions for
the crawling of epithelial cells [57].
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In summary, SFMA/HAMA/PRP/Ag@MOF com-
bines the dual functions of medical dressings
and tissue engineering scaffold materials,
which have a high fluid absorption rate, and
durable inherent antibacterial ability. In addi-
tion, it creates a moist, sterile and closed
microenvironment for the wound, reduces the
invasion of pathogens and inflammatory reac-
tion of the wound site, and can control and
absorb wound exudation, and promote the nor-
mal growth of granulation and epithelial tissue.
The above advantages can fully demonstrate
SFMA/HAMA/PRP/Ag@MOF Hydrogel plays a
promoting role in four stages of wound heal-
ing: hemostasis, inflammation, proliferation
and tissue remodeling.

Conclusions

In summary, we successfully prepared Ag@
MOF and PRP-loaded SFMA/HAMA hydrogels
for wound treatment, particularly for infected
wounds. By adjusting the concentration of
HAMA, there were good rheological properties,
swelling capability, appropriate mechanical
properties and controllable biodegradability
which make SFMA/HAMA/PRP/Ag@MOF hydro-
gels highly suitable for their application in
medical applications. These released studies
indicate that the SFMA/HAMA/PRP/Ag@MOF
hydrogel showes sustained release. In vitro
antibacterial experiments showed that the
SFMA/HAMA/Ag@MOF hydrogel had excellent
antibacterial properties, and the SFMA/HAMA/
PRP/Ag@MOF(10) hydrogel was selected as
the best concentration.

The results of CCK8 and live/dead assays indi-
cated that the SFMA/HAMA/PRP/Ag@MOF
hydrogel had satisfactory biocompatibility.
Finally, the SFMA/HAMA/PRP/Ag@MOF hydro-
gel has a therapeutic effect on wound healing
of infected wounds, including the wound heal-
ing rate, inflammatory cell accumulation, epi-
dermis formation and granulation tissue thick-
ness. Overall, our results suggested that the
SFMA/HAMA/PRP/Ag@MOF hydrogel has great
potential for use as an antimicrobial dressing
for accelerating the wound healing process
(especially wound infection).
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