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Abstract
Hemostatic materials with antibacterial properties become increasingly significant in military and civilian trauma care. In recent
years, some advanced inorganic hemostatic materials (e.g. QuikClot, Combat Gauze, andWoundStat) have been reported to have
their own drawbacks and side effects. In the study, the mesoporous silica nanoparticles (MSN) doped with calcium and gallium
(Ga0.5CaMSS) was explored for hemorrhage control together with good antibacterial properties. Transmission electron micros-
copy (TEM), the energy-dispersive X-ray spectrometer (EDS), Nitrogen gas adsorption-desorption measurements, X-Ray dif-
fraction measurements (XRD) and the Fourier transform infrared (FTIR) spectra were used to characterize the coagulation-
promoting surface chemistry, morphology and porous structure of the samples. The clotting blood tests (CBT), activated partial
thromboplastin time (APTT) tests, prothrombin time (PT) tests, and thromboelastograph (TEG) analysis showed the much better
hemostatic properties of the Ga0.5CaMSN compared with the control and blank MSN. Besides, Ga0.5CaMSN was found to have
obvious antibacterial effect against both S. aureus and E. coli. Furthermore, the perfect biocompatibility of all samples was
proved by hemolysis assay study and cytotoxicity test. Associated with the blood coagulation tests and antibacterial tests, it could
be inferred that the stimulation of the blood coagulation and antibacterial activity of Ga0.5CaMSN were attributed to the
incorporation of calcium ions and gallium ions. The Ga0.5CaMSN developed here can be a potent candidate for emergency
treatment to control hemorrhage and wound infection pre-hospital.
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1 Introduction

In modern war and pre-hospital period, excessive hemorrhage
is still the main cause of death [1], and excessive hemorrhage
accounts for 80% of early trauma deaths. Therefore, rapid
hemorrhage control is essential for successful treatment.
Meanwhile, the death of the wounded occurred in 5 days after
injury is mainly due to the infection. It is reported that 2/3 to
3/4 of the post-war death is related to serious infections [2].
Therefore, the hemostatic materials with antibacterial proper-
ties will play an important role on treatments for the wounded
pre-hospital.

Several clinical hemostatic agents have been applied to
control hemorrhage, which were mainly divided into two
parts: polymer materials (HemCon, Celox, Celox-D) and in-
organic materials (QuikClot, WoundStat, and Combat
Gauze). According to the data from US Army Institute of
Surgical Research (USAISR), inorganic materials had better
hemostatic performance than polymer materials [3, 4].
However, the advanced inorganic hemostatic materials used
by US Army usually had their own side effects. For example,
the residual of WoundStat resulted severe thrombus in the
vessel and lung [5, 6]. Furthermore, WoundStat might cause
severe inflammation of the blood vessels, and the damaged
blood vessels could not be repaired. So WoundStat has been
eventually banned by the U.S. military [7]. While the great
exothermic reaction of QuikClot might cause severe thermal
damage, which can lead to tissue necrosis and abnormal
foreign-body reaction. It has been documented to cause ther-
mal damage from second degree burns to the burns requiring
skin grafts [8–11]. Combat Gauze might cause the more blood
loss due to the poor adhesion and the residue preferred to
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remain in the wound [12, 13]. On the whole, the hemostatic
result is that WoundStat is the best, Combat Gauze is the
second and QuikClot is the weakest [6, 14, 15]. It is known
that the core materials of WoundStat, Combat Gauze and
QuikClot were aluminosilicate with porous structure, large
specific surface area, and good adsorption capacity, which
finally achieved rapid hemostasis. Recently, the mesoporous
silica nanoparticles (MSN), which have controllable compo-
sition and modifiable surface besides the advantages of those
aluminosilicate, were tried for hemostatic applications
[16–18].

Calcium ion (Ca2+), as one of the 13 coagulation fac-
tors involved in the coagulation reaction, has a significant
influence on coagulation process. Ca2+ (Factor IV) can
promote the blood coagulation reaction and help induce
the activation and renewal of the endogenous coagulation
cascade and other coagulation factors, accelerating the
production of sufficient amounts of thrombin to support
the early formation of fibrin, catalyzing the conversion of
fibrinogen into fibrin in the blood, which is conducive to
the chain polymerization of fibrin and the stability of
blood coagulation [19, 20].

In recent years, it was found that gallium ion (Ga3+)
can treat localized infection, inhibit biofilm formation and
impart bactericidal activity against both free living bacte-
ria and biofilm cells [21, 22]. Ga3+ have shown significant
antibacterial activity against both Gram-positive
(S. aureus) and Gram-negative (E. coli) bacteria [23,
24]. Xu et al. [25] studied the antimicrobial effect of gal-
lium nitrate on the infection in burn wound, and deter-
mined the minimum inhibitory concentration (MIC) of
gallium nitrate on common bacteria in infected burns with
Kit-WST, finding that gallium nitrate have good antibac-
terial activity against both Gram-positive and Gram-
negative bacteria. The hemostatic activity of Ga(NO3)3
on ceasing blood flow from an open wound was studied
by Goodley and Rogosnitzky [26, 27], which indicated
the potential ability of the solution to significantly reduce
clotting time [28]. Bauters et al. [29] found that gallium
nitrate solution induced fibrinogen precipitation in whole
blood samples by flocculation pathway to promote hem-
orrhage, which seemed to depend on the presence of gal-
lium ions in the solution.

We have synthesized MSN with controllable pore
sizes and studied the effect of pore size on the hemo-
static performance of MSN [30]. However, the hemo-
static mechanisms of Ca2+ and MSN are different, and
there was no antibacterial activity for the primordial
MSN. Hence here calcium and gallium ions were intro-
duced to enhance the hemostatic properties and antibac-
terial properties of MSN, and the biocompatibility, he-
mostatic and antibacterial properties of the samples were
evaluated.

2 Experimental Section

2.1 Materials

Tetraethyl orthosilicate (TEOS), Cetyltrimethyl ammonium
bromide (CTAB), octane, L-Lysine, Methyl Methacrylate
(MMA) and 2, 2 ′-Azobis (2-metrylpropionamide)
dihydrochloride (AIBA) were all purchased from J&K
Chemical. Calcium nitrate tetrahydrate [Ca(NO3)2· 4H2O]
and gallium nitrate hydrate (III) [Ga(NO3)3· xH2O]were pur-
chased from Sigma-Aldrich. All reagents were of reagent
grade used without further purification. Deionized water was
obtained by ion exchange.

2.2 Synthesis of MSNs

As reported by Chen et al. [30], Zhang Y et al. [31] and
Nandiyanto et al. [32] with some modifications, the MSN
were synthesized by the avesicle-organic template method in
the oil/water phase. Briefly, a mixed solution was prepared by
dissolving and heating 300 mg CTAB in 96 mL of deionized
water at 70 °C in three-necked flask reactor with constant
stirring. After the whole system was purged with nitrogen
for 1 h, a clear solution could be achieved and then 9 mL
octane were added to the surfactant solution. After the system
was stirred for 30 min, 3.5 mL MMA, 66 mg L-lysine,
3000 mg TEOS and 0.84 mg AIBA were added to the system
which was stirred at 800 rpm for 4 h under nitrogen at 70 °C.
The MMA monomer was pre-washed with 5% NaOH to re-
move the polymerization inhibitor and then washed with dis-
tilled water prior to use. The resulting product was milky
white with only one phase. Afterwards, the suspension was
cooled to room temperature decanted for 12 h and then puri-
fied by centrifugation at 15,000 rpm for 15 min. The centri-
fuged particle was washed by anhydrous ethanol. Finally, in
order to remove the organic template completely, the centri-
fuged particle was calcined at 600 °C for 5 h at a rate of
2 °C/min under atmospheric conditions.

The introduction of calcium or gallium ions into MSNs
using 1 mol·L−1 of calcium nitrate solution or 0.5 mol·L−1 of
gallium nitrate solution had been explored by our previous
study. The suspension was stirred at room temperature for
1 h, and then the product was collected by suction filtration
and dried at 80 °C. The product with the best hemostatic
ability was selected by hemostatic tests including TEG,
APTT, PT and CBT, so as to explore the hemostatic and
antibacterial effect of the ternary compound system that com-
posed of calcium ions, gallium ions and MSN.

2.3 Characterization

The inner microstructure of the samples prepared by
suspending MSN in ethanol with ultrasound can be
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observed by transmission electron microscopy (TEM,
JEOL JEM-2100F) working at 200 kV. And then the assess-
ment of the composition of the samples can be achieved
using the energy-dispersive X-ray spectrometer (EDS).
Specific surface area, the total volume and the pore diameter
are determined by N2 gas adsorption-desorption method
through the Micromeritics porosimeter (Auto-sorb-
iQA3200–4, Quantatech Co, USA). Small and wide angle
XRD measurements were carried out by using the X-ray
diffractometer (D8 Advance, Buker) with Cu-Kα(λ =
0.15604) radiation at 30 mA and 30 kV. The small angle
XRD patterns were collected in the 2θ range between 0.5°
and 10° with the step size of 0.02° and the counting time of
4° /min. While the wide angle XRD patterns were collected
in the 2θ range between 5° and 80° with the step size of
0.02° and the counting time of 4° /min. The FT-IR spectra
of the synthesized samples were measured on the Fourier
transform infrared spectrometer (Nicolet 380, Thermo,
USA) within the 4000-400 cm−1 wavelength range.

3 Determination of Clotting Activity
of Different MSN

3.1 Thromboelastograph Analysis (TEG)

Thromboelastograph Analyzer (TEG, CFMS LEPU-8800,
China) was used to analyze citrated rabbit whole blood
clotting kinetics. Before testing, the samples were dried
at 80 °C to remove moisture. 10 mg of sample were added
into 1 mL citrated rabbit whole blood. Using the vortex
mixer to get the homogeneous mixture and then 340 μL
of the mixture was added to the coagulation cup at 37 °C.
Then after 20 μL of 0.2 mol·L−1 CaCl2 was also added to
the coagulation cup, the coagulation cups were immedi-
ately tested to obtain the relevant parameters including
reaction time (R), angle (α) and maximum amplitude
(MA). Citrated rabbit whole blood without samples was
used as a blank control group, and each group of samples
was tested repeatedly three times.

Fig. 1 TEM photographs of
MSNswith different components:
a MSN; b Ga0.5MSN; c CaMSN;
d Ga0.5CaMSN

Table 1 The particle sizes, pore
sizes of different MSN according
to TEM images, nitrogen
adsorption tests

Sample PSD(nm) DTEM(nm) SBET(m
2/g) PBJH(mL/g) DBJH(nm)

MSN 53.3 ± 7.0 12.5 ± 2.7 214.1 1.86 34.7

Ga0.5MSN 52.9 ± 6.5 12.9 ± 2.3 149.5 1.02 27.3

CaMSN 52.2 ± 6.3 12.0 ± 2.1 73.6 0.77 41.6

Ga0.5CaMSN 53.4 ± 5.8 12.9 ± 2.1 66.2 0.70 42.3

Particle size distribution (PSD) was decided by measuring the diameters of particles under TEM (Fig. 1). DTEM

was the pore diameter calculated by measuring the pore diameters under TEM. SBET was the specific surface area
evaluated by the BETmodel. PBJH was the total internal pore volume measured fromN2 adsorption. DBJH was the
pore diameter evaluated by the BJH theoretical model
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3.2 Activated Partial Thromboplastin Time (APTT) and
Prothrombin Time (PT) Tests

APTT and PT are two basic clinical standard coagulation tests.
APTT can reflect the intrinsic coagulation pathway while PT
is associated with extrinsic pathway. Blood samples mixed a
one-tenth volume of with 3.8% sodium citrate were fromNew
Zealand rabbits. After the centrifugation of the blood samples
at 2500 g for 15 min, the platelet poor plasma (PPP) was
obtained by collecting the supernatant.

For the APTT assay, 0.1 mL of APTT reagent and 0.1 mL
of the platelet poor plasma were added to the test tubes with
2 mg selected samples. After incubation at 37 °C in a water
bath for 3 min, 0.1 mL of 0.025 mol·L−1 pre-warmed CaCl2
were added in the test tube and APTT was measured
simultaneously.

For the PT assay, 0.1 mL of the platelet poor plasma were
added to the test tubes with 2 mg selected samples. After
incubation at 37 °C in a water bath for 3 min, 0.1 mL of pre-
warmed PT reagent were added in the test tube and PT was
measured simultaneously.

3.3 Clotting Blood Tests (CBT)

The CBT test based on reported literature is one of the basi-
cally hemostatic tests which can directly reflect and evaluate
the hemostatic ability [33]. 20 mg of each sample were added

to a glass test tube and incubated at 37 °C in a water bath for
3 min. 1 mL citrated rabbit whole blood was added to the glass
test tube and incubated for 1 min. Then 500 μL of 0.025 mol·
L−1 CaCl2 was added, and CBT was measured simultaneous-
ly. The citrated rabbit whole blood without sample was used
as control group, and each sample was repeatedly measured 3
times.

3.4 Antibacterial Tests

The antibacterial property of the samples was tested by the
inhibition zone method. S. aureus and E. coli were used for
the antibacterial activity analysis. Before the assay, the same
amount of the samples was pressed by a stainless stamper to
obtain a 7 mm diameter nummular type, and then irradiated
with ultraviolet rays for 3 h for sterilization. S. aureus and
E. coliwere grown on liquid nutrient agar media and activated
for 24 h at 37 °C in the electric thermostatic incubator prior to
the assay. S. aureus and E. coli were diluted with PBS buffer
to 108 CFU/mL and 106 CFU/mL, respectively. 500 μL of
diluted bacteria suspension was coated on the surface of solid
medium according to the K-B method. The nummular sam-
ples were placed on the center of the solid medium with bac-
teria incubated at 37 °C, and then the inhibition zones were
measured after 24 h. The diameter of the inhibition zone was
used as the evaluation of the antibacterial property.

3.5 In Vitro Hemolysis Assay

Hemolysis assay was used to evaluate the hemocompatibility
of the samples based on the reported literature [34]. 2 mL
citrated rabbit whole blood mixed with 8 mL PBS was centri-
fuged at 2500×g for 15 min to collect erythrocytes. 1 mL
erythrocytes were added to 9 mL PBS to obtain erythrocyte
suspension. And then 1 mg samples were added to 1 mL
erythrocyte suspension, which were used as treatment groups.
1 mL erythrocyte suspension were used as negative control
groups while 0.1 mL erythrocyte suspension mixed with

Fig. 3 FTIR spectra of MSN with different components: (A) MSN, (B)
CaMSN, (C) Ga0.5MSN, (D) Ga0.5CaMSNFig. 2 Nitrogen adsorption/desorption isotherms and BJH pore size

distribution of MSN, Ga0.5MSN, CaMSN, Ga0.5CaMSN

Table 2 The EDS results of Ga0.5MSN, CaMSN, Ga0.5CaMSN

Element (Wt%)
Sample

Si O Ga Ca

MSN 56.48 43.52 0 0

Ga0.5MSN 55.98 41.40 2.62 0

CaMSN 55.48 42.67 0 1.85

Ga0.5CaMSN 55.75 39.95 2.57 1.73
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0.9 mL deionized water without samples were used as positive
control groups. After incubation at 37 °C for 1 h, treatment
and control groups were centrifuged at 2000×g for 15 min to
obtain the supernatant. The absorbance of the supernatant was
measured at 540 nm by using ultrviolet spectrophotometer,
the hemolysis ratio was calculated according to Formulae:

Hemolysis ratio ¼ ODsample−ODnegative
ODpositive−ODnegative

� 100%

3.6 Cytotoxicity Test

Because of hemostatic mainly used on skin, endothelial cells
were chosen to study. In order to analyze the biocompatibility
and the influence of different dosages of the samples on the
cells, the low concentration of 320 μg/mL samples and the
high concentration of 640 μg/ml samples in PBS were set
[29]. The endothelial cells were transplanted into a 96-well
plate at 10,000 cells/well and cultured for 24 h. Then
200 μL of 320 μg/mL and 640 μg/mL samples in PBS were
added respectively and incubated for 24 h. While 200 μL of
PBS was added and incubated for 24 h as the control group.

CCK-8 toxicity detection: After discarding the liquid in the
well and washing the cells several times with PBS, 100 μL of
serum-free medium and 10 μL of CCK-8 solution were added

to each well and incubated in the cell incubator for 1 h. The
absorbance intensity was detected at 450 nm with the micro-
plate reader.

Staining of dead/live cell: After discarding the liquid in the
well and washing the cells several times with PBS, 50 μL
dead/live cell staining solution were added and incubated for
20 min at room temperature. Images of live (green fluores-
cence) and dead (read fluorescence) cells were obtained with
the fluorescence microscope.

3.7 Hemostatis in the Mouse Tail Amputation Model

Themice (30–35 g, male) randomly divided into five groups
were prepared to conduct the mouse tail amputation model
assay [35]. The mice were anesthetized by injecting 3%
wt% pentobarbital sodium (50 mg/kg) intraperitoneally
and fixed on the surgical board. After the tail was sterilized,
2/3 of its length was cut down using surgical scissors. The
wound was allowed to bleed freely for 5 s to ensure normal
blood loss, then the wound was covered with the sterilized
samples (Gauze, Ga0.5MSN, CaMSN, Ga0.5CaMSN) used
as the treatment groups under slight compression. The
wound without samples was used as the negative group.
Then the pressure was removed about 10–15 s and the
bleeding was observed. If there was no bleeding in 30s,

Fig. 4 The small-angle (a) and
wide-angle (b) XRD patterns of
MSN with different components
(MSN, CaMSN, Ga0.5MSN and
Ga0.5CaMSN)

Fig. 5 The representative thromboelastograph plots of the control and
MSNs (MSN, Ga0.5MSN, CaMSN, Ga0.5CaMSN)

Table 3 In vitro thromboelastograph results of the control and different
MSNs (MSN, Ga0.5MSN, CaMSN, Ga0.25Ca0.5MSN, Ga0.5CaMSN). *, #
meant significant difference compared to the control and MSN,
respectively (p < 0.05)

Sample R(min) a(degree) MA(mm)

control 11.8 ± 0.7 26.8 ± 0.8 61.7 ± 0.2

MSN 6.9 ± 0.3* 53.4 ± 5.1* 67.3 ± 2.1*

Ga0.5MSN 5.4 ± 0.2*# 65.7 ± 1.0*# 64.3 ± 0.4*

CaMSN 4.5 ± 0.3*# 73.3 ± 3.5*# 73.5 ± 3.6*#

Ga0.25Ca0.5MSN 5.3 ± 0.2*# 60.4 ± 1.1*# 61.3 ± 0.3#

Ga0.5CaMSN 4.2 ± 0.3*# 65.5 ± 0.9*# 67.2 ± 1.5*
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the hemostasis was thought to be successful and hemostatic
time and blood loss were recorded.

3.8 Hemostasis in Rabbit Femoral Artery

In this study, a model of hemostasis in rabbit femoral artery
was used to test and evaluate the hemostatic capacity of
Ga0.5CaMSN. Adult male New Zealand white rabbits with
the body weight of 2.5 ± 0.2 kg were randomly assigned into
2 groups. After ultraviolet sterilization, Ga0.5CaMSN was
used as the experimental group, and the gauze was used as
the control. The animals had to be fasted the day before the
experiment, except the water.

Preoperative anesthesia was performed by intravenous in-
jection of 45 mg/kg pentobarbital sodium in the animals. A
longitudinal incision about 5 cm was made at the left anterior
femoral root of the rabbit and the femoral artery was separated
by blunt tweezers from the surrounding muscles. During the
experiment, local anesthesia and tissue infiltration of 10mg/kg
lidocaine injected into the incision and perivascular muscles
can prevent vasospasm. The femoral artery was cut off by the
scalpel. After natural bleeding for 3 s, 2 g Ga0.5CaMSN was
applied immediately over the location of wound with 30 N

manual compression. Bleeding was observed each 15 s and
when it could not be observed on the surface of the material
and remained unchanged for 30s, the bleeding was considered
to have been completely stopped. The hemostasis experiment
was completed, and the hemostasis time was recorded. After
the hemostasis test was completed, the wound was rinsed with
normal saline and was sutured. Animals were observed within
24 h, and then the surviving animals were sacrificed with an
overdose of pentobarbital sodium.

3.9 Statistical Analysis

All data given in this study were expressed as mean ± standard
deviation. The significance of statistical difference was deter-
mined by using a one-way analysis of variance (ANOVA).
Results were considered to be statistically significant at
p < 0.05. Each test was repeated at least three times.

4 Results and Discussion

The morphology of MSNs with different components were
analyzed by TEM. As shown in Fig. 1, the synthesized
MSNs all had a monodispersed spherical shape with similar
sizes. The mean pore sizes and particle sizes of MSNs were
about 12 nm and 50 nm respectively. According to TEM
images, the pore channels appeared to be radical and some
MSNs appeared to be hollow, which revealed existence of
the pores both on the particle surface and within the particle.
The mean pore sizes and particle diameters were presented in
Table 1. It revealed that the introduction of ions had little
effect on the morphology of the samples. TEM showed the
large pore size of successfully synthesizedMSNs which could
promote hemostasis as reported.

N2 adsorption-desorption isotherms were measured at
77.4 K and the samples were degassed at 573 K under nitro-
gen for 12 h prior to analysis. The N2 adsorption-desorption
isotherms of the synthesized samples were measured and
shown in Fig. 2, which were typical type IV isotherm with a
H1 hysteresis according to the IUPAC classification. It was in

Fig. 6 Changes in (a) activated
partial thromboplastin time
(APTT) and b prothrombin time
(PT) of MSNs (MSN, Ga0.5MSN,
CaMSN, Ga0.5CaMSN) in PPP of
rabbit. *, # meant significant
difference compared to the
control and MSN, respectively
(p < 0.05)

Fig. 7 CBTs for the control and MSNs: MSN, Ga0.5MSN, CaMSN,
Ga0.5CaMSN. *, # meant significant difference compared to the control
and MSN, respectively (p < 0.05)
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accord with the characteristic of mesoporous materials, prov-
ing the mesoporous structure of the samples. The data of the
BET specific area (SBET), the BJH Pore volume (PBJH) and the

BJH pore diameter (DBJH) were given in Table 1. Compared
with the pore sizes measured by TEM, the BJH pore diameters
were much bigger, which could be concluded that MSNs had

Fig. 8 The inhibition zones of (a) control, b MSN, c CaMSN, d Ga0.5MSN, d Ga0.5CaMSN against S. aureus

Fig. 9 The inhibition zones of (a) control, b MSN, c CaMSN, d Ga0.5MSN, e Ga0.5CaMSN against E. coli
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interparticle and hollow void together with the view of TEM
images. MSNs with interparticle and hollow void had the
positive effect on hemostasis. The PBJH and SBET decreased
with the introduction of the ions. There was little change on
the DBJH of Ca-containing-MSN compared with the MSN.
While with only the gallium introduced, the DBJH of
Ga0.5MSN decreased. The reason might be that some of the
pores within the particle in Ga0.5MSN adsorbed the gallium in
view of TEM images. The changes of the DBJH might be
linked to the pores within theMSNs. In conclusion, associated
with the TEM images, the influence of the introduction of ions
on the structure was mainly reflected in the specific surface

area and pore volume. However, the introduction of ions had
little effect on the pores existed on the particle surface, which
was the important factor of the coagulation properties.

EDS can qualitatively assess the composition of the sam-
ples. As shown in Table 2, the existence of calcium and gal-
lium ions could be confirmed. The MSN loaded with ions
might be due to the adsorption effect produced by the meso-
porous channels and the large pore sizes. Another reason
might be the highly active hydroxyl groups present on the
surface of the MSN, which can be dehydrogenated to form
the SiO− in a negative ion state and then had the attraction to
the cation.

In order to detect the changes of surficial chemical structure
in the particle, FTIR spectroscopy analysis of the samples was
conducted. As presented in Fig. 3, with the introduction of the
ions, the NO3- appeared at around 1350 cm

−1, which indicated
the successful load with ions associated with the EDS. Despite
the appearance of NO3- at around 1350 cm−1, there were no
other changes, indicating the introduction of the ions did not
significantly influence the surface state of MSNs. There were
many Si-OH functionalities on the surface of the samples
(3200–3400 cm−1) and absorption peaks centered at around
1100 cm−1 corresponding to the Si-O-Si asymmetric
stretching mode and Si-O-Si bending at approximately
468 cm−1 of the MSNs.

Due to the stronger coagulation reaction and lower toxic
reaction caused by the amorphous silica than crystalline silica
[36], the amorphous silica was chosen to be used in hemosta-
sis and the XRD pattern of MSNs were recorded to determine
the crystal form. As shown in Fig.4(a), the small-angle XRD
patterns of the MSNs powders with or without calcium and
gallium all had only one peak appeared at about 1°, which
proved that the prepared mesoporous silica nanoparticles were
ordered, revealed that all the samples were totally amorphous

Fig. 10 Hemolysis ratio of (a)
MSN, (b) Ga0.5MSN, (c)
CaMSN, (d) Ga0.5CaMSN

Fig. 11 CCK-8 toxicity detection of MSNs at the low concentration
(320 μg/mL) and the high concentration (640 μg/mL): Black line and
red line represented the low concentration (320 μg/mL) and the high
concentration (640 μg/mL), respectively, * meant significant difference
compared with the control group, # meant significant difference between
the same sample at different concentrations, & meant significant
difference compared with the MSN at the same concentration (P < 0.05)
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and represented the pore existence. As shown in Fig.4(b),
there were no diffraction peaks with crystal structure charac-
teristics in the XRDwide-angle diffraction region, where only
one peak appeared at about 10°-40°, which indicated that the
calcium and gallium were all present in an amorphous form in
MSN. Besides, the XRD pattern of MSNs indicated that cal-
cium and gallium did not influence the structure of MSN.

Thromboelastograph Analyzer is an instrument which can
diagnose blood disorders comprehensively and effectively by
monitoring the change in the viscoelasticity of blood during
blood coagulation [37]. The main parameters of TEG to quan-
tify the clot formation are R, α and MA. R is the coagulation
reaction time, which indicates the time from the initiation of
the coagulation system to the onset of fibrin clot formation and
reflects the combined effect of clotting factors. α is the angle
between the horizontal line and the tangent from clot forma-
tion point to the maximum curvature of the curve, which is
associated with the rate of coagulation. MA represents the
maximum strength of the blood clot.

According to the previous study, the hemostatic and anti-
bacterial effect of the ternary compound system that com-
posed of calcium ions, gallium ions and MSN was explored.
The thromboelastograms for rabbit blood containing MSNs
with different compositions are depicted in Fig. 5 and the
detailed data are listed in Table 3. It was found that MSN
directlymixed with the optimal concentrations of calcium ions
and gallium ions (Ga0.5CaMSN) had a nice and acceptable
hemostatic property. Compared with the control and MSN,
Ga0.5CaMSN had a significant difference. Although the α of
Ga0.5CaMSN decreased compared with CaMSN, R and MA
had no significant difference. In order to enable MSN to have
antibacterial properties, Ga0.5CaMSN was selected for further
investigation.

The clinical standard coagulation tests, APTT and PT, re-
flect the intrinsic coagulation pathway and the coagulation
extrinsic pathway. As shown in Fig. 6(a), Ga0.5CaMSN could
still effectively reduce the APTT value compared with the
control, MSN and Ga0.5MSN, showing the potential

Fig. 12 The dead/live cell staining chart. a showed the dead/live cell staining chart of the control. b-e and f-i showed the dead/live cell staining chart of
MSN, Ga0.5MSN, CaMSN, and Ga0.5CaMSN at low concentration (320 μg/mL) and the high concentration (640 μg/mL), respectively
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hemostatic ability. APTT results indicated that all of the sam-
ples resulted in a significant activation of intrinsic pathways of
the coagulation cascade since the APTT values were signifi-
cantly diminished with respect to the control. However, there
was no significant difference in the PT values of the samples
shown in Fig. 6(b). All the samples showed approximately the
same effect on PT values of that of the control, suggesting that
MSNs had no significant influence on extrinsic coagulation
pathway.

CBT is a basic hemostatic test which can directly reflect the
hemostatic ability of the samples. Figure 7 shows that the
CBT for Ga0.5CaMSN (61.3 ± 8.2 s), CaMSN (63.8 ± 7.4 s)
and Ga0.5MSN (81.3 ± 5.4 s) are clearly shortened compared
with the control (152.5 ± 5.6 s) and MSN (100.0 ± 3.5 s). The
results of CBT which were in accordance with the results of

TEG and APTT tests indicated that the introduction of calci-
um ions and gallium ions can enhance the hemostatic perfor-
mance of MSN. Especially, the selected ternary compound
system, Ga0.5CaMSN could still have an acceptable hemostat-
ic ability.

Bacterial infection can seriously influence the success
of the first aid in wartime and the post-war treatment,
threatening the health of the wounded. Therefore, the de-
velopment of hemostatic materials with antibacterial ef-
fect will play an important role in the treatment of the
wounded. As shown in Figs. 8 and 9, the results of inhi-
bition zones of antibacterial activity could be measured.
The diameter of the inhibition zones of Ga0.5MSN and
Ga0.5CaMSN against S. aureus were 3.7 mm and
3.2 mm respectively. The diameter of the inhibition zones

Fig. 13 Hemostasis tests in mouse tail amputation hemorrhage: a Control, b Gauze, c MSN, d Ga0.5MSN, e CaMSN, f Ga0.5CaMSN

Fig. 14 The hemostatic time (a) and blood loss weight (b) of the control, gauze, MSN, Ga0.5MSN, CaMSN, Ga0.5CaMSN. All data were expressed as
mean ± SD; n ≥ 3. *, #, & meant significant difference compared to control, MSN and gauze, respectively (p < 0.05)

4042 Silicon (2021) 13:4033–4045



of Ga0.5MSN and Ga0.5CaMSN against E. coli were
3.8 mm and 2.7 mm respectively. While MSN and
CaMSN had no anti-bacterial property.

Compared with non-Ga-containing MSN, Ga-containing
MSN demonstrated a potent antibacterial effect against both
pathogens which might be attributed to the presence of Ga3+,
indicating that the introduction of Ga3+ could enhance the
antibacterial properties of the material. Besides, considering
the diameter of the inhibition zones of Ga-containing MSN
against S. aureus and E. coli had no significant difference
while the concentration of S. aureus suspension was much
higher, it could be speculated that Ga-containing MSN played
a more significant antibacterial impact against S. aureus than
against E. coli. Therefore, the selected Ga0.5CaMSN could
have a significant antibacterial effect and hemostatic property
at the same time.

The hemolysis rate is an important parameter to evaluate
the hemocompatibility of hemostatic materials which may
come into the direct contact with vascular blood flow.
According to the reported literature, the hemolysis rate of
hemostatic materials is required to be less than 5% [34].
Therefore, hemolysis assay was conducted to evaluate the
different samples. As shown in Fig. 10, the hemolysis rates
of the samples were all far more less than 10%, indicating that
the samples had acceptable hemocompatibility and the intro-
duction of ions had no effect on the hemocompatibility of the
samples.

The results of CCK-8 cytotoxicity test were shown in
Fig.11. The cell proliferation rate of the CaMSN was signifi-
cantly reduced at the high concentration compared with at the
low concentration and the cell proliferation rate of Ga0.5MSN
was significantly increased at the high concentration than at
the low concentration; while the cell proliferation rate ofMSN

and Ga0.5CaMSN had no significant difference at different
concentrations, showing the more stable biocompatibility.
Compared with the pure MSN, MSN doped with calcium or
gallium ions would better promote cell proliferation. The
CCK-8 cytotoxicity test showed that all the samples could
promote cell proliferation with good biocompatibility. And
Ga0.5CaMSN had the best effect of promoting the cell prolif-
eration compared with others at different concentrations,
which would not be influenced by the dosages.

As shown in Fig. 12, dead/live cell staining results showed
that all the samples had good biocompatibility and could pro-
mote cell proliferation; while the Ga0.5CaMSN showed the
best effect of promoting cell proliferation, and it would not
be influenced by the change of dosage. These results were
consistent with the CCK-8 cytotoxicity test results.

In this experiment, the tail of mice was cut down by surgi-
cal scissors and with resultant hemorrhagic gushing bleeding.
After free bleeding for 5 s, about 40 mg MSNs were applied
over the site of injury, which could adhere tightly to the
wound surface and seal bleeding quickly (Fig. 13). The hemo-
static time is shown in Fig. 14(a). Compared with the gauzes
(300.0 ± 21.8 s) and the negative control group (870.0 ±
53.5 s), the other samples can significantly shorten the hemo-
static time (p < 0.05). The hemostatic time for Ga0.5MSN
(165 ± 8.8 s), CaMSN (160.0 ± 4.7 s) and Ga0.5CaMSN
(160.0 ± 2.6 s) are shorter than MSN (190.0 ± 8.5 s). As
shown in Fig. 14(b), blood losses for CaMSN (97.6 ± 3.6 g)
and Ga0.5CaMSN (86.4 ± 3.0 g), MSN (164.3 ± 12.6 g),
Ga0.5MSN (122.7 ± 8.8 g) are significantly lower than the
gauzes (183.7 ± 9.3 g) and the negative control group (353.3
± 49.9 g). And the improved hemorrhage performance might
be due to that calcium and gallium were efficient for the en-
hancement of the early stage of hemostasis including the

Fig. 15 Hemostasis in rabbit
femoral artery injury: a
Preoperative anesthesia and
fixation of rabbits; b Opened skin
and muscle to achieve a complete
cut in femoral artery; c Separation
and severing of rabbit femoral
artery; d Bleeding stopped status
after hemostasis
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acceleration of blood coagulation, platelet activation, and clot
formation when directly applied to the open wound. In addi-
tion, all the mice treated after 1 day with the samples survived.

The previous experimental results showed that
Ga0.5CaMSN had ideal hemostatic and antibacterial perfor-
mance. In order to further verify the hemostatic performance
of Ga0.5CaMSN, the rabbit femoral artery hemorrhage model
was used to evaluate the hemostatic effect in response to fatal
hemorrhage in vivo (Fig. 15).

Compared with the gauze (342.3 ± 7.4 s), Ga0.5CaMSN
significantly reduced the hemostasis time (146.7 ± 10.4 s)
(p < 0.05), which was consistent with the previous results
in vitro coagulation test. The results showed that the
blood loss was significantly reduced by Ga0.5CaMSN
(1.3 ± 0.1 g), compared with the gauze (23.5 ± 5.7 g).
The Ga0.5CaMSN could be quickly adsorbed on the
wound surface to seal the bleeding outlet and form the
blood clots. The experiment showed that Ga0.5CaMSN
could significantly reduce hemostasis time and blood loss,
and all the animals survived within 24 h. Therefore,
Ga0.5CaMSN is effective in fatal arterial bleeding and
has the potential to be applied to wounds with acute
bleeding.

5 Conclusion

In this study, the ordered mesoporous silica nanoparticles with
controlled pore size and particle size doped with calcium and
gallium were developed for hemorrhage and infection control.
The hemostatic efficacy and antibacterial properties were
evaluated through a series of tests.

The results of tests demonstrated that the obtained
Ga0.5CaMSN with optimized composition could signifi-
cantly activate the intrinsic pathway of coagulation cas-
cade, promote the blood clotting and achieve successful
hemorrhage control in the mouse tail amputation model
and the rabbit femoral artery model. Compared with the
MSN, the improved the hemostatic efficacy might be at-
tributed to the introduction of Ca and Ga ions. In addition,
the Ga0.5CaMSN showed antibacterial activities against
E. coli and S. aureus due to the existence of gallium.
Therefore, Ga0.5CaMSN has considerable potential for
use as an advanced hemostatic material. And calcium
and gallium will play an important role in hemorrhage
and infection control which are expected to be further
studied.
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