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Abstract There is an increasing demand for high-
performance hemostatic agents with good antibacte-
rial efficiency and biocompatibility. In this study, a
chitosan/gelatin/sodium  hyaluronate = hemostatic
dressing with silver nanoparticles (CGSH/Ag50) was
designed and characterized. Our results suggest that
CGSH/Ag50 has high blood absorption and promotes
platelet aggregation by the activation of positively
charged surface and stimulation of silver nanoparti-
cles. Owing to these excellent properties, CGSH/Ag50
could rapidly control hemorrhage in rabbit ear and
liver injury models. CGSH/Ag50 also shows good
antibacterial activity, good liquid absorption, and
significantly promotes full-thickness wound healing.
In the hemolysis and 1929 cell cytotoxicity assays,
CGSH/Ag50 exhibited no cytotoxicity, suggesting
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good hemocompatibility and biocompatibility. These
observations suggest that CGSH/Ag50 can be an
efficient hemostatic material with enough biocompat-
ibility to be used for controlling hemorrhage and
promoting wound healing after hemostasis surgery.

Keywords Hemostasis - Silver nanoparticles -
Wound healing - Antibacterial activity - Chitosan

Introduction

Hemorrhagic trauma is inevitable in daily life, how-
ever, over 30% blood loss in a short period of time can
be life threatening (Nie et al. 2018; Sakoda et al. 2018;
Wang et al. 2018). Traditional hemostatic material,
such as cotton gauze, triangle towel, and cotton pads
are not ideal for irregularly shaped wounds, like deep
and narrow bleeding points or ruptured arteries and
veins (Sun et al. 2017). Meanwhile, in traumatic
bleeding surgery, wound infection by microorganisms
is a potential risk to patients (Zhao et al. 2017; Zhu
et al. 2018). If the wound is infected by bacteria, the
blood clot in the extracellular matrix becomes a
hotbed for bacterial breeding, thus causing inflamma-
tion of the wound and affecting wound healing
(Gowda et al. 2015; Rodriguez-Menocal et al. 2015).
Therefore, preparing new hemostatic material, which
has multiple functions of hemostasis, antibacterial
activity, stimulating cell division and differentiation,
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and accelerating tissue healing is urgently required for
biomedical applications.

In order to design a hemostatic composite with
antimicrobial properties that can promote wound
healing, a substrate with inherent functions of
hemostasis and antibacterial property is preferred.
Chitosan (CS), is obtained after the partial deacetyla-
tion of chitin. Chitosan exhibits good water absorp-
tion, antimicrobial activity, biocompatibility, blood
compatibility, and many other properties (Jin et al.
2018; Liang et al. 2016; Shi et al. 2016, 2017).
Additionally, chitosan can induce aggregation of red
blood cells and platelets for controlling hemorrhage
owing to its inherent positive potential (Hattori and
Ishihara 2017; Shimojo et al. 2016). Therefore,
chitosan has been widely researched as surgical
biomaterial for hemostasis (Seon et al. 2017), in
products such as Hemcon bandage and KytoCel (Hu
et al. 2018). However, the applications of chitosan are
restricted by its inability to absorb blood rapidly for
controlling large hemorrhages (Hu et al. 2018), and by
the fact that its antibacterial activity only occurs in
solution (Mitra et al. 2016). Together, it can be
acknowledged that developing an ideal chitosan-based
hemostatic material with good blood absorbing and
antibacterial properties is challenging.

Chitosan has been widely researched with other
natural polymer composites to improve its liquid
absorption (Lu et al. 2017; Sarhan et al. 2016; Zhang
et al. 2018). Gelatin is one such polymer (Seon et al.
2017), which is often used for drug release, prepara-
tion of artificial bones and skin, and other tissue
engineering (Wang et al. 2017; Zhao et al. 2016).
Because of the presence of —NH,, —-OH, —COOH
active groups in the molecular structure of gelatin, it
can be combined with chitosan molecules through
hydrogen or ionic bonds, to form a stable interpene-
trating network structure for holding liquid (Kovach
et al. 2016). Additionally, gelatin has been reported to
have hemostatic effects of aggregating and activating
platelets (Man 2018; Seon et al. 2017). Sodium
hyaluronate, a natural polysaccharide, has also been
widely studied as a biomaterial for compounding with
chitosan because of its ability to control hydration in
repairing tissues (Abdel-Rahman et al. 2016; Berce
et al. 2018). Therefore, it is hypothesized that com-
pounding chitosan with gelatin or sodium hyaluronate
could improve its liquid absorption capacity.
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The antibacterial property of chitosan applying in
biotechnology may be broadened by combining chi-
tosan with metal nanoparticles (Hu et al. 2018; Ma
et al. 2017). Owing to their quantum effect, small size
and enormous specific surface area, silver nanoparti-
cles (Ag NPs) exhibit good antibacterial activity
against gram-negative and gram-positive bacteria,
which has been widely used in medical applications
(Xiaetal. 2018; Yoo et al. 2018). However, the further
application of Ag NPs is limited by their aggregation,
which can result in cellular cytotoxicity (Bonaventura
et al. 2018). Modifying Ag NPs with gelatin could
remove this restriction. Gelatin contains —-NH, and —
OH groups, which can reduce Ag™ to Ag NPs and form
protective layers on the NP surface. Thus, Ag NPs can
exist in gelatin solution without aggregating (Chang
et al. 2018) to exert efficient antibacterial activity and
cytocompatibility. Additionally, Ag NPs have been
reported to promote blood clotting by aggregating and
activating platelets. Smock et al. found that Ag NPs
can activate platelets and promote the generation of
thrombin (Smock et al. 2014), meanwhile, Jun et al.
reported that Ag-NPs can accelerate thrombin gener-
ation by inducing platelet aggregation and increasing
phosphatidylserine exposure (Jun et al. 2011). Inspired
by these premises, we combined Ag NPs with
chitosan, gelatin, and sodium hyaluronate to design
an efficient hemostatic material in this study. The
chitosan/gelatin/sodium hyaluronate/Ag NP hemo-
static sponge was generated using freeze-drying
technology, and its hemostatic properties were eval-
uated in vitro and in vivo.

Materials and methods
Materials

Chitosan (molecular weight: 10,000 Da, degree of
acetylation: 85%) and gelatin type A (porcine, bloom
300) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Silver nitrate (AgNO3z) and sodium
hyaluronate were obtained from Kelong Chemical.
Reagent (Chengdu, China). All other chemicals
were purchased from Sigma-Aldrich and used as
received, if not specified. New Zealand white rabbits
were obtained from the Animal Laboratory Center of
Third Military Medical University. Animal experi-
ments were performed according to institutional
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Scheme 1 Conceptual representation of the preparation of
CGSH/Ag. TA-NH;" powder was prepared to dissolve the
chitosan. Gelatin was employed to prepare evenly distributed

ethical use protocols. Anticoagulant blood was pre-
pared by blending heart blood of rabbits with 3.8%
sodium citrate at a volume ratio of 9:1. Platelet poor
plasma (PPP) was collected by centrifugation at
4000 rpm for 15 min at 37 °C. Anticoagulant blood
was centrifuged at 2500 rpm for 10 min to obtain
platelet rich plasma (PRP).

Preparing hemostatic material

Protonated tranexamic acid (TA-NH;") was prepared
by adding HCI to a tranexamic acid (TA-NH,)
solution to adjust the pH to 4.3, and freeze dried
(Baylis et al. 2015). Six grams TA-NH;" powder and
6 g chitosan were added to 100 mL deionized water
and stirred for 5 min to obtain the chitosan solution.
To prepare equably dispersed Ag NPs, 1 g gelatin was
dissolved in 100 mL deionized water, to which sliver
nitrate solution was dropped and incubated at 90 °C
for 5 h. 2 g sodium hyaluronate was added to the
obtained flaxen gelatin/Ag NPs solution, followed by

90 °C
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Ag NPs, following which sodium hyaluronate was added.
CGSH/Ag was prefabricated by compounding the two obtained
mixtures and freeze-drying as hemostatic material

the equable mixing of prepared chitosan solution. The
final ratios of Ag NOj in the whole solution were set to
10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, or 300 pg/
g. Lyophilization was carried out to obtain chitosan/
gelatin/sodium  hyaluronate/Ag NP (CGSH/Ag)
sponge. The preparation of CGSH/Ag is presented in
Scheme 1. Chitosan sponge (CS, obtained by dissolu-
tion with TA-NH;"), and chitosan compounded with
gelatin and sodium hyaluronate without Ag NPs
(CGSH, chitosan was dissolved with TA-NH;™;
CGSH-A, chitosan was dissolved with acetic acid)
were prepared at the same ratio using the same method
as that used for controls.

In vitro blood clotting assay

The blood-clotting index (BCI) method described by
Zhao et al. (2018), was employed to evaluate the
capacity of inducing blood clot with the hemostatic
material containing varying amounts of Ag NPs.
Sterilized and dried samples were cut into cubes
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(0.5 x 05 x 0.5 cm3) and placed in a beaker at
37 °C in a water bath for 5 min. Hundred microliters
of anticoagulant blood was dropped on the surface of
the sample, followed by the addition of 20 pL
0.2 mol/L CaCl, solution. The samples were incu-
bated at 37 °C for 5 min, after which 25 mL deionized
water was added, stirred at 50 rpm and incubated at
37 °C for another 5 min. The supernatant containing
blood cells, which seceded from the samples was
collected and quantified at 545 nm using an UV
spectrophotometer. The absorbance of citrated whole
blood dispersed in deionized water was used as the
reference. CGSH-A was carried out as control. All
samples were evaluated three times and the BCI was
calculated using the followed equation:

Asys (sample)

BCI = x 100

A545 (reference)

Characterization of CGSH/Ag hemostatic material

An UV-Vis spectrophotometer (TU-1901, Beijing,
China) was used to measure the absorbance of Ag NPs
in CGSH/Ag hydrogels using the UV spectrum. High
definition morphology of Ag NPs in CGSH/Ag
hydrogels was captured using a transmission electron
microscope (TEM, Tokyo, Japan). The size distribu-
tion of Ag NPs, and the zeta potential of the hemostatic
material was recorded using a Zetasizer-Nano Instru-
ment (Malvern Ltd., Tokyo, Japan). Scanning electron
microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS) were performed on a scanning elec-
tron microscope (FEI, Hong Kong) to analyze the
surface structure of the composites. X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS)
methods were carried out using a diffractometer
(Shimadzu XRD6000) and X-ray photoelectron spec-
trometer (Shimadzu, Japan), respectively. An alpha
Fourier transform infrared (FTIR; Karlsruhe, Ger-
many) analysis was performed at room temperature to
determine the chemical bonds in the CGSH/Ag
hemostatic material.

Mechanical property

The mechanical property was determined with a
tensile tester (Shimadzu Autograph AGS-X, Kyoto,
Japan). Samples were cut into cubes (40 x 6 X
2 mm) prior to testing at a constant tension rate of
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10 mm/min. Each sample was tested triply to reduce
errors.

Porosity and fluid absorption

Liquid displacement method was used to determine
the porosity of the hemostatic material. Cubic shaped
samples (10 x 10 x 10 mm3) were dried, weighed
(Wy), and immersed in 20 mL (V) ethanol at 37 °C for
24 h to ensure the pores of the samples were saturated.
The samples were hung in the air for 30 s, and
weighed (W,). Three times of the same measurement
were performed. Porosity was calculated using the

following equation:
1
x — ] x 100
14

Wt - Wo
Pethanol

The fluid absorption of the samples was determined
by assessing the weight changes before and after
absorption of PBS (pH 7.4) and anticoagulant blood.
Dried samples with the same weight (W,) were
immersed in PBS or blood, and incubated at 37 °C
for 10 min. After retrieving the samples, the fluid on
the surface was removed using a filter paper to
measure the wet weight (Wy,). Three measurements
were performed for each sample. Liquid absorption
ratio was determined using the following equation:

Ww - Wd
d

Porosity (%) = <

Fluid absorption ratio (%) = x 100

Platelet adhesion study

PRP was used for the platelet adhesion tests. Sterile
samples were cut into small pieces of 1 x 1 cm? with
0.25 cm thickness. The samples were immersed in
10 mL of PBS and incubated at 37 °C for 30 min,
following which 0.5 mL PRP was added and incubated
at 37 °C for another 30 min. PBS was used to wash the
material three times to wipe off nomadic platelets. The
adhered platelets on the surface were treated with
0.25 mL 1% Triton X-100 in PBS, and a kit (Sigma-
Aldrich, St. Louis, MO, USA) was used to measure the
lactate dehydrogenase (LDH) activity. The number of
platelets captured by the sample was measured by
determining their absorbance at 490 nm, and the same
sample was tested three times. Additionally, the samples
were fixed with 2.5% glutaraldehyde, and dehydrated
consequently with 50, 60, 70, 80, 90, and 100% ethanol
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for 10 min. After the material dried naturally, the
morphology of the adhered platelets was observed using
a scanning electron microscope.

In vitro degradation study

The degradability in vitro of CS, CGSH, CGSH/Ag40,
CGSH/Ag50, and CGSH/Ag60 were determined by
calculating the residual ratio of weight after immersing
them in the simulated body fluid (SBF, pH 7.4). Briefly,
0.5 g of the sample (W,) was mixed with 20 mL of
SBF and then cultured on an orbital shaker at 37 °C.
The SBF was replaced daily. The sample residuals
were then separated from the SBF solution by filtration
at the specific day (1st, 2nd, ..., 10th day), and dried at
60 °C to obtain a constant weight (W,). The residual
ratio of weight was calculated according to equation:

Residue ratio (%) = (%) x 100

o

In vitro hemolysis test

The hemolysis ratios of CGSH/Ag40, CGSH/Ag50,
and CGSH/Ag60 were evaluated in vitro. 5 mL
anticoagulated rabbit blood (containing 0.38% sodium
citrate) was mixed with 10 mL of PBS (pH 7.4), and
centrifuged at 1200 rpm for 5 min to collect red blood
cells (RBCs). 60 pL. RBC dispersion was added to
3 mL of 1 mg/mL sample suspension and cultured at
37 °C for 1 h. Centrifugation at 2000 rpm for 5 min
was performed to obtain supernatant, the absorbance
at 545 nm was recorded. Distilled water and PBS
without sample were used as the positive control and
negative control, respectively. The hemolytic rate (H)
was determined using equation:

D, — D,

o) = (o

100%
Dd — Dp) X 0

where D;, D, and Dy are the absorbance values of the
sample, PBS, and distilled water, respectively.

Cytotoxicity and cell adhesive behavior tests

L1929 mouse skin fibroblasts were used to assess the
cytotoxicity of the composites with the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)
assay. The UV-sterilized samples of CGSH/Ag40,

CGSH/Ag50, and CGSH/Ag60 were cultured with
1 mL sterile Dulbecco’s Modified Eagle’s Medium
(DMEM) for 72 h at 37 °C. The leaching liquid was
collected from dissolved samples. The L929 cells were
seeded in a 96-well plate (3 x 10° cells/well), to which
100 uL. DMEM containing 10% fetal bovine serum and
50 uL aliquot of the leached liquid was added, and
cultured at 37 °C. After incubation for 24, 48, or 72 h,
10 pL of MTT solution was added to the medium and
incubated for 4 h. Finally, 10 pL. dimethyl sulfoxide
(DMSO) was added to dissolve the formazan crystals. To
assess cell viability, absorbance at 490 nm was measured
using a microplate reader (iMark, CA, USA).

Live and dead 1929 cells incubated with CGSH/
Agd0, CGSH/Ag50, and CGSH/Ag60 for 24 h were
differentiated using light and fluorescence micro-
scopes (Nikon TS 100, Japan) after staining with
calcein-AM and propidium iodide (PI).

The cell adhesion was evaluated using the previ-
ously reported method (Li et al. 2017a; Zhang et al.
2019). The 1 x 10* 1929 cells were seeded onto
CGSH/Ag40, CGSH/Ag50, CGSH/Ag60, and the
blank culture plate (used as the control), prior to
culturing for 24 h. Following fixation with 4%
paraformaldehyde, and staining with calcein-AM
and propidium iodide (PI), the adhered cells were
then observed with a confocal microscope (Zeiss,
LSM710, Germany) to obtain their morphology.

Antimicrobial assessment

Antimicrobial activity was tested using the inhibition
zone method. Bacterial suspension of Staphylococcus
aureus or Escherichia coli (10’ CFU/mL) were spread
on agar medium, and sterilized dry composite samples
(discs, 17 mm in diameter) were placed on the
medium. These plates were incubated at 37 °C for
12 h, after which the size of the inhibition zones was
recorded. The CGSH/Ag samples incubated with
bacteria were used for SEM observation.

Activated partial thromboplastin time (APTT)
and pro-thrombin time (PT) analysis

An automated coagulation analyzer (Sysmex CA-
1500, Tokyo, Japan) was used to evaluate APTT and
PT. PPP and APTT agent were mixed and cultured at
37 °C for 5 min, following which the sample and
100 pL of 0.2 mol/L CaCl, solution were added. The
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clotting time was measured as APTT. For PT calcu-
lation, PPP was mixed with PT solution and incubated
at 37 °C for 5 min, after which sample and 100 pL of
0.2 mol/L CaCl, solution were added, and the PT was
recorded. All samples were evaluated three times.

In vivo hemostasis study

Rabbits used for ear artery and liver bleeding models
were anesthetized and tied to operating table with
gauze. The hair on ears or abdomen was shaved and
the exposed skin was disinfected with tincture of
iodine. For ear artery bleeding model, a wound
approximately 1 cm long was made on the ear using
a scalpel to cut the artery. In the liver artery bleeding
model, a crosswise wound 0.5 cm deep and 1 cm long
was created on the liver. After free bleeding for 5 s, the
ultraviolet sterilized samples (2 cm in diameter and
0.5 cm in height) were placed on the wound with
gentle pressing. The bleeding time was measured, and
the wounds were photographed. Each sample was
tested six times in each model. After surgery, the
rabbits were cared for and observed in divided cages.

Wound healing and histological evaluation

After anesthetization, shaving and disinfection, five
full-thickness wounds (each 2 cm in diameter) were
made on the rabbit’s back. The five wounds on each
rabbit were divided into blank, CS, CGSH, CGSH/
Ag50, and Mepitel® groups (n = 6). The samples with
the same shape and size as the wounds were ultraviolet
sterilized and placed on the wounds with adhesive
bandage to fix the wound dressing. After careful caging
for 3, 7, 11, and 14 days, the rabbits were euthanized,
and the wounds were photographed to assess the wound
contraction ratio. The muscle and skin around the
wounds were excised, fixed in 10% buffered formalin,
embedded in paraffin and sectioned vertically. The
sections were stained with hematoxylin and eosin
(H&E) and examined using light microscopy.

Results and discussion
Blood coagulation in vitro

BCI was determined to assess the blood coagulation
effects of CGSH/Ag composites with various dosages
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of Ag NPs. A low BCI value indicates stronger
capacity of the hemostatic material to induce throm-
bosis in blood. As Fig. la shows, the BCI value of
CGSH was lower than that of CGSH-A, indicated the
better ability to clot blood of CGSH, can be due to the
blood clotting function of TA-NH,, which was formed
from TA-NH;' after the dissolution of chitosan in
preparation. samples containing different doses of Ag
NPs resulted in varying degrees of induction of blood
coagulation. With increasing the Ag NO3 dosage from
0 to 40 pg/g in the preparation, the BCI of the CGSH/
Ag composites continuously decreased, and was
52 +£21, 32426, 27+24, 22+23, and
20 £ 2.5 for 0, 10, 20, 30, and 40 pg/g of Ag NO;,
respectively. When the Ag NO; concentration in the
preparation reached 50 pg/g, the BCI was 19 £ 0.7.
The BCI of CGSH/Ag composites prepared with 60,
70, 80, 90, 100, 200, and 300 pg/g Ag NO; were
20 +£ 0.6, 22 + 2.4, 30 £ 2.5, 37 £ 0.8, 41 £+ 0.5,
56 £ 2.5, and 58 *+ 2.7, respectively. Thus, the
composite with the best thrombogenic activity was
prepared by using 50 pg/g Ag NO; (CGSH/Ag50),
which was chosen for all characterizations, and
composites prepared with 40 and 60 pg/mL Ag NO;
(CGSH/Ag40 and CGSH/Ag60, respectively) were
used as controls.

Characterization of CGSH/Ag composites

As shown in Fig. 1b, the Ag NPs in CGSH/Ag
composites obtained by using gelatin as reducer and
protective agent were characterized using TEM. The
average sizes of 6.8 £0.56, 7.2 + 0.24, and
8.3 + 0.68 nm were observed for Ag NPs in CGSH/
Ag40, CGSH/Ag50, and CGSH/Ag60, respectively.
Their respective space lattices were 0.236, 0.233, and
0.232 nm, which is similar to the (111) lattice spacing
of Ag NPs (0.236 nm) (Zeng et al. 2015). Figure Ic
shows the UV spectra, and the absorbance peaks for
CGSH/Ag40, CGSH/Ag50, and CGSH/Ag60 hydro-
gel were around 400 nm with a slight blue shift, which
increased with the dosage of Ag NOj. The blue shift
and corresponding intensity increased with increasing
the dosage of AgNOj;. Additionally, the solutions of
Ag NPs under sunlight showed various degrees of
yellow color, with the color intensifying with the
increasing Ag NO; dosage. These results suggest that
upon increasing the Ag NOj content, the NP size
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Fig. 1 a Different BCI values induced by CGSH/Ag compos-
ites with different Ag NO; dosage, and the corresponding
images are shown, where darker red color indicates lower blood
coagulation capacity. b TEM images of Ag NPs in CGSH/Ag40,

increases and results in a higher absorbance peak
around 400 nm.

In order to thoroughly investigate the morphology
changes of the obtained composites, the surface mor-
phology of samples was observed using SEM. As
Fig. 2a shows, in the surface structure of CS, wild
tablets without regulation can be observed. The CGSH
displays regular and stratified porous structure, while
CGSH/Ag40, CGSH/Ag50, and CGSH/Ag60 show
more regular and homogeneous porous structure. The
rich, regular, and symmetrical porous structure could
absorb blood and exudate on wounds to promote
hemostasis and wound healing. The EDS mapping
presented in Fig. 2b shows the distribution of the main
elements C, O, N, and Ag in CGSH/Ag50, and confirms
the uniform distribution of Ag NPs in CGSH/Ag50.

Figure 2c¢ shows the FTIR spectra of CS, CGSH,
CGSH/Ag40, CGSH/Ag50, and CGSH/Ag60. The
peak observed at 3425 cm™' was ascribed to the
hydrogen bond stretching vibration of —OH, and the
peaks around 2921 cm™' and 2887 cm™' were
ascribed to the C-H of methylene and methyl,
respectively. The carbonyl stretching —C = O and
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CGSH/Ag50, and CGSH/Ag60 hydrogel, and their correspond-
ing size-distributions. ¢ UV spectra of the obtained CGSH/Ag40
(40), CGSH/Ag50 (50), and CGSH/Ag60 hydrogels; inserts
show the corresponding images

deformation vibration N—H (amide I, amide II bands)
could also be observed from 1653 to 1603 cm™'. The
peak at 1083 cm™" was attributed to the vibration of
C-O-C. The five spectra show similar peaks that could
be due to chitosan, the main ingredient in these
composites. These results suggest that the existence of
Ag NPs induces negligible impact on the structure of
CGSH, which acts as a scaffold for supporting the Ag
NPs (Ye et al. 2016).

The XRD patterns of CS, CGSH, CGSH/Ag40,
CGSH/Ag50, and CGSH/Ag60 are presented in
Fig. 2d. The main diffraction characteristics of CS
and CGSH were similar, but different from those of
CGSH/Ag40, CGSH/Ag50, and CGSH/Ag60. The
spectra of CGSH/Ag40, CGSH/Ag50, and CGSH/
Ag60 showed peaks at 38.2 and 44.2°, which were
assigned to (111) and (200) planes, respectively. The
intensity of the two peaks at 38.2 and 44.2° increased
with the rise in Ag NPs dosage in the CGSH/Ag
composites. Additionally, Ag NPs resulted in unobvi-
ous changes on the crystals of CGSH/Ag40, CGSH/
Ag50, and CGSH/Ag60 compared to CGSH and CS,
which may be due to the weak dosage.
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Fig. 2 a Photographs and SEM images of the composite surface. b EDS mapping images of CGSH/Ag50. ¢ FTIR spectra, d XRD

spectra, and e XPS spectrum

Figure 2e shows the XPS full scanned spectra of
CGSH/Ag50. The peaks at 291.8, 400.4, and 537.6 eV
were assigned to the C1 s, N1 s, and Ol s from the
composite, respectively. The peaks at 367.6 and
374.5 eV were contributed by Ag 3d. These data
convincingly demonstrate that the Ag NPs have been
stably immobilized by hydrogen bond and Vander
Waals forces because of the -NH, and —OH groups
(Ye et al. 2016).

Mechanical property, porosity and liquid
absorption ratio study

The mechanical properties of CS, CGSH, CGSH/
Ag40, CGSH/Ag50, and CGSH/Ag60 are shown in
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Fig. 3a. CS and CGSH showed relatively lower stress
at the breaking point at 0.72 and 0.78 MPa, respec-
tively. After composited with Ag NPs, the stress
slightly increased to 0.82, 0.85, and 0.86 MPa for
CGSH/Ag40, CGSH/Ag50, and CGSH/Ag60, respec-
tively, suggesting that the CGSH/Ag50 has potentials
as a wound dressing with enhanced mechanical
strength.

The porosity and liquid absorbing properties of the
composites were evaluated. As Fig. 3b shows, the
porosity of CS, CGSH, CGSH/Ag40, CGSH/Ag50,
and CGSH/Ag60 were 53 £ 2.3,67 £ 1.5,72 + 1.6,
71 £ 2.6, and 71 & 1.8%, respectively. The high
porosity of CGSH compared to CS may be because of
the compounding of chitosan, gelatin, and sodium
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hyaluronate. The higher porosity of CGSH/Ag40,
CGSH/Ag50, and CGSH/Ag60 compared to CGSH
could be explained by the regular porous structure.
The PBS absorption ratios of CS, CGSH, CGSH/
Ag40, CGSH/Ag50, and CGSH/Ag60 were 19 + 2.1,
28 £24, 42 £ 1.6, 41 £ 1.8, and 41 £ 2.5-fold
higher than their primary weights, respectively.
Moreover, CGSH, CGSH/Ag40, CGSH/Ag50, and
CGSH/Ag60 could absorb approximately 20-times
more blood than their initial weights, which is much
higher than that of CS (9 &£ 1.5-times). This eminent
PBS and blood uptake property may be because of the
existence of —OH and -NH,, and a rich porous
structure in these hydrogels (Kovach et al. 2016).

Platelets adhered on the
surface of CGSH/Ag

) [ s -7
LS ‘ﬂ ..4,,,:

o

¥ Activated platelet

- Fibrous protein

CS, CGSH, CGSH/Ag40, CGSH/Ag50, and CGSH/Ag60.
e Conceptional illustration of platelet aggregation on the surface
of CGSH/Ag composites. * Indicates P < 0.05

Thus, the high blood absorption ability endowed
CGSH/Ag50 with fundamental potential as hemostatic
material.

Zeta potential

Chitosan has been widely researched as a hemostatic
material because of its positively charged surface,
which can promote platelet aggregation by potential
stimulation. The zeta potential of the composites was
determined and is shown in Fig. 3c. The zeta potential
of CS was 16.3 £ 2.2 mV, which can be explained by
the -NH; " from chitosan (Shimojo et al. 2016). CGSH
showed a high zeta potential of 33.5 + 1.4 mV, and
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the existence of Ag NPs decreased the positive zeta
potential to 31.2 £ 2.6, 30.6 + 1.3, and
30.3 £ 1.7 mV for CGSH/Ag40, CGSH/Ag50, and
CGSH/Ag60, respectively. This result suggests that
gelatin enhances the positive potential in CGSH, most
likely through the number of positive charge frag-
ments (such as -NH;"). While Ag NPs can compound
with the -NH;" of gelatin in CGSH/Ag40, CGSH/
Ag50, and CGSH/Ag60, and decrease their positive
potential (Pourjavadi and Soleyman 2011). The
enhanced positive zeta potential of CGSH/Ag50 can
be useful in inducing platelet activation and aggrega-
tion, which can contribute to controlling hemorrhage
(Feng et al. 2016).

Observation of adhering platelets

Platelet aggregation and activation is vital for hemo-
static material to promote blood clots and block
bleeding in hemostasis (Li et al. 2017a). The platelet
adhesion on the surface of hemostatic material was
viewed to assess platelet aggregation. After contact
with platelets, CS, CGSH, CGSH/Ag40, CGSH/Ag50,
and CGSH/Ag60 capture varying number of platelets
on their surface (Fig. 3d). CS induced very little

platelet aggregation with minor fibrin protein forma-
tion, which can be related to the positive potential
charge (Hattori and Ishihara 2017). The increased
aggregation of platelets with fibrin protein was
observed for CGSH, which may be due to its enhanced
positive potential. A large number of platelets
wrapped with webbed fibrin were observed on the
surface of CGSH/Ag40, CGSH/Ag50, and CGSH/
Ag60. The agglomerated hemostatic ingredients could
act as a plug to block the damaged blood vessels in
controlling hemorrhage (Fig. 3d). This result corre-
sponds to the number of platelets adhered onto the
composite surface. CGSH/Ag40, CGSH/Ag50, and
CGSH/Ag60 captured more platelets than CS and
CGSH (Fig. 4a). The capacity of CGSH/Ag40,
CGSH/Ag50, and CGSH/Ag60 in inducing platelet
aggregation could be because of the effects of Ag NPs,
which promote phosphatidylserine exposure and
thrombin generation (Jun et al. 2011).

It is worth noting that there were differences in the
number of platelets adhered on the surface of CGSH/
Ag40, CGSH/Ag50, and CGSH/Ag60. CGSH/Ag50
captured more platelets on its surface than CGSH/
Ag40, which directly correlates to the higher dosage of
settled Ag NPs that can induce more platelet
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aggregation. However, CGSH/Ag60 with higher Ag
NPs showed lower platelet aggregation than CGSH/
Ag50. We speculate that with increasing Ag NPs
dosage in CGSH/Ag, there is a detrimental effect of
Ag NPs on platelets, which may result in the loss of
their ability to aggregate and activate.

In vitro degradation, hemolysis and cytotoxicity
assay

The residual ratios of weight for CS, CGSH, CGSH/
Ag40, CGSH/Ag50, and CGSH/Ag60 were deter-
mined to evaluate in vitro degradability (Fig. 4b).
Samples were degraded progressively with increased
time in general. Among them, the composites con-
taining Ag NPs showed decreased degradation rate
when compared with CS and CGSH. On the 10th day,
the residual ratios of CGSH/Ag50 was about 28%,
which were minimally higher that of CS and CGSH
(about 25%), suggesting the good biodegradation
property of CGSH/Ag50 as a safe wound dressing.
Hemolysis by the hemostatic material was evalu-
ated to study the effect of CGSH/Ag50 on

erythrocytes. As Fig. 4c shows, all the hemostatic
materials exhibited low hemolysis ratio, under 5%,
suggesting good blood compatibility (Long et al.
2017). Additionally, an increase in the hemolysis ratio
was observed with increasing Ag NPs dosage in the
composites, which were 0.5 £ 0.8, 1.2 £ 0.6, and
2 £ 0.7% for CGSH/Ag40, CGSH/Ag50, and CGSH/
Ag60, respectively.

The cytotoxicity associated with the three compos-
ites was evaluated using 1.929 cells. For all time points
tested, the .929 cells showed cell viability above 80%
after incubation with CGSH/Ag40, CGSH/Ag50, and
CGSH/Ag60 for 1 day (Fig. 4d). The cell viability
was higher and over 100% for all composites after
culturing for 3 days, suggesting that the composites
display no cytotoxicity towards L929 cells. The cell
viability of composite containing high dosage of Ag
NPs was lower than cell viability of composite with
low dosage of Ag NPs, which corresponds to the
fluorescence and light microscope images obtained
after treatment for 1 day. Live cells that adhere to the
bottom of the culture dish are stained green, and the
cells treated with CGSH/Ag40 showed more live cells

Control CGSH/Ag50

CGSH/Ag40 CGSH/Ag60

Fig. 5 a Bright and fluorescence images of 1929 cells in
control, CGSH/Ag40, CGSH/Ag50, and CGSH/Ag60 groups
after culturing for 24 h (scale bar = 50 pm); the high-definition

fluorescence images showed the morphology of cells (scale
bar = 5 pm). b Morphology of L929 cells grown on the samples
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than CGSH/Ag50 and CGSH/Ag60 (Fig. 5a). Accord-
ingly, more red-stained dead cells could be viewed
floating in the solution in CGSH/Ag60 group than in
the CGSH/Ag40 and CGSH/Ag50 groups. Further-
more, it was observed that the attached cells main-
tained their normal, tridimensional, and fusiform
morphology on these composites, suggesting no
obvious adverse impacts of CGSH/Ag50 on the
growth of cells (Fig. 5b).

Taken together, these results suggest that CGSH/Ag
composites can promote more platelet aggregation
than CS and CGSH, owing to the aggregation and
activation property of Ag NPs. In addition, they do not
cause cytotoxicity. With the increase in Ag NPs dosage
in these composites, the aggregation of platelets
enhanced. However, when the Ag NOj; dosage in
preparation was above 50 ng/mL, the aggregation of
platelets decreased. The results of hemolysis and 1.929
cell cytotoxicity assays showed that upon increasing
the Ag NO;5 dosage in the preparation, the toxicity of
CGSH/Ag composites increased. When the Ag NO;
dosage in preparation was above 50 pg/mL, the
aggregation of platelets decreased, which may be the
result of detrimental effects of Ag NPs on platelets that
the devitalized platelets no longer aggregate on the
surface of CGSH/Ag composites.

APTT and PT measurements

APTT and PT were investigated to assess the intrinsic
and extrinsic coagulation pathway, respectively, of
CGSH/Ag composites. As shown in Fig. 6a, APTT
was reduced by the CGSH/Ag composites compared
to CS and CGSH. However, no significant changes in
PT was observed, suggesting that the composites
exhibit no obvious effect. Based on these observations,
CGSH/Ag40, CGSH/Ag50, and CGSH/Ag60 exhibit
intrinsic blood coagulation capacity (Feng et al. 2016).

Antibacterial activity testing

CS and CGSH showed unconspicuous bacterial inhi-
bition zone, indicating their weak antibacterial activity
against E. coli and S. aureus (Fig. 6b). The result
appears not in line with the reported studies (Cai et al.
2016, 2018). This can be ascribed to the lower degree
of acetylation of chitosan (85%) used in the present
study for preparation of CS and CGSH, as it has been
proved previously that lower degree of acetylation of
chitosan led to poorer antibacterial activity (Mishra
et al. 2016; Younes et al. 2014). On the other hand,
CGSH/Ag40, CGSH/Ag50, and CGSH/Ag60 exhib-
ited efficient antibacterial activity, with inhibition

Fig. 6 a APTT and PT a 120
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plates showing inhibition - 8%
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Fig. 7 a Images of controlling hemorrhage, (i) application of
CGSH/Ag50 in rabbit ear and liver bleeding models, (ii) Time to
hemostasis of CS, CGSH, CGSH/Ag40, CGSH/Ag50, and
CGSH/Ag60 in rabbit ear and liver bleeding models, and their
corresponding blood loss weight. b Conceptual representation

zone sizes of approximately 30 mm against E. coli and
27 mm against S. aureus (Fig. 6¢). No differences in
the antibacterial activities between CGSH/Ag40,
CGSH/Ag50, and CGSH/Ag were observed may
because of their nearly Ag NPs dosage. SEM analysis
of the morphology changes in E. coli and S. aureus
before and after incubation with CGSH/Ag50 showed
that the bacteria were plump with integrated cell
membrane before culturing with composite, but not
after (Fig. 6d). This observation suggests good
antibacterial activity of CGSH/Ag50, which makes it
a good hemostatic material with the capacity to
prevent bacterial infection after hemostatic surgery.

Hemostasis assay in vivo
Rabbit bleeding models were employed to assess the

hemostasis capacity of the composites in vivo. In the
ear artery bleeding model, CS, CGSH, CGSH/Ag40,

of CGSH/Ag50 controlling hemorrhage. After being applied to
the wound, a hemostatic plug containing platelets, erythrocytes,
and fibrin protein is formed to block the wound and stop
bleeding. * Indicates P < 0.05

CGSH/Ag50, and CGSH/Ag60 successfully con-
trolled bleeding in 1243 +3.3, 111.5 £ 19.5,
92.3 £ 8.6, 57.2 &£ 17.2, and 82.3 &+ 8.1 s, respec-
tively (Fig. 7a). And after hemostasis, their blood loss
weight was 1.62 £ 0.31, 1.23 £ 0.44, 1.1 + 0.26,
0.97 £ 0.11, and 1.08 £ 0.15 g, respectively. The
time to hemostasis of the composites was shorter in the
liver bleeding model, but the corresponding blood loss
weight was higher. CS, CGSH, CGSH/Ag40, CGSH/
Ag50, and CGSH/Ag60 stopped liver bleeding in
107.3 £ 11.6, 94 +£ 13.6, 71 £ 14.2, 53.6 = 11.7,
and 62.4 £ 21.3 s, respectively, and the respective
blood loss weight was 2.7 & 0.33, 2.3 £ 0.24,
1.75 £ 0.23, 1.47 4+ 0.35, and 1.54 £ 0.09 g. These
results confirm the excellent hemostatic ability of
CGSH/Ag50. The hemostasis mechanism of CGSH/
Ag50 can be attributed to the excellent blood uptake
property, activation of positively charged surface on
platelets, and the activation of Ag NPs on platelets. In
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Fig. 8 a Images of wound healing and the corresponding wound contractions. * Indicates P < 0.05. b Histological analysis. Yellow
arrows show edema and inflammatory cells. Blue triangles and black arrows refer to granulation and skin, respectively

the progress of hemostasis, when CGSH/Ag50 is
applied to the bleeding wound, it absorbs and holds the
gushing blood through the activation of positively
charged surface and Ag NPs (Fig. 7b). CGSH/Ag50
can aggregate and activate platelets on the surface of
the composite together with fibrin formation (as shown
in Fig. 3d), which promotes blood clotting and serves
as a hemostatic plug to block the wounded vessel.
Thus, the hemorrhage can be successfully controlled
in a short time by CGSH/Ag50.

Wound healing study

The application of CGSH/Ag50 in wound healing was
studied in full-thickness wound models. As Fig. 8a
shows, CGSH/Ag50 acts as a wound dressing in good
capacity and promotes wound healing. On the 3rd and
7th day, wounds treated with CS, CGSH, Mepitel®, and
untreated wounds remained as variform scabs, while the
wounds treated with CGSH/Ag50 only had light scars.
After 14 days, the wounds treated with CGSH/Ag50
had nearly completely healed, and wound contraction
was approximately 94 + 2.8%, which was higher than
CS (73 +3.2%), CGSH (77 £ 3.1%), Mepitel®
(83 £ 1.5%), and control (60 £ 2.4%) groups. Fur-
thermore, compared to a recently reported hydrogel
wound dressing (Li et al. 2018) that spent 3 weeks for
wound healing, the CGSH/Ag50 prepared in the present
study required only 2 weeks, demonstrating its excel-
lent capacity in wound healing.

The histological analysis showed edema and
inflammatory cells in the control, CS, CGSH,

@ Springer

CGSH/Ag50, and Mepitel® groups on the 3rd day
(Fig. 8b). On the 7th day, granulation was observed in
all the groups, while edema and inflammatory cells
still existed in the control, CS, and CGSH groups. In
the Mepitel® group, edema and inflammatory cells
were reduced, and in the CGSH/Ag50 group no edema
or inflammatory cells were observed and new skin
appeared. On the 14th day, complete as well as thin
skin was observed in the CGSH and Mepitel® groups,
while in the CGSH/Ag50 group, complete, thick, and
even skin had formed. No complete skin was observed
in the control, CS, and CGSH groups. The full-
thickness wound models and histological analysis
show that CGSH/Ag50 can significantly promote
wound healing, owing to its good exudate uptake
property, biocompatibility, and excellent antibacterial
activity.

Conclusion

Chitosan/gelatin/sodium  hyaluronate  hemostatic
dressing based on silver nanoparticles was success-
fully prepared and characterized. The composite
CGSH/Ag50 showed high porosity and absorbed large
amounts of blood. Owing to its ability of stimulating
from positively charged surface and Ag NPs, the
platelets were activated and aggregated on the surface
of CGSH/Ag50 to block wound bleeding for hemosta-
sis. In the hemolysis and 1.929 cell cytotoxicity assays,
CGSH/Ag50 exhibited good hemocompatibility and
cytocompatibility. In rabbit bleeding models, CGSH/
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Ag50 showed excellent hemostatic activity that could
control hemorrhage in a short time. Additionally,
CGSH/Ag exhibited good antibacterial activity
against E. coli and S. aureus, and prominent capacity
to promote wound healing. Thus, the efficient hemo-
static activity of CGSH/Ag, together with its anti-
infection and wound healing activities, highlights the
potential of CGSH/Ag50 as a novel hemostatic
material. However, more intricate and larger bleeding
models need to be studied in the future to develop
clinical applications of CGSH/Ag50 for hemorrhage
control.
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