
Biomaterials Advances 135 (2022) 112669

Contents lists available at ScienceDirect

Biomaterials Advances

j ourna l homepage: www.e lsev ie r .com/ locate /b ioadv
Microfibrillated cellulose-enhanced carboxymethyl chitosan/oxidized starch
sponge for chronic diabetic wound repair
Lin-yu Long a,1, Cheng Hu a,1, Wenqi Liu a, Can Wu a, Lu Lu b, Li Yang a,⁎, Yun-bing Wang a
a National Engineering Research Center for Biomaterials, Chuanda-Jinbo Joint Research Center, Sichuan University, Chengdu 610064, China
b Key Laboratory of Medical Molecular Virology (MOE/NHC/CAMS), School of Basic Medical Sciences and Shanghai Public Health Clinical Center, Fudan-Jinbo Joint Research
Center, Fudan University, Shanghai 200302, China
⁎ Corresponding author.
E-mail address: yanglisc@scu.edu.cn (L. Yang).

1 These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.msec.2022.112669
Received 24 November 2021; Received in revised for
Available online 24 January 2022
0928-4931/© 2022 Published by Elsevier B.V.
A B S T R A C T
A R T I C L E I N F O
Keywords:
 Herein, a novel microfibrillated cellulose (MFC) reinforced natural polymer-based sponge composed of carboxymethyl
chitosan (CMC) and oxidized starch (OS) with hemostatic, repairing-promoting, and antimicrobial performances was
fabricated for chronic wound repair. When the content of MFC reached 1.2 wt%, the prepared sponge exhibited ultra-
fast water or blood-trigged shape recovery propertywithin 3 s.Moreover, spongewas functionallymodifiedwith silver
nanoparticles (AgNPs) and recombinant humanized collagen type III (rhCol III). The AgNPs and rhCol III loaded
sponge (A-Ag/III) could effectively kill a broad spectrum of pathogenicmicrobes, promote the proliferation andmigra-
tion of L929 cells in vitro. Due to their erythrocyte-aggregating ability and positive-charge feature of CMC, the A-Ag/III
displayed rapid hemostasis ability. Furthermore, the in vivo animal experiment demonstrated the A-Ag/III could pro-
mote wound repair by inhibiting inflammation, promoting angiogenesis, and cell proliferation.
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1. Introduction

Uncontrolled bleeding or massive hemorrhage caused by trauma is the
leading reason for morbidity and mortality, occupying more than a quarter
of all trauma deaths [1–3]. For the survival and optimal recovery of major
trauma, early intervention to stanch bleeding is critical [4,5]. The existing
hemostatic treatment in standard care usually relies on compressed cloth
or gauze which can effectively stop bleeding [6]. However, for the deep,
narrow, irregular, and incompressible damage caused by bullets, bombs,
and explosives in the battlefield or daily life, the therapeutic effects of tra-
ditional hemostatic materials are somewhat unsatisfactory [2,7]. Consider-
ing the complicated physiological environment and healing process of the
chronic wound [8,9], various advanced hemostatic materials can not only
promote more effective and rapid hemostasis, but also possess some attrac-
tive functions of inhibiting infection of full-thickness wounds [10,11], facil-
itating angiogenesis [12], and promoting complex tissue regeneration
processes [8] have been developed. However, although some gratifying
progress has been achieved, it is still a challenge for the fabrication of
multi-functionalize hemostatic materials to promote the repair of chronic
wounds without affecting its hemostatic performance.

The present primary categories of hemostatic materials involve gauze,
powder, hydrogel, and sponge which are usually fabricated from absorb-
able gelatin, modified collagen, thrombin, and calcium alginate [13–15].
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However, owing to the poor availability, high cost, and infection issues,
the clinical application of these products has been greatly restricted [16].
Currently, chitosan (CS), carboxymethyl chitosan (CMC), and other
chitosan-based derivates have attracted attention in the hemostatic area
due to their biocompatibility, biodegradability, hydrophilicity, and air per-
meability [7,15,17–22]. CS is a bioactive polymer and produced from the
chitin that exists in crab, fungi, shrimp, insects, algae and bacterial cell
walls by alkaline deacetylation process [23–25]. And for the purpose of
achieving better therapeutic effects, a wide range of chitosan derivatives
with excellent properties (for example, increased solubility, antibacterial
activity, cell uptake, pH sensitivity, anti-oxidation and cell targeting capa-
bilities) have been produced through chemical or enzymatic modification
[26–31]. In addition, after contacting with blood, the –NH2 on the CS mo-
lecular chainwill be protonated to -NH3

+, and then electrostatically interact
with the negatively charged cell membrane of erythrocyte, causing erythro-
cyte adhesion and aggregation at the wound site, and eventually develop-
ing a blood clot [15,20,32–34]. In particular, CS-based sponge with large
surface area and porous structure can aggregate blood cells and platelets
to stop bleeding quickly, making it a powerful candidate for bleeding con-
trol [6,15]. However, the poor mechanical performance and unstable
chemical properties of CS-based sponges limit their further clinical applica-
tion in uncontrolled massive bleeding like arterial injury, or narrow deep
non-compressible bleeding such as gunshot wounds [35].

To solve these above problems, the microfibrillated cellulose (MFC) was
introduced to enhance the CMC-based sponge, which was fabricated by
cross-linking oxidized starch (OS) with CMC via the Schiff-base chemistry re-
action. Due to its excellent mechanical strength, high aspect ratio (fiber
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Fig. 1. Schematic presentation of the preparation of the injectable, antibacterial, and fast hemostatic MFC-reinforced CMC/OS sponge for chronic wound repair.
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diameter less than 100 nmand length of severalmicrons), and biodegradabil-
ity, MFC has been extensively applied to reinforce a variety of materials
[36–40]. Herein, it was assumed that after a certain amount of MFC was
added, the CMC/OS sponge could be given excellent water/blood trigger
shape recovery ability. As shown in Fig. 1, the CMC/OS-MFC sponge was fur-
ther loaded with silver nanoparticles (AgNPs) and recombinant humanized
collagen type III (rhCol III). The rhCol III used in this paper possessed strong
cell adhesion and was synthesized based on the Gly483-Pro512 segment,
which contained the highly adhesive fragments (GER, GEK), in the human
collagen type III sequence [41]. First, the ability of the prepared sponge to
promote cell migration and proliferation, as well as its antibacterial effects
against S. aureus and E. coli were evaluated in this paper. And the porous
shape-memory sponges with tough mechanical strength could be injected
to narrow and deep wounds via a medical syringe after being compressed.
Once the compressed sponges contacting blood, they could quickly recover
their original shape to form a physical barrier and further stop blood loss.
And the water/blood trigger shape recovery ability and hemostatic property
of the prepared sponge were also assessed. In addition, a diabetic rat infected
full-thickness skin wound model was used to verify the performance of the
prepared sponge to accelerate wound repair.

2. Materials and methods

2.1. Materials

CMC (degree of carboxylation ≥80%) was purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China); Starch soluble, tannic
acid (TA), silver nitrate, and sodium periodatewere purchased from Shang-
hai Titan scientific Co., Ltd. (Shanghai, China); MFC suspension (1.7 wt%,
diameter: 0.1–1.0 μm; length: >20 μm) was purchased from Guilin Qihong
Technology Co., Ltd. (Guilin, China); rhCol III was prepared by Shanxi
Jinbo Bio-Pharmaceutical Co., Ltd. (Taiyuan, China). rhCol III is composed
of 16 tandem repeats of the triple-helix fragment. The tandem repeats pep-
tide contains the sequence of high cytoactive, derived from the Gly483-
Pro512 sequence of the human type III collagen [41].

2.2. Preparation of oxidized starch (OS)

The OS was prepared by oxidizing starch with NaIO4. In short, soluble
starch (1 g, 2% w/v) was dissolved in certain distilled water, and 10 ml
2

of NaIO4 solution (5 wt%) was added dropwise into the mixture. Then
the mixture was further stirred in the dark for 12 h at room temperature
(RT). Finally, 2 ml of ethylene glycol was added to stop the reaction and
dialyzed against water for 5 days. The OS was obtained by freeze-drying
for 3 days.

2.3. Fabrication of the CMC/OS sponge with different MFC concentration

The CMC/OS-MFC sponge was prepared by a simple two-step method
including the sol-gel process and freeze-drying. Firstly, 0.25 ml of MFC
suspension with different mass fractions were mixed with 0.25 ml of CMC
solution (10 wt%), followed by mixing with 0.5 ml of the OS solution
(5 wt%). Then the mixture was poured into the mold and stand for
30 min until a stable hydrogel was formed. And the CMC/OS-MFC sponge
was obtained by freeze-drying for 48 h. According to the initial con-
centration of MFC (0, 0.2, 0.4, 1.2 wt%), the sponges were named as
CMC/OS-MFC0, CMC/OS-MFC0.2, CMC/OS-MFC0.4, CMC/OS-MFC1.2.

2.4. Fabrication of the Ag nanoparticles (AgNPs) and rhCol III decorated
CMC/OS-MFC sponge

The AgNPs and rhCol III decorated CMC/OS-MFC sponge was prepared
as shown in Fig. 1. Here, TAwas used to reduce silver ions in CMC solution.
30 μg of AgNO3 was added into 0.25 ml of CMC solution (10 wt%), 3 μg of
TA was added after stirring for 0.5 h. And the antibacterial hemostatic
sponge was prepared by the method described in Section 2.3. According
to the addition of AgNps or rhCol III, the sponges were named A-C, A-Ag,
A-III, and A-Ag/III.

2.5. Structure characterization

Scanning electron microscopy (SEM, S4800, Hitachi, Japan) was used
to observe the morphologies of the freeze-dried sponges; Fourier transform
infrared spectrometer (FT-IR, Nicolet iN10, Thermofisher Scientific, China)
and X-ray diffraction spectrometer (XRD, D8 advance, Bruker, Germany)
were used to analyze the chemical structure and crystals of the sponges, re-
spectively. And the thermal stability of the materials was investigated by
using the thermogravimetric analyzer (TGA) (SDT-Q600, TA Instruments,
America) from the room temperature to 800 °C under N2 atmosphere at
10 °C/min heating rate.

Image of Fig. 1
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The swelling ratio of sponges in deionized water (DI) water was tested
at RT. The freeze-dried sponges were firstly weighed (W0). Then, they
were swollen in DI water for 30 s and weighed again (Ws). The swelling
ratio (SR) was calculated as.

SR ¼ Ws � W0ð Þ=W0 � 100%

2.6. Mechanical performance

Themechanical performance of the sponges was evaluated by compres-
sion test using the universal testing machine (BioTester, CellScale, Water-
loo, Ontario, Canada) at RT. The sponges were first cut into cylinders
with a diameter and height of 10 mm. The compression test was carried
out for 60 s, and the maximum compressive strain was 80%.

In addition, the cyclic compression test of the swollen sponges was used
to investigate the structural stability of the swollen sponges. The swollen
sponges were performed up to 80% strain and then returned to the initial
strain. This compression test was repeated 5 times.

2.7. Ag+ and rhCol III release of sponges

For the cumulative Ag+ release, the sponges were immersed into cer-
tain amount of PBS solution (10 ml, pH= 7.4) and kept at 37 °C. At the se-
lected time, 0.5 mL of PBS was taken out to detect the silver content by
using an inductively coupled plasma optical emission spectrometer (ICP-
OES), and 0.5 mL of fresh PBS solution was added.

For the cumulative rhCol III release, the rhCol III was first labeled byfluo-
rescein isothiocyanate (FITC). Then the FTIC labeled rhCol III loaded sponges
were immersed into PBS solution (10 ml, pH= 7.4) at 37 °C. At the set time,
0.5 mL of PBS was taken out to detect the released FTIC labeled rhCol III by
using a fluorescence spectrophotometer (Fluoroskan, Thermofisher Scien-
tific, China), and 0.5 ml fresh PBS solution was replenished.

2.8. Hemolytic activity assay of the sponges

The hemolytic assay was conducted to investigate the biocompatibility of
the prepared sponges in wound-care applications. Blood from SD rat was col-
lected and the erythrocytes were obtained by centrifuged at 1500 rpm for 10
min. The erythrocyteswere repeatedlywashedwith PBS for 3 times, and then
diluted with PBS at a ratio of 1:9. Subsequently, the dried sponges were incu-
bated in erythrocyte suspension for 1 h at 37 °C. And an UV–vis was used to
detect the absorption peak of the supernatant after centrifugation at 540 nm
to evaluate the hemolysis of the sponge. The positive (At) and negative (Ab)
controls were 1%Triton-X and PBS, respectively. The sponges' hemolysis per-
centage was determined by using the following formula:

Hemolysis %ð Þ ¼ An � Abð Þ= At � Abð Þ½ � � 100%

2.9. In vitro degradation behavior

In vitro degradation experiments were carried out in a simulated physi-
ological environment. In brief, pre-weighted sponges (W0) were immersed
in PBS (10 ml, pH= 7.4) at 37 °C and shaken at 60 rpm. At the set time (5,
10, 15, 20, 25, 30 d), sponges were taken out and thenweighed after lyoph-
ilization (Wt). And the weight loss percentage (ΔW%) of spongeswas deter-
mined according to the following formula:

ΔW% ¼ W0 � Wtð Þ=W0 � 100%

2.10. Sponges' biocompatibility studies

The CCK8 experiment was used to evaluate the sponges' biocompatibil-
ity by co-cultivating L929 cells and sponges extract solution. The dried
sponges were immersed into 5 mL complete 1640 cell medium and shaken
at 100 rpm for 24 h to prepare the sponge extract solution. The culture
3

medium of L929 cells was replaced with sponges extract solution and
then cells were cultured at 37 °C (5% CO2). After 24 h and 48 h, the
CCK8 experiment was conducted to determine the cell viability (%). Each
experiment was performed six times. In addition, FDA (50 μg/mL) was
used to stain L929 cells to observe cells proliferation and morphology.

2.11. Cell scratch experiment

The cell scratch experiment was used to assess the influence of sponges
on cell migration. Briefly, L929 cells were seeded in 6-well plates at rate of
1 × 106 and incubated at 37 °C for 24 h. After scratching the wells with a
200 μL pipette tip, the cell culture medium was replaced with sponges
extract and incubated at 37 °C (5% CO2). The microscopic images were
taken immediately at the set time. Each experiment was performed three
times, and representative images were selected.

2.12. In vitro antibacterial experiments

The antibacterial activity of A-C, A-Ag, A-III, and A-Ag/III was conducted
using S. aureus and E. col. For bacterial optical density detection, sterilized
sponges were added to the bacterial suspension. After incubating for a cer-
tain period of time, the density of the bacteria was determined by detecting
the optical density (OD) at 600 nm. All of the experimentswere performed in
triplicate to confirm reproducibility. And the bacterial live and dead assay
was carried out to confirm the influence of the prepared sponges on behav-
iors of bacterial death. The bacteria suspensionwas incubatedwith sterilized
sponges in a constant temperature incubator (37 °C, 12 h), then the mixture
was stained with SYTO 9 and propidium iodide (PI) and imaged with fluo-
rescence microscopy. For the zone of inhibition assay, bacterial suspension
(105–106 CFU/mL) was inoculated on the surface of the bacterial culture
plate. The sponges were adhered to the culture plate and cultured upside
down for 24 h at 37 °C to observe antibacterial effect of sponges.

2.13. Whole-blood clotting of the sponges

In Brief, 50 μL of fresh activated blood from SD rat was dripped onto the
surface of sponge and incubated at 37 °C for 1 h. At 10min intervals, 2.5mL
of distilled water was added and incubated for another 5 min. Then the he-
moglobin concentration was evaluated by measuring the relative absor-
bance at 545 nm using a UV spectrophotometer.

2.14. Blood cells and platelet adhesion

The whole blood was centrifuged at the speed of 1500 r/min for 15 min
to obtain the platelet-rich plasma. And the fresh platelet-rich plasma was
dripped onto the surface of sponges and further incubated at 37 °C for 60
min. After being washed by PBS (pH = 7) for three times, the sponges
were fixed by glutaraldehyde (2.5%) for another 2 h. Finally, sponges
were gradually dehydrated using different concentrations of ethanol solu-
tion. The blood cells or platelet adhesion on the surface of dried sponges
were observed by using SEM.

2.15. In vivo hemostatic performance

The prepared sponges' hemostatic ability was evaluated by a SD rat liver
trauma model. Here, a hole punch was used to form a cylindrical wound
with a diameter of 1 mm on the anesthetized rat liver. The pre-weighed
gauze and sponges were immediately applied to the cylindrical wound,
while the group with no treatment was used as the control group. And
the prepared sponges' hemostatic ability was determined by the blood
loss and the bleeding time.

2.16. In vivo wound repair performance

All animal studies were approved by the animal research committee of
Sichuan University. Several healthy SD male rats (150 ± 20 g) were
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acclimatized for 1 week. A certain amount of streptozotocin solution was
injected into SDmale rats (70mg/kg) through the tail vein to induce diabe-
tes mellitus type I [42–44]. After 3 days, 8 SD male rats (150± 20 g) with
diabetes were used. After anesthesia, their backs were shaved and a round
full-thickness skins with a diameter of 1.2 cm on the back of the rats were
removed. In addition, wounds were infected with 100 μL of S. aureus sus-
pension (1.0 × 108 CFU/mL). After 1 day, the wounds were treated with
PBS, A-C, A-Ag, A-III, and A-Ag/III, respectively. For wound area monitor-
ing, on the 2nd, 4th, 7th, 11th, and 14th day, the wound area was
photographed. In order to evaluate epidermal regeneration and inflamma-
tion during wound repair process, samples collected on the 7th and 14th
days were fixed with paraformaldehyde for 1 h and then stained with
Hematoxylin-Eosin, Masson's Trichrome, CD68, CD31, and Ki67.

2.17. Statistical analysis

The mean ± standard deviation represented the results of statistical
analysis of all experimental data. Student's t-test and chisquare test were ap-
plied to determine the statistical differences, and differences were consid-
ered significant if P < 0.05.

3. Results and discussion

3.1. Characterization of CMC/OS sponges with different MFC concentration

We proposed a novel method for the preparation of shape memory
sponges involved introducing a porous three-dimensional (3D) polymer net-
work structure, which was expected to be supplied by the Schiff base reac-
tion between CMC containing –NH2 and OS containing -CHO, and further
structural reinforcement by the addition of MFC (Fig. 1). At First, the FT-IR
spectrum of OS displaied an new stretching vibration band of -C=O ap-
peared at 1738 cm−1 (Fig. S1), indicating the starch was successfully oxi-
dized [45]. As illustrated in the TEM image of MFC suspension (Fig. S2),
Fig. 2. The SEM images (A), swelling ratios (B), uniaxial compression stress−strain curve
of 0, 0.2, 0.4, and 1.2 wt%. Scale bar: 200 μm. (E) Schematic illustration of the shape rec
OS-MFC1.2 sponge. (G) Recyclability of the CMC/OS-CMC1.2 sponge for the adsorption
compression and recovery shape by absorbing PBS. SEM images of CMC/OS-MFC1.2 spo

4

the MFC was displayed as nanoscale microfibrils with a large aspect ratio.
By varying the concentration of the MCF suspension, CMC/OS-MFC sponges
with different pore structures and mechanical properties were prepared by
freeze-drying. As illustrated in Fig. S3, a new characteristic band appeared
at 1637 cm−1 in the FT-IR spectrum of CMC/OS could be assigned to the for-
mation of Schiff base bond (-C=N) [45]. And the SEMwas conducted to in-
vestigate the microstructures of the CMC/OS-MFC sponges. As shown in
Fig. 2A, the four sponges exhibited distinct porous structures. Due to the
strong hydrogen bonding provided by MFC, CMC/OS-MFC sponges with
high MFC contents displied small pore sizes and dense polymer networks.
As we all know, this interconnected porous structure of the sponges was
benificial for absorbing blood and excess exudation at the injured sites, de-
creasing the risk of bacterial infection, thus promoting wound repair [3,46].

In addition, porous natural polymer-based sponges possess the capabil-
ity of fast water uptake [2]. The dynamic swelling behavior of the CMC/OS-
MFC sponges was studied (Fig. 2B). Four sponges with different MFC con-
tent could quickly absorb water after being immersed into PBS (37 °C,
pH = 7.4) and reach a swelling equilibrium within 20 min. And CMC/
OS-MFC0.2 sponge possessed the highest swelling ratio of 1953 ± 124%.
CMC/OS-MFC0, CMC/OS-MFC0.4 and CMC/OS-MFC1.2 showed lower
swelling ratios of 1668±137%, 1804±134% and 1761±101%, respec-
tively. The addition of a small amount of hydrophilic MFC could enhance
the porous structure and water retention of the sponges, thereby increasing
their swelling rate. However, when the MFC content in the sponge precur-
sor was further increased, the sponges' dry weight per unit volume and
crosslink density were increased, resulting in a decrease of the swelling
rate [2]. In conclusion, this excellent water absorption ability, on the one
hand, would give the prepared sponge the capability to quickly absorb
blood and excess wound exudate, thereby reducing the risk of bacterial in-
fections, and be also conducive to concentrating the clotting factors and im-
prove the speed of hemostasis [7].

Since the wound dressings are subject to the normal forces encountered
during clinical use or handling [15], therefore, enoughmechanical strength
s (C) and compressivemodule (D) of the CMC/OS sponges withMFC concentrations
overy mechanism. (F) The cyclic compression stress−strain curves of swollen CMC/
of PBS within 10 cycles. The inset was the picture of the sponge before and after
nge in a compressed state (H), and recovered shape (I).

Image of Fig. 2
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is the indispensable performancewhen sponges are applied inwound dress-
ing [46]. However, the mechanical strength of the pure natural polymer-
based macroporous sponge is generally weak, which may be detrimental
to its clinical application [10]. We supposed that the addition of MFC
with high aspect ratio could strengthen the mechanical performance of
the sponges by further physically cross-linking the sponges' network.
Herein, in order to assess the mechanical performance of the sponges
with different MFC concentrations, the stress-strain test under 80% com-
pression strain was conducted. As illustrated in Fig. 2C, the addition of
MFC could significantly enhance the mechanical strength of CMC/OS-
MFC sponge. As shown in Fig. 2D,with the increase of MFC concentration,
the sponges' mechanical stress increased from 15.0 to 32.7 kPa, making it
strong enough to sustain the swollen and expanded structure.

3.2. Water-/blood-triggered shape memory performance of CMC/OS-MFC1.2

sponges

Hemostatic materials with shape memory function present distinctive
virtue in hemostatic application because they can be delivered to wound
through a syringe after being compressed, and restore their original geome-
try when in contact with blood to fill the abnormal wound boundaries and
further stop blood loss [2,6,47]. The elastic porous structure, and excellent
hydrophilicity of CMC/OS-MFC1.2 sponge gave it the function of rapid
water-triggered shape memory, indicating their potential in the application
of preventing deep bleeding via serving as a physical barrier. Fig. 2E showed
the schematic representation of the sponges' shape recovery mechanism.

This shape memory function of sponge was mainly ascribed to the re-
versible collapse of the porous structure in its hydrophilic matrix, allowing
the liquid (including water or blood) to flow out/inflow freely. The shape
recovery of squashed CMC/OS-MFC1.2 sponges could be easily achieved
by directly absorbing water within 3 s and the recovery ratio was nearly
100%, while sponges with lower MFC content did not have this water-
Fig. 3. (A) UV-vis spectra of TA, CMC/AgNO3, and CMC/AgNO3+TA suspensions. Wide
A-III, and A-Ag/III. (E) SEM images and silver element SEM-mapping of A-Ag/III. (F) sw
profiles of Ag+ and rhCol III from A-Ag/III in PBS. (H) The sponges' hemolytic percenta
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triggered shape memory performance (Supplementary Movie 1). In addi-
tion to the water-triggered shape recovery phenomenon, the squashed
CMC/OS-MFC1.2 sponge could quickly restore its original shape by absorb-
ing blood after being injected into a glass bottle containing fresh blood
(SupplementaryMovie 2). In order to further assess themechanical stability
of the swollen sponges, a cyclic dynamic compression strain experience
(80% strain, 10 cycles) was performed (Fig. 2F). The recovery loss of swol-
len sponges was small, indicating that the sponges exhibited excellent com-
pressive elasticity at 80% compressive strain.

Fig. 2G showed the adsorption capacity of CMC/OS-MFC1.2 sponges to
PBS after the 10 drying-adsorption cycles. After each adsorption experiment
was completed, the CMC/OS-MFC1.2 sponges were freezing-dried. The ad-
sorption capacity of CMC/OS-MFC1.2 sponges did not decrease significantly
after 10 cycles, and finally it was still 85% of the initial adsorption capacity.
These results demonstrated the excellent structural stability and shapemem-
ory function of the CMC/OS-MFC1.2 sponges. As illustrated in Fig. 2H and I,
after being compressed to 80% strain, even if the pore structure of the sponge
collapsed, the integrity of its network structure was basically maintained.
Subsequently, the squashed sponge could quickly restore its primary porous
structure after being fed with water. As demonstrated in Supplementary
movie 3, the compressed sponge could recover its original shape by quickly
adsorbing the squeezed out water after the load was removed. Thus, The
CMC/OS-MFC1.2 sponges with rapid blood-triggered shape recovery perfor-
mance showed huge potential in hemostatic applications.

3.3. Characterization of AgNPs and rhCol III decorated sponges

Subsequently, the functional sponges were prepared by loading with
AgNPs and rhCol III. Firstly, the UV − vis spectra of the CMC/AgNO3 +
TA suspension displayed a obvious absorption peak at 395.6 nm
(Fig. 3A), which was attributed to the strong surface plasmon resonance
transition peak of AgNPs. In addition, the XPS was used to confirm the
-angle XRDpatterns (B), TGA curves (C) and DTG curves (D) of CMC/OS, A-C, A-Ag,
elling ratios of A-C, A-Ag, A-III, and A-Ag/III in PBS at 37 °C. (G) Cumulative release
ge. (I) In vitro degradation kinetics of sponges in PBS.

Image of Fig. 3
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presence of metallic silver in sponges. As illustrated in Fig. S4, two repre-
sentative characteristic peaks with a binding energy difference of 6 eV at
367.5 eV and 373.5 eV were consistent with the binding energies of Ag
3d5/2 and Ag 3d3/2, respectively, illustrating the Ag was successfully gener-
ated in sponges [20]. And the new diffraction peaks in A-Ag and A-Ag/III at
38°, 44°, 64°, 77° and 81°, which were the XRD characteristic peaks of silver
[48], further proved the successful synthesis of AgNPs (Fig. 3B).

For researching the thermal decomposition behavior of sponges, the
TGA and DTG curves of sponges were presented in Fig. 3C and D, respec-
tively. In the range of room temperature to 800 °C, the total weight loss
of CMC/OS, A-C, A-Ag, A-III, and A-Ag/III were 67.83%, 63.27%,
68.96%, 69.67% and 67.74%, respectively (Fig. 3C). And results in
Fig. 3D showed that the maximum thermal decomposition rates of CMC/
OS, A-C, A-Ag, A-III, and A-Ag/III occured at 281 °C, 281 °C, 284 °C, 267
°C and 270 °C, respectively. After loading AgNPs and rhCOL III, there was
no significant effect on the porous morphology of the sponge (Fig. 3E).
Additionally, the partially enlarged SEM images of A-Ag/III clearly
displayed AgNPs with uniform size were stably dispersed on the surface
of the A-Ag/III (Fig. S5). The SEM mapping of the sponges (Fig. 3E
Fig. 4. (A) Live/Dead staining of L929 cells after incubated with sponges extract for 24
images (D) of cell migration from the in vitro scratch assay. *p < 0.05, **p < 0.01.
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and Fig. S6) further verified the uniform distribution of silver element in
A-Ag and A-Ag/III. Moreover, results of Fig. 3F showed the swelling rate
of A-Ag, A-III, and A-Ag/III was similar to that of A-C, ranging from
1727% to 1778%.

In order to prevent bacterial infections on the surface of chronic
wounds, an effective solution is to place antibacterial materials that can re-
lease antibacterial agents continuously for a long time at the injured area.
Consequently, to verify the antibacterial effect of A-Ag/III in vitro, we eval-
uated the sponges' release behavior of Ag+ in PBS within seven days. As
shown in Fig. 3G, in the first 24 h, there was a burst release of Ag+ from
A-Ag/III (over 80%), while the rate of Ag+ release slowed down after
24 h (89.5% after 7 days). The bacteria in the injured site could be effec-
tively killed by the early burst release of Ag+ from A-Ag/III and then the
slow release of Ag+ could further inhibit the growth of bacteria. These
above results indicated the A-Ag/III possessed an effective bactericidal ef-
fect and long-lasting antibacterial activity when applied to infected chronic
wounds. Compared with Ag+, rhCol III with a larger molecular weight was
released more slowly. 38.4% of rhCol III was released in 24 h, and only
53.9% was released in 7 days.
h. (B) Cytocompatibility evaluation of the sponges. Quantitative analysis (C) and

Image of Fig. 4
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3.4. Hemocompatibility, degradability and cytotoxicity effects of sponges

It is well known that the primary requirement of hemostatic materials is
good hemocompatibility [8,20,46], what can be evaluated in vitro by the
hemolysis assay [2]. As shown in Fig. S7, images from the hemolytic activ-
ity measurement showed that the clarity of the A-C, A-Ag, A-III, and A-Ag/
III groups after centrifugation was similar to that of the DPBS group (trans-
parent color), while the color of the Triton X-100 group was red. And the
quantitative measurement results displayed these four sponges caused
only 1.4%, 0.9%, 0.8% and 0.7% hemolysis, respectively (Fig. 3H), illus-
trating the prepared sponges possessed excellent hemocompatibility and
huge potential in hemostatic field.
Fig. 5. Antibacterial performances of the four sponges against E. coli and S. aureus. OD60
(D) The live/dead staining of bacteria after co-cultivating with sponges extract. Living ba
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The in vitro degradation behavior of the A-C, A-Ag, A-III, and A-Ag/III
was assessed by measuring weight loss of the sponges within a certain pe-
riod of time in a simulated physiological environment. As illustrated in
Fig. 3I, it was obvious that the weight of the four sponges gradually de-
creased over time. And the sponges in four groups degraded more than
70% after 20 days and almost completely degraded (> 80%) after one
month in PBS. Therefore, these results suggested the prepared sponges
were rapidly degradable material.

Low cytotoxicity and high biocompatibility are the basic requirements
for the clinical application of biomaterials [2,20,49]. Therefore, in order
to evaluate the cytocompatibility of sponges, the Live/Dead staining and
CCK-8 assays were conducted [50]. As shown in Fig. 4A, most of L929
0 values of E. coli (A) and S. aureus (B). (C) Inhibition zone diameter of the sponges.
cteria exhibited green fluorescence, while dead bacteria exhibited red fluorescence.

Image of Fig. 5
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cells in the four groups possessed a clear, well-extended and stretched mor-
phologies, indicating the A-C, A-Ag, A-III, and A-Ag/III had no obvious in-
fluence on cells morphologies. Fig. 4B showed the cell viability of the
four sponges was above 80%. The cell proliferation of A-Ag group was
slightly inhibited by the release of Ag+, while the sponges containing
rhCol III with strong cell adhesion could promote cell proliferation.

The cell migration, like cell proliferation, is also a key procedure for ef-
fective tissue regeneration during the process of wound repair [51]. In
order to demonstrate the function of the prepared sponges for enhancing
the cell migration, in vitro wound scratch experiment was conducted. As il-
lustrated in Fig. 4C and D, the scratched area in A-III and A-Ag/III groups
decreased faster during 48 h of incubation than that in control group and
the other sponges. As illustrated in Fig. 4C, the healing rate of cell scratch
reached 83.4% and 77.3% after 48 h of incubation in A-III and A-Ag/III
groups, respectively. While the control group, A-C, A-Ag only reached
41.0%, 45.8%, and 43.4%, respectively. The above results elucidated the
rhCol III doped sponges possessed effective promotion effects on cell migra-
tion, making they a promising material for wound repair.

3.5. Antibacterial activity of the sponges

It is strongly recommended to employ the wound dressing with remark-
able antibacterial activity to prevent infection-related serious issues which
may result in various bacteremia reactions and even endanger human life
Fig. 6. (A) Schematic presentation of the whole blood clotting assay in vitro. (B) Dynam
adhesion to the gauze (C), A-C sponge (D), and A-Ag/III sponge (E). Time to hemostasis
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[7,11,35,52]. Herein, classic etiological causes of soft tissue (especially
skin) infections, including Gram-positive bacteria (S. aureus) and Gram-
negative bacteria (E. coli) were selected to evaluate the antibacterial activ-
ity of sponges. Five different groups involved Control (negative control; no
treatment), A-C, A-Ag, A-III, and A-Ag/III were tested for antibacterial ac-
tivity. Results of the time-kill experiments conducted at pre-set time inter-
vals indicated the well bactericidal effect in the A-Ag and A-Ag/III groups
for S. aureus and E. coli (Fig. 5A and B). Then, as shown in Fig. 5C, results
of zone inhibition assay displayed large inhibition zones for both E. coli
and S. aureus in the A-Ag and A-Ag/III groups, which further verified the
good antibacterial effect of AgNPs-doped sponges. In addition, the bacteria
treated with four sponges were stained, here the live bacteria were stained
fluorescent green and the dead bacteria were stained fluorescent red, and
further observed with a fluorescence microscope. As illustrated in Fig. 5D,
most of the E. coli and S. aureus in the control, A-C, and A-III groups were
green (alive) and only a few bacteria (<0.5%) were red (dead). While the
A-Ag and A-Ag/III treated S. aureus and E. coliwere almost dead. These re-
sults demonstrated A-Ag and A-Ag/III sponges could induce the death of
S. aureus and E. coli.

3.6. Hemostatic assay of sponges in vitro and in vivo

As the initial procedure during thewound repair process, hemostasis is a
very critical step to avoid excessive blood loss before the beginning of the
ic whole-blood clotting assay of the sponges in vitro. SEM pictures of erythrocyte
(F) and blood loss (G) of the sponges in a rat liver trauma model.

Image of Fig. 6
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intricate repair mechanisms of cells proliferation and tissue regeneration
(maturation) [53]. The ideal wound repair process should start with stimu-
lating the accumulation of platelets in the woud site and the formation of
blood clots for hemostasis [8]. Herein, the whole blood clotting assay was
conducted to evaluate the thrombogenicity and pro-coagulative perfor-
mances of the prepared sponges [15]. Fig. 6A displayed the schematic
graph of the whole blood clotting assay. Fresh blood was dropped directly
on the surface of sponges, and deionized water was used to release free he-
moglobin from erythrocytes in the uncoagulated blood at preset time inter-
vals. As illustrated in Fig. 6B, at each time point, the whole blood clotting of
A-C and A-Ag/III groups was remarkably higher than that of Surgicel gauze.
These results demonstrated the prepared sponges possessed excellent blood-
clotting capability, whereas the addition of AgNPs or rhCol III had no obvi-
ous effect. By means of observing the morphology of erythrocytes adhering
to the surface of the sponge, the hemostatic mechanism of the sponge was
further investigated. As displayed in Fig. 6C-E, only a small amount of eryth-
rocytes adhesion could be observed on the surface of Surgicel, while numer-
ous erythrocytes adhered on the surface of A-C and A-Ag/III.
Fig. 7. (A) Representative images of the wound treated with control, A-C, A-Ag, A-III, and
contraction (C) during 14 days for each treatment. (D) Pictures of S. aureus colonies grow
treatments at 7 days.
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Moreover, the hemostatic time and blood loss in a rat liver trauma
model were recorded for the purpose of further investigating the blood-
clotting property of sponges (Fig. S8). The volume of blood loss in the A-
C and A-Ag/III groups was significantly less than that in the control and
Surgicel groups. As shown in Fig. 6F, in the A-C and A-Ag/III groups, the
time to hemostasis were 46 and 48 s, respectively, whichwere significantly
faster than the control group (231 s) and Surgical gauze (132 s). In addition,
the overall trend of the time to hemostasis was similar to the total blood loss
(Fig. 6G). The volume of blood loss in the A-C group and A-Ag/III group
were 243 and 150 mg, respectively. And the blood loss of the control
group and the Surgicel group were 857 and 436 mg, respectively. These
above results demonstrated that the hemostatic efficiency of sponge was
better than that of commercial Surgicel, which might be attributed to the
cationic CMC. The –NH2 on the CMC molecular chain were protonated to
-NH3+when in contact with blood, which would cause the erythrocyte ad-
hesion and aggregation at the wound site through rapid electrostatic inter-
action with the negatively charged erythrocyte cell membrane [15]. In
addition, the sponges with porous structure and high swelling capacity
A-Ag/III on days 0, 2, 4, 7, 11, and 14. Traces of wound-bed closure (B) andwound
ing on the agar plates derived from the homogenized infected wounds after various

Image of Fig. 7
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could facilitate erythrocytes adhesion and aggregation, and activate the in-
trinsic coagulation pathway to promote the blood coagulation [21].

3.7. In vivo wound repairing efficacy

For chronic wound that can not be effectively therapied for a long time,
multifunctional hemostatic materials should be capable of accelerating
wound repair [1,54]. Herein, to evaluate the therapeutic effects of prepared
sponges on chronic wound repair, the infected full-thickness wound model
in the diabetic SD rat was established.

After application of sponges, the condition of wound repair was evaluated
on day 0, 2, 4, 7, 11, and14. As shown in Fig. 7A,wounds treatedwithA-C, A-
Ag, A-III, and A-Ag/III displayed a faster healing rate than the control group.
This might be attributed to the sponges possess inherent good blood/
Fig. 8. H&E and Masson's staining of
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biocompatibility, biodegradability and rapid hemostasis, etc. For visualizing
the change trend of wound area, wound trace pictures were drawn using
ImageJ and PowerPoint softwares (Fig. 7B). As shown in Fig. 7C, the
wound area of rat in A-Ag/III group decreased to 31% on day 7, which was
significantly lower than that in control (80%), A-C (63%), A-Ag (43%), and
A-III (49%) groups. After 11 d of treatment, the wound treated with A-Ag/
III was decreased to 8%, whereas 47% and 31% of wounds remained in con-
trol and A-C groups, respectively. Moreover, on day 14, the wound treated
with A-Ag/III showed a complete closure, but the A-C and the control groups
still had wound area ratios of 13% and 17%, respectively. These results indi-
cated the hemostatic A-Ag/III sponges could effectively stimulate infected
wound repair. In addition, to evaluate the antibacterial ability of the prepared
sponges in vivo, bacteria from wound tissues on day 7 were incubated on LB
agar plates (Fig. 7D). Compared to the control group, the number of surviving
wound tissues at 7 and 14 days.

Image of Fig. 8


Fig. 9. Immunofluorescence staining of the wound-repairing assay. CD68 (red, A), CD31 (green, B) and Ki67 (red, C).
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bacteria decreased to 92% (for A-C), 26% (A-Ag), 87% (A-III), 31% (A-Ag/
III), revealing an excellent anti-infection activity of AgNPs decorated sponges
in vivo. These results demonstrated the A-Ag/III sponges could accelerate
wound healing by eliminating bacterial infections.

3.8. Histological analysis

Herein, the histological analysis was employed to further clarify the
therapeutic effects of the prepared sponges on chronic wound repair. Spe-
cifically, on the 7th and 14th days, the skin samples were collected from
the wound site and hematoxylin and eosin (H&E) staining was conducted
for histomorphological examination. As illustrated in Fig. 8A, after receiv-
ing 7 days of treatment, the inflammatory cells in the A-Ag/III group
were significantly less than those in the control and other sponges groups.
In addition, a complete re-epithelium occurred in the wounds treated
with A-Ag/III, while no new epithelial tissue was observed in the A-C and
control groups. After receiving 14 days of treatment, the connective tissue
remodeling and arrangement in A-Ag/III group was significantly better
than those in the other groups. However, on the 14th day, there were still
numerous inflammatory cells in the control group, indicating that the epi-
dermis was not completely healed [54].

The amount of collagen deposition during wound healing was deter-
mined by Masson's staining (stained blue) [54,55]. On the 7th day, the col-
lagen fibers stained blue were relatively dense in the A-Ag/III group,
indicating that the skin tissue repair was active. On the 14th day, the A-
Ag/III group displayed denser deposition of granulation tissue and better
collagen bundles, as illustrated by blue staining in Fig. 8B. On the contrary,
there were only poorly-developed shattered collagen bundles and small
blue dyeing areas in the A-C and the control groups. These results indicated
the A-Ag/III could serve as excellent wound dressing to prevent wound in-
fection and accelerate wound repair after effective hemostasis application.

3.9. The expression of CD68, CD31 and Ki 67 in vivo

Persistent inflammation is the main reasonwhy chronicwounds are dif-
ficult to repair, and alleviating the long-term inflammation has been proven
11
to be an effective strategy to improvewound repair efficiency. CD68 is com-
monly found in macrophages andmonocytes, especially near wounds [12].
The immunofluorescence staining of CD68 (Fig. 9A) displayed the expres-
sion level of CD68 was higher in the control and A-C groups than that in
A-Ag/III group after reciving 7 days of treatment. On the 14th day, com-
pared to other groups, the A-Ag/III group dispalyed the lowest CD68 ex-
pression, indicating the antibacterial A-Ag/III sponges could effectively
inhibit the inflammatory response at the wound site.

Angiogenesis is critical to chronic wound repair as the blood vessels sup-
ply progenitor cells, nutrients and oxygen to maintain the cells proliferation
and tissues remodeling [56,57]. CD31 has been widely used to investigate
the neovascularization during wound repair [12,57]. The immunofluores-
cence staining of CD31 was displayed in Fig. 9B. Compared to the control
and A-C groups, more CD31 expression could be observed in the wounds
treated with A-Ag/III on the 7th day. Moreover, on the 14th day, the expres-
sion level of CD31 in the A-Ag/III group was remarkably higher than that in
the control and A-C groups, indicating the A-Ag/III sponges could effectively
promote vascular regeneration during wound repair process.

Ki67 is the upregulation of cell proliferation biomarkers [56,58]. During
the process of wound repair, various kinds of cells were involved at different
stages, including keratinocytes, endothelial cells, fibroblasts, inflammatory
cells, etc. [56], which were labeled by immunofluorescence staining for
Ki67 in this paper. As indicated in Fig. 9C, positive Ki67 cell number in
the A-Ag/III group was remarkably higher than that in control and A-C
groups at 7 and 14 days post-injury, suggesting that A-Ag/III could facilitate
the cell proliferation during the repairing process, thereby accelerating the
granulation tissue formation and enhancing collagen deposition [59]. In
conclusion, by decreasing the expression of CD68 and simultaneously en-
hancing the expression of CD31 and Ki67, the hemostatic AgNPs and
rhCol III loaded sponges could significantly promote wound repair.

4. Conclusion

Herein, a biodegradable, antibacterial and hemostatic A-Ag/III sponge
was successfully fabricated through the Schiff bond reaction between
CMC and OS with the reinforcement of MFC to achieve rapid hemostasis

Image of Fig. 9
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and simultaneously promote wound repair. Due to their high porosity and
complex interconnected porous structure, the prepared sponges could effec-
tively adsorb abundant wound exudate to reduce the risk of infection and
promote wound repair. In addition, the MFC-reinforced sponges could
quickly recover their original shape by adsorbing water or blood after
80% compressive strain. And the macro/microstructure and mechanical
properties of the swollen sponges would not suffer significant damage
after 10 cycles. This water/blood-triggered shape memory function gave
A-Ag/III great potential in dealing with deep, irregular, and incompressible
bleeding. Both in vitro and in vivo hemostasis experiments demonstrated the
A-Ag/III possessed rapid and efficient hemostasis property due to its excel-
lent blood absorption capacity and the interaction between the amino
groups of CMC and blood cells. Moreover, the A-Ag/III exhibited good bio-
compatibility and hemocompatibility, had broad-spectrum sterilization
ability against E. coli and S. aureus, and the ability to promote proliferation
and migration of L929 cells. The in vivo diabetic rat infected wound model
demonstrated the A-Ag/III could promote wound repair by inhibiting in-
flammation, promoting cell proliferation, collagen deposition, and angio-
genesis, revealing that this novel and multifunctional sponge possessed
great application potential in hemostasis and wound dressing.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.msec.2022.112669.
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