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ABSTRACT

Uncontrollable bleeding and bacterial infections are the major reasons for the high mortality of post-traumatic. In this study, a
composite hemostatic chitosan sponge CaO,@SiO,/CS was prepared by combining a novel core—shell inorganic nano
hemostatic CaO,@SiO, nanoparticles with carboxylated chitosan, which presents a multi-layered structure with a rough and
hydrophilic surface for rapid absorption of blood. When the CaO,@SiO, nanoparticles in the CaO,@SiO,/CS come into contact
with blood, the silanol group on its surface and the released H,O, and Ca* can recruit and activate platelets, while generating
fibrin clots and activating the endo-exogenous coagulation cascade reaction to achieve rapid clotting. The H,O, released from
Ca0,@SiO, shows the antimicrobial capacity and stimulates the production of tissue factors by endothelial cells. Meanwhile, the
silica coating reduces the cytotoxicity of bare CaO,, thus reducing the risk of secondary bleeding at the site of vascular injury.
Ca0,@SiO,/CS (48 s) showed a 1.83- and 2.52-fold reduction in hemostasis time compared to commercial gelfoam and CS in a
femoral artery hemorrhage model. This study illustrates the hemostatic mechanism of CaO,@SiO, and provides a reference for
the development of clinical biomedical inorganic hemostatic materials.
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1 Introduction

Uncontrolled hemorrhage after a traumatic accident causes
approximately more than 33% of pre-hospital deaths [1].
Significant blood loss can lead to serious complications such as
hypothermia, acidosis, multiple organ failure, shock, and an
increased risk of fatal infections [2,3]. Traditionally, gauze and
mechanical hemostatic agents have been used to plug the wound
with pressure to stop bleeding but may associate with ischemic
complications [4]. Drugs with active coagulation properties such
as collagen and thrombin are often used in combination with
kaolin, zeolite, chitosan, and other materials as hemostatic agents
[3,5-7]. It has been reported that the introduction of inorganic
materials into hemostatic materials can substantially improve
hemostasis efficiency [8,9]. However, the severe foreign body
reaction induced by inorganic materials is still a serious problem.
For example, the first generation of zeolite-based QuikClot used
by the USA military in 2002 caused severe thermal tissue damage
at the wound sites [10]. The physicochemical properties of
inorganic materials are crucial for hemostasis and post-healing.
Combat gauze, a typical inorganic gauze based on inorganic

zeolite and kaolin shows an excellent hemostatic effect, which is
mainly attributed to the high specific surface area and porosity of
the silica [11,12]. Although the use of silica has reduced the
biological toxicity of inorganic materials, the secondary bleeding
and bacterial infections accompanying the hemostasis process
remain a challenge in the clinic. It is significant to develop new
multifunctional inorganic materials-based hemostatic agents with
high biosafety, long-lasting effects, and antibacterial properties for
emergency trauma and subsequent treatment.

Nanometer metal oxides, such as Fe,O; [13, 14], ZnO [15, 16],
CuO [17], and TiO, [18], not only exhibit good hemostatic effects
but also show antibacterial and tissue repair activities, due to their
unique physicochemical properties and biological effects [19].
However, the potential toxicity of metal ions such as Cu** and Zn*
cannot be ignored. Ca* is one of the essential components of the
human body, which can act as a second messenger participating in
most of the life activities of the body, showing higher biosafety and
lower systemic toxicity than other nano-hemostatic agents. More
importantly, Ca** can act as the coagulation factor IV to drive the
initiation and development of the coagulation process [20,21].
Thus, the efficiency of Ca*-enhanced hemostasis is an important
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reason why researchers continue to develop calcium-based
hemostatic agents. However, current Ca*-based hemostatic agents
have limited hemostatic properties and have not demonstrated
antimicrobial effects. Therefore, it is important to develop
multifunctional and safe calcium-based compound hemostatic
agents. Ca** can be produced by the reaction of CaO, with H,O,
which is accompanied by the production of hydrogen peroxide
(H,O,). H,0, as a small molecule plays a vital role in activating
platelet and promoting the production of tissue factor (TF) by
endothelial cells in the hemostatic process [22,23]. Therefore,
CaO, has great potential in hemostatic and antibacterial
applications. But the reaction is rapid and violent, and the
instantaneous production of large amounts of H,O, will inevitably
cause secondary damage to the wound. The surface coating of the
porous structure can slow down the diffusion rate of H,O thus
controlling the chemical reaction rate [24]. This strategy is
expected to solve the disadvantages of CaO,, bringing a new
choice for developing next-generation multifunctional hemostatic
agents.

Here, a composite hemostatic chitosan (CS) sponge named
Ca0,@Si0,/CS with excellent coagulation property and a long-
lasting antibacterial effect was synthesized (Scheme 1). Surface
silanol groups together with Ca* and H,O, released by
Ca0,@Si0, nanoparticles (NPs) can rapidly aggregate and activate
platelets, promote fibrinogen production, and accelerate the
activation of extrinsic and intrinsic pathways achieving rapid
clotting. In addition, the long-lasting release of H,O, can cause the
expression of TF by endothelial cells, which could reduce the risk
of secondary bleeding. The combination of carboxylated chitosan
and CaO,@SiO, NPs reduced the risk of thrombosis caused by the
massive exposure of nanoparticles to blood vessels. Compared to
commercial gelfoam sponge or CS, the CaO,@SiO,/CS provides
faster and more effective hemostasis and antibacterial capabilities.
Therefore, we believe the CaO,@SiO,/CS sponge can provide a
new idea for the development of novel multifunctional
antibacterial hemostatic agents.

2 Experimental

2.1 Preparation of CaO, NPs

The synthesis of CaO, was performed according to a reported
method [25]. Typically, CaCl, (1 g) and polyvinyl pyrrolidone
(PVP, 3 g) were dissolved in 150 mL ethanol under ultrasound.

Intrinsic.

Extrinsic
TF

© Ca0:@Si0: H:0. +«Ca* ©0: = Endothelialcell @ RBC
& Platelet & Activated platelet .~ Fibrin .~ Fibrinogen

Scheme 1 Schematic illustration of hemostatic and antibacterial actions of
Ca0,@Si0,/CS. Extrinsic pathway and intrinsic pathway are the two classic
pathways of secondary hemostasis.
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Then 10 mL of NH,OH (1 M) was added under stirring at
300 rpm. 6 mL H,0, (1 M) was added at a rate of 0.04 mL-min™
and stirred for 2 h. The CaO, NPs were then formed and washed
three times with ethanol. The CaO, NPs were collected in 2 mL of
ethanol for further use.

2.2 Preparation of Ca0,@Si0O, and CaO@SiO, NPs

1 mL of the obtained CaO, NPs solution was diluted with 15 mL
ethanol in a round bottom flask under ultrasound. 1 mL of
25%-28% (w/w) NH,OH was added. Different volumes of
tetraethylorthosilicate (TEOS) (0.1, 0.2, 0.4, and 0.8 mL) dissolved
in 72 mL ethanol were then added dropwise to the flasks,
respectively. After being reacted for 12 h at 30 °C, the products
were collected by centrifugation at 9,000 rpm, and washed thrice
with ethanol, dried at 60 °C. The calcium contents of CaO,,
Ca0,@Si0,-1, Ca0,@Si0,-2, Ca0,@Si0,-3, and Ca0,@SiO, with
different thicknesses of SiO, were determined by inductively
coupled plasma-mass spectrometry (ICP-MS), where 1, 2, and 3,
represent the volumes of TEOS 0.1, 0.2, and 0.4 mL, respectively
added in the above reaction systems. CaO,@SiO, is the
abbreviation of Ca0,@SiO, with the added volume of TEOS
0.8 mL for the main text.

CaO@SiO, was obtained by calcining CaO,@SiO, at 540 °C for
2 h under an oxygen atmosphere. The transmission electron
microscope (TEM) image of CaO@SiO, is shown in Fig. S8(a) in
the Electronic Supplementary Material (ESM), the surface
potential of CaO@SiO, was —15.8 mV (Fig. S8(b) in the ESM).
The X-ray diffraction (XRD) pattern was consistent with
amorphous silicon (Fig. S8(c) in the ESM). Further experiments
showed that no H,O, or O, was released from CaO@SiO, (Figs.
S8(d) and S8(e) in the ESM), but there had no significant
difference in Ca* release between CaO@SiO, (19.87 ugrmL™) and
Ca0,@Si0, (21.44 pg-mL™") within 30 min reaction (Fig. S8(f) in
the ESM).

2.3 Synthesis of CaO,@SiO,/CS

5 mL of carboxylated chitosan solution with 2% (w/w) mass
fraction (sodium hydroxide solution in the solvent of pH 8.5) was
added to a beaker. 0.1 mL 1% (w/w) of glutaraldehyde and 1 mL
5% (w/w) of D-mannitol were added and stirred at 800 rpm for
10 min, and then rested for 2 h. After the liquid solution changed
to a gel state, CaO,@SiO, NPs (mass ratios of 0.2, 0.4, 0.6, and 0.8
to carboxylated chitosan) were quickly and uniformly added to the
gel, respectively, followed by freeze-drying for 24 h to obtain the
Ca0,@Si0,/CS sponges with different mass ratios of CaO,@SiO,
to carboxylated chitosan: 0.2:1, 04:1, 0.6:1, and 0.8:1.
Ca0,@Si0,/CS is the abbreviation of CaO,@SiO,/CS with the
ratio of 0.6:1 for the main text.

24 Evaluation of H,0, production

The H,0, release curve was tested with the neocuproine reagents.
The concentration of neocuproine and copper sulfate was 10 mM.
The standard curve of H,0, was first measured in a 96-well plate.
50 pL neocuproine and 50 pL copper sulfate solutions were mixed,
and 90 pL ultrapure water was added. After mixing, H,O, with
different concentrations (6.25, 5, 3.75, 1.875, and 0 mM) were
added. The absorbance at 450 nm was tested to obtain the
standard curve of H,O, (Fig.$4 in the ESM). The calcium
contents of Ca0,, Ca0,@Si0,-1, Ca0,@Si0,-2, CaO,@Si0,-3,
and CaO,@SiO, were 0.3552, 0.3172, 0.2145, 0.1206, and
0.1023 mgmg™ respectively measured by ICP-MS. To ensure
consistent calcium ion concentrations, the CaO,@SiO, at a
concentration of 10 mg-mL™ was used as a standard to configure
the rest of the material. The absorbance was then measured at
450 nm during 0-6 h. The concentration of the released H,0O, was
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calculated through the standard curve measured before.

2.5 Measurement of O, generation

Materials were mixed with 5 mL of deoxy ultrapure water,
respectively, and the O, generation was detected by multi-
parameter analyzer (JPSJ-606L, Leici China). To ensure the
consistency of calcium ion concentrations, the mass of materials
was settled as follows: 10 mg of CaO,@SiO,, 2.88 mg of CaO,,
3.23 mg of Ca0,@Si0,-1, 4.75 mg of Ca0,@Si0,-2, and 848 mg
of Ca0,@Si0,-3.

2.6 In vitro cell cytotoxicity test

Murine fibroblast (NIH-3T3) cell line was purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. For in vitro
cytotoxicity test, NIH-3T3 cells were seeded into 96 well plates
with a density of 1 x 10* cells per well. After 24 h of incubation,
cells were incubated with CaO,, CaO,@SiO,-1, CaO,@SiO,-2,
Ca0,@Si0,-3, and CaO,@SiO,, respectively. To ensure consistent
calcium ion concentrations, the CaO,@SiO, at different
concentrations of (0, 0.0625, 0.125, 0.25, 0.50, and 1.00 mg-mL™)
were used as a standard to configure the other materials at the
same calcium jon concentrations. After incubation for another 24
h, the  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was used to determine the cytotoxicity
according to a standard protocol.

2.7 Live/dead assay

NIH-3T3 cells (5 x 10* per well) were seeded in confocal dishes for
12 h, 0.5 mgmL" of Ca0,@SiO, and 0.14 mgmL" of CaO,
dissolved in Dulbecco’s modified Eagle medium (DMEM) culture
medium were added, respectively. After 12 h of incubation, the
cells were stained with calcine acetoxymethylester (AM) and
propidium iodide (PI) (KeyGEN Biotech, Nanjing, China)
following the protocol and observed by a Leica SP5 confocal laser
scanning microscope (CLSM).

2.8 Hemolysis assay in vitro

50 uL red blood cells were mixed with different concentrations of
materials (CaO,@SiO, or Ca0,). After incubation for 1 h at 37 °C,
the mixtures were centrifugated at 3,000 rpm for 5 min. The
absorption of the supernatants at 540 nm was tested on a BioTek
Powerwave XS fluorescence microplate reader. Ultrapure water
and phosphate buffered solution (PBS) were settled as positive and
negative controls, respectively. The hemolysis ratio was calculated

by Eq. (1)
Hemolysis (%) = (A, —A4,)/(A, —A4,) x100% (1)

where A, A, and A, are the absorptions of the sample
suspension, PBS, and ultrapure water at 540 nm, respectively.

2.9 Blood clotting time (BCT) assay

Fresh anticoagulated blood was obtained by mixing male
Sprague-Dawley (SD) rat blood with 3.8% sodium citrate. 2 mg of
samples (CaO,, CaO,@SiO,, CaO@SiO,, and kaolin) and fresh
anticoagulated blood were preheated at 37 °C for 5 min before the
experiment. The preheated samples were added into a 5 mL glass
tube, respectively. Nothing was added for the control group. Then,
500 pL of fresh anticoagulant blood, mixed with 100 pL of CaCl,
(25 mM) solutions were added to the samples. The glass tubes
were tilted every 15 s to observe the status of blood and recorded
the BCTs of different groups.

210 The interaction between blood and material

1 uL of H,0, (25 mM), 1 mg of Ca0,@Si0,, and CaO@SiO, were
placed on the slides respectively. Subsequently, 20 pL of fresh

Nano Res. 2023, 16(3): 4004-4012

anticoagulated blood and 4 pL of calcium chloride solution
(25 mM) were added dropwise to coverslips and adhered to the
slides. After incubation for 15 min at 37 °C, the sealed slides were
observed and captured with a microscope.

211 Prothrombin time (PT) and activated partial
thromboplastin time (APTT) measurements

The clinical standard coagulation tests, PT and APTT, were
performed by using a semiautomatic coagulation analyzer (XL
1000e, Zhongchi). Platelet-poor plasma (PPP) was obtained by
centrifugation of anticoagulated blood at 2,500¢ for 15 min.
400 pL of PPP was incubated with 2 mg of CaO,, Ca0,@SiO,,
CaO@SiO,, and kaolin respectively at 37 °C for 10 min. PT and
APTT were then measured. The negative control was PPP without
other substances.

212 Enzyme linked immunosorbent assay (ELISA) for
TF assay

The human umbilical vein endothelial cells (HUVECs, 2 x 107 per
well) were seeded in plates for 24 h, then 0.50 mgmL™ of
Ca0,@Si0,, 0.50 mgmL" of CaO@SiO,, and 0.14 mgmL™" of
Ca0, dissolved in DMEM culture medium were added
respectively. After 8 h, different groups of supernatants were
collected and the amount of TF was measured by ELISA (Cloud-
Clone Corp., item No. SEA524Hu). The standard curve was tested
and calculated in Fig. S10 in the ESM.

2.13 The interaction of platelet with materials

Platelet-rich plasma (PRP) was obtained by centrifugation of
anticoagulated blood at 150 g for 5 min and diluted with PPP to a
concentration of 2 x 107 cellsmL™. 10 pL of different materials
(HO, (25 mM), CaCl, (25 mM), CaO, (2.88 mgmL"),
Ca0,@Si0,, CaO@Si0,, and kaolin (10 mg-mL™)) were incubated
with 190 pL of PRP respectively at 37 °C for 20 min. Then, the
samples were fixed with 2.5% glutaraldehyde for 2 h. The samples
were dehydrated in a series of ethanol solutions (30%, 50%, 70%,
90%, and 100% v/v) and observed by scanning electron
microscope (SEM).

214 Alexa Fluor™ 488-labeled fibrin clots assay

Alexa Fluor™ 488-labeled fibrin clots measurement was conducted
by the addition of bovine fibrinogen and Alexa Fluor™ 488-labeled
fibrinogen into different groups: (I) CaCl, + thrombin; (II)
thrombin; (III) CaO,@SiOy and (IV) CaO,@SiO, + thrombin.
After being incubated at 37 °C for 20 min, the production of fibrin
was observed by CLSM. The final concentrations of materials in
this part were: 2.5 mg-mL" of bovine fibrinogen, 1 U-mL" of
thrombin, 0.125 mgmL™" of Alexa Fluor™ 488-fibrinogen,
1.25 mM of CaCl,, and 0.5 mg-mL™" of CaO,@SiO,.

2.15 Whole blood clotting assay

Preparation materials: commercial gelfoam sponge, CS sponge,
and CaO,@Si0O,/CS sponges with different mass ratios of
Ca0,@Si0, to carboxylated chitosan: 0.2:1, 0.4:1, 0.6:1, and 0.8:1
were cut into blocks of 8 mm x 8 mm X 2.5 mm in 6-well plate
respectively and preheated at 37 °C for 30 min. 50 pL of the
citrated whole blood was slowly dispensed and dripped onto the
surface of sponges and the samples were followed by the addition
of CaCl, (10 pL, 25 mM) at 37 °C with 80 rpm on the shaker.
Next, at 0, 30, 60, 120, 180, and 240 s time points, 5 mL of distilled
water was carefully added to the 6-well plate of each sponge at
37 °C and shook at 80 rpm for 1 min. Then, the absorption of
supernatants for each group was measured at 540 nm. Finally, the
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blood clotting index (BCI) of the samples in each group was
calculated from Eq. (2)

BCI = A/A, x 100% (2)

The absorbance of citrated whole blood (50 pL) with CaCl, (10 L,
25 mM) was used as the control group. A, is the absorbance of the
control group at 0 s and A is the absorbance of the samples.

The interaction of the whole blood with each material was
observed by SEM. The sponges (gelfoam, CS, and CaO,@SiO,/CS
sponges) were immersed in citrated blood for 15 min. Then, the
sponges of the samples were washed with PBS (pH 7.4) to remove
the non-adherent blood cells. After being fixed with 2.5%
glutaraldehyde tissue fixator for 2 h, the sponge samples were
dehydrated in a series of ethanol solutions (30%, 50%, 70%, 90%,
and 100% v/v) and observed by SEM.

2.16 In vitro antibacterial assay

Bacteria culture: two bacterial strains, namely Escherichia coil
ATCC 29522 and Staphylococcus aureus ATCC 29213, were used
to evaluate the antibacterial effect. CaO, (0.14 mgmL™"),
Ca0,@Si0, (0.50 mg-mL™), and CaO@SiO, (0.50 mg-mL™) were
incubated with Luria-Bertani (LB) medium for 1, 4, and 7 days.
At each incubation time point, E. coli or S. aureus was added and
incubated at 37 °C for 12 h. The mixed solutions were then coated
on plates and incubated at 37 °C for 12 h. The numbers of
colonies were counted. Gelfoam, CS, and CaO,@SiO,/CS sponges
with different mass ratios of CaO,@SiO, to carboxylated chitosan:
0.2:1, 0.4:1, 0.6:1, and 0.8:1 were cut into @8 mm x 2.5 mm circles
and placed in solid media coated with E. coli or S. aureus
respectively and incubated at 37 °C for 12 h. The sizes of the
inhibition circle were measured. In the above experiments, the
concentration of E. coli or S. aureus was 10° CFU-mL™.

217 In vivo antibacterial and wound-healing evaluation

BALB/c male mice (6 weeks, 15-18 g) were purchased from Vital
River Laboratories (Beijing, China). All animal experiments were
approved (IACUC-DWZX-2022-032) and followed the
guidance of the care and use of laboratory animals. A wound
approximately 6 mm in diameter was established on the dorsum
of each mouse. Then, the infected wound model was constructed
after injecting 10 pL suspension of S. aureus with 1 x 10° CFU-mL"
into the wound areas. After 24 h, the mice were randomly divided
into four groups: PBS, gelfoam, CS, and Ca0,@SiO,/CS (06 mm
x 2.5 mm). Photographs and wound areas of the wound in each
group were taken on days 0, 1, 3, 5, and 7. The body weight of
mice was also measured. The mice were sacrificed after 7 days and
the granulation tissues over the wound bed were harvested and
fixed in 4% paraformaldehyde overnight, followed by dehydration
and embedded in paraffin for pathological histology analysis.

2.18 In vivo femoral artery cut experiment

Sprague-Dawley (SD) rats (male, weight 250-300 g) were
anesthetized with chloral hydrate. Then, 2 cm of the femoral
artery and vein were exposed after the soft thigh tissues were
transected with a scalpel. Uncontrolled hemorrhage was created
by completely severing the femoral artery and vein. To quantify
the hemorrhage volume, the blood was absorbed using weighed
gauze pieces. After free bleeding for 10 s, gelfoam, CS, and
Ca0,@Si0,/CS (each sponge weighing about 1,200 mg) were
applied over the location of the injury. Manual compression was
required to stop the bleeding. The control group was treated with
standard gauze. The material was gently removed every 10 s to
observe hemostasis, the time of hemostasis was recorded, and the
liquid and clotted inguinal blood and hemostatic agents were
removed and weighed.
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3 Results and discussion

3.1 Preparation and characterization of CaO,@SiO, NPs

Ca0,@SiO, NPs were fabricated following the process in Fig. 1(a).
Briefly, CaO, NPs with an average particle size of about 75 nm
were first prepared by chemical reduction of Ca* in the presence
of H,0, and PVP in an alkaline aqueous solution (Fig. 1(b)) [25].
The amorphous silica layer was then coated onto CaO, NPs
through the hydrolysis of tetraethyl orthosilicate with the addition
of ammonia. The thin Ca(OH), layer on CaO, NPs provided the
reactive sites for the generation of the SiO,. The TEM image of the
prepared CaO,@SiO, NPs showed a uniform spherical shape with
a size of about 157 nm (Fig. 1(c)). The high-resolution TEM (HR-
TEM) image demonstrated the ordered lattice fringes of
Ca0,@Si0, with the interplanar spacing of 0.293 and 0.242 nm
(Fig. 1(d)), which corresponded to the (002) and (110) facets of
Ca0,, respectively [25]. The powder XRD (PXRD) pattern (Fig.
1(e)) of the crystallinity of CaO,@SiO, was consistent with that of
standard powder CaO, (standards card number 03-0865) and
SiO, (standards card number 13-0026). The Fourier transform
infrared spectroscopy (FTIR) spectra were further used to detect
the successful coating of the silica shell. As shown in Fig. S1 in the
ESM, the peaks at 1,490, 1,087, and 453 cm™ were assigned to
0-Ca-O, Si-O-Si, and Si—~OH respectively, suggesting the
existence of SiO, [26,27]. After coating of SiO,, the surface
potentials changed from +4.15 to —-14.27 mV, which could
attribute to the presence of Si—-OH on the surface of CaO,@SiO,
NPs (Fig. 1(f)). Element mapping (Fig. 1(h)) and energy-dispersive
spectrometry (EDS) analysis of CaO,@SiO, NPs proved the
presence of Ca, Si, O, and N elements (Fig. S2 in the ESM). The
porosity of CaO,@SiO, was also reflected by the nitrogen
adsorption profiles (Fig. 1(g)), and the pore size of CaO,@SiO,
was about 1.6 nm, which was beneficial to the postponed release
of H,0,.

The thickness of the SiO, shell in CaO,@SiO, NPs had a direct
effect on the release rate of H,O, and Ca™ and the biosafety of
Ca0,@SiO, NPs. Samples with various thicknesses of SiO, shell
were prepared by changing the amount of TEOS. The SiO, shell
thickness of the CaO,@SiO, samples increased with the increase of
TEOS volume (Fig.S3 in the ESM). The average sizes of
Ca0,@Si0,-1, Ca0,@Si0,-2, and Ca0,@Si0,-3 were 103, 121,
and 133 nm respectively.

3.2 Sustained release and biosafety of CaO,@SiO, NPs

Schematic of H,0,, O,, and Ca* release from CaO,@SiO,-x NPs is
illustrated in Fig. 2(a). The release curves of H,O, and O, from
Ca0,@Si0,-1, Ca0,@Si0,-2, Ca0,@Si0,-3, and Ca0,@SiO,
were determined. As shown in Figs. 2(b) and 2(c), the release rates
of H,O, and O, decreased as the SiO, shell thickness increased
during 6 h of incubation. Naked CaO,, CaO,@SiO,-1, and
Ca0,@Si0,-2 released H,O, and O, rapidly and reached the
maximum within 1 h (Figs. S5(a) and S5(b) in the ESM),
indicating their uncontrollable release property. By contrast,
Ca0,@Si0, became slow, but the release curve still showed an
upward trend at the 6-h time point. The release rates of Ca* from
Ca0,@Si0, and naked CaO, were 0.257 and 0.686 pg-mL™"min™
respectively during the first 1 h (Figs. S6(a) and S6(b) in the ESM).
The morphology changes of particles were further observed by
TEM. As shown in Fig.2(d), the structure collapses and
disintegrates within 1 h for naked CaO,. For CaO,@SiO,, some
CaO, still existed in the shell after 12 h reaction. After 120 h
reaction, only the SiO, shell existed. These results proved that the
coating of SiO, slows the reaction rate of CaO, and on the other
hand avoided the cytotoxicity of burst H,O, for normal cells.
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Figure1 Synthesis and characterization of CaO,@SiO,. (a) Schematic illustration of the synthesis of CaO,@SiO,. TEM images of (b) CaO, and (c) CaO,@SiO,. (d)
HR-TEM image of CaO,@SiO,. (e) XRD patterns of CaO, and CaO,@SiO,. (f) Zeta potential of CaO, and CaO,@SiO,. (g) Nitrogen adsorption and desorption
isotherms of CaO,@SiO,, inset is the pore size distribution plot. (h) Scanning TEM (STEM) image of CaO,@SiO, and the corresponding element mapping.

Mouse embryo-derived fibroblast NIH-3T3 was used to verify the
biocompatibility of CaO,, CaO,@Si0,-1,2,3, and CaO,@SiO,. As
shown in Fig. 2(e), more than 90% of NIH-3T3 cells survived for
Ca0,@SiO, at the concentration of 0.50 mg-mL™. The cytotoxicity
for other groups gradually increased as the SiO, shell thickness
decreased. The results from CLSM images (Fig. S7 in the ESM)
also suggested the relatively good biosafety of CaO,@SiO, NPs
after co-culturing with NIH-3T3 cells for 12 h. The hemolysis
rates of Ca0,@SiO, NPs and CaO, NPs were further evaluated
which were less than 3% and 5% (Figs. 2(f) and 2(g)). Considering
the biosafety, CaO,@SiO, NPs were chosen as the hemostatic
material for subsequent experiments.

3.3 In vitro hemostatic efficiency of CaO,@SiO, NPs and
mechanism

The clotting performances of CaO, NPs and CaO,@SiO, NPs
were evaluated by determining BCT, which was a basic method
for characterizing a hemostatic agent. Blood alone was set as a
negative control (control) and blood containing kaolin was set as a
positive control (kaolin). As shown in Fig. 3(a), the BCTs of CaO,
and Ca0,@SiO, groups were significantly lower than those of
control and kaolin groups, suggesting the better clotting
performance of CaO, NPs and CaO,@SiO, NPs. The H,O, and
Ca* released from CaO, NPs and CaO,@SiO, NPs would play
critical roles in coagulation. It has been reported that Ca* can
activate thrombin, which initiates the coagulation process and
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promotes hemostasis [20,21]. To further investigate the effect of
H,O, on the coagulation process, another control material
CaO@SiO, NP was prepared, which could not produce H,O,. The
basic characterizations of CaO@SiO, NPs were presented in Fig.
S8 in the ESM. The BCT (90 s) of CaO@SiO, was significantly
higher than that (35 s) of CaO,@SiO,, suggesting that H,O,
produced by CaO,@SiO, promoted hemostasis. When H,0, was
exposed to blood, the catalase enzyme in the blood rapidly
catalyzed the production of O,, and the produced O, created a
gas-liquid barrier that assisted in facilitating the hemostatic
process. As shown in Fig. S9 in the ESM, gas-liquid barriers were
clearly seen in both H,0, and CaO,@SiO, groups.

To gain insight into the mechanism of hemostasis, the clinical
standard coagulation tests were performed to determine APTT
and PT, which are usually used to assess intrinsic and extrinsic
pathways, respectively. As shown in Figs. 3(b) and 3(c), the APTTs
and PTs of CaO,, Ca0,@SiO, and CaO@SiO, groups were
shorter than that of the control group, suggesting the positive
effect of these nanoparticles on both intrinsic and extrinsic
pathways for hemostasis. The APTTs (Fig. 3(b)) of the CaO, and
Ca0,@SiO, groups were even lower than that of the kaolin group.
It should be noted that the APTT of the CaO,@SiO, group was
higher than that of the CaO, group, suggesting that CaO, activated
the intrinsic pathway. By contrast, the PT of the CaO,@SiO,
group was significantly lower than that of the CaO, group,
suggesting that the silica shell activated the extrinsic pathway. The
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Figure2 Sustained-release characterization and cytotoxicity assay of CaO,@SiO, and CaO, NPs. (a) Schematic demonstration of H,0, and O, release by CaO,@SiO,.
(b) Determination of H,O, contents released by CaO,, CaO,@SiO,-x (x = 1, 2, and 3, representing different amounts of TEOS: 0.1, 0.2, and 0.4 mL), and CaO,@SiO,
(prepared with the amount of TEOS: 0.8 mL) in H,O. (c) Determination of O, contents released by Ca0,, CaO,@SiO,-x, and CaO,@SiO, in H,O. (d) TEM images of
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concentrations (0.00, 6.39, 12.79, 27.58, 51.15, and 102.30 pg:mL"). Hemolysis rates of (f) CaO,@SiO, and (g) CaO, at different concentrations. The calcium
concentrations in all the particles are consistent with that of CaO,@SiO,. Not significant (ns): p > 0.05, *p < 0.05, **p < 0.01, and **p < 0.001.

silanol groups on the surface of the silica shell could catch the
positively charged amino acids in blood coagulation factor XII,
thus activating the extrinsic pathway [28]. In addition, the PT (Fig.
3(c)) of the CaO,@SiO, group was lower than that of the
CaO@SiO, group, suggesting that the release of H,0, could also
accelerate the extrinsic coagulation process. It has been reported
that H,O, can stimulate the production of TF, which activates
platelets and triggers the extrinsic pathway to promote coagulation
[23,29]. To further verify the effect of H,0, on the extrinsic
pathway, ELISA was used to detect the amount of TF produced by
HUVEC cells induced by different materials. As shown in Fig.
S10(b) in the ESM, the TF amount in the CaO,@SiO, group was
2.53-fold higher than that in the control group, and 2.86-fold
higher than that in the CaO@SiO, group, indicating that H,0,
could induce TF overexpression in HUVEC cells. In addition, the
much lower TF expression in the CaO, group might be caused by
the severe toxicity of naked CaO, to HUVEC cells (Fig. S7 in the
ESM).

When a blood vessel is damaged, platelets are rapidly activated,
aggregated, and adhered to the damaged area, which then triggers
a coagulation cascade for rapid hemostasis [30]. SEM was used to
virtually observe the morphological changes of platelets after

different treatments (Fig. 3(d)). The fresh platelets group (control)
and PBS-treated group showed a smooth, spherical, and ellipsoidal
surface and were evenly dispersed. Platelets treated with CaO, NPs
or Ca0,@Si0, NPs piled up into clusters with irregular
morphology and pseudopods protruding from the surface,
suggesting the activated state of platelets. Platelets treated with
CaO@SiO, NPs or kaolin exhibited only accumulated aggregation,
and only a small number of platelets were activated. To further
investigate the mechanism of activation of platelets by CaO, NPs
and CaO,@SiO, NPs, the platelets were treated with H,O, or
CaCl, and the results showed that H,0, induced the activation of
platelets, while CaCl, mainly promoted the aggregation of
platelets.

During blood coagulation, thrombin converts soluble
fibrinogen into an insoluble fibrin network structure, which is
essential for blood clot stability [31]. As a promoter of coagulation,
Ca* is involved in promoting the binding of thrombin and
fibrinogen. To observe the action of CaO,@SiO, on the
transformation of fibrinogen, Alexa Fluor™ 488 was used to label
the formed fibrin network structure. As shown in Fig. 3(e), group
I (CaCl, + thrombin) exhibited a distinct interwoven fibrin
network structure, whereas group IV (CaO,@SiO, + thrombin)
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Ca0,@Si0, (0.50 mg-mL™). (e) CLSM images of fibrin network in different groups. (Fibrinogen incubated with: (I) CaCl, + thrombin; (II) thrombin; (II) CaO,@SiO;

and (IV) CaO,@SiO, + thrombin). ns: p > 0.05, *p < 0.05, ¥p < 0.01, and **p < 0.001.

showed a larger and denser network structure, suggesting
Ca0,@Si0, has a better promotion effect than Ca** alone on the
connection of fibrin and thrombin. In addition, the formation rate
of the fibrin network in the CaO,@SiO, group was much faster
than that in the CaCl, group (Fig.S11 in the ESM). These
phenomena might correlate to the adsorption of fibrin and
fibrinogen on the silica layer [32, 33].

34 Antibacterial property of CaO,@SiO, NPs

Bacterial infection of wounds after traumatic hemorrhage has
emerged as a non-negligible problem in the process of hemostasis
and seriously affects the rate of wound healing. The antibacterial
capability of CaO,@SiO, was investigated in vitro. Firstly, CaO,
NPs or CaO,@SiO, NPs at 1, 4, and 7 days were co-incubated
with E. coli or S. aureus. Both CaO, NPs and CaO,@SiO, NPs
showed excellent and long-term antibacterial effects, suggesting
the coating of the SiO, shell did not influence the antimicrobial
effect of CaO, NPs (Fig. S12 in the ESM).

35 In vitro hemostatic and antibacterial properties of
Ca0,@Si0,/CS sponges

Encouraged by the outstanding hemostatic and excellent
antibacterial effects of CaO,@SiO,, we combined carboxylated
chitosan and CaO,@SiO, NPs to develop a composite chitosan
sponge—Ca0,@Si0,/CS, which was prepared by regulation the
mass ratios of CaO,@SiO, to carboxylated chitosan (0.2:1, 0.4:1,
0.6:1, and 0.8:1). CaO,@SiO,/CS and CS were characterized by

@

EZE A
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SEM. As shown in Fig.4(a) and Fig S13(a) in the ESM,
Ca0,@Si0, NPs were uniformly distributed on the spongy
surface, and the sponge surface became progressively rough as the
ratios of CaO,@Si0, to carboxylated chitosan increased.

The coagulation properties of CaO,@SiO,/CS were assessed by
visually observing the adhesion of blood cells onto the surface of
Ca0,@Si0,/CS and measuring the BCI. As shown in Fig. 4(a) and
Fig.S13(a) in the ESM, CaO,@SiO,/CS showed a progressive
increase in the number of adherent blood cells compared to
gelfoam and CS. The smaller the BCI value, the better the
coagulation ability of the sponge. The BCI values of
Ca0,@SiO,/CS varied along with the increase of the ratio of
Ca0,@Si0, to carboxylated chitosan (Fig.S13(b) in the ESM).
Over the initial 30 s, the BCI values at the mass ratios of 0.6:1 and
0.8:1 were far lower than those at other ratios. Moreover, the BCI
value of CaO,@SiO,/CS (0.6:1) was more consistently maintained
over time compared to CaO,@SiO,/CS (0.8:1), suggesting that the
whole blood was almost completely clotted in CaO,@SiO,/CS
(0.6:1) within 30 s. In particular, CaO,@SiO,/CS has a better
clotting efficiency than commercial gauze and gelfoam (Fig. 4(b)).
It might be attributed to the excellent hydrophilicity of
Ca0,@Si0,/CS, in which the water droplet was completely
absorbed within 40 ms (Fig. 4(c) and Fig. S13(c) in the ESM). The
antibacterial effects were further tested by measuring the
inhibition zones of different groups. As shown in Fig. 4(d) and
Figs. S13(d) and S13(e) in the ESM, CS and gelfoam showed no
antibacterial activity, and CaO,@SiO,/CS exhibited a significant
inhibition effect on both E. coli and S. aureus, and the inhibition
zones gradually increased with the increase of CaO,@SiO, ratio.
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3.6 In vivo hemostatic and biosafety of CaO,@SiO,/CS
sponge
Given the excellent hemostatic and antibacterial properties of
Ca0,@Si0,/CS described above, the in vivo hemostatic efficiency
was further assessed by adopting the rat femoral artery injury
model (Fig. 5(a)). CaO,@SiO,/CS had a hemostatic time of 48 +
5 s and a blood loss of 106 + 40 mg showing a much better
hemostatic effect, compared to gelfoam (87.67 + 15 s, 126 +
12 mg) and CS (121 + 20 s, 180 + 36 mg) (Figs. 5(b) and 5(c)).

The biological toxicity of CaO,@SiO,/CS was further evaluated
in vivo. The wound infection model was established by using S.
aureus to infect cutaneous wounds in mice (Fig.S14(a) in the
ESM). The traumas on days 0, 1, 3, 5, and 7 were photographed
and the wound areas and bodyweights of mice after different
treatments were measured. Results indicated that the wound areas
of the CaO,@SiO,/CS group were 0.794 and 0.787 times lower
than those of the control and gelfoam groups, respectively (Fig.
S14(b) in the ESM). There was no obvious loss of body weight for
all groups (Fig. S14(c) in the ESM). The wound tissues of mice
were collected and subjected for hematoxylin and eosin (H&E)
staining on 7 days post-treatment (Fig. S14(d) in the ESM), and
no obvious abnormalities or lesions were observed. These results
indicated that CaO,@SiO,/CS would be a promising hemostatic
sponge.

4 Conclusions

This is the first report of utilization of CaO, NPs coated with a
silica shell for hemostatic and antibacterial therapies. The prepared
Ca0,@Si0, NPs not only show low biological toxicity, but also
have good hemostatic and antibacterial effects. CaO,@SiO, NPs
can activate intrinsic and extrinsic pathways, active platelets,
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Figure5 In vivo hemostatic efficiency analysis of gauze, gelfoam, CS, and
Ca0,@Si0,/CS. (a) The in vivo hemostatic experiment using the SD rat artery
injury model, treated by gauze, gelfoam, CS, or CaO,@SiO,/CS. (b) Hemostatic
time and (c) total blood loss for gauze, gelfoam, CS, or CaO,@SiO,/CS. ns: p >

0.05, % < 0.05, *p < 0.01, and **p < 0.001.

accelerate fibrin production, and stimulate TF expression by
releasing H,0, and Ca*. The composite sponge CaO,@SiO,/CS
prepared from CaO,@SiO, NPs shows much better in vitro and in
vivo hemostatic and antibacterial effects compared to CS and
gelfoam. The method of using CaO,@SiO, NPs as added active
materials to improve the hemostatic and antibacterial effects of CS
or other hemostatic agents is simple and universal. CaO,@SiO,/CS
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would open a new view for the development of novel inorganic
nano hemostatic agents.
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