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Massive blood loss and bacterial infection are major challenges for global public health. In this study, we
developed tannic acid (TA)-loaded mesoporous silica (MS) nanoparticles for both hemorrhage control
and effective antibacterium via covalent conjugation and electrostatic adsorption. The TA-absorbed MS
could significantly relieve hemolysis and facilitate blood contact, therefore efficiently promoting protein
adhesion and the contact activation pathway of the coagulation cascade with desirable hemostasis.
Comparably, with increasing TAs absorption, the bleeding control and antibacterial performance were
improved simultaneously, especially for 15TMS. Hemostasis tests demonstrated that the 15TMS could
reduce the hemostatic time by 65% both in vitro and in vivo, with lower blood loss and could exhibit
better antibacterial activities against Staphylococcus aureus and Staphylococcus epidermidis as well as
promote wound healing. However, the TAs-loaded MS via chemical grafting (15T-g-MS) significantly
reduced the surface area of MS, by replacing the Si—OH on the MS, and thus it exhibited worse bleeding
control and antibacterial efficacy than 15TMS. Furthermore, all the samples exhibited excellent cell viabi-
lity. Based on these results, it can be concluded that the 15TMS would be a promising material platform
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1. Introduction

Uncontrolled hemorrhage caused by severe trauma is the main
cause of deaths that usually occur in transportation accident,
surgery, or combat.'™ According to statistics, 15-25% of
deaths caused by massive bleeding came from trauma deaths
in civilian hospitals and 50% was from combat deaths in the
military.">* Additionally, severe trauma is prone to infection,
which can impair the natural healing process and even cause
life-threating sepsis.”® Therefore, it still maintains a challenge
to develop more alternative and effective hemostatic materials
for the control of hemorrhage and infection.

Some of the inorganic materials, such as mineral zeolite” or
kaolin,® have already been used as hemostatic materials in a
clinical setting, but patients inevitably suffered from thermal
injuries and inflammation because of the highly exothermic
nature and poor biodegradability of the materials.’

“Key Laboratory for Ultrafine Materials of Ministry of Education, East China
University of Science and Technology, Shanghai 200237, PR China.

E-mail: hhong@ecust.edu.cn, yyuan@ecust.edu.cn, liucs@ecust.edu.cn

Engineering Research Center for Biomedical Materials of Ministry of Education,

East China University of Science and Technology, Shanghai 200237, China
‘Shanghai Wego Biological Technology Co., Ltd, Shanghai 200237, PR China
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
¢8bmo00837j

3318 | Biomater. Sci,, 2018, 6, 3318-3331

for designing hemostats in more extensive clinical application.

Compared with zeolite, mesoporous silica (MS) possesses
similar elements and structure, with highly ordered mesopores
and a negatively-charged surface.”'® Meanwhile, MS demon-
strated desirable biodegradability and biocompatibility.'®"*
Over the past years, MS as a hemostatic agent was successfully
developed in our lab, and the in vitro coagulation results
showed that this material could achieve effective hemostasis
by initiating the intrinsic pathway'®'" and that the hemostatic
efficiency of MS was further improved by the granulation
process.">"?

Trauma infection is another challenge that is easily encoun-
tered in curing and can delay the healing process, and even
lead to life-threatening complications."*" In this sense, an
ideal hemostat material should be bacteriostatic and/or bac-
tericidal when applied to the wound.>'>'® Based on this
concept, various hemostatic agents were developed by loading
a bactericide or antibacterial agent, such as an antibiotic,
silver ion, and antibacterial peptide, to inhibit wound infec-
tion."”™ Among these, tannic acid (TA), a natural compound
present in a variety of plants and fruits, has excellent antibac-
terial efficiency and has already been approved as a human-
use material by the FDA."”""° The molecular structure of TA
contains a central carbohydrate (glucose) core, which is esteri-
fied by phenols (galloyl group).?>*" Although the antibacterial
mechanism of TA is not clear yet, the presence of a galloyl
group (3,4,5-trihydroxybenzoyl group) is considered as the key
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to its antibacterial activity.”> However, the galloyl group can be
easily oxidized in neutral/basic pH,?® and thus may hamper TA
antibacterial activity. To solve this issue, different methods
have been employed to improve the TA stability and
activity.>>** Inspired by the above reports, MS can be used as a
carrier for TA loading because of its stable porous structure,
high surface areas, and tunable pore sizes.>**> Moreover, TA is
also biocompatible toward mammalian cells,*® and has low
cost and great availability.>” Furthermore, it could be easily
coated on a material surface and bind to proteins, antimuta-
genics, and antioxidants.>”*®

Herein, we endeavored to examine the possibility of utiliz-
ing TA-loaded MS as an antibacterial and hemostasis agent.
We took advantage of both MS and TA to obtain a highly
effective hemostasis via covalent conjugation and electrostatic
adsorption (Scheme 1). Specifically, MS as the carrier and acti-
vator component can provide excellent absorption and an
efficient activation of coagulation factors. TA as an antibacter-
ial agent and “molecule glue” can provide excellent antibacter-
ial properties and plasma protein crosslinking. The potential
of the compound powder as topical hemostatic agents was
evaluated in terms of their morphology, physicochemical pro-
perties, in vitro antibacterial performance, plasma contact,
clotting time, PT, and aPTT, as well as hemostatic efficacy in a
rat-tail amputation model of severe extremity hemorrhage
in vivo. We also confirmed the safety and biocompatibility of
the materials via live/dead staining and hemolysis examination.

2. Results and discussion
2.1 Preparation of TA-loaded MS

As a comparison, TA was loaded onto MS by chemical grafting
and physical absorption, respectively. For chemical grafting,
the amino-functionalized MS (MS-NH,) and TA were mixed in
water, linked by glutaraldehyde, and named 15T-g-MS. After
grafting, the color of 15T-g-MS changed from white to yellow,
which was consistent with the previous reports (Fig. 1A).>* For
physical absorption, TA and MS were mixed in water, stirred
for the set time, and collected by lyophilizing, and named
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Fig. 1 (A) Photograph of the prepared samples. (B) FTIR spectrum of
the samples. (C) TG characterization of the samples. (D) Zeta potential
of the samples (*, P < 0.05).

5TMS/15TMS, where 5 and 15 represent the theoretical percen-
tages of TA loaded on the samples.

The successful functionalization of MS was confirmed by
FTIR spectra. As shown in Fig. 1B, MS displayed a typical FTIR
spectrum of mesoporous silica. The peaks at 3445 cm™ and
1634 cm ™" were assigned to vibrations of the hydrogen bond of
silanols n(-Si-OH) and n(-OH) of physisorbed water mole-
cules. The peaks of Si-O-Si asymmetric stretching vibration,
symmetric stretching vibration, and bending vibration were
observed at 1084, 800, and 465 cm™*. The peak at 972 cm™*
was attributed to n(-Si-OH) of free silanols.> In the FTIR spec-
trum of TA, a characteristic peak at 1716 cm™ was apparent,
due to the stretching vibrations of C-O (carboxylic ester)
groups, while the peaks at 1612, 1534, and 1447 cm™' were
consistent with aromatic C-C stretches.’®** For 5TMS/15TMS,
the characteristic peaks of TA could be observed at 1716, 1534,
and 1447 em™ ", which suggests the successful deposition of TA
on the MS nanoparticles. For 15T-g-MS, a peak at 2930 cm ™"
appeared, corresponding to n(-CH,-) stretching spectra, which
was attributed to n(-CH,-) of APS (Fig. S1t). After GA linking,

A
Mixing **
* Lyophilizing ) * *
MS TA TMS
B *
—I— O—Sl/\/\NH % * \0
CNG B0AC et -I- stirred at 37 °C
MS APS MS-NH, T-g-MS

Scheme 1 Schematic diagram for the preparation of TA-loaded samples. (A) TMS prepared by simple physical adsorption. (B) T-g-MS
as-synthesized utilizing glutaric dialdehyde to crosslink the amino group of MS-NH, and the hydroxyl group of TA.
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the same characteristic peaks appeared and were slightly stron-
ger than for physical absorption.

The amounts of TA loaded on the surface of MS were con-
firmed by TG analysis under airflow. The weight loss from TG
curves is demonstrated in Fig. 1C. The weight loss of MS was
3.3% between 20 °C and 118 °C, which was attributed to the
loss of absorbed water. Other samples showed two-stage
weight losses. The first was between 20 °C and 118 °C with
about 6.9%, 8%, and 9.6% weight loss, which correspond to
the loss of absorbed and bonded water in 5TMS, 15TMS, and
15T-g-MS, respectively. The second stage ranging from about
240 °C and 600 °C showed 4.6%, 11.2%, and 17.5% weight
losses of the samples, respectively. This can be attributed to
the oxidative degradation of TA loaded on MS. It has to be
noted that part of the weight loss of 15T-g-MS was attributed
to the oxidative degradation of APS grafted on MS, which was
about 6.0% (Fig. S2t). The amount of TA loaded on MS was
about 11.5%, close to the saturated mass grafting percentage
of TA, as confirmed by TG (Fig. S21). The TG analysis sup-
ported that a similar TA mass was loaded on MS by physical
absorption and chemical grafting.

Then, the electrophoretic mobility analysis was used to
measure the surface charge (zeta potential) of the samples
(Fig. 1D). It can be observed that the zeta potential of the MS
was —16.83 mV. After TA absorption, the zeta potentials of
5TMS and 15TMS were —16.33 mV and —17.93 mV, respect-
ively, with no significant change. For 15T-g-MS, compared with
the charge of the amino-functionalized MS (Fig. S37), the
surface charge significantly turned to —19 mV.

Fig. 2 shows the N, adsorption/desorption isotherms and
pore-size distributions of MS before and after TA was loaded.
The samples of MS, 5TMS, and 15TMS revealed typical IV hys-
teresis loops, indicating rod-like pores in these mesoporous
nanoparticles. The sharp capillary condensations in the range
of relative pressure of 0.2-0.4 suggested a uniform pore-size dis-
tribution. The BET surface areas (Sggr) of MS was 767 m* g
and the pore volume (V) was 0.551 cm® g~ '. Meanwhile, after
TA was loaded by physical absorbing, the Sger and Vp of 5TMS
and 15TMS decreased to 642 m*> g~' and 0.416 cm® g~ as well
as 509 m> ¢! and 0.365 cm® g, respectively (Table 1).
Comparatively, the Sger and Vp of 15T-g-MS decreased dramati-
cally to 65 m> g~* and 0.094 cm® g~ (Table 1). We think this
might be caused by the closure of MS pores in the process of
TA grafting, which was confirmed by TEM (Fig. 3D). The BJH
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Fig. 2 (A) N, adsorption/desorption isotherms of the samples. (B) The
corresponding pore-size distribution of the samples.
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Table 1 Textural properties of the samples

BET surface area Pore volume Pore size
(m?>g™) (em® g™ (&)
MS 767 0.551 36
5TMS 642 0.416 50
15TMS 509 0.365 45
15T-g-MS 65 0.094 231

pore diameter of 15T-g-MS really reflect the gap between the
nanoparticles of 15T-g-MS because of the pore seal. From the
above results, it can be concluded that there was a decrease in
Sger and Vp of the samples by both TA physical absorbing and
chemical grafting. However, there was a more significant
change on 15T-g-MS than on 15TMS. The difference between
15TMS and 15T-g-MS lies in the following respects: first, in the
process of TA grafting, whereby MS was first functionalized
with APS, which led to a partial decrease of Sgpr (Fig. S4+t);
second, the TA grafting layer of 15T-g-MS was more compact
than the physical absorbing layer of 15TMS, which was con-
firmed by TEM (Fig. 3). The TEM results also showed that the
loading or grafting of TA did not lead to the change of the
ordered degree of MS.

2.2 Invitro TA-release and functionality of BSA

The release profiles of the TA-loaded samples were measured
in 0.01 M phosphate-buffered saline (PBS) solution with or
without BSA at pH 5.0, 7.4, 9.0. As shown in Fig. 4A, in pure
PBS solution, almost 100% TA was released in 5TMS and
15TMS at all pHs in 2 h, while almost no release of TA was
observed in 15T-g-MS. In contrast, when the samples were
immersed in PBS with BSA at different pHs (Fig. 4B), the
release of TA in 5TMS decreased with the increasing pH, reach-
ing 35.6% at pH 5.0, 11.6% at pH 7.4, and 2.3% at pH 9.0 in
24 h, respectively; the releasing percentage of TA in 15TMS
exhibited the same trend as that of 5TMS, with about 48.9%,
23.2%, and 10.5% at pH 5.0, 7.4, and 9.0 in 24 h, respectively.
But, similar to 15T-g-MS in pure PBS, almost no TA was
released from 15T-g-MS within the pH range 5.0-9.0. From the
above results, it can be inferred that TA release from 5TMS and
15TMS was pH-dependent in the presence of BSA protein. In
acidic pH, the amino group of BSA and hydroxyl group of TAs
in NH;" and OH," forms were closely associated with positive
charges, presenting a repulsive force, and causing more TA to
be released at pH 5 for 5TMS and 15TMS. With the increase of
pH, the protonation weakened, thus the release of TA
decreased.*

The above results indicated that the BSA adsorption layer
exerted an effect on TA release at different pHs. To further
confirm the function of BSA, all the samples were collected
after drug release at different pHs, and observed by TEM, as
shown in Fig. 5A-C. The protein corona of MS and 15T-g-MS
were not obviously varied with the increase in pH, while for
5TMS and 15TMS, the protein corona significantly increased
with the increasing pH. Furthermore, it can be confirmed that

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Characterization of the samples: (A) MS, (B) 5TMS, (C) 15TMS, (D) 15T-g-MS.
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Fig. 4 (A) TA release profile of TMS in pure PBS. (B) TA release profile of TMS in BSA PBS solution. (a) pH 5.0. (b) pH 7.4. (c) pH 9.0.

the protein corona was not evidently changed between
samples at pH 5.0, but at pH 7.4 and pH 9.0, the protein
corona was significantly improved with the increase in mass
loading of TA in the samples. However, 15T-g-MS, with the
same mass loading of TA as 15TMS had a slightly smaller

This journal is © The Royal Society of Chemistry 2018

decrease than 15TMS. Meanwhile, the adsorption of BSA was
measured by the Bradford method at pH 7.4. As shown in
Fig. 5D, the capacity of BSA absorption was increased with the
increase in TA loading, and slightly decreased in 15T-g-MS,
which was similar to the TEM results at pH 7.4. As mentioned
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Fig. 5 TEM characterization of BSA absorption: (A) pH 5.0, (B) pH 7.4, (C) pH 9.0, (a) MS, (b) 5TMS, (c) 15TMS, (d) 15T-g-MS. D Bradford method for

BSA absorption (*, p < 0.05; ***, p < 0.001).

above, the TA grafting layer was relatively compact, and thus
the TA molecules were confined to the surface of MS and were
difficult to release. Consequently, all of the TA molecules were
not available for further interaction with BSA by hydrogel
bonds. Comparably, the TA adsorbed onto 15TMS exhibited a
better adsorption capacity toward the BSA than the other

3322 | Biomater. Sci, 2018, 6, 3318-3331

groups. It could be concluded that 15TMS could have a great
ability to absorb plasma protein.

2.3 Hemolysis and plasma contact efficiency

Hemostat should not cause hemolysis and should provide
efficient contact in the treatment of bleeding trauma. Herein,

This journal is © The Royal Society of Chemistry 2018
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a hemolysis assay was performed as an easy and trustworthy
approach to evaluate blood compatibility of the materials.*®
Fig. 6A shows the hemolysis ratios of MS (25.47 + 1.87%),
5TMS (25.47 + 1.82%), 15TMS (0.50 + 0.41%), and 15T-g-MS
(0.49 + 0.72%), respectively. It was found that TA could
decrease the hemolysis ratio of MS. This may be explained by
the following reason: as in the previous report, TA easily
adhered on the surface of material, and was utilized as a cross-
linking agent via a layer-by-layer (LbL) assembly.** In this
study, TA could easily adhere on the surface of MS, which
reduced the contact between MS and RBC, thus decreasing the
hemolysis potential of MS.

Contact activation is also an important factor in the process
of MS-based hemostatic, thus the contact efficiency of the TA-
loaded MS was measured in this study and the results are
shown in Fig. 6B. It was found that the contact efficiency of
5TMS, 15TMS, and 15T-g-MS were faster during the contact
with plasma than that of pure MS after 10 s. It was noted that
only the 15TMS group showed no plasma flowing when the
tube was inverted after 60 s. It can be demonstrated that TA
loading can accelerate contact efficiency and that the 15TMS
group exhibited superior efficiency in stopping plasma flow.
TA has a variety of phenolic hydroxyl groups, which can accel-
erate plasma contact; in other respects, as a protein deposit
agent, TA can crosslink with plasma protein by strong physical
interaction (hydrogen bond), and form a three-dimensional
block to stop plasma flowing. Compared to 5TMS and 15T-g-
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MS, 15TMS can release more TA than the other two group,
which can lead to more extensive physical crosslinking, which
are favorable for fast hemostasis.

2.4 Invitro clotting capacity

Contact activation of the blood plasma coagulation cascade by
the samples was investigated by aPTT and PT measurements.
The experimental results showed that the measured aPTT
values of MS, 5TMS, and 15TMS were significantly reduced
compared with the negative control, while the aPTT value of
15T-g-MS could not be detected. However, the PT time were
not all significantly changed. The great change of 15T-g-MS in
aPTT may due to the reduction of the available silanols on the
MS surface. As previously reported, MS, in contact with
plasma, can lead to the activation of the intrinsic blood coagu-
lation cascade by binding the clotting factor XII to a nega-
tively-charged silanols surface via positively charged amino
acids in its chain.®** For 15T-g-MS, the natural silanols on the
surface of MS were substituted by an amino group of APS in
the first modified process. What is more, silanols were also
covered by the grafting of TA layer, and the pores of 15T-g-MS
were sealed during the grafting process, obstructing the contact
between the natural silanol group and coagulation factors.
Clotting time (CT) is an intuitive method to evaluate a
sample’s hemostatic property. As shown in Table 2, the clot-
ting times of MS, 5TMS, and 15TMS were significantly shorter
than the blank control (680 + 70 s). The CT of MS was approxi-
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Fig. 6 (A) Hemolysis ratio of the samples. (B) Plasma contact efficiency (*, P < 0.05; **** P < 0.0001).

Table 2 In vitro clotting ability

Control MS 5TMS 15TMS 15T-g-MS
Clotting time (s) 680 = 70** 336.67 £ 35.12** 280 + 50** 233.33 £ 32.15** >1200
PT (s) 13.37 £ 0.21 12.3 +1.39 13.43 £ 0.51 12.8 £ 0.52 11.57 £ 0.74

aPTT (s) 24.97 £ 2.46%** 13.2 £ 0.06***

** p <0.01; ***, p <0.001; significance from the control group.

This journal is © The Royal Society of Chemistry 2018
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mately 336.67 + 35.12 s and that of 5TMS and 15TMS were
within 280 + 50 s and 233.33 + 32.15 s, respectively, faster than
that of MS. But the CT of 15T-g-MS was more than 1200 s.
These results were consistent with aPTT. From the above
results, it can be seen that the physisorbed group led to a sig-
nificant CT decrease. This phenomenon should be related to
the quick contact with blood of the TMS and a rapid TA mole-
cular diffusion into blood and then block forming. These
results indicate that MS can lead to the activation of the intrin-
sic blood coagulation cascade.

2.5 Rat-tail amputation

The in vivo hemostatic efficiency was investigated by rat-tail
amputation. As shown in Fig. 7A, half of the rat-tail was cut,
and treated with samples or standard gauze (SG) with manual
compression. The bleeding time and blood loss before com-
plete hemostasis in the different groups were recorded (Fig. 7C
and D). The bleeding time for the SG-treated group was about
410 + 14 s, and it was then reduced to 290 + 28 s when MS was

STMS

R CIPR R - SR C IR
o WP W ,\51\"‘\5‘,9» <

View Article Online

Biomaterials Science

applied. Specifically, the 5TMS and 15TMS showed a signifi-
cant reduction, to about 159.5 + 13 and 123 + 22 s, respectively,
while the 15T-g-MS group was still about 273 + 26 s, and the
TA-treated group was about 190 + 14 s. The blood loss of SG
group was 1.93 + 0.09 g and for the test groups of MS, 5TMS,
15TMS, 15T-g-MS, and TA, it was 1.52 + 0.16 g, 1.30 + 0.21 g,
1.05 + 0.13 g, 1.42 + 0.17 g, and 1.22 + 0.035 g, respectively,
demonstrating that the hemostatic efficacy of TMS used as the
positive control was prominent.

2.6 Antibacterial property

Here, the antibacterial properties were investigated. Different
amounts of samples were co-cultured with bacterial for 6 h,
then 10 pL co-culture media was pipetted on agar plates for
another 18-24 h. From Fig. 8, it can be seen that MS had no
influence on the growth of S. aureus and S. epidermidis,
while the antibacterial property increased with increasing TA
loading. However, 15T-g-MS’s antibacterial property decreased
significantly. Similar results can be seen in Fig. 9, and it could

1STMS 15T-g-MS TA
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Fig. 7 (A) Scheme of the hemostasis trials in the rat tail amputation model. (B) Digital images of the rat tail amputation models when bleeding
stopped. (C) Hemostasis time in the rat tail amputation model. (D) Blood loss in the rat amputation model. (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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Fig. 8 The antibacterial properties images recorded after co-culture 6 h media pipetted on agar plates for 18—-24 h. (The numbers in the picture

represent the concentration of the sample, unit, mg mL™).
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Fig. 9 Antibacterial activity of TA-loaded MS (**, p < 0.01).

be confirmed that 5TMS and 15TMS possessed a 99% Kkill rate,
while 15T-g-MS had a decreased rate at about 88%. According
to previous reports, TA has better antibacterial behavior,”***
and affects the expression of proteins involved in the bacterial
cell wall/membrane synthesis.*® Compared the antibacterial
property of 15TMS and 15T-g-MS, the decreasing antibacterial
property of 15T-g-MS was because: first, TA was restricted on
the surface of MS by chemical bond, which decreased the
contact between TA molecules and the bacterial groups;
second, in a previous report, it was shown that the hydroxyphe-
nyl group was of great importance against bacterial groups.>”
Herein, part of the phenolic hydroxyl groups was consumed in
the process of grafting, leading to a weakening of the antibac-

terial property.
2.7 Invivo wound healing

S. aureus infected full-thickness wounds in vivo were estab-
lished to determine the anti-infection and its effect on wound

This journal is © The Royal Society of Chemistry 2018

healing properties. Here, infected wounds without treatment
represented the positive control, uninfected wounds without
treatment the negative control, and the infected wounds
treated with samples the test groups. The image of wounds at
different time points was recorded (Fig. 10A), and the wound
closure rate was also collected (Fig. 10B). From the images of
the wounds at different time points, it can be confirmed that
S. aureus infected full-thickness wounds were established;
on day 5, the sizes of the wounds treated with or without
samples showed no significant differences; on day 10, the
sizes of 15TMS and 15T-g-MS treated group were distinctly
smaller than the other groups; on day 15, the size of MS-
treated group were not complete closed. Also, the statistics
results of the wound closure rates demonstrated that the TA-
containing samples promoted wound closure faster than the
uninfected without treatment group, infected without treat-
ment, and infected treated with MS. As a comparison, the
TA-treatment group was also tested (Fig. S57), and it could
be confirmed that TA promoted wound healing in the earlier
stage, but TA slowed up the wound recovering in the later
stage. Furthermore, section tissues from the wounds on the
rats at day 15 were collected and stained by hematoxylin and
eosin (H&E) (Fig. 11). The results demonstrated that the TA-
containing group decreased the inflammatory reaction.
From the above results, it can be inferred that the TA-con-
taining groups could kill S. aureus and promote wound
healing. However, the TA-treated group recovered slowly in
the later stage. The dosage of the TA-loaded samples and
pure TA were different, as mentioned in previous reports that
a high TA dosage can inhibit the collage synthesis and
hinder wound healing process,”® which is probably the
reason why the TA-treated group recovered slowly in the later
stage.
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Fig. 10 (A) Photographs of the appearance of different wounds on days 1, 5, 10, and 15 postoperation with the treatment of the samples. (B) The
wound closure rate of TA treated on different days postoperation (*, P < 0.05; **, P < 0.01).
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Fig. 11 H&E staining of wound tissue (scale bar: black 200 pm; white 100 pm. E, epidermis; |, inflammation).
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Fig. 12 Live/dead cell assay of samples; the upper panels are the live cells showing green fluorescence and lower panels are dead cells showing red
fluorescence. (Scale bar, 100 um).

2.8 Cell viability

To confirm the cytocompatibility of the samples, a live/dead
assay was performed and observed via fluorescence microscopy.
As shown in Fig. 12, the untreated group exhibited bright green
fluorescence, suggesting most cells in the experimental group
were alive. Furthermore, the number of dead cells was also
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demonstrated, and were considered to be in the normal range.
The result confirmed that the samples were safe for cells.

In summary, the results above proved that the adsorption of
TA onto MS could integrate the advantages of both materials
and provide efficient hemorrhage control and excellent anti-
bacterial property. Based on the previous reports and the
current study findings here, it could be concluded that the
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Scheme 2 Schematic illustration of the TMS hemostasis process. (A) TMS facilitated rapid blood contact, which caused faster water absorption and
blood components concentration, simultaneously. Followed by that, a certain amount of TA was released and further crosslinked with plasma
protein, together with the activated coagulation factors by the negative-charged TMS, leading to accelerated clot formation. (B) The molecules of

TA were released from TMS and exhibited excellent antibacterial properties.

superior hemostasis performance of 15TMS was mainly attrib-
uted to the following respects: (1) When 15TMS contacted with
the wound site, fast blood contact was first strengthened by
the hydrophilicity of the TAs. This process was then reinforced
by the fluid absorption of MS and accelerated blood concen-
tration. (2) TA, as a protein deposition agent, could be released
from 15TMS and crosslinked with plasma protein, improving
the ability of protein absorption of MS, and eventually increas-
ing the probability of coagulation factors activation (Scheme 2).
Additionally, the physically absorbed TA could be released from
TMS and could kill bacterial groups. Moreover, the full-thick-
ness skin infection wound model confirmed that TMS had the
capability of anti-infection and could promote wound healing.
Furthermore, from the perspective of practical costs, the
TMS preparation process is simple and time-saving, without
enormous energy consumption and usage of expensive chemi-
cals, compared with 15T-g-MS and other current commercial
alternatives. Meanwhile, it is easy to achieve large-scale pro-
duction without professional training. Thus, this study rep-
resents a step forward in the development of hemostatic
material with immense clinical and commercial potential.

3. Materials and methods
3.1 Materials

Commercially available chemicals were used as received.
Tannic acid was purchased from Aladdin Industrial Co. Ltd

This journal is © The Royal Society of Chemistry 2018

(Shanghai China). Cetyltrimethylammonium bromide (CTAB)
and tetraethylorthosilicate (TEOS) were purchased from
Shanghai Sinopharm Co. Ltd (Shanghai, China) and used for
materials preparation. (3-Aminopropyl)-trimethoxysilane (APS)
was purchased from Sigma Aldrich Chemicals and adopted as
a coupling agent. Deionized water was used throughout this
work and all other chemicals were of analytical grade.
Standard strains of Staphylococcus aureus (S. aureus, ATCC
25923) and Staphylococcus epidermidis (S. epidermidis, ATCC
49134) were purchased from China General Microbiological
Culture Collection Center.

3.2 Mesoporous silica synthesis

Ordered mesoporous silica spheres were synthesized by a one-
step basic catalyzed self-assembly process. In brief, 1.2 g of
CTAB was dissolved in 535 mL water, followed by the addition
of 15 mL of concentrated ammonium hydroxide, and the
mixture was stirred to clear and heated to 60 °C. Then, 8 mL of
TEOS was added slowly to obtain a homogeneous solution,
which was stirred vigorously for another 4 h. The product was
filtered and washed several times with ethanol and water, and
dried at 80 °C overnight. Thereafter, the as-synthesized powder
was calcined at 600 °C in air for 6 h at a rate of 1 °C min™" in
order to remove the structure-directing agent completely.

3.3 Tannic acid loading

3.3.1 Physical absorbing. TA-loaded MS was prepared by
the following steps. In detail, 1 g of as-synthesized MS powder
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was mixed with a certain amount of 0.1 g mL™" TA solution,
with adjusting the water volume to 10 mL, and the mixture
was then stirred for 6 h. The samples were collected by
lyophilizing.

3.3.2 Chemical grafting. First, MS was modified by APS,
according to previous reports.>* ! Here, 2 g of MS was dis-
persed in absolute ethanol, followed by the addition of 2 mL
of APS, with refluxing overnight at 60 °C. The product was fil-
tered and washed several times with ethanol, and then dried
at 60 °C.

TA-grafted MS was prepared by the following procedure.>
First, 0.5 g of amino-funictionalized MS was dispersed into
20 mL deionized water containing a certain amount of TA
under continuous stirring at 37 °C. After 2 h, 300 pL glutaral-
dehyde was added into the mixture, which was then stirred
overnight at 37 °C. The product was then collected by centrifu-
gation and washed several times by water. Finally, it was lyo-
philized and stored in a desiccator.

3.4 Characterization

The ordered mesoporous structure of the samples was con-
firmed by transmission electron microscopy (TEM, JEM-2100,
JEOL, Japan). Surface analysis of MS was performed by N,
adsorption/desorption measurement on a Micromeritics
ASAP2010 sorptometer (Micromeritics, USA). Prior to detec-
tion, the sample was degassed at 100 °C under vacuum for 4 h.
The specific surface area was determined by the Brunauer-
Emmett-Teller (BET) method and the pore parameters (pore
volume and pore diameter) were obtained from the adsorption
branch on the basis of the Barrett-Joyner-Halenda (BJH)
model.

The Fourier-transform infrared (FTIR) spectra were
obtained using a PerkinElmer System 2000 spectrometer
(Nicolet Magma-550 series II, Midac, USA) from KBr pellets at
wavelengths ranging from 4000 to 400 cm™" at a resolution of
1 cm™" with an average of 64 scans. Thermogravimetry-differ-
ential scanning calorimetry (TG-DSC) thermograms were
recorded with a Thermal Analysis (Nicolet Instrument
Corporation, Madison, WI, USA).

Electrophoretic mobility measurements were performed to
measure the surface charge (zeta potential) of the samples.
The electrophoretic mobility assay was adapted from previous
reports.'®?® The zeta potential was measured as a function of
pH by titrating with 0.5 M HCI and NaOH at 25 °C. The
sample was suspended in 0.1 mol L™ of PBS (pH 7.4) and dis-
persed by sonication. Reverse titrations were performed to
ensure chemical stability of the introduced surface function
during the measurements.

3.5 Invitro TA-release study and protein absorption

The TA-release profile was measured according to a previous
report.'® Briefly, the experiment was carried out by adding
dried sample to 10 mL of the phosphate buffer solution (PBS,
0.1 mol L") at different pH with or without BSA protein. This
mixture was shaken in a rolling incubator (Kylin-Bell Lab
Instruments Co., Ltd, Haimen) under room temperature and
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the released concentration as a function of time was analyzed
by UV-visible spectroscopy at 285 nm in PBS. After that, the
sample was collected by centrifugation and re-suspended in
absolute ethanol, pipetted on to the copper mesh, and
observed by TEM.

The protein absorption was determined by the Bradford
method.® Briefly, 10 mg of TA loading sample was suspended
in 1 ml of 0.2 wt% BSA solution (pH = 7.4), then shaken at
37 °C. After 1 h, the as-prepared supernatant was collected by
centrifugation, and reacted with Bradford reagent for 5 min,
and the residual BSA in solution was tested using an ultraviolet
spectrophotometer at 595 nm. The amount of adsorbed
protein (mg mg ') was calculated according to the following
equation:

Cy—C
Absorbed BSA(mg mg™?) = % v

where C, and C, are the BSA concentrations (mg mL™") before
and after adsorption, respectively, W is the weight of the
sample (mg), and V is the volume of the BSA solution (mL).

3.6 Invitro blood clotting evaluation

3.6.1 Blood collection and related component preparation.
All the blood samples were collected from New Zealand White
Rabbit. The whole blood was drawn from a healthy male
rabbit into a 3.8% sodium citrated tube with a blood/coagulant
ratio of 9: 1.

Red blood cells (RBCs) were isolated as packed RBCs from
centrifugation of citrated whole blood samples at 3000 g for
15 min at room temperature, and washed three times. After
cell washing, 200 pL of packed RBCs was diluted to 4 mL with
PBS (5% hematocrit).

Platelet poor plasma (PPP) was isolated as the supernatant
from the centrifugation of citrated whole blood samples at
3000 g for 15 min at room temperature.

3.6.2 Hemolysis assay. Hemolysis assay was conducted
according to previous reports®**> The RBC suspension was
prepared as mentioned above. Briefly, the diluted RBC suspen-
sion (0.2 mL) was then mixed with the sample in PBS (0.8 mL)
at set concentrations. PBS and water (0.8 mL) were used
instead of the sample suspensions as the negative and positive
controls, respectively. The mixture was cultivated at 37 °C for
1 h, followed by centrifugation (3000 rpm, 5 min), and then
the absorbance of the supernatant at 541 nm was measured by
UV-visible spectrometry. The percent hemolysis of the RBCs
was calculated using the following formula:

ODSampIe - ODNegative control

Percent hemolysis (%) =
Dpositive control — ODNegative control

x 100%.

3.6.3 PT and aPTT. To explore the activation of the
material-induced blood plasma coagulation, in vitro coagu-
lation assays were performed by determining the aPTT and PT,
defined as the activated partial thromboplastin time and pro-
thrombin time, respectively. This experiment was tested by a

This journal is © The Royal Society of Chemistry 2018
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semi-automatic coagulation analyzer (MC-2000, Germany). The
platelet poor plasma (PPP) was obtained as mentioned above.

APTT tests were performed by mixing 100 pL of aPTT
reagent to 100 pL of citrated plasma. After incubation at 37 °C
for 3 min, 100 pL of 25 mM CacCl, and the sample were added
in the test tube immediately and aPTT was measured
simultaneously.

PT tests were performed by incubating 50 pL of citrated
plasma, 100 pL of PT reagent and samples at 37 °C for 1 min,
respectively. Then the PT reagent and sample were added to
the plasma in the test tube and PT was measured. The tests for
negative control were performed without samples.

3.6.4 Clotting time. The whole blood clotting test was
based on the reported literature.>*® A volume of 270 pL
citrated blood was pipetted with a total of 30 pL of 0.2 M
calcium chloride (CacCl,), followed by vortexing for 10 s. Then,
150 pL was mixed with pre-weighed sample into 2 ml plastic
tube. The rest of the recalcified blood without a sample was
used as the control. The tube was inverted every 15 s until the
blood aggregates completely ceased to flow.

3.7 Rat-tail amputation

Sprague-Dawley (SD) rats (weight of 200-250 g) were anesthe-
tized by an intraperitoneal injection of 40 mg kg™ sodium
pentobarbital. Fifty percent length of the tail was cut by surgi-
cal scissors and then placed in air for 15 s to ensure normal
blood loss. Subsequently, the wound was covered with 200 mg
of sample. The clotting time (s) and blood loss (g) were
recorded during the hemostatic process.*®*°

3.8 Invitro antibacterial assay

3.8.1 Bacteria culture. S. aureus and S. epidermidis were
selected as the bacteria molds. Before the test, S. aureus and
S. epidermidis were inoculated into 5 mL nutrient broth (NB,
peptone 1 g, beef extract 0.3 g, NaCl 0.5 g, water 100 mL)
medium at 37 °C for about 6-8 h with shaking at 120 rpm,
respectively, and the strain colony was accessed by UV-vis spec-
troscopy (at an optical density of 0.1 at 600 nm for 1 x 10® CFU
mL™).

3.8.2 Antibacterial assay. The antibacterial activities of the
samples against S. aureus and S. epidermidis were deter-
mined.*® Briefly, 500 pL of bacterial suspension in sterilized
normal saline (2 x 10° CFU mL ") was pipetted into a sterilized
plastic tube containing different amounts of sample and
500 uL NB medium, followed by incubation at 37 °C for 6 h. At
the end of that time, 10 pL of the co-culture medium was
inoculated onto a standard agar culture plate. Furthermore,
100 pL of the co-culture medium pipetted at a concentration of
2 mg mL™" was spread on to plates after a serial 10-fold
dilution in normal saline. After further incubation at 37 °C for
18-24 h, the active bacteria were counted. The results were
expressed as kill %:

cell count of control — survivor count of sample

Kill% =
ill% cell count of control

x 100%.
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3.9 Invivo anti-infective and wound-healing experiments

The in vivo anti-infective and wound-healing experiments were
performed as previously reported with minor revision.*'
Sprague-Dawley (SD) rats (weight of 200-250 g) were anesthe-
tized by an intraperitoneal injection of 40 mg kg™" sodium
pentobarbital. After that, four full-thickness skin injures with
a round section of dorsal flank skin (10 mm in diameter) were
prepared and infected with 100 pL bacteria suspension (S.
aureus, ~1 x 10° CFU mL™") for 24 h. After 24 h, the samples
were placed on the surface of the wound. At the same time, an
uninfected wound with 10 mm in diameter was utilized as the
negative control, and infected wound with 10 mm in diameter
was utilized as the positive control. The wound regions were
imaged 1, 5, 10, and 15 d postoperation. The rats were sacri-
ficed on days 15 and the wound tissues postoperation were col-
lected and treated with 4% paraformaldehyde solution to fix
the samples. The pathological section of the wound tissue was
analyzed by H & E staining. Histological images were taken
using a microscope (NIKON, CI-S, Japan).

All the above-mentioned experimental animals, including
the New Zealand White Rabbits and SD rats, were cared for
and treated in accordance with the NIH guidelines for the care
and use of laboratory animals (NIH Publication No. 85e23 Rev.
1985) as approved by the Research Center for Laboratory
Animal of Shanghai University of Traditional Chinese
Medicine.

3.10 Live/dead viability assay of C2C12 cells

Cell viability was determined using live/dead staining. Briefly,
C2C12 cells were seeded in a dish at a density of 1 x 10> cells
per dish, the incubated at 37 °C with normal growth media
(Dulbecco’s Modified Eagle’s Medium (DMEM) with 0.11 ¢ L™"
r-glutamine, 2.2 g L™ sodium bicarbonate, 10% fetal bovine
serum, and 2% antibiotics (200 mg mL™"' penicillin and
200 mg mL™" streptomycin)) in a 5% CO, atmosphere. After
incubation for 24 h, the medium was aspirated out and
replaced with sample medium suspension (or solution). After
another 24 h, the medium of each dish was removed and
rinsed 5 times by PBS, stained by a Live/Dead Viability/
Cytotoxicity Kit.

3.11 Statistical analysis

All the experimental results are expressed as the mean + stan-
dard deviation (SD). Statistical difference was analyzed using
one-way analysis of variance (ANOVA). A value of P < 0.05 was
considered to be statistically significant.

4. Conclusions

The aim of this study was to prepare a novel mesoporous
silica-matrixed hemostatic ~with enhanced hemostasis
efficiency and antibacterial ability. The prepared 15TMS could
not only quickly and effectively absorb fluid but also induced
blood concentration. In addition, hemorrhage control in vitro
and in vivo was achieved, which was attributed to MS contact
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activation and TA physical crosslinking. Furthermore, TMS
showed excellent antibacterial ability and promoted wound
healing. More importantly, TMS exhibited excellent biocom-
patibility; the hemolysis and cytotoxicity of the MS could be
neglected after the modification by TA. We are convinced that
this study provides an alternative approach for hemorrhage
control.
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