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Natural polymers have been particularly appealing for constructing hemostatic materials/devices, but it is
still desirable to develop new natural polymer-based biomaterials with balanced hemostatic and wound-
healing performance. In this work, a natural polyphenol-functionalized chitosan/gelatin sponge (PCGS)
was prepared by the lyophilization of a chitosan/gelatin mixture solution (under a self-foaming condition
to prepare the CGS) and subsequent chemical cross-linking with procyanidin (PC). Compared with the
original CGS, PCGS exhibited an enhanced liquid-absorption ability, reduced surface charges, and similar/
low hemolysis rate. Benefiting from such a liquid-absorption ability (~4000% for whole blood and normal
saline) and moderate surface charges, PCGS exhibited high in vitro hemostatic property and promising
hemostatic performance in an in vivo femoral-artery-injury model. In addition, PCGS possessed higher
antioxidant property and slightly decreased antibacterial ability than CGS, owing to the incorporation of
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PC. The feasibility of PCGS for treating infected wounds was further confirmed in an in vivo infected-
tooth-extraction model, as the typical complication of intractable tooth-extraction bleeding. The present
work demonstrated a facile approach for developing multifunctional hemostatic materials through the
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1. Introduction

Hemostasis is a major point of emergency treatment for severe
trauma caused by traffic accidents, natural disasters, and com-
plicated operations."™ Hemostatic materials have been
explored as a key assistant to surgical techniques for uncon-
trolled/intractable bleeding. Owing to their excellent biocom-
patibility, low immunogenicity, and varied bioactivity,"”
natural polymers (i.e., starch, cellulose, gelatin, and chitosan)
have been particularly appealing for constructing hemostatic
materials in both research work and clinical trials. However,
the clinically used hemostatic devices, including the cellulose-
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flexible management of natural polymers and polyphenols.

based Surgicel hemostat and starch-based Arista hemostatic
powder,” have been reported with high biosafety but are
associated with single, unsatisfactory hemostatic performance.
There have been other natural polymer-based materials devel-
oped as possible substitutes of these hemostatic devices.®™°
Among them, sponges have been a common type used in
hemostatic materials/devices''* and are designed to absorb
blood from wounds, concentrate blood components, and
accelerate the clotting process. Most conventional hemostatic
sponges either only achieve a limited liquid-adsorption prop-
erty (low adsorption ratio or slow speed, difficult to effect
quick hemostasis) or rely on an elaborate chemical synthesis
(far from large-scale production clinical use). Therefore, it is
still desirable to develop a facile approach for natural polymer-
based hemostatic sponges with high hemostatic performance.
Tooth-extraction bleeding (TEB) is a recognized, frequently
encountered complication in dental practice.’® After tooth
exaction, soft tissue tearing, granulation tissue remnant, vas-
cular rupture, and alveolar process fracture can induce TEB."®
A reasonable selection and local application of hemostatic
materials/devices are the main strategy to prevent/treat TEB
and decrease the pain of the patients."” Notably, the oral cavity
is an open bacterial environment and tooth extraction is an
invasive surgical operation, which can easily lead to oral
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wound infection/infectious inflammation after tooth extrac-
tion. Therefore, excessive (too rapid) hemostasis by hemostats
without anti-infection function can weaken the antibacterial/
anti-inflammatory property of the body’s socket blood (con-
taining plenty of immune cells and anti-inflammatory factors),
interrupt the normal healing after tooth extraction, and even
generate a chronic wound called “dry socket”."®'® To address
TEB and other intractable bleedings that are associated with
the complicated healing process, it is highly desirable to
develop multifunctional hemostatic materials with balanced
hemostatic and antibacterial/anti-inflammatory properties.

In this work, chitosan/gelation composite sponges (CGSs)
were first prepared by the lyophilization of mixed chitosan and
gelatin solutions in different ratios (Fig. 1). A facile ‘green’ self-
foaming condition was realized by the vigorous stirring of
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high-viscosity solutions in the presence of amphiphilic gelatin
(without extra foaming agent), in order to endow the CGS with
a highly porous morphology. Procyanidin (PC), a naturally
occurring polyphenol with high antioxidant and antibacterial
properties,*>' was adopted for the cross-linking of the CGSs
via an efficient Schiff base reaction to prepare PC-functiona-
lized CGS (PCGS). The incorporation of PC in the PCGS was
proposed to not only reinforce their porous morphology for a
higher liquid-adsorption property, but also endow antioxidant
property for better wound healing. The optimal PCGS was
screened from sponges with different chitosan/gelatin/PC com-
ponents through their performance in various in vitro hemo-
static, antioxidant, and antibacterial assays. The feasibility of
PCGS for treating severe or intractable bleeding was investi-
gated in detail, including in an in vivo femoral-artery-injury
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Fig. 1 Schematic illustration of the preparation of PCGS for hemostatic and infected wound therapy.
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model (for accelerating hemostasis in hemorrhage control)
and in vivo infected-tooth-extraction model (for accelerating
infected oral wound healing as the typical complication of
intractable TEB).

2. Experimental section
2.1. Materials

Chitosan (degree of deacetylation of 95%, extracted from
shrimp and crab shell) was purchased from Qingdao Huizhi
Biotechnology Co., Ltd (China). Procyanidin (PC, 99%,
extracted from grape seed) was obtained from Xi’an Wanfang
Biotechnology Co., Ltd (China). Gelatin [gel strength of
160-190 Bloom g (determined by 6.67%/10 °C), extracted from
porcine skin] was obtained from Rousselot (Wenzhou) Gelatin
Co., Ltd (China). Tris(hydroxymethyl)aminomethane (Tris), pr-
methionine, and riboflavin were purchased from Energy
Chemical (China). Nitro blue tetrazolium and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) were obtained from TCI Chem Shanghai
(China). Anhydrous ethanol, methanol, acetic acid (HAc), and
other solvents were obtained from Damao Chemical Reagent
Factory (Tianjin, China). Prothrombin time (PT) and activated
partial thromboplastin time (APTT) kits were purchased from
Qingdao Heall Bio-science Technology Co., Ltd (China).
Absorbable gelatin sponge (GS) was purchased from Jinling
Pharmaceutical Co., Ltd (China). The strain of Staphylococcus
aureus (S. aureus, CMCC (B) 26003) was a gift from Prof. Xing
Wang, Beijing University of Chemical Technology (China).

2.2. Preparation of CGS

Chitosan was dissolved into a mixture solution of HAc and de-
ionized (DI) water solution (v/v, 1/149) under magnetic stirring
at room temperature (RT) to produce solution A (26 mg mL ™).
Gelatin was dissolved in DI water under magnetic stirring at
37 °C to produce solution B (26 mg mL™"). Different amounts
of solution A and solution B (at the mass ratios of 7/3, 5/5, 3/7)
were mixed under low-speed mechanical stirring (300 rpm,
15 min; using an electric mixer equipped with an egg whisk),
and then stirred vigorously (1000 rpm, 30 min) to form
foaming solutions. Thereafter, the obtained foaming solutions
were poured in watch glasses, frozen quickly at —80 °C, and
lyophilized to produce crude sponges. Finally, the crude
sponges were washed with anhydrous ethanol and vacuum
dried to produce the CGS samples. Based on the different
mass ratios of solution A/solution B (7/3, 5/5, and 3/7 a), the
corresponding CGS7, CGS5, and CGS3 samples were prepared.
Also, single solution A or solution B was also used to prepare
chitosan or gelatin sponge adopting the aforementioned pro-
cedures, and these samples were named as CGS10 or CGSO.

2.3. Preparation of PCGS

The Tris-HCI aqueous solution (1 mg mL™", pH 8.5) was first
prepared and used to mix with anhydrous ethanol (v/v, 9/1),
producing Tris/ethanol solution. PC was dissolved in Tris/
ethanol solution to prepare PC solution at a concentration of

This journal is © The Royal Society of Chemistry 2023
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3 mg mL~". Thereafter, the prepared CGS7 (or CGS10) was cut
into small pieces (with each piece normally weighing 20 mg),
soaked into PC solution (normally 4 mL per piece) for 10 min,
and washed with DI water three times (to remove residual PC).
Finally, the obtained crude sponge pieces were frozen at
—80 °C and lyophilized to produce PCGS7 (or PCGS10).
Notably, the PC solution at 1 mg mL™" (or 5 mg mL™") and
pure Tris/ethanol solution were also used for the post-treat-
ment of CGS7 and CGS10 adopting the aforementioned pro-
cedures, to produce CGS7 & PC (1, 5, or 0 mg mL™") and
CGS10 & PC (1, 5, or 0 mg mL™).

2.4. Physical characterization

To observe the interior morphologies of CGS and PCGS
sponges,'* the sponges were rapidly quenched in liquid nitro-
gen, carefully cut into two pieces, and the sponges were fixed
onto an appropriative platform by conductive tapes and coated
with platinum, prior to visualizing their cross-sections by scan-
ning electron microscopy (SEM; JEOL, JSM-7500F, Japan). To
calculate the carbon (C)/hydrogen (H)/nitrogen (N) contents of
the CGS and PCGS samples, the sponges were dried in an air
oven and weighed to obtain 2 mg of sample, prior to analyzing
their element contents under a helium atmosphere using an
Elemental analyzer (Elementar, Vario ELcube, Germany). To
measure the surface charges of the CGS and PCGS samples,*
the sponges were cut into ultrasmall particles, filtered through
a metallic sieve (50 mesh, to remove big particles) and dis-
persed in DI water (2 mg mL ") under sonication, prior to ana-
lyzing the zeta potentials of the sponge particles by dynamic
light scattering (DLS, Malvern, Zetasizer Nano ZS, UK).

To measure the liquid-absorption capacity of the CGS and
PCGS samples, a small piece of sponge was pre-weighed as my,
soaked into a watch glass filled with abundant liquid (DI
water, normal saline, or citrated whole blood extracted from
Sprague-Dawley (SD) rats), and weighed as m; after saturated
absorption (using a tweezer to take out and hover the sponge
for 30 s in air in advance, to ensure the equilibrium of liquid
absorption). The swelling ratio (SR, %) of the sponges was cal-
culated from eqn (1) and the photographs of the sponges
before and after water absorption were also captured,

1 — Mo

SR(%) = 12— M0

x 100%. (1)
mop

Notably, whole blood was drawn from the heart of healthy
Sprague-Dawley (SD) rats (male, 200-300 g, obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd,
China) and immediately stored in anticoagulant tube (contain-
ing sodium citrate), which was named as citrated whole blood
and also used in the following hemolysis and in the in vitro
hemostatic assays. All the animal procedures were performed
in accordance with the rules of the Institute of Clinical
Medicine, China-Japan Friendship Hospital (Beijing, China).

2.5. Hemolysis assay

The hemolysis rates of the CGS and PCGS samples were
assessed by the standard procedures of hemolysis assay, which
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was described in our previous work.'”'* Key parameters were
provided as follows: (1) red blood cell (RBC) suspension (at a
volume concentration of 2%) was prepared from citrated whole
blood and dispersed in phosphate buffered saline (PBS); (2)
2 mg (or 5 mg) of sponge was added with 1 mL of RBC suspen-
sion (to achieve a concentration of 2 or 5 mg mL™") and incu-
bated at 37 °C for 3 h; (3) cell lysate (Trition X-100, at a volume
of 2% in DI water) and PBS were set as the positive and nega-
tive control groups, respectively.

2.6. Invitro hemostatic assays

The blood clotting index (BCI) assays of the CGS and PCGS
samples were performed as follows: first, the sponges were cut
into small pieces (2 mg), each of which was placed in a plastic
centrifuge tube (incubated at 37 °C in a water bath) and used
the same way in the following PT and APTT assays. Second,
100 pL of citrated whole blood was added to the sponge
pieces, and immediately 10 pL of CaCl, aqueous solution (0.2
M) was added followed by incubation at 37 °C for 5 min.
Third, the BCI value (%) of the sponge pieces was measured by
quantifying the percentage of RBCs not involved in the blood
clots, adopting the same procedures in our previous work.”*
Notably, the BCI values of CGS7 & PC (1, 5, or 0 mg mL ") and
CGS10 & PC (1, 5, or 0 mg mL™") were also measured adopting
the aforementioned procedures.

The PT and APTT values of the CGS and PCGS samples
were assessed by the standard procedures as described in our
previous work.>® Key parameters were provided as follows: (1)
citrated whole blood was centrifuged (3000 rpm, 15 min) to
carefully collect the supernatant as platelet-poor plasma (PPP);
(2) 2 mg of each sponge piece (in a plastic centrifuge tube, at
37 °C in a water bath) was added to 100 pL of PPP and PT (or
APTT reagent) to measure the PT (or APTT) values; (3) the PT
and APTT values of 100 pL of PPP were also measured and
used as the blank group (untreated blood).

2.7. Free-radical scavenging assays

The DPPH scavenging assays of the CGS and PCGS samples
were assessed as follows.>® First, the sponges were cut into
ultrasmall particles and dispersed into DPPH methanol solu-
tion (0.1 mM) at the concentration of 2 mg mL™". The blank
control group was the DPPH methanol solution alone. Second,
all the samples were incubated in a completely dark environ-
ment for 30 min. Third, the absorbance of each sample was
measured at 517 nm and the DPPH scavenging efficiency (%)
was calculated from eqn (2),

Ag

— A
=2 x100%, (2)
B

DPPH scavenging efficiency(%) =

where A and Ag were the OD values of the blank and sample
groups, respectively.

The superoxide radical (O,"”) scavenging assay of the CGS
and PCGS samples were assessed as follows.>” First, the O,"~
working solution was prepared by dissolving riboflavin
(20 pM), pL-methionine (12.5 mM), and nitro blue tetrazolium
(75 pM) into PBS solution (25 mM, pH 7.4) in a completely
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dark environment. Second, the sponges were cut into ultra-
small particles and dispersed into the aforementioned
working solution at the concentration of 2 mg mL™". The
blank control group was the working solution alone. Third, all
the samples were incubated upon ultraviolet irradiation for
15 min. Finally, the absorbance of each sample was measured
at 560 nm and the O, scavenging efficiency (%) was calcu-
lated from eqn (3),

S*AO

A
0,"~ scavenging efficiency(%) = 1 A x 100%  (3)

B — Ao
where As and Ag are the OD values of the sample and blank
groups after irradiation, and A, is the OD value of the blank
group before irradiation.

2.8. In vitro antibacterial assay

The antibacterial activity of PCGS against S. aureus was
assessed by the similar procedures described in our previous
work®® (with slight modifications, due to the insolubility of the
sponges in aqueous medium). First, the sponges were first cut
into ultrasmall particles and weighed to obtain 1-6 mg of
samples. Each sponge sample was placed in one sterilized cen-
trifuge tube and sterilized by ultraviolet light irradiation.
Second, based on the optical density (at 600 nm, OD600) of
the bacterial suspension in LB medium (i.e., a bacterial sus-
pension with an OD of 0.8 indicates the concentration of 0.8 x
10® CFU mL™"), the cultured bacterial suspension was diluted
to 1 x 10> CFU mL™" by LB medium. Next, 1 mL of diluted bac-
terial suspension was added with the sponge sample (to
achieve the final concentrations from 1-6 mg mL™"), prior to
incubation at 37 °C for 12 h by a constant temperature shaker.
Also, 1 mL of diluted bacterial suspension was incubated in
one sterilized centrifuge tube (at 37 °C for 12 h) and used as
the blank group (untreated bacteria). Third, the surviving bac-
teria in the sponge and LB medium were washed with steri-
lized PBS, the volume of which was fixed as 1 mL. Next, 100 pL
of bacterial suspension of the sponge-treated or blank group
(diluted by PBS by 10, 100, 1000, or 10000 times for better
colony counts) was spread evenly on an agar plate/medium,
incubated at 37 °C for 24 h and finally photographed for
obtaining the colony count. Finally, the bacterial inhibition
efficiency (i7) was calculated from eqn (4),

(%) = Ne = Ns | 100%, (4)

B

where Ny and Ng are the number of bacteria (determined by
colony count) in the blank and sample groups after 12 h of
incubation. Notably, the minimum inhibitory concentration
(MIC) of sponges was defined as the minimum inhibitory con-
centration for > 99.9%.

2.9. In vivo hemostatic assay of PCGS

The in vivo femoral-artery-injury model was performed on SD
rats (male, 180-210 g), which was according to our previous
paper.>® All the animal procedures were performed in accord-
ance with the rules of the Institute of Clinical Medicine,
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China-Japan Friendship Hospital (Beijing, China) and all the
experimental protocols were approved by the Animal Ethics
Committee of China-Japan Friendship Hospital (grant no.
190101). Key procedures were provided as follows: (1) the rats
were randomly divided into three groups: (1) PCGS7 group
treated with dry PCGS7 (1.5 x 1.5 cm), (2) GS-dry group treated
with dry GS (1.5 x 1.5 cm), and (3) GS-wet group treated with
wet GS (moistened by normal saline in advance, 1.5 x 1.5 cm);
(2) the femoral artery and surrounding vein and nerve were cut
off with a scalpel together to create the femoral-artery-injury
model, since the latter two were difficult to be separated from
the artery; (3) the cut-off femoral artery of each group was
allowed to freely bleed for 10 s prior to applying the sponge,
with the blood loss collected counted among the pre-treatment
blood loss. Only rat samples with s pre-treatment blood loss of
180-360 mg were selected for the final analysis of the post-
treatment blood loss and hemostatic time, to reduce the influ-
ence of individual differences of the rats and operation error
among the three groups; ie., PCGS7 group, n = 5; GS-dry
group, n = 3; GS-wet group, n = 3.

2.10. Invivo infected wound-healing assay of PCGS

The in vivo infected-tooth-extraction model was performed on
SD rats (male, 130-190 g). All the animal procedures were per-
formed in accordance with the rules of the Institute of Dental
Research, Capital Medical University (Beijing, China) and all
the experimental protocols were approved by the Animal
Ethics Committee of Capital Medical University (grant no.
KQYY-201610-001). Detailed procedures were provided as
follows: (1) S. aureus suspensions containing 10° CFU were
centrifuged to get the bacterial sediment and were stored in
1.5 mL centrifuge tubes (10° CFU per rat in the infected
groups). Next, 1 mL of adrenaline hydrochloride injection
(1 mL:1 mg, obtained from Tianjin Kingyork Pharmaceutical
Co., Ltd, China) was diluted with 9 mL of normal saline to get
the working solution for adrenaline treatment. The PCGS7
sample was cut into ultrasmall particles and sterilized by ultra-
violet light irradiation; (2) during tooth extraction and filling
the sockets, the mice were anesthetized by the intraperitoneal
injection of chloral hydrate (10% in DI water, 0.3 mL per 100 g
weight); (3) after the disconnection of the surrounding gingiva
without root fracture or bone cataclasis, the right incisor of the
upper jaw was gently extracted using forceps. Upon such tooth
extraction (day 0), the sockets of the rats received different
treatments in the four groups: the soft tissues of tooth-extrac-
tion sockets were immediately sutured with absorbable surgi-
cal sutures (Mersilk 5-0, W580, Ethicon, USA) in the control
group; the sockets were treated with medical cotton balls
(Qingdao Hainuo Biological Engineering Co., Ltd, China) for
2-4 min (to avoid continuous blood loss), immediately filled
with bacterial sediment (cotton balls was removed, not
implanted in the sockets) before suturing soft tissues in the
INF group; the sockets were treated with adrenaline hydro-
chloride working solution (loaded in medical cotton balls) for
1-2 min to achieve complete hemostasis (a clean socket with
few blood clots, due to the rapid hemostasis), immediately
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filled with bacterial sediment, and finally sutured in the ADR
group; the sockets were treated with PCGS7 for 1-2 min to
achieve complete hemostasis, filled with bacterial sediment,
and finally sutured in the PCGS7 group; (4) in order to evaluate
the healing process, half of the rats were euthanized on days 7
(ny = 3 or 4) and 14 (n, = 3 or 4) to harvest the maxilla.

The harvested maxilla samples were captured and handled
as follows, prior to histological evaluation.>® First, the maxilla
samples were fixed in neutral buffered formalin (10%, RNase
free, Beijing Solarbio Science & Technology, China) for 48 h.
Second, each sample was cut into two pieces through the
middle of socket and along the sagittal plane of the socket by
a low-speed saw, to expose the inner side of the tooth socket
prior to decalcification. The samples were then demineralized
in ethylenediaminetetraacetic acid solution (10%) for 2 weeks.
Third, the samples were dehydrated by gradient ethanol (75%,
85%, 90%, 95%, and 100%), treated with a mixture of ethyben-
zene and xylene, and embedded in paraffin. Finally, the slices
of the samples (4 pm in thickness) were prepared by a micro-
tome (RM2016, Leica, Germany) and stained with hematoxylin
and eosin (H&E). The area ratio of the inflammatory cells and
sponge particles within the sockets were observed by an
optical microscope and calculated using Image ] software
(National Institutes of Health version 2.0). The area ratio of
inflammatory cells and of the sponge particles were standar-
dized by the areas of the local section and tooth socket,
respectively.

2.11. Statistical analysis

All the experiments were repeated at least three times for stat-
istical analysis and the data were presented as the means +
standard deviation. One-way ANOVA with Bonferroni’s correc-
tion was used to compare differences between at least three
groups, and Student’s ¢ test for two groups. In all the pictures,
p* < 0.05 represents one asterisk, p** < 0.01 represents two
asterisks, p*** < 0.001 represents three asterisks.

3. Results and discussion
3.1. Preparation and characterization of the CGS

The preparation process of the CGS is illustrated in Fig. 1.
First, chitosan and gelatin were mixed in the aqueous phase
and stirred vigorously using an egg whisk. The mixture solu-
tions of CGS7, CGS5, and CGS3, as well as the gelatin solution
of CGS10, could generate foaming solutions under such vigor-
ous stirring (Fig. S11). On the contrary, the chitosan solution
of CGS10 did not become highly foaming after vigorous stir-
ring due to the absence of amphiphilic gelatin. Such a
phenomenon could be attributed to the findings in our pre-
vious work that the amphiphilic component, a highly viscous
solution, and vigorous stirring are the critical factors for self-
foaming aqueous solutions.’” Since no extra foaming agent
was required, the self-foaming process of the CGS samples was
performed under a facile ‘green’ condition, which is favorable
for scale production. Second, the foaming solution was lyophi-
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lized and completely dried by ethanol treatment to produce
the CGS (Fig. 1). As shown in Fig. 2a, the interior mor-
phologies of the different CGS samples were observed by SEM.
CGS10 displayed a typical lamellar structure after the lyophili-
zation of the highly hydrophilic chitosan alone (in HAc solu-
tion), while CGSO presented a three-dimensional network and
highly porous morphology after the lyophilization of the
foaming gelatin solution. Moreover, CGS7, CGS5, and CGS3
exhibited the combined morphology of the lamellar CGS10
and three-dimensional porous CGS0, which was in accordance
with their composite components of chitosan and gelatin.
Hemostatic sponges have been commonly designed for
absorbing blood quickly and for concentrating blood com-
ponents (i.e., platelets and RBCs) to accelerate hemostasis.">
Thus, the liquid-absorption capacity of the CGS samples was
tested as a critical indicator for potential hemostatic uses.

a  CGS10

S 5000+ 4000
e Water

.0 4000+ 3000
© 3000 2000
2 2000-

3

n 0- 0-

After

Fig. 2
before and after water absorption of the CGS.
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Fig. 2b-d display the swelling ratios of the CGS samples in
three different liquids (DI water, normal saline, or whole
blood). CGSO0, despite its highly porous structure, exhibited the
lowest swelling ratio (~4 in all three liquids) among all the five
sponges. In comparison, CGS10 achieved obviously higher
swelling ratios (~40 for DI water, and ~27 for normal saline
and whole blood). Such a distinct liquid-absorption capacity of
CGS10 and CGSO could be attributed to the structure differ-
ence between chitosan and gelatin chains. The chitosan
chains in CGS10 could produce moderate physical cross-
linking sites via hydrogen bonds and hydrophobic interactions
—enhanced by the ethanol treatment (removing residual HAc)
after lyophilization—which contributed to it absorbing a lot of
liquid among the whole sponge. Due to the lack of chemical
cross-linking agents (i.e., glutaraldehyde used for clinical GS),
the interactions between amphiphilic gelatin chains probably

S 3
&5
Y

CGS3

CGSO0
y M. = <

7 )

Normal saline 40007 Whole blood
3000+
2000+
1000+
0-
SEFES
CGS3 CGS0

(a) SEM image of the interior morphology, (b—d) swelling ratios in water/normal saline/whole blood (mean + SD, n = 3), and (e) photographs
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could not afford the necessary cross-linking sites/strength for
its three-dimensional network, thus hindering the subsequent
liquid absorption, which was probably worsened by the highly
porous morphology of CGSO0. Fig. 2e shows the photographs of
the CGS samples before and after the saturated absorption of
DI water, which further supports the aforementioned expla-
nations. CGS10 exhibited a sufficient absorption of water, with
an obvious volume expansion while maintaining its original
shape, confirming its moderate cross-linking state. On the con-
trary, CGSO broke up after swelling and merely absorbed water
on the surface.

Interestingly, the swelling ratios of CGS3, CGS5, and CGS7
increased obviously with the decrease in gelatin content,
which revealed that both their interior morphology and liquid-
absorption capacity presented the combined effects from pure
gelatin and chitosan sponges (Fig. 2b-d). Specially, CGS7
exhibited high swelling ratios in the three liquids (similar to
CGS10), which may be due to the good balance between the
moderate physical cross-linking sites (endowed by chitosan)
and highly porous morphology (endowed by the gelatin-
induced self-foaming process). All the above results demon-
strated the high liquid-absorption performance of CGS10 and
CGS7. Meanwhile, the in vitro BCI assay further confirmed that
CGS7 possessed the best in vitro hemostatic property among
the five CGS samples (Fig. S21). Thus, CGS7 was selected for
the subsequent construction of PC-functionalized biomedical
sponges, with CGS10 was used for the control group.

3.2. Preparation and characterization of PCGS

Naturally occurring polyphenols have received great attention
in the biomedical field, due to their favorable antimicrobial
and antioxidant property for wound healing.?”*® Owing to the
efficient Schiff base reaction of phenolic hydroxyls and amino
groups (of chitosan/gelatin),”® PC was incorporated in to CGS
samples to optimize their applications for hemostasis and
wound healing. The selected CGS7 and CGS10 were immersed
into 3 mg mL™" of PC solution and lyophilized to facilely
produce the corresponding PCGS7 and PCGS10. To note, the
Tris/ethanol solution for dissolving PC, consisting of Tris-HCl
aqueous solution and ethanol (v/v, 9/1), was elaborately
designed for such secondary (chemical) cross-linking reaction
of the CGS in this work. The abundant alkaline Tris-HCI
aqueous solution could facilitate the cross-linking reaction.
More importantly, the indispensable ethanol—as a participant
or poor solvent of CGS—could effectively decrease their
volume expansion upon the initial adsorption of Tris-HCl
aqueous solution and ensure the shape stability for the second
lyophilization.

As shown in Fig. 3a, both PCGS7 and PCGS10 displayed a
uniform reddish brown appearance before and after the
absorption of DI water, which was different from the white
CGS samples. As shown in Fig. 3b, the zeta potentials of
PCGS7 and PCGS10 (determined from the sponge particle size
by DLS) were decreased obviously in comparison with those of
CGS7 (18 + 3.33 mV vs. 5 + 1.55 mV) and PCGS 10 (8.74 +
1.55 mV vs. 5.87 + 0.82 mV), due to the consumption of amino
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groups and the incorporation of phenolic hydroxyls. The
elemental analysis results further confirmed the existence of
PC on the PCGS samples (Fig. 3c). Owing to the introduction
of nitrogen-free PC, PCGS7 and PCGS10 possessed lower N/C
ratios than the corresponding CGS7 and CGS10. The PC con-
tents of PCGS7 and PCGS10 were calculated to be 81.7 and
81.8 mg g ', respectively (Table S1{). Meanwhile, the SEM
images in Fig. 3d show that PCGS7 (or PCGS10) exhibited a
highly similar interior morphology with the original CGS7 (or
CGS10), indicating the mild/uniform cross-linking process of
the PC and CGSs in Tris/ethanol solution. All these results
demonstrated that PC could be well incorporated in CGSs to
produce PCGSs, using a facile solution-soaking process.

Specially, the secondary cross-linking of PC played a
different role on the liquid-absorption capacities of PCGS7
and PCGS10 (Fig. 3e), despite their similar appearance and PC
content. Compared with the original CGS10, PCGS10 had
almost unchanged swelling ratios in the three liquids. On the
contrary, the swelling ratios of PCGS7 were obviously higher
than those of CGS7, especially for normal saline and whole
blood (~40 vs. ~30). Both moderate cross-linking sites and the
interior porous structure were revealed to be crucial for a high
liquid-absorption capacity of sponges.'” It can be inferred that
the incorporation of PC probably generated a compromised
effect on the total cross-linking state of PCGS10, which would
endow some chemical cross-linking sites but simultaneously
weaken the physical cross-linking state (by decreasing the regu-
larity and hydrophobicity) of the chitosan chains, resulting in
no improvement in the liquid-absorption capacity. Apart from
the similar compromised effect on chitosan chains, PC would
endow appropriate chemical cross-linking sites for the gelatin
chains and effectively strengthen the highly porous interior
morphology of CGS7. In other words, compared with CGS7,
PCGS7 with incorporated PC could achieve more suitable/
higher cross-linking sites for a highly porous morphology
(endowed by the self-foaming gelatin) to further improve the
liquid-absorption capacity.

3.3. Invitro hemostatic assays of PCGS

As a prerequisite for potential biomedical dressings, the hemo-
lysis assay was performed on the CGS and PCGS samples to
evaluate their blood compatibility.*® Chitosan-based CGS10
exhibited a low hemolysis rate of ~3% at the concentration of
2 mg mL™" (Fig. 4a and Fig. S31), while its hemolysis rate
increased to >5% at a higher concentration of 5 mg mL™". In
contrast, CGS7 and PCGS7 exhibited lower, qualified hemolysis
rates (<5%) at both 2 and 5 mg mL™'. The high cationic
charges of chitosan, as indicated by the high zeta potential of
CGS10 (Fig. 3b), would probably have a harmful effect on
RBCs and could be weakened by the incorporated gelatin.

To investigate the role of PC cross-linking on the hemostatic
property of the sponges, the BCI and PT/APTT assays were per-
formed on CGS and PCGS samples. As shown in Fig. 4b,
PCGS7 exhibited lower BCI values than the corresponding
CGS7&PCO (which refers to CGS samples treated with Tris/
ethanol solution without PC), indicating the enhanced hemo-
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Fig. 3 (a) Photographs before and after water absorption, (b) zeta potential of the corresponding sponge particles (mean + SD, n = 5), (c) element
content (N/C ratio), (d) SEM image of the interior morphology, and (e) swelling ratios in water/normal saline/whole blood (mean + SD, n = 3) of the

PCGS.

static property through the PC cross-linking process. PT’s
results revealed the normal exogenous coagulation system of
the CGS- or PCGS-treated plasma (Fig. 4c), as indicated by
their similar PT values to the blank group (untreated plasma).
Meanwhile, the endogenous coagulation system of plasma was
highly suppressed after the incubation with CGS7&PC0 and
CGS10&PCO (Fig. 4d, APTT values greater than 2-fold that of
the blank group), while the PCGS7 and PCGS10 groups exhibi-
ted the normal endogenous coagulation system. Thus, the
interference of the chitosan component with several anionic
clotting factors (involving the endogenous coagulation system)
was effectively alleviated by the incorporation of PC,
accompanied by a decrease in the surface charges (Fig. 3b),
which was inferred to be the key mechanism for the enhanced
hemostatic property of PCGS7. Moreover, the BCI value of
PCGS7 was significantly lower than that of PCGS10.
Considering their similar PT/APTT values, the higher hemo-
static property of PCGS7 (over PCGS10) could be attributed to
the higher blood-absorption capacity of PCGS7 (as shown in

2412 | Biomater. Sci, 2023, 11, 2405-2418

Fig. 3e) and the resultant more efficient blood absorption and
blood component concentration. In addition, the BCI assay
further revealed that the optimal PC concentration for hemos-
tasis was the adopted 3 mg mL™" for PCGS7, which displayed
the lower BCI values of PCGS7 than for CGS7&PC1 or
CGS7&PC5 (Fig. S47).

3.4. Antioxidant and in vitro antibacterial assays of PCGS

Owing to the reported antioxidant property of polyphenols,””
the DPPH and superoxide radical scavenging assays were per-
formed on the CGS and PCGS samples to investigate their anti-
oxidant property. As shown in Fig. 5a, CGS7 and CGS10 dis-
played negligible DPPH scavenging efficiency, while PCGS7
and PCGS10 exhibited the expected higher DPPH scavenging
efficiencies due to the incorporation of PC. In addition, PCGS7
and PCGS10 possessed favorable scavenging efficiencies
toward superoxide radicals (Fig. 5b). It has been reported that
biomedical materials with antioxidant property would be valu-
able for treating chronic wounds,>*** as they can alleviate/

This journal is © The Royal Society of Chemistry 2023
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(a) Hemolysis rate (mean + SD, n = 3), (b) BCl value (mean + SD, n = 3, *p < 0.05, Student’s t test), (c) PT value (mean + SD, n = 3, not signifi-

cant (ns) p > 0.05, one-way ANOVA), and (d) APTT value (mean + SD, n = 3, ***p < 0.001, ****p < 0.0001, Student’s t test) of the CGS and PCGS.

shorten the inflammation response and accelerate wound
healing. Therefore, such a good antioxidant property of PCGS
would probably benefit the wound-healing process after suc-
cessful hemostasis.

Considering the antibacterial ability of the individual chito-
san and polyphenols,>” the MIC assay was performed on CGS
and PCGS samples to evaluate their in vitro antibacterial
ability. Notably, the bacterial numbers of the sponge-treated/
sample groups and blank groups were determined by bacterial
colony counting (after spreading on agar plates), due to the
inconvenience/possible errors in optical density measure-
ments from the mixtures of bacterial suspensions and opaque
sponges. As shown in Fig. 5¢ and Fig. S5, the MICs for CGS10
and CGS7 toward S. aureus were 4 and 2 mg mL ™", respectively.
On the one hand, such MIC results confirmed the antibacterial
ability endowed by chitosan, the mechanism of which involved
the electrostatic interaction of cationic chitosan chains with
the negatively charged cytoplasmic membrane and a sub-
sequent inhibition of membrane transport.’*’* On the other
hand, the lower MIC of CGS7 than CGS10 indicated the higher
antibacterial ability of CGS7, despite the former being com-
posed of a lower content of chitosan. Compared with lamellar

This journal is © The Royal Society of Chemistry 2023

CGS10, three-dimensional porous CGS7 probably generated a
better interaction of chitosan chains with S. aureus, benefiting
the antibacterial ability. Specifically, after the incorporation of
PC, both PCGS7 and PCGS10 exhibited the same MIC of 6 mg
mL™" (higher than the original CGS), which indicated the
negative effect of PC on the antibacterial ability of the PCGSs.
Such a phenomenon could be explained as follows: (1) the
incorporated PC was covalently grafted with chitosan or
gelatin chains, which was difficult to dissociate (from the
PCGS) into the bacterial suspension. Unlike free polyphenols
that can transport into bacterial cells and induce metabolic
disorder,** such an immobilized PC would probably fail to
inhibit the bacterial growth; (2) after the incorporation of PC,
the decreased surface charges probably weakened the inter-
action of the PCGSs (chitosan chains) with S. aureus and
reduced the antibacterial ability. To sum up, all the results
demonstrated that PCGS7 achieved a medium antibacterial
ability against S. aureus but promising antioxidant and in vitro
hemostatic properties. Taking the facile preparation pro-
cedures and the total biomass-derived ingredients (gelatin,
chitosan, and polyphenol) into account, such multifunctional
PCGS?7 has high potential for clinical uses as a wound dressing
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Fig. 5 (a and b) Scavenging efficiency of DPPH and superoxide radicals (mean + SD, n = 3, **p < 0.01, ***p < 0.001, Student’s t test), and (c) photo-
graphs of bacterial cultures in the PCGS and CGS groups (the colony number * dilution ratio in the inserts).

and was thus further investigated in the following in vivo
study.

3.5. Invivo hemostatic assay of PCGS

A femoral-artery-injury model was first established to evaluate
the in vivo hemostatic performance of PCGS7 in SD rats
(Fig. 6a). Commercial GS was chosen for two control groups:
according to the supplier’s instructions, GS-dry and GS-wet
groups were adopted based on applying the dry and wet GS
(moistened by normal saline in advance) for hemostasis,
respectively. To minimize individual difference/operation
errors, the pre-treatment blood loss (free bleeding for 10 s
before applying the sponges) of each group was measured and
the results are shown in Fig. 6b. After selecting 180-360 mg for
the qualified samples, there was no significant difference among
the amounts of pre-treatment blood loss of the three groups. On
this basis, the post-treatment blood loss could reflect the hemo-
static performance of three groups. As shown in Fig. 6c, the
PCGS7 group exhibited a significantly lower amount of blood
loss than the GS-dry and GS-wet groups. Meanwhile, the different
blood losses were also visualized by photographs of the three
sponges after hemostasis, which further supported the lowest
amount of absorbed blood on PCGS7. Notably, reducing blood
loss is commonly recognized as the primary property of hemo-
static materials/devices, as the amount of blood loss is crucial to

2414 | Biomater. Sci, 2023, 11, 2405-2418

the body’s health (or even mortality) after intractable or severe
bleeding.®?> Due to such obviously reduced blood loss com-
pared to commercial sponges/devices, PCGS7 has great potential
for clinical hemostasis utility.

3.6. In vivo wound-healing assay of PCGS

Tooth-extraction bleeding is a frequent but unique wound
scenario after tooth extraction, which calls for wound dres-
sings not limited to single hemostasis. For instance, adrena-
line is usually applied to stop tooth socket bleeding in clinic
treatment, but adrenaline-induced excessive (too rapid) hemos-
tasis may increase the risk of infection and generate “dry
socket”.'® Therefore, the in vivo infected-tooth-extraction
model (which corresponds to the clinical scenario of oral bac-
terial infection after tooth extraction) was further performed
on SD rats to evaluate the effect of PCGS7 on anti-infection
and wound healing. The rats were randomly divided into four
groups (each n = 6-8) and received different treatments:
control group (without hemostatic agent, without bacterial
infection), INF group (without hemostatic agent, with bacterial
infection), ADR group (with clinical adrenaline treatment for
hemostasis and bacterial infection), and PCGS7 group (with
PCGS7 treatment for hemostasis and bacterial infection).
Fig. 7a displays representative photographs of harvested
maxilla samples on days 7 and 14, which can be used to

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 In vivo hemostatic performance of PCGS7 in the rat femoral-artery-injury model: (a) representative photographs and (b and c) pre-/post-
treatment blood loss (mean + SD, n > 3, not significant (ns) p > 0.05, *p < 0.05, **p < 0.01, one-way ANOVA) in the GS-dry, GS-wet, and

PCGS7 groups.

observe the general view of tooth extraction sockets. As for the
control group, the gingiva of the extraction socket was comple-
tely closed from day 7, accompanied with a normal color and
flat appearance, representing an ideal/undisturbed healing
process for uninfected tooth-extraction sockets.”®*°® However
for the ADR group, the soft tissues at the tooth-extraction
socket were severely swollen/cracked and the bone surface was
highly exposed on day 7 (as indicated by the dashed green
circle), revealing the worst healing state among the four
groups and the expected delay of wound healing by the exces-
sive hemostasis of clinical adrenaline treatment. By compari-
son, the PCGS7 group displayed the closed gingiva and unex-
posed bone surface on day 7 (as indicated by the green arrow),
but the gingiva of the extraction socket was uneven, pitted, or
gaped. On day 14, the ADR group maintained the worst
healing state, as indicated by the exposed bone tissue and not
completely closed gingiva, while the PCGS7 group displayed
the further improved gingiva (i.e., the gaps became smaller
than those on day 7). The general view of the results clearly
revealed that PCGS7 treatment could achieve better healing
quality than clinical adrenaline treatment in the infected-
tooth-extraction model, probably due to the multi-functions of
PCGS7 (including antibacterial and antioxidant properties, but
not limited to simple hemostasis).

This journal is © The Royal Society of Chemistry 2023

Specially, the INF group exhibited the unexpected good
healing state of the extraction socket on day 14 (Fig. 7a), which
was similar to in the PCGS7 group. Hence, histological section
analysis was further adopted to evaluate the healing process of
the extraction sockets in the four groups. Hematoxylin and
eosin (H&E) analysis revealed the distinct cell/tissue responses
of the four groups on days 7 and 14 (Fig. 7b and Fig. S6t). On
day 7, the INF and ADR groups exhibited a large number of
inflammatory cells (indicated by white arrows) had filtrated
into the extraction socket, and even a pyocyte mass (indicated
by red pentagrams). On the contrary, sponge particles (indi-
cated by yellow pentagrams) were observed to have filled in the
extraction sockets in the PCGS7 group, while only a small
amount of inflammatory cells had infiltrated around the
material. The quantitative analysis further confirmed that the
relative area of inflammatory cells in the PCGS7 group was sig-
nificantly lower than those of the INF and ADR groups on day
7 (Fig. 7c), which could be attributed to the combination of
antibacterial and antioxidant properties of PCGS7. On day 14,
a pyocyte mass and large number of inflammatory cells were
still observed in the extraction socket of the ADR group
(Fig. 7b), which was consistent with the worst healing state of
the ADR group (Fig. 7a) after such a severe inflammatory
response. On the contrary, both the PCGS7 and INF groups
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Fig. 7 In vivo wound-healing performance of PCGS7 in the rat infected-tooth-extraction model: (a) representative photographs (dashed green
circle indicates highly exposed bone surface, green arrow indicates unexposed bone surface), (b) representative H&E staining analysis (white arrow
indicates inflammatory cells, red pentagram indicates pyocyte mass, yellow pentagram indicates PCGS7 particles), and (c) inflammatory cell area
(mean + SD, n > 3, ****p < 0.0001, one-way ANOVA) of harvested maxilla samples in the INF, ADR, PCGS7, and control groups.

displayed an obviously reduced amount of filtrated inflamma-
tory cells on day 14 in comparison with day 7. Meanwhile, the
quantitative analysis revealed that the PCGS7 and INF groups
exhibited similarly low relative areas of inflammatory cells on
day 14 (Fig. 7c), which was significantly lower than that of the
ADR group on day 14, which was consistent with the similarly
good healing state (for a general view of the results, see
Fig. 7a) of the PCGS7 and INF groups. Such H&E results of the
PCGS7, INF, and ADR groups could be explained as follows: (1)
as for the ADR group, the bacterial infection and associated
inflammatory response were probably still on-going, which was
due to the excessive hemostasis (corresponding to negligible
blood clots) by adrenaline treatment and the resultant impair-
ment of the antibacterial ability of the rats (endowed by the
blood components);*” (2) the PCGS7 group could overcome the
aforementioned drawbacks of excessive hemostasis through
the favorable antibacterial/anti-inflammatory properties of
PCGS7, resulting in the limited infectious/inflammatory

2416 | Biomater. Sci., 2023, 1, 2405-2418

response of the tooth-extraction sockets; (3) it was speculated
that the free bleeding (corresponding to abundant blood clots
in the sockets; without the hemostat) in the INF group was
conducive to suppressing infection through the immune
system of healthy rats, which gave rise to the reduced infec-
tious/inflammatory response from day 7 to day 14. To note,
such a free bleeding state of the INF group would not be suit-
able for clinical practice, as it would not only cause the
patients great suffering (prolonged bleeding and possible sec-
ondary bleeding) but also it would not be applicable for
patients with low immunity and a possible high level of
infection.

Notably, the inflammatory response of the tooth-extraction
sockets in the PCGS7 group was higher than that in the
control group on day 14 (Fig. 7b), which was consistent with
the better healing quality of the control group than the
PCGS7 group (for a general view of the results, see Fig. 7a).
Owing to the high healing ability of healthy rats,>*?° the fast
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healing process of the uninfected tooth-extraction sockets (in
the control group, representing an ideal healthy scenario) may
be difficult to be exceeded by that of severely infected sockets
receiving treatment (10° CFU of S. aureus per rat, in the
PCGS7 group). Meanwhile, despite the degradability of chito-
san/gelatin/PC, the PCGS?7 filled in the tooth-extraction sockets
only underwent a small amount of degradation from day 7 to
day 14 (Fig. 7b and Fig. S7t), which may also be responsible
for the higher inflammatory response of the PCGS7 group
compared to the control group. Therefore, the future degra-
dation process of PCGS7 remains to be further studied in large
mammal animal models, to better evaluate its wound-healing
performance in the infected-tooth-extraction model. Moreover,
such a slow degradation in a rat model inspired us to further
optimize the degradation rate of PCGS7 in future work via
adjusting the sponge structure (i.e., the molecular weights of
chitosan/gelatin, the chemical modification of chitosan for
new derivatives,” and the density of the sponge, which could
be well tunable by the foaming process/stirring speed and feed
concentrations). All the above results demonstrated that
PCGS?7 treatment outstripped the clinical adrenaline treatment
in the infected-tooth-extraction model in terms of the healing
quality and inflammatory response, which indicates it pos-
sesses certain application prospects in clinical scenarios (oral
hemostasis and infection prevention after tooth extraction).

4. Conclusions

In summary, the multifunctional PCGS was designed and
facilely prepared for hemostatic and infected wound therapy.
Owing to the mixture components of chitosan and gelatin,
PCGS possessed a highly porous interior morphology after a
‘green’ self-foaming condition and antibacterial ability against
S. aureus. The incorporated PC endowed the PCGS with an
enhanced blood-absorption/moderate surface charge (for good
in vitro hemostatic property), and high antioxidant property,
but slightly decreased antibacterial ability. PCGS achieved
excellent hemorrhage-control performance in a rat femoral-
artery-injury model, which realized an obviously reduced
blood loss compared to commercial gelatin sponge. A rat
infected-tooth-extraction model was also established to
demonstrate the application prospect of PCGS in accelerating
infected wound healing. Such a multifunctional hemostatic
sponge, derived from total natural polymers and polyphenols,
is worthy of further investigation for clinical utility as hemo-
static and infected wound dressings.
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