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Abstract

Background: Most traditional wound dressings only partially meet the needs of wound healing

because of their single function. Patients usually suffer from the increasing cost of treatment

and pain resulting from the frequent changing of wound dressings. Herein, we have developed

a mutifunctional cryogel to promote bacterial infected wound healing based on a biocompatible

polysaccharide.

Methods: The multifunctional cryogel is made up of a compositive scaffold of chitosan (CS), gelatin

(Gel) and tannic acid (TA) and in situ formed silver nanoparticles (Ag NPs). A liver bleeding rat

model was used to evaluate the dynamic hemostasis performance of the various cryogels. In

order to evaluate the antibacterial properties of the prepared cryogels, gram-positive bacterium

Staphylococcus aureus (S. aureus) and gram-negative bacterium Escherichia coli (E. coli) were

cultured with the cryogels for 12 h. Meanwhile, S. aureus was introduced to cause bacterial infection

in vivo. After treatment for 2 days, the exudates from wound sites were dipped for bacterial

colony culture. Subsequently, the anti-inflammatory effect of the various cryogels was evaluated

by western blotting and enzyme-linked immunosorbent assay. Finally, full-thickness skin defect

models on the back of SD rats were established to assess the wound healing performances of the

cryogels.

Results: Due to its porous structure, the multifunctional cryogel showed fast liver hemostasis. The

introduced Ag NPs endowed the cryogel with an antibacterial efficiency of >99.9% against both S.

aureus and E. coli. Benefited from the polyphenol groups of TA, the cryogel could inhibit nuclear

factor-κB nuclear translocation and down-regulate inflammatory cytokines for an anti-inflammatory

effect. Meanwhile, excessive reactive oxygen species could also be scavenged effectively. Despite

the presence of Ag NPs, the cryogel did not show cytotoxicity and hemolysis. Moreover, in vivo

experiments demonstrated that the biocompatible cryogel displayed effective bacterial disinfection

and accelerated wound healing.

Conclusions: The multifunctional cryogel, with fast hemostasis, antibacterial and anti-inflammation

properties and the ability to promote cell proliferation could be widely applied as a wound dressing

for bacterial infected wound healing.
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Highlights

• Synthesis and full characterization of a CS/Gel@TA/Ag cryogel with good biocompatibility was performed.
• The fast hemostasis, antibacterial and anti-inflammation capabilities of this multifunctional cryogel were verified.
• The cryogel was able to accelerate wound healing effectively and could be a promising wound dressing for application in

clinic.

Background

Skin wound healing is a complex and delicate process that
includes hemostasis, inflammation, proliferation and recon-
struction [1]. Thus, ideal wound dressings should integrate
the functions of fast hemostasis, antibacterial activity, anti-
inflammation and promotion of tissue regeneration [2, 3].
However, most wound dressings only display one or two
functions, which cannot satisfy the whole process of wound
healing [4, 5]. Therefore, different dressings need to be
replaced during the various processes of skin regeneration,
which greatly increases the cost of treatment and suffering
of patients [6, 7]. Thus, the development a multifunctional
cryogel to meet the various needs of the different phases of
wound healing is urgently needed.

Bacterial infection is one of the most important factors
that delays wound repair. Recently, cryogels based on
biopolymers, such as chitosan, gelatin, silk fibroin and
sodium alginate, etc., have been widely investigated by
researchers, because of their excellent hemostasis capabilities,
biodegradability, biosafety and and ability to promote
cellular attachment and growth in wound healing [8–11].
Nevertheless, most of the naturally derived polysaccharides
cannot resist bacterial infection during wound closure due to
their low antibacterial capability [12–14]. The discovery of
antibiotics in the twentieth century has had a transformative
effect in fighting against bacterial infections. Generally,
antibiotics are added to endow dressings with antibacterial
activity [15, 16]. However, long-term and injudicious use of
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antibiotics had led to the development of antibiotic tolerance
and resistance [17–19]. Therefore, the development of some
alternative antibacterial therapeutics has become necesssary.
Silver nanoparticles (Ag NPs) have a broad antibacterial
spectrum and exhibit good antibacterial properties [20–
23]. However, excessive cytotoxicity, which has seriously
restricted the wide application of Ag NPs, is mainly caused
by the following two factors: (1) direct addition leads to
undesired aggregration and sedimentation of Ag NPs [24,
25]; and (2) lack of surface protection causes a burst release
of Ag or direct contact with cells which induces toxicity [26–
28]. Improving the dispersibility of Ag NPs and constructing
a protective layer on the surfaces of Ag NPs are effective
means of reducing cytotoxicity.

Recently, many researches have shown that an in situ
reduction method could be used to prepare Ag NPs with uni-
form size and homogeneous distribution in polymer networks
[29–31]. Many chemical reducers, such as hydrazine hydrate
and sodium borohydride, have been used to construct in situ
reduced Ag NPs [32–34]. However, most chemical reducers
are not suitable for the preparation of biomaterials because of
their high cytotoxicity and low biosafety. Tannic acid (TA), a
water-soluble natural polyphenol, consists of a central glucose
unit core with all five hydroxyl moieties esterified with two
gallic acid molecules [35]. The phenolic hydroxyls of TA
show a distinct capacity to reduce Ag+ to Ag NPs, which has
served as a natural reducing agent instead of toxic chemical
reducers [36]. Meanwhile, the catechol groups existing on TA
can couple with Ag NPs via coordinate bonds to construct a
protective layer, delaying the release of Ag+ and avoiding the
direct contact of Ag NPs with cells [37, 38]. Moreover, TA
possesses good biocompatibility and high bioactivity, which
can promote cell proliferation and accelerate wound healing
[39, 40].

Besides bacterial infection, inflammation is another criti-
cal factor determining the speed of wound healing. However,
chronic inflammation caused by infections or hyperglycemia
in the wound microenvironment seriously inhibit wound
healing [41, 42]. Meanwhile, overproduction of reactive oxy-
gen species (ROS) may result in cell and tissue injury, which
further exacerbates the difficulties of wound healing [43–
45]. As reported, TA can interact with Toll-like receptor 4
(TLR4) to inhibit the NF-κB signaling pathway and reduce
the expression of pro-inflammatory cytokines such as tumor
necrosis factor α (TNFα), interleukin 6 (IL-6) and IL-1β [46,
47]. Thus, TA shows potential for application as an anti-
inflammatory. Also TA is known as a natural antioxidant,
specifically a free radical scavenger to reduce ROS [48, 49].
Therefore, TA shows great potential for regulation of the
wound inflammatory microenvironment.

Herein, we have developed a multifunctional cryogel for
bacterial infected wound healing. The fabrication process
of the cryogel is described in Figure 1. The cryogel was
composed of biocompatible chitosan (CS), gelatin (Gel) and
TA. After in situ reduction, the cryogel was decorated with Ag
NPs. The prepared cryogel showed repeatable compressive

properties. The microporous structure enabled the cryogel
to exhibit excellent hemostatic activity. The Ag NPs loaded
in the cryogel could eliminate both Staphylococcus aureus
and Escherichia coli with antibacterial efficiency >99.9%.
In vitro experiments showed that the cryogel had effective
ROS-scavenging capability. Besides, the cryogel showed good
cell compatibility and low hemolysis. In vivo experiments
further revealed that the prepared cryogel could combat bac-
terial infections and promote skin wound healing. Therefore,
the cryogel could be considered as an ideal multifunctional
wound dressing.

Methods

Materials

Lipopolysaccharide (LPS), silver nitrate (AgNO3), CS (degree
of deacetylation ≥95%; Aladdin, CAS:9012-76-4), Gel
(from bovine skin; Solarbio, CAS:9000-70-8) and TA were
purchased from Sigma-Aldrich, USA. Antibodies specific
for p65 (4764), α-tubulin (2144) and lamin B1 (17416)
were purchased from Cell Signaling Technology (Danvers,
MA, USA). Reactive Oxygen Species Assay Kit (S0033),
interferon-γ (IFN-γ ) (P6137), ATP (ST1092), nuclear and
cytoplasmic protein extraction kit (P0027), IL-1β enzyme-
linked immunosorbent assay (ELISA) kit (PI305), TNFα

ELISA kit (PT512) and IL-6 ELISA kit (PI326) were
purchased from Beyotime Biotechnology (Shanghai, China).
All other solvents used were of analytical reagent grade.

Preparation of cryogels

Cryogels were prepared according to [50]. First, CS (300 mg)
and Gel powder (5 mg) were evenly dispersed into 10 mL
of distilled water. Subsequently, 200 μL of acetic acid was
added and stirred for 5 h at 40◦C. After that, the mixture
was poured into a reaction mold and freeze-dried overnight
to form a scaffold. Next, the scaffold was immered into 2 M
NaOH solution to crosslink for 6 h. After that, the CS/Gel
cryogel formed was incubated with TA solution (200 mg/L)
for 4 h at room temperature to obtain CS/Gel@TA cryogel.
Finally, CS/Gel@TA/Ag cryogel was obtained by immersing
CS/Gel@TA in AgNO3 solution (20 mg/L, pH = 7.6) to react
for 30 min [36, 51, 52].

Characterization of cryogels

The chemical components of the prepared cryogels were char-
acterized by Fourier transform infrared spectroscopy (FTIR,
Magna-IR 750, Nicolet). The morphologies of the various
cryogels were observed using a scanning electron microscopy
(SEM, JSM 6390, JEOL, Japan). The mechanical properties
of all the cryogels were tested by a universal test machine
(Instron 5567, USA). The chemical elements in the cryogels
were analyzed by X-ray photoelectron spectroscopy (XPS,
Axis Supra, China) and inductively coupled plasma mass
spectrometry (ICP-MS). More details can be found in the
online supplementary material.
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Figure 1. Schematic diagram of the preparation and characteristics of cryogel. CS Chitosan, Gel gelatin, TA tannic acid, Ag NPs silver nanoparticles, NF-κB nuclear

factor-κB, TNF-α tumor necrosis factor α, IL-6 interleukin 6, IL-1β interleukin 1β

In vitro antibacterial test

Staphylococcus aureus (ATCC6538, gram-positive bacteria)
and E. coli (ATCC8739, gram-negative bacteria) were chosen
to evaluate the antibacterial efficiencies of various cryogels. A
turbidimetric method and a flat colony counting method were
used to evaluate the antibacterial abilities respectively. More
details are described in the online supplementary mateial.

Biocompatibility and cell proliferation evaluation

in vitro

In order to evaluate the biocompatibility of the prepared
cryogels, fibroblasts (3T3 cells, Stem Cell Bank, Chinese
Academy of Sciences, SCSP-515) were cultured on various
samples, including pure CS, CS/Gel, CS/Gel@TA and
CS/Gel@TA/Ag cryogel. First, 5 × 104 3T3 cells were seeded
on the cryogels respectively. Then, cell attachment and
proliferation were evaluated by confocal laser scanning
microscope (CLSM) and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay, respectively. The details
are described in the online supplementary material.

Western blot

Mouse macrophages (RAW264.7, Biospes, Chongqing,
China, BC1230) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM), supplemented with 10% Fetal Bovine
Serum (FBS), 1% penicillin/streptomycin sulfate within a
humidified 37◦C incubator under a 5% CO2 atmosphere.
RAW264.7 cells were pretreated with 1 μg/mL LPS for 1 h
to activate the Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) signaling pathway, then incubated
with CS/Gel, CS/Gel@TA and CS/Gel@TA/Ag cryogels,
respectively, for 6 h. After treatment, RAW264.7 cells were
collected to extract nuclear and cytoplasmic p65 proteins
using the nuclear and cytoplasmic protein extraction kit and

the p65 protein level was analysed by western blotting. The
relative intensities of the bands were analyzed with Quantity
One (version 4.5.2; Bio-Rad). Lamin B1 and α-tubulin were
used as the loading controls.

ELISA

After RAW264.7 cells were pretreated with 1 μg/mL LPS and
incubated with the various cryogels, respectively, for 6 h, the
medium supernatants were analyzed by the ELISA kit for the
release of IL-1β, TNF-α and IL-6 to estimate the influence of
the different cryogels on the NF-κB signaling pathway.

ROS scavenging assay

In order to evaluate the ROS scavenging efficiency of the
various cryogels, RAW264.7 cells were pretreated with
500 ng/mL LPS and 10 ng/mL IFN-γ for 12 h to produce
ROS. After incubating with the different cryogels for 12 h,
RAW264.7 cells were stained by 10 μM DCFH-DA for
30 min. Subsequently, the cells were washed three times
with FBS-free medium to detect the fluorescence intensity by
Multiskan FC Microplate Reader (Thermo Fisher Scientific,
USA) and photographed by a fluorescent inverted microscope
(Olympus, Japan).

Hemostatic evaluation

The hemostatic properties of the prepared cryogels were
evaluated by measuring the blood clotting index (BCI). In
vivo evaluation was tested by using a bleeding rat liver
model. The blood loss, hemostatic time and red blood cell
attachment after treatment with cryogels were all recorded
to evaluate hemostatic ability. More details are given in the
online supplementary material.
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In vivo antibacterial and wound healing experiment

All animal experiments followed the ethical principles of the
Institutional Animal Care and Use Committee of Army Med-
ical University (AMUWEC20212048). Antibacterial activity
and wound healing in vivo were evaluated using the murine
infected wound model. Briefly, a full-thickness skin defect
(� = 8 mm) was constructed on the back of Sprague-Dawley
(SD) rats by a tailored punch. Then, 100 μL of S. aureus solu-
tion (108 Colony forming unit (CFU)/mL) was dropped into
wounds to induce bacterial infection. Samples of the various
cryogels (� = 8 × 1 mm2) were placed onto the wound sites
separately for treatment and a sterile 3 M film (HAINUO,
NH-002) was used to cover the wound to ensure that the
cryogels could not fall off. Then, we removed the film after
2 days when the cryogels had been completely retained in
the skin incisions and the exudate from each wound site was
dipped and cultured to evaluate the resident bacterial number
by the colony counting method. After treatment for 15 days,
the skin tissues were harvested for hematoxylin–eosin (H&E)
staining.

Statistical analysis

The data are expressed as the mean ± standard deviation and
were analyzed using one-way analysis of variance (ANOVA)
followed by the Tukey multiple-comparison post hoc test
with IBM SPSS26.0. The statistical significance was set as
∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001; ns indicates no sig-
nificance.

Results

Characterization of cryogel

The fabrication process of the cryogels is representatively
described in Figure 1. First, CS and Gel were mixed
homogeneously in aqueous solution in various proportions.
After freeze-drying and solidification with NaOH, porous
CS/Gel cryogel could be formed. Following the addition of
TA solution, CS/Gel@TA cryogel was obtained as a result
of the abundant hydrogen bond interactions between TA
and CS/Gel. Finally, in situ reduction of Ag NPs could be
achieved by immersing CS/Gel@TA in AgNO3 solution to
obtain CS/Gel@TA/Ag cryogel. The FTIR results shown in
Figure S1 (see online supplementary material), demonstrated
that the characteristic peaks of phenolic hydroxyl groups at
2915, 3365 and 3451 cm−1 were present after the addition
of TA. No distinct chemical component change could be
observed after the reduction of Ag NPs. As shown in
Figure 2a, SEM images showed that all cryogels exhibited
interpenetrating porous structures, which were conducive to
nutrient exchange, cell proliferation and tissue regeneration
[53–55]. The pore density in the cryogels was determined by
the mass ratio of CS/Gel. As shown in Figure S2 (see online
supplementary material), fewer pores could be observed with
an increase in the Gel ingredient, which indicated that the
introduction of Gel afforded compact interaction of the

polymer network between CS and Gel. In addition, the
addition of TA introduced smaller pore sizes due to the
hydrogen bonds formed with CS/Gel. In order to evaluate
the water absorption properties, cryogels were immersed
in water to reach equilibrium. The results in Figure S3, see
online supplementary material, showed that the addition of
Gel could reduce the water absorption of cryogels, attributed
to the compact structure. After modification with TA and
Ag NPs, the water absorption ratio was about 15, which
was due to the hydrophilicity of TA. Next, the compressive
performance of the various cryogels was tested and the
results are shown in Figure 2b. With an increase of strain,
the compressive stress was also increased for all cryogels. The
compressive strength of CS/Gel cryogel at a compression
strain of 80% was almost twice of that of the pure CS
scaffold, thanks to the compact entanglement of CS and
Gel in the cryogel. The compressive strength of CS/Gel@TA
and CS/Gel@TA/Ag cryogels was increased further as TA
could form hydrogen bonds between CS and Gel. The
compressive cycle behavior of CS/Gel@TA/Ag cryogel is
shown in Figure 2c. After 10 cycles, the compressive strength
did not change a lot, which indicated that the CS/Gel@TA/Ag
had good flexibility. Furthermore, a heart-shaped cryogel
was prepared and twisted to evaluate the recoverability.
As shown in Figure S4, see online supplementary material,
the twisted cryogel could recover to its original shape
within 10 s by absorting water, which could be repeated at
least 10 times. The ICP results from Table S1 (see online
supplementary material), showed that the Ag content in
the cryogel was 0.015% (w/w), which was lower than that
reported previously [56–58].

Evaluation of antibacterial activity

In order to evaluate the antibacterial properties of the pre-
pared cryogels, gram-positive bacterium S. aureus and gram-
negative bacterium E. coli were chosen to culture with cryo-
gels for 12 h. As shown in Figure 3a, b, CS and CS/Gel cryo-
gels showed almost no antibacterial properties. Especially for
CS/Gel cryogels, there was an increase in optical density (OD)
value compared with that of the control group, as Gel was
susceptible to infection. After the introduction of TA, the OD
value of CS/Gel@TA cryogel was less than that of the control
group, which indicated that TA endowed the cryogel with
slight antibacterial ability. Once Ag NPs were formed in situ
on cryogels, the bacterial solution of CS/Gel@TA/Ag cryogel
was completely clear, which showed an antibacterial ratio
of >99.9% against both E. coli and S. aureus. Furthermore,
the flat colony counting method was used to prove the
above results. As shown in Figure 3c, a large number of
bacterial colonies were observed on the plates for control,
pure CS cryogel and CS/Gel cryogel groups. Compared with
that, there were fewer bacterial colonies for the CS/Gel@TA
cryogel group, while for the CS/Gel@TA/Ag group, almost
no bacterial colonies could be observed on an agar plate. As
reported [59, 60], TA showed antibacterial properties above
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Figure 2. Characterization of cryogels. (a) SEM images of CS, CS/Gel, CS/Gel@TA and CS/Gel@TA/Ag cryogels. Scale bar = 100 μm. (b) Typical compression

stress–strain curves of various cryogels. ns no significance, ∗∗p < 0.01, ∗∗∗p < 0.001. (c) Cyclic compression performance of CS/Gel@TA/Ag cryogels. CS Chitosan,

Gel gelatin, TA tannic acid, Ag NPs silver nanoparticles

a certain dose, which proved the results shown in Figure 3.
After Ag NPs were formed on cryogel, effective antibacterial
results were obtained. The main reason was that the released
Ag+ could directly destroy bacterial cell membranes, denature
proteins and interfere with the synthesis of DNA and RNA
to induce bacterial death [61]. Moreover, in order to evaluate
the long-term antibacterial ability of CS/Gel@TA/Ag cryogel,
we prolonged the culture time to 24, 48 and 72 h. As shown
in Figure S7, see online supplementary material, almost no
bacterial colonies could be observed on the agar plate for the
CS/Gel@TA/Ag cryogel group, which demonstrated that this
cryogel could resist bacterial growth for at least 72 h.

Biocompatibility and hemolysis

It is necessary to evaluate the biosafety of the prepared
materials before application. The biocompatibility of cryogels
was evaluated by the attachment and proliferation of 3T3
cells. As shown in Figure 4b, all groups showed no distinct
variation in cell amounts after 1 day culturing. After 3 days,
cell proliferation could be observed for each group. In partic-
ular, the CS/Gel@TA cryogel showed the highest cell amounts
compared with the other groups. Though the OD of the

CS/Gel@TA/Ag group was a bit less than that of CS/Gel@TA
group, distinct proliferation could be obtained compared
with that 1 day culturing. In addition, the CLSM images in
Figure 4a showed that 3T3 cells could adhere on the surfaces
of all cryogels and the number of cells gradually increased
with the introduction of Gel and TA. As is well-known, both
Gel and TA are biocompatible and bioactive substances that
can effectively promote cell proliferation [39, 62, 63]. Even
for CS/Gel@TA/Ag cryogel, no obvious cytotoxicity could
be observed by culturing with 3T3 cells. Furthermore, as
shown in Figure S6, see online supplementary material, the
HaCat cells were incubated with cryogels for 24 h to evaluate
the biocompatibility, and no obvious cytotoxicity could be
observed after treatment with the various cryogels. In this
work, Ag NPs were designed to be reduced by TA in situ on
cryogels, which significantly improved the dispersity of the
formed Ag NPs in order to reduce cytotoxicity.

A hemolysis test was conducted to evaluate the blood
compatibility of the prepared cryogels. Equal amounts of
blood cells were incubated with the various cryogels for
2 h to evaluate hemolytic capacity. Figure 4c shows that the
hemolysis ratio of all of the cryogels was <5% at various
concentrations (1, 2, 5 and 10 mg mL−1). The results indicated
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Figure 3. Antibacterial activities of various cryogels in vitro. The OD value of (a) Staphylococcus aureus suspension and (b) Escherichia coli suspension cultured

on the various cryogels for 12 h. ∗p < 0.05, ∗∗∗p < 0.001. (c) Bacterial colonies of the S. aureus and E. coli. CS Chitosan, Gel gelatin, TA tannic acid, Ag NPs silver

nanoparticles, OD, optical density, S. aureus Staphylococcus aureus, E. coli Escherichia coli

that the CS/Gel@TA/Ag cryogel could be applied in contact
with blood cells without causing hemolysis. All the results
above proved that the prepared cryogels showed good bio-
compatibility and blood compatibility, and could therefore be
used as biomaterials.

Anti-inflammation and ROS scavenging evaluation

Excessive inflammation and ROS could prolong the inflam-
matory stage during wound healing, thus causing delayed
healing or non-healing [64, 65]. As is well-known, TA displays
effective anti-inflammatory and ROS scavenging properties
besides working as a natural reducer [66, 67]. In order to
evaluate the anti-inflammatory effect, various cryogels were
incubated with LPS-stimulated RAW264.7 cells. As shown

in Figure 5a, a high level of TNF-α was found after LPS
stimulation, indicating excessive inflammatory expression.
Compared with the CS/Gel treated group, both CS/Gel@TA
and CS/Gel@TA/Ag groups showed lower TNF-α expression,
which contributed to the anti-inflammatory effect of TA. In
addition, other inflammation-related cytokines such as IL-6
and IL-1β also showed the same variation trends as TNF-α
after cryogel treatments as seen in in Figure 5b, c. As reported,
LPS interacted directly with TLR4 to activate the NF-κB
inflammatory signaling pathway which caused up-regulation
of TNF-α, IL-6 and IL-1β [68]. Interestingly, TA was shown
to compete with LPS to interact with TLR4 and inhibit the
activation of the NF-κB pathway by reducing p65 subunit
nuclear translocation [46]. Based on this, we investigated the
influence of cryogels on the NF-κB inflammatory signaling
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Figure 4. Biocompatibility evaluation of cryogels in vitro. (a) Confocal laser scanning microscope image of 3T3 cells adhered on cryogels. Scale bar = 100 μm.

(b) Cell proliferation of 3T3 cells on cryogels after culturing for 1 and 3 days. (c) Hemolysis of cryogel powders, including photographs and OD value. ∗p < 0.05.

CS Chitosan, Gel gelatin, TA tannic acid, Ag NPs silver nanoparticles, OD optical density

pathway through detecting the level of p65 subunit in
the nucleus by nuclear and cytoplasmic protein extraction
assay. As shown in Figure 5d, e, there was a high expression
of p65 in the nucleus after LPS stimulation, which indicated
that the NF-κB inflammatory signaling pathway was
activated. No distinct change could be observed after
treatment with CS/Gel cryogel. However, the p65 protein was
significantly reduced to the level of the control group in the
CS/Gel@TA- and CS/Gel@TA/Ag-treated groups, indicating
that TA-based cryogels could inhibit the NF-κB pathway
effectively. Moreover, the ROS scavenging capabilities of
the prepared cryogels were demonstrated by incubating
with LPS- and IFN-γ -stimulated RAW264.7 cells, as shown
in Figure 5f, g. After stimulation, excessive ROS could be
observed compared with the control group. The ROS level
could be significantly reduced for the CS/Gel@TA and
CS/Gel@TA/Ag groups, compared to the control group,
which was attributed to the ROS-eliminating properties of
the phenolic hydroxyl groups in TA. Furthermore, the results
in Figure S5, see online supplementary material, demonstrate
that the CS/Gel@TA and CS/Gel@TA/Ag cryogels had excel-
lent ROS scavenging capacity in vivo. In brief, all the results
above indicated that the CS/Gel@TA and CS/Gel@TA/Ag
cryogels could effectively inhibit inflammation and ROS.

Hemostatic evaluation

Excessive blood loss from wounds might cause the death of
patients. Here, the hemostatic performance of the prepared
cryogels was characterized. The BCI is a critical parameter to
evaluate the hemostatic properties of the cryogels. As shown
in Figure 6a, gauze showed a high BCI, which indicated poor
hemostatic capability. For CS and CS/Gel cryogel groups,
a relatively low BCI was obtained. The BCI was <5% for
CS/Gel@TA and CS/Gel@TA/Ag cryogels, indicating effective
hemostatic capability. A rat liver bleeding model was used
to evaluate the dynamic hemostasis performance of the
various cryogels. As shown in Figure 6c, d, both control and
gauze-treated groups showed copious flow of blood. Though
there was less blood loss for CS- and CS/Gel-cryogel treated
groups, noticeable blood flow could be observed during the
hemostatic experiments. However, bleeding was distinctly
restrained for CS/Gel@TA and CS/Gel@TA/Ag cryogel-
treated groups. Furthermore, the adhesion and morphology
of hemocytes on gauze and cryogels were observed by SEM.
As shown in Figure 6e, almost no blood cells were attached
to the gauze. In contrast, increased number of cells could
be found on the cryogels. On CS cryogel, hemocytes with
abnormal morphologies could be observed due to the effect
of the positive charges of CS. There were abundant blood cells
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Figure 5. The anti-inflammatory ability and ROS scavenging capacity of the CS/Gel@TA/Ag cryogel. (a–c) The concentration of inflammatory cytokines under

different treatment conditions. ELISA assay showed that CS/Gel@TA and CS/Gel@TA/Ag inhibited the release of TNF-α, IL-6 and IL-1β effectively. RAW264.7 cells

were treated with ATP (5 mM, final 2 h of culture) as a NLRP3 inflammasome activator to promote IL-1β secretion but not TNF-α and IL-6. (d, e) The level of the

nuclear p65 protein corresponding to various conditions. Nuclear and cytoplasmic protein extraction assay showed that CS/Gel@TA and CS/Gel@TA/Ag were

able to down-regulate the level of nuclear p65 protein. (f, g) ROS scavenging capacity. ROS scavenging assay showing that CS/Gel@TA and CS/Gel@TA/Ag

scavenged ROS effectively. ns no significance, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale bar = 200 μm. CS Chitosan, Gel gelatin, TA tannic acid, Ag NPs silver nanoparticles,

p65 nuclear factor-κB subunit p65, TNF-α tumor necrosis factor α, IL-6 interleukin 6, IL-1β interleukin 1β, ROS reactive oxygen species, LPS lipopolysaccharide,

IFN-γ interferon-γ

with regular disk shapes on CS/Gel@TA and CS/Gel@TA/Ag
cryogels. As is well-known, porous structures are beneficial
for hemostasis [69]. In addition, the phenolic hydroxyl groups
of TA afforded the cryogels good cell affinity and adhesion
for blood coagulation [70, 71]. As a result, platelets were
activated to release clotting factor for hemostasis. Therefore,
the prepared cryogels showed great potential for application
in hemostasis.

Wound healing accompanied by bacterial infection

in vivo

In order to assess the wound healing performances of the
cryogels, a full-thickness skin defect model was established on

the back skin of SD rats. As described in Figure 7a, S. aureus
was introduced to cause bacterial infection. Then, wounds
were covered with various cryogels to evaluate the repair
effects. After treatment for 2 days, the exudates from wound
sites were dipped for bacterial colony culture. As shown in
Figure 7b, there were large amounts of bacterial colonies
on plates for groups other than the CS/Gel@TA/Ag cryogel-
treated group. The results demonstrated that CS/Gel@TA/Ag
cryogel could effectively eliminate bacteria on the wound
site in vivo. Subsequently, photographs of wound closure
were captured after 0, 3, 7, 11 and 15 days and the
results are shown in Figure 7c. All the groups showed
a gradual decrease of wound area after treatment. In
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Figure 6. Hemostatic properties of cryogels. (a) Blood clotting index of different cryogels and gauze. (b) Hemostasis model of liver. (c) Blood loss of liver wound

with the treatment of control, gauze, CS, CS/Gel, CS/Gel@TA and CS/Gel@TA/Ag cryogels, respectively. ∗p < 0.05. (d) Photographs of hemostasis condition of

control, gauze, CS, CS/Gel, CS/Gel@TA and CS/Gel@TA/Ag cryogels. (e) SEM images of hemocyte adhesion on gauze, CS, CS/Gel, CS/Gel@TA and CS/Gel@TA/Ag

cryogels. Scale bar = 50 μm; 5 μm. CS Chitosan, Gel gelatin, TA tannic acid, Ag NPs silver nanoparticles

particular, the skin defect of the CS/Gel@TA/Ag cryogel-
treated group was almost completely closed after 15 days.
In comparison, unhealed wounds could still be observed
for the control, CS, CS/Gel and CS/Gel@TA cryogel-treated
groups. Meanwhile, the skin closure ratio was calculated
and is shown in Figure 7d, which indicated that the wound
healing rate of the CS/Gel@TA/Ag cryogel group was
significantly improved. Furthermore, H&E staining was
conducted to investigate tissue regeneration. As shown in
Figure 7e, a large area of unmatured granulation tissues

could be observed for control, CS, CS/Gel and CS/Gel@TA
cryogel-treated groups. Meanwhile, large amounts of
inflammatory cells were visible, indicating incomplete
healing. However, there were fewer inflammatory cells
and unmatured granulation tissues for the CS/Gel@TA/Ag
cryogel-treated group, which demonstrated that the infected
wounds were disinfected and well regenerated. In order
to evaluate the tissue toxicity of CS/Gel@TA/Ag cryogel,
the internal organs of rats after treatment were collected
and analyzed. The H&E staining results in Fig. S8, see
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Figure 7. Bacteria-accompanied wound healing with treatment of various cryogels in vivo. (a) Schematic illustration of creating a bacterial infected skin defect on

the back skin of SD rats. (b) Bacterial colonies of the pus of wound site after treatment for 2 days. (c) Photographs of the wounds accompanied by an infection

with Staphylococcus aureus following control, CS/Gel cryogel, CS/Gel@TA cryogel and CS/Gel@TA/Ag cryogel treatment. (d) The wound healing ratio with

various treatments after different healing periods. ∗p < 0.05. (e) Hematoxylin and oesin staining of the wound section on the 15th day. Scale bar = 1 μm 100 μm.

CS Chitosan, Gel gelatin, TA tannic acid, Ag NPs silver nanoparticles, S. aureus Staphylococcus aureus

online supplementary material, show no obvious distinction
between the CS/Gel@TA/Ag cryogel-treated group and
normal rats, indicating no Ag NPs toxicity of the cryogel.

Discussion

As is well known, skin wound healing includes four bio-
logical phases that are continuous and overlapping. Timely

and rapid hemostasis could help to reduce mortality caused
by excessive bleeding loss. Long-term bacterial infections
might interfere with the healing process and result in chronic
wounds by inducing prolonged inflammation. Therefore, an
ideal wound dressing should integrate the functions of fast
hemostasis, antibacterial activity and anti-inflammation to
promote wound healing. Biopolymers have been widely used
in wound dressings due to their good biodegradability and
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biosafety. However, their inherent antibacterial properties are
low. Although Ag NPs can effectively kill bacteria, their cyto-
toxicity needs is a concern. Based on the above, multifunc-
tional cryogels composed of CS, Gel, TA and Ag NPs were
fabricated to eliminate bacteria and accelerate wound healing.

Benefiting from the hemostatic properties of CS and
the porous structure of scaffolds, all the prepared cryogles
showed good hemostasis capability. A rat liver bleeding model
was used to evaluate the dynamic hemostasis performance
of the various cryogels. The CS/Gel@TA/Ag cryogel-treated
group showed the lowest blood loss, which might be due to
the comprehensive effect of each component. For biocompat-
ibility evaluation, both 3 T3 and HaCat epithelium cells were
incubated with the cryogels and no obvious cytotoxicity was
detected, even for CS/Gel@TA/Ag cryogel. As TA was applied
to reduce Ag NPs in situ, the good dispersity of formed Ag
NPs afforded the cryogel with less cytotoxicity. Thus, the
prepared cryogel showed good hemostasis capability and
high biocompatibility as a wound dressing.

Bacterial infection is a key issue during wound heal-
ing. The production of excessive inflammation factors and
ROS could prolong the inflammatory phase, causing delayed
healing or non-healing. Therefore, it is necessary to endow
wound dressings with antibacterial ability. The discovery of
antibiotics in the twentieth century provided a transforma-
tive advantage in fighting against bacterial infections. Many
wound dressings were designed to be loaded with antibiotics,
such as quinolones, sulphonamides and tetracyclines, to kill
bacteria. Unfortunately, long-term and injudicious use of
antibiotics had led to the development of antibiotic toler-
ance and resistance. As reported, Ag NPs have been widely
applied in clinic for their broad antibacterial spectra, even
for methicillin-resistant S. aureus infection [72]. Therefore,
Ag NPs were introduced into the cryogel through in situ
reduction by TA. Good antibacterial activity with respect
to S. aureus and E. coli was demonstrated both in vitro
and in vivo. Moreover, the long-term antibacterial ability
of CS/Gel@TA/Ag cryogel was tested for 24, 48 and 72 h.
Almost no bacterial colonies could be observed on an agar
plate after the cryogel treatment, indicating long-term bac-
terial elimination. More importantly, the Ag content in the
cryogel was only 0.015% (w/w), lower than the previously
reported mass [56–58], which indicated the cryogel could be
safely applied in vivo.

Due to the phenolic hydroxyl groups in TA, the CS/Gel@TA
and CS/Gel@TA/Ag cryogels displayed effective anti-inflamm
atory and ROS scavenging properties. TA was able to compete
with LPS to interact with TLR4 protein and inhibit the
activation of the NF-κB pathway by reducing p65 subunit
nuclear translocation and the secretion of pro-inflammatory
cytokines TNF-α, IL-6 and IL-1β [46]. As reported, the
reduction of nuclear p65 probably promoted the heterodimer
p65/p50 shift to homodimer p50/p50, and the increased
p50/p50 was able to assist the transcriptional up-regulation of
IL-10 [73]. As is well known, IL-10 is an anti-inflammatory
cytokine and can promote M2c macrophage polarization

through the IL-10R/STAT3 signaling pathway [74]. Based
on that, TA-based bioactive wound dressings show potential
for application in the treatment of chronic inflammatory
wounds.

The prepared CS/Gel@TA/Ag cryogel possesses fast
hemostasis properties, antibacterial activity and anti-
inflammatory capability, which shows great potential to
accelerate the healing of bacterial infected wounds. Still,
some improvements of this work need to be carried out in the
future. For example, how the cryogel affects epithelization
and vascularization, and how it regulates macrophage
polarization to recover the homeostasis of the immune
microenvironment needs to be further investigated.

Conclusions

In summary, a multifunctional CS/Gel@TA/Ag cryogel was
fabricated by using biocompatible materials for wound disin-
fection and healing. The cryogels exhibited good mechanical
properties and compressive repeatability. In situ reduced Ag
NPs in the cryogels could eradicate both S. aureus and E. coli
with antibacterial efficiency >99.9%. Meanwhile, excessive
TNF-α and ROS could be reduced and scavenged in vitro,
which is attributed to the polyphenols in the cryogels. Cell
culture experiments showed that the cryogels exhibited good
biocompatibility, cell proliferation and low hemolysis. In
addition, the porous structures and cell adhesion afforded
the cryogels good hemostatic performance. Furthermore, in
vivo experiments demonstrated that the cryogels could effec-
tively disinfect wounds and accelerate skin regeneration with-
out visible tissue toxicity. Biocompatible and multifunctional
cryogels which can perform bacterial eradication, possess
anti-inflammatory, ROS scavenging and hemostasis prop-
erties and promote cell proliferation, could potentially be
applied in clinic for infected wound treatment.
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