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Abstract

Hemorrhages are still considered a common cause of death and despite the availability of different hemostatic agents it is still
necessary to develop more effective hemostats for bleeding managements in emergency situations. Herein, large-pores
mesoporous silica microspheres (MSM) were synthesized, and their surface was modified to enrich the hydroxyls population
with the aim of achieving a material with enhanced water adsorption capacity and high hemostatic ability. The success of
surface modification was investigated by Fourier Transform Infrared spectroscopy (FT-IR) and thermogravimetric analysis
(TGA), which confirmed the increase in the amount of surface hydroxyl groups. A hemolysis assay as well as a clotting test
were carried out to evaluate the hemocompatibility and hemostatic ability, respectively. It was found that the modified
material presented the lowest hemolytic ratio and the lowest clotting time. The novelty of the paper is mainly due to the
coupling of the hemostatic ability test with the adsorption microcalorimetry of water. In fact, being the water adsorption on
the material surface a crucial factor in the hemostatic activity, microcalorimetry was used for the first time to study the
adsorption of water and estimate its heat of adsorption. The data obtained showed that the modified MSM presents a surface
able to adsorb a higher amount of water, compared to the pristine MSM, with a low molar heat of adsorption (about 35 kJ/mol),
which renders the modified MSM presented in the present study an excellent candidate for producing novel hemostats.
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1 Introduction

Hemorrhages and their complications are considered one of
the most common causes of potentially preventable death
among injured patients either in the military or in the civi-
lian field. Indeed, it has been estimated that sever blood loss
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remains the main responsible of about 50% of battlefield
victims, 20% of trauma death in civilian hospitals, and 30%
of maternal mortality [1, 2]. Beyond causing death,
uncontrolled bleeding can lead to other sever consequences
such as impair wound healing, infections, coagulopathy and
organ failure [3]. Therefore, efficient and rapid bleeding
control results of great importance to decrease the risk of
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mortality during pre-hospital treatments. Various hemo-
static biomaterials, based on both organic (for example,
chitosan and gelatin) and inorganic (for example, zeolites
and clays) materials, have been developed for bleeding
management. Compared to organic materials, inorganic
materials have been recommended in the management of
massive bleeding as they exhibit unique properties, such as
high porosity, which make them able to quickly adsorb
water and achieve rapid hemostasis. However, the use of
these materials has been limited as they present some
adverse side effects, such as thermal damage and necrosis to
the tissues surrounding the injuries due to the exothermic
reaction following water adsorption and abnormal foreign-
body reaction due to their poor biodegradability [4-6].
Because of these limitations, there is still a need for the
search of alternative materials able to control hemorrhages
and reduce collateral effects. Mesoporous silica (MS) has
recently gained much attention in the field of hemostasis
because of its unique physico-chemical properties including
tailorable surface, high porosity, and biocompatibility.
Several studies have investigated the influence of MS
properties on its hemostatic ability [7-14]. From the ana-
lysis of the literature, it emerged that the hemostatic ability
of MS is mainly attributed to its large pores and high sur-
face area, which enhances its adsorption capacity of water
from the blood, condensing platelets, blood cells, and
clotting factors at the bleeding site (factor concentrator
mechanism). Another fact that might be beneficial for blood
coagulation is the negative charges formed on the surface of
MS materials immersed in the biological fluid, which can
activate factor XII and other clotting factors (procoagulant
effect) [1, 4, 11]. Finally, the presence of hydroxyl groups
on the surface of MS can facilitate the wettability of the
material in the blood through the formation of inter-
molecular hydrogen bonds with water molecules, favoring
the contact between the MS and the blood [15].

Considering the above premises, the aim of the present
study is, on the one hand, the fabrication of large-pores
mesoporous silica microspheres (MSM) with a high density
of hydroxyl groups and enhanced water adsorption capa-
city, to be used in the management of massive bleeding, as
they should present high hemostatic ability. To this purpose,
MSM with large pores, previously studied as a hemostatic
material [14], were synthesized and their surface was
modified in order to increase the density of hydroxyl groups
aiming to obtain a material with enhanced water adsorption
capacity. To investigate the effect of surface modification,
different techniques, such as Fourier Transform Infrared
spectroscopy (FT-IR) and thermogravimetric analysis
(TGA), were used to characterize the material. A clotting
time test as well as a hemolysis assay were performed to
evaluate the hemostatic ability and hemocompatibility,
respectively.

@ Springer

On the other hand, considering the crucial role of the
interaction of the material with water in the hemostatic
activity, the study of water adsorption on the silica surface
appears fundamental. Besides the characterization of its
water adsorption capacity, the knowledge of the heat of
adsorption of water is particularly relevant. Indeed, the use
of inorganic hemostats based on zeolites (i.e., QuikClotTM)
has been limited as it was observed that they caused thermal
injury of the surrounding tissue at the bleeding site. It is
believed that these injuries can be related to the adsorption
of water by zeolites, which is known to be highly exo-
thermic and which can increase the temperature of local
tissue surface up to 90 °C, causing severe damage [4].
Therefore, in the present study, microcalorimetry was
employed to study the adsorption of water and estimate its
heat of adsorption on modified MSM. To the best of
authors’ knowledge, this is the first time that the investi-
gation of the hemostatic and hemolytic activities of meso-
porous silica particles is complemented by the study of
water adsorption on the material surface, so obtaining new
insights concerning their potential use as a novel hemostatic
material.

2 Experimental section
2.1 Materials

Pluronic P123, potassium chloride (KCI, 299,0%), hydro-
chloric acid (ACS reagent, 37%), mesitylene (98%), tetra-
ethyl orthosilicate (TEOS, 99.999% trace metals basis), and
potassium hydroxide were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Water (LC-MS grade) was acquired
from Merck (Billerica, MA, USA).

2.2 Synthesis and surface modification of
mesoporous silica microspheres

The mesoporous silica microspheres (MSM) were synthe-
sized according to the procedure reported by the authors in a
previous paper [14] except for the amount of reactants,
which was doubled. In brief, 8.0 g of Pluronic P123 and
12.2 g of KClI were dissolved in a mixture of 240 g of H,O
(LC-MS grade) and 47.2 g of HCI (37% w/w); then 6.0 g of
mesitylene were added and the solution was stirred. After 2 h
of stirring, 17g of TEOS was added dropwise and the
mixture was stirred vigorously for 10 min. The molar ratios
of the reactants were 1 TEOS:0.017 P123:0.6 mesitylene:2
KCI:5.85 HCI:165 H,O. The mixture was maintained at
35 °C under static condition for 24 h, then it was transferred
into a sealed PTFE bottle and kept at 100 °C for 24 h. The
resulting precipitate was filtered, washed with distilled
water, and dried at 60 °C in an oven for one night. The dried
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material was calcined in air at 500 °C for 6 h at a heating rate
of 15°C/ min in a muffle furnace to remove the template.

In order to enrich the hydroxyls population of MSM, the
sample was treated with two aqueous solutions, i.e. 1 M
HCI for 24h and 0.01 M KOH for 2h, according to the
procedures reported in previous studies [16, 17]. For the
first treatment, 800 mg of MSM were suspended in 24 ml of
1 M HCI solution, under constant stirring, at 25 °C for 24 h.
Then, the resulting powder was filtered, washed with dis-
tilled water, and dried at 60 °C in an oven for one night. For
the second treatment, 600 mg of the previously treated
powder were dispersed in 7.5 ml of water (LC-MS grade)
by sonication. Then, 225 ml of 0.01 M KOH solution were
added, and the mixture was stirred at 250 rpm for 2 h. The
precipitate was separated by centrifugation and washed with
distilled water (this procedure was repeated for three times).
Finally, the solid was dried at 60°C in an oven until
complete evaporation of the solvent. The obtained material,
which is a hydroxyls-rich large-pores mesoporous silica, is
hereafter named HR-MSM.

2.3 Instrumental characterization

Samples morphology was characterized using a Field
Emission Scanning Electron Microscope (FESEM ZEISS
Merlin instrument, Oxford Instruments, Abingdon-on-
Thames, UK). The samples were mounted on a metal stub
with double-sided adhesive tape and coated with platinum
before the analysis.

Textural properties of the sample were determined by N,
adsorption-desorption at 77 K, using a Micromeritics ASAP
2020 Plus Physisorption analyzer (Micromeritics, Norcross,
GA, USA). Before the measurement, the samples were
outgassed at 150 °C for 2 h. The specific surface area (SSA)
was calculated using the Barret-Emmett-Teller (BET)
method in the relative pressure range of 0.11-0.30. The
total pore volume (V) was determined at a relative pressure
of about 0.90. The pore size distribution and the average
pore size (Dp) were obtained using the density functional
theory (DFT) model.

X-ray photoelectron spectroscopy (XPS) was carried out
on a Physical Electronics VersaProbe instrument (Physical
Electronics, Lake Drive, MN, USA), using Al radiation.

Fourier Transform Infrared (FT-IR) analysis was carried
out on self-supported pellets using an Equinox 55 spectro-
meter (Bruker, Billerica, MA, USA). The pellets were
prepared by pressing the powder with a hydraulic press. All
samples were outgassed in high vacuum (residual pressure
equal to 0.1 Pa) at room temperature for 30 min. Spectra
were recorded from 4000 cm™! to 600 cm™! with a resolu-
tion of 2cm ™!,

TG analysis was carried out in argon flow on a Linseis
STA PT 1600 (TGA-DSC) instrument (LINSEIS Co.

Germany) between 25 °C and 600 °C at the heating rate of
10 °C /min.

2.4 Hemolysis assay

The hemolytic activity was evaluated on rat blood diluted
with PBS pH 7.4 (1:10 v/v), according to the procedure
reported in [14]. Briefly, 100 ul of the sample prepared in
saline solution (NaCl 0.9% w/v) was incubated with 900 ul
of diluted blood at 37 °C for 90 min, so that the final con-
centration was 1 mg/ml. After incubation, the samples were
centrifuged at 6000 rpm for 12 min to separate the plasma.
The amount of hemoglobin released in the supernatant due
to hemolysis was measured spectrophotometrically at
542 nm (Du 730 spectrophotometer, Beckman).

The hemolytic activity was calculated with reference to
complete hemolyzed samples (induced by the addition of
Triton X-100 1% w/v to the blood, used as positive control)
and negative control (NaCl 0.9% w/v).

(Abs sample — Abs neg)

. e _ 100
emolysis(%) (Abs pos — Abs neg) *

2.5 In vitro blood coagulation test

Clotting time (CT) test is a simple method used to evaluate
whole blood coagulation in vitro. The hemostatic ability of
the samples was evaluated on 3.2% sodium citrate rat blood
diluted (1:3v/v) with saline solution (NaCl 0.9% w/v)
according to the procedure reported in literature [11, 12].
Briefly, 2 mg of powder were put in an eppendorf tube and
kept at 37 °C for 5 min. Then 200 pl of diluted blood was
added to the powder, followed by vortexing for 10s, and
incubated at 37 °C for 3 min. After that, 100 ul of 0,025 M
calcium chloride (CaCl,) aqueous solution was added to the
tube to activate blood coagulation. Finally, the tube was
tilted every 15 s until the blood stopped to flow through the
wall of the tube. The clotting time was used as the result of
the CT test.

2.6 Microcalorimetry of water adsorption

The microcalorimetric measurements were performed by
using a Tian-Calvet heat flow calorimeter (Setaram)
equipped with a volumetric vacuum line. Before the ana-
lysis, the sample (ca. 0.1 g, 40-60 mesh) was evacuated at
150 °C for 12 h under vacuum (ca. 2 x 107> Pa). The ana-
lysis was carried out at 30 °C admitting successive doses of
water previously degassed by using the freeze-pump-throw
procedure. For each dose, the equilibrium pressure was
measured by means of a differential pressure gauge (Ley-
bold) and the thermal effect was recorded. The analysis was
stopped at a final equilibrium pressure of ca. 800 Pa. Using

@ Springer
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Fig. 1 FESEM images
(magnification: 5.00 K X and
50.00 K X in the inset) of MSM
(left side) and HR-MSM

(right side)

the data collected from the measurements, both the volu-
metric isotherm (relating the amount of water adsorbed with
the corresponding equilibrium pressure) and the calori-
metric isotherm (relating the integral heat of adsorption with
the corresponding equilibrium pressure) were drawn.
Combining the two sets of data, a plot of the differential
heat of adsorption as a function of the adsorbed water
amount was obtained, which gives information on the
influence of the surface coverage on the energetics of the
adsorption.

3 Results and discussion
3.1 Characterization of HR-MSM

FESEM images of MSM and HR-MSM are reported in
Fig. 1. The synthesized material (Fig. 1, left side) appears in
the form of spheres with particle size ranging from 1.5 to
5Sum as previously observed [14]. As far as sample HR-
MSM (Fig. 1, right side) is concerned, no remarkable
changes can be observed in the morphology when com-
pared to the as-synthesized material (Fig. 1, left side).
However, a rough surface might be observed in the case of
HR-MSM (Fig. 1, right side, inset), whereas this is not so
evident for MSM as such (Fig. 1, left side, inset). The rough
surface could be ascribed to the partial dissolution of silica
due to the treatment with the basic solution (0.01 M KOH
solution) during the surface modification process, as
observed previously [18, 19].

Nitrogen adsorption-desorption isotherms and pore size
distribution of HR-MSM are shown in Fig. 2. The material
exhibits a type IV isotherm, according to IUPAC classifi-
cation, with a hysteresis loop which appears of type Hl,
typical of a narrow range of uniform mesopores [20].
Indeed, the pore size distribution (Fig. 2, inset) is unimodal
and centered at 24 nm. The values of SSAggr and Vp are
415 m%/g and 1.19 cm%/g, respectively. All these features
can be considered comparable to the data previously
reported in [14].

XPS analysis was carried out to exclude the presence of
chlorine and potassium on the surface of HR-MSM as

@ Springer
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Fig. 2 Nitrogen adsorption-desorption isotherms of HR-MSM and
pore size distribution (inset)

residual contaminants due to the treatments in aqueous
solutions. The result of the survey analysis, reported in
Fig. 3, evidenced that Si and O are the main elements at the
surface, as expected. Traces of carbon are also observed, as
usual, which are ascribed to organic impurities adsorbed
during the handling and storage of the sample.

The FT-IR spectroscopic characterization was performed
to evidence the effect of the treatments in the acidic and
basic solutions on the population of hydroxyl groups at the
surface. Figure 4 reports the spectrum of HR-MSM, with
that of the pristine MSM for comparison. The spectrum of
MSM is the typical spectrum of amorphous silica, as pre-
viously reported [14], showing two main bands, i.e. a nar-
row one due to stretching of isolated silanols, observed at
3746 cm™!, and a broad band centered at about 3520 cm ™!
due to H-bonded silanols [21]. As far as the spectrum of
HR-MSM (Fig. 4, red spectrum) is concerned, the relative
intensities of the two contributions are significantly differ-
ent from those observed for MSM, so that the spectrum
suggests that the population of H-bonded silanols increased
and that of isolated silanols decreased in HR-MSM respect
to the pristine MSM. This modification of the surface sila-
nols population is ascribed to the hydrolysis of siloxane
bridges, caused by the treatments in acidic and basic
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Fig. 3 XPS spectrum (survey) of 2
HR-MSM Atomic % ¥
ols  66.9
r sizp 24.9 7
Cls 8.1
g Q
=L 2o .
Q
- &z -
&
1 L 1 L L
1200 1000 800 600 400 200 0
Binding energy (eV)
0.5 —MSM
——HR-MSM
El 2
& <
b 2
8 2
g -
£ 5
) (5)
2 =
< -15+
50 o m  w -
: . - 100 200 300 400 500 600
3800 3600 3400 3200 3000 T (°C)

Wavenumber (cm™ )
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Scheme 1 A possible reaction occurring on the surface of MSM in acidic solution (inspired by El Mourabit et al. [22])

solutions, which formed new SiOH species. A possible
mechanism of reaction in acidic solution, as proposed in
[22], is reported in Scheme 1.

The reaction in basic solution is expected to be that
responsible of incipient silica dissolution which is well
known, as reported, for instance, in [23].

In order to obtain a quantitative estimation of silanols
population, TGA analysis was performed on both pristine
MSM and HR-MSM and Fig. 5 reports the obtained curves.

For both samples, two main weight loss can be observed. A
first one, at temperatures lower than 150 °C, which can be
assigned to the removal of adsorbed molecular water weakly
interacting with the surface, and a second one, at tempera-
tures higher than 200 °C, ascribed to the condensation of
silanols groups on the silica surface [24]. As far as sample
HR-MSM is concerned, it can be observed that the first
weight loss (about 6.1 wt%) and the second weight loss
(about 7.3 wt%) are both larger than those observed for

@ Springer
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MSM (about 4.3 wt% and 4.5 wt%, respectively). The larger
weight loss due to the removal of adsorbed molecular water
observed for HR-MSM suggests a higher capacity of water
adsorption when compared to MSM. Moreover, an estima-
tion of the surface density of hydroxyl groups was per-
formed using the weight loss between 200 °C and 600 °C,
according to the following equation:

Amror1) XNa

X 2
OH 2 _ MWyao
/nm SSAper X mr)

where Amr; 11y is the weight loss between T1 (200 °C) and
T2 (600 °C), N4 is Avogadro’s constant, MWy,q is the
molecular weight of water, mr, is the sample weight at T1,
and SSAggt is the specific surface area [25].

The number of silanol groups per square nanometer (OH/
nm?) was found to be about 5 and 11 for pristine MSM and
HR-MSM, respectively.

The value obtained for MSM is comparable with the data
previously reported for mesoporous silica synthesized using
the same templating agent (Pluronic P123) in acidic con-
ditions, such as SBA-15 [26], also considering the limita-
tions, in terms of precision and accuracy, of the measure of
the number of hydroxyls by thermogravimetric analysis.

The TGA results reveal that the treatments in acidic and
basic solutions caused a drastic increase in the amount of
silanols, leading to a surface with an increased water
adsorption capacity, as desired.

3.2 Hemolysis assay

Since it is known that silica could cause damage to the
membrane of red blood cells [27, 28], a hemolysis assay
was performed to evaluate the hemolytic behavior of MSM
and HR-MSM. Figure 6 reports the hemolysis ratio of MSM
and HR-MSM at a concentration of 1 mg/ml. The results of
the test showed that the hemolytic ratio was low for both
samples. In particular, HR-MSM presented the lowest
value, suggesting that the surface modification may have
reduced the hemolytic activity of MSM. A similar result
was observed by Shi et al. [29] who studied the effect of
silica surface modification, performed by treating silica with
HCI and NH,OH, on hemolysis. The authors suggested that
the reduced hemolytic activity might be ascribed to the
modification of the silica surface in the basic solution. A
gel-like layer or the hydration of the particles may cause a
steric repulsion between the particles and the red blood
cells, explaining the low hemolysis after alkaline treatment.

3.3 Clotting time test

To evaluate the hemostatic ability of MSM and HR-MSM, a
clotting time (CT) test was performed. As reported in Fig. 7,

@ Springer
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one-way ANOVA

Control

the clotting times of MSM (60s+15s) and HR-MSM
(35s+9s) were significantly shorter than the control
(115 s £9s), where no material was used. In addition, it can
be observed that the CT of HR-MSM was the shortest. This
could be ascribed to the fact that the HR-MSM sample may
present a higher water adsorption capacity when compared
to MSM, which might have enhanced its hemostatic ability
by accelerating blood clotting [5], as desired.

3.4 Microcalorimetric characterization of water
adsorption

With the aim of obtaining a more detailed picture of the
silica surface role in the hemostatic activity, with particular
reference to the propensity of adsorbing the water mole-
cules, the adsorption of water was studied by micro-
calorimetry, from which both the volumetric and the
calorimetric isotherms were obtained.

Figure 8 reports the volumetric isotherm of HR-MSM,
previously outgassed at 150 °C in order to remove the
adsorbed molecular water (according to TGA analysis,
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Fig. 5), compared to that obtained for the pristine
MSM.

The water uptake is definitely larger for HR-MSM than
for MSM and when the quantities of water adsorbed at
similar equilibrium pressures are compared per unit surface
area, the amount observed for HR-MSM appears about
twice that measured for MSM (Fig. 8, right side). Interest-
ingly, the ratio between the amounts of water adsorbed on
the two samples is close to the ratio between the numbers of
silanols estimated by TGA analysis (11 : 5, Fig. 5).

These results corroborate the scenario previously pro-
posed, for which the enhanced water adsorption capacity of
HR-MSM (as suggested by TGA data) is due to the high
silanols surface density obtained by the treatment in acidic
and basic solutions, this feature being responsible for the
enhanced hemostatic ability observed by the CT (Fig. 7).

Therefore, HR-MSM can indeed be considered an opti-
mal candidate for hemostatic applications. For this reason,
microcalorimetric isotherms were used to estimate the heat
of adsorption. In fact, as already highlighted, the heat of
water adsorption could be the cause of thermal injury of the
surrounding tissue at the bleeding site when inorganic
materials such as zeolites are used as hemostats [4].

Microcalorimetry has been widely applied to investigate
the thermodynamics of water adsorption on both crystalline
and amorphous silicas, in order to evaluate the energy of the
interaction between the surface and water molecules [30].
This parameter appears crucial in affecting several surface
properties of silicas and silica-based materials, which may
be even more significant when the interaction with biolo-
gical environments is conceived for the material [28, 31].

Figure 9 reports the molar heat of adsorption on HR-
MSM as a function of water coverage, i.e. the differential
heat of adsorption (Qgisr) [30, 32]. It can be noted that,
starting from a value of 134 kJ/mol at negligible coverage
(ascribed to traces of strong adsorption sites usually

Qdiff (kJ/mol)

0 1 2 3 4 5 6 7
Coverage (umol/mz)

Fig. 9 Differential heat (Qgs, kJ/mol) of water adsorption on HR-
MSM as a function of coverage. The sample was previously outgassed
at 150 °C

observed in amorphous silicas [24, 25]), Qg abruptly
decreases below 44 kJ/mol (dashed line in Fig. 9), i.e. the
latent enthalpy of liquefaction of water, at very low cov-
erages (0.56 pmol/m?, corresponding to 0.34 molecules/nm?),
reaching a quasi-plateau at about 35 kJ/mol (remarkably
lower than the latent enthalpy of liquefaction of water) for
adsorbed amounts above 1.4 umol/m? (corresponding to
0.84 molecules/nm?). This trend clearly indicates that the
energy of the interaction of water with the surface is
lower than in the liquid phase, at variance with what
observed for zeolites, for which values of Qg between
80 and 60 kJ/mol were measured at equilibrium pressures
similar to the present ones, i.e. 1-7 Torr [32]. Interest-
ingly, also for all-silica zeolitic materials, the Qg values
resulted higher than those measured for HR-MSM, being
larger than 44 kJ/mol in the same range of equilibrium
pressures [32].
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The whole set of data obtained by the characterization of
water adsorption on HR-MSM reveal that this material
exposes a surface which is able to adsorb an enhanced
amount of water with respect to the pristine MSM, and that
the energy of adsorption is significantly lower than that
measured for zeolites (and even lower than the latent
enthalpy of liquefaction of water), hence showing that the
large-pores mesoporous silica microspheres herein presented
may be an ideal candidate for producing novel hemostats.

4 Conclusions

The present work dealt with the fabrication of large-pores
mesoporous silica with a high density of hydroxyl groups and
enhanced water adsorption capacity to be used in the man-
agement of massive bleeding. To this purpose, MSM (with an
average pore diameter of 24 nm) were synthesized and treated
with two aqueous solutions (i.e. 1 M HCI for 24 h and 0.01 M
KOH for 2 h) to enrich the surface hydroxyls population. FT-IR
analysis revealed the presence of a relative higher population of
H-bonded silanols and a relative lower population of isolated
silanols for the treated material (HR-MSM) than for the pristine
MSM, suggesting that the treatment may have caused the
hydrolysis of siloxane bridges and the formation of new SiOH
species. The same result was also confirmed by TGA where an
increased amount of silanols was observed for HR-MSM with
respect to pristine MSM. To evaluate the hemolytic behavior of
MSM and HR-MSM, a hemolysis assay was performed. The
results of the test showed that HR-MSM presented the lowest
hemolytic ratio, and this may be due to the presence of a more
negative charged surface (when immersed in blood) that
increased the electrostatic repulsion between net negatively
charged red blood cells and the silica surface. A clotting time
test was performed to evaluate the hemostatic ability of sam-
ples. It was observed that the clotting time of HR-MSM was
the shortest, which could be ascribed to the presence of a higher
water adsorption capacity of HR-MSM, which might have
enhanced its hemostatic ability by accelerating blood clotting.
Microcalorimetry was employed to study the adsorption of
water and to estimate its heat of adsorption on HR-MSM. The
isotherm of HR-MSM showed a larger water uptake for HR-
MSM than for pristine MSM, which may explain the enhanced
hemostatic ability observed by the clotting time test. The dif-
ferential heat of adsorption of HR-MSM was about 35 kJ/mol,
which is lower than the value measured for other inorganic
materials used as hemostats, such as zeolites, and even lower
than the latent enthalpy of liquefaction of water.

In conclusion, the results reported in this study show that
HR-MSM can be considered a promising candidate for
developing new hemostats to be used for bleeding man-
agement in emergency situations.
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