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Abstract: Synthesis and characterization of the first mesopor-
ous bioactive glasses (MBGs) containing tantalum are reported
here, along with their potential application as hemostats. Silica
MBGs were synthesized using with the molar composition of
(80-x)% Si, 15% Ca, 5% P, and x% Ta. It was found that incorpo-
ration of >1 mol % Ta into the MBGs changes their physical and
chemical properties. Increasing Ta content from 0 to 10 mol %
causes a decrease in the surface area and pore volume of ~20
and ~35%, respectively. This is due to the increase in nonbrid-
ging oxygens and mismatch of thermal expansion coefficient
which created discontinuities in the ordered channel structure.

However, the effect is not significant on the amount of ions (Si,
Ca, P, and Ta) released, from the sample into deionized water,
for short durations (<60 min). In a mouse tail-cut model, a sig-
nificant decrease in bleeding time (>50% of average bleeding
time) was found for Ta-MBGs compared to having no treatment,
Arista, and MBG without Ta. Further studies are proposed to
determine the mechanism of Ta involvement with the hemo-
static process. © 2019 Wiley Periodicals, Inc. J Biomed Mater Res B
Part B: Appl Biomater 107B:2229-2237, 2019.
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INTRODUCTION
Bioactive glasses (BGs) were first synthesized by Hench
et al. and are capable of chemically bonding with host tis-
sue.! Their bioactivity stems from ion release which can pro-
mote the development of a hydroxyapatite (HA) layer at the
interface of the implant upon maturation in an aqueous
medium.? The HA develops from an exchange of ions
between the glass and the medium resulting in the buildup
of crystalline calcium phosphate compounds on the surface.
Mesoporous bioactive glasses (MBGs) are a subset of BGs
that possess a mesoporous channel structure.® This gives them
high specific surface area, significantly greater than that of
melt-quenched BGs of similar composition.* Bioactivity is pro-
portionally influenced by specific surface area; therefore,
MBGs can be designed with high bioactivity.? Silica-based
MBGs have an amorphous structure which can accommodate
various ions as network modifiers® which disrupt the continu-
ity of the glass network and form nonbridging silicon-oxygen
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bonds (Si-NBO). The number of Si-NBOs affects the bioactivity
of the glasses, with increased numbers of Si-NBO bonds lead-
ing to greater reactivity.” Network modifiers can further influ-
ence glass properties depending on the ion used. For example,
calcium (Ca) ions can accelerate blood coagulation.® MBGs
with silver (Ag) ions can be antibacterial’ ™ against Gram-
negative and Gram-positive bacteria even at 0.02 wt %
Ag. MBGs with europium (1-5 mol %) have shown significant
bone formation stimulation in an in vivo rat model.*® Gallium
(Ga)-doped MBGs have been shown to be potential hemostatic
agents and also exhibit antibacterial properties'’; low amounts
of Ga (5-10 mg of 1-3 mol % Ga-MBGs) induces the intrinsic
pathway of the blood coagulation cascade and can inhibit bac-
terial growth of Escherichia coli and Staphylococcus aureus.
Hemostats are agents that stop bleeding from a damaged
blood vessel.'? Commercially available hemostats work by one,
or a combination, of two mechanisms: (1) sealing the damaged
blood vessels, and (2) concentrating clotting factors and
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initiating the intrinsic blood coagulation pathway.'® Such
hemostats can be classified as either organic or inorganic
depending upon their composition. Organic hemostats are usu-
ally based on gelatin, cellulose, and chitosan.'* However, these
products have some inherent drawbacks: animal gelatin con-
taining hemostats, for example, GELFOAM (Pfizer Inc,
New York, NY), can cause serious allergic reactions and lead to
anaphylaxis,’* HemCon (Tricol Biomedical Inc, Portland, OR),
a chitosan-based hemostat synthesized from shrimp shells is
unsuitable for deep wounds or irregular wound surfaces due
to the rigidity of the dressing'®; and Arista (C. R. Bard Inc, Del-
ran, NJ), a starch-based hemostat, swells on application, which
has been reported to lead to tissue compression and necrosis,
making it unsuitable for use in enclosed spaces such as near
small blood vessels.'?*® Inorganic hemostats are typically clay
or zeolite based.'” Zeolites possess a microporous structure,
usually with a pore diameter less than 2 nm, and can absorb
high amounts of water which reduces clotting time (>25 min)
by concentrating clotting factors.® However, zeolite-based
hemostats can cause an exothermic reaction at the wound site
with tissue temperatures capable of rising to 90°C.> Combat
Gauze (Z-Medica LLC, Wallingford, CT) is a cotton gauze
implanted with kaolin that initiates the intrinsic pathway of
the blood coagulation cascade.'® The initiation requires blood
to reach kaolin through the gauze and so it is slower in achiev-
ing hemostasis compared to other inorganic counterparts.®
These hemostats have all been shown to reduce bleed time,
but have major side effects or drawbacks that limit their use
to certain situations. There is a drive toward developing an
all-purpose hemostat that can be applied in any situation with
no side effects.

This manuscript presents tantalum (Ta) containing MBGs
(Ta-MBGs) for the first time, building upon earlier work by
Pourshahrestani et al.'* who investigated the role of gallium
(Ga) in MBGs. Ta was identified as a potential hemostat
because it has previously been used in hemostatic clips®’
while tantalum oxide (Ta,0s) powder, containing low amounts
of iron, has been used as a wound dressing to accelerate blood
clotting and prevent bacterial infection.”* The objectives of this
study are to synthesize (80-x)Si-15Ca-5P-xTa mol % MBGs
with increasing amounts of Ta, characterize their structure,
and evaluate the effect of the morphology and Ta content
on ion release and hemostasis (clotting time) in a mouse
tail-cut model.

MATERIALS AND METHODS

Materials

Reagent grade triblock copolymer P123, calcium nitrate tet-
rahydrate, triethyl phosphate (TEP), tetraethyl orthosilicate
(TEOS), tantalum(V) ethoxide, and ethanol (EtOH) were
used. Reagent grade hydrochloric acid (HCI) was diluted to
0.5 M HCI using distilled water. All reagents were obtained
from Sigma Aldrich, Oakville, Canada. A surface directing
agent was used to make the mesoporous structure. In this
case, P123 was the chosen agent because it yields well-
ordered, 2D hexagonal channels.?* Arista, a commercial
starch-based hemostat, was purchased from C. R. Bard Inc.
to use as a control for the hemostasis model.
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Synthesis

MBGs were synthesized with incremental Ta content, at the
expense of silicon (Si), according to Table I. Calcium
(Ca) and phosphorous (P), incorporated to increase bioactiv-
ity through apatite formation, are kept constant through all
the samples.

Synthesis of MBGs was performed using the method out-
lined by Yan et al.® Typically, 4 g of P123 and 1.4 g of calcium
nitrate tetrahydrate were dissolved in 76 mL of ethanol. In a
separate graduated cylinder, 1 mL of 0.5 M HCI and an appro-
priate amount of TEOS were allowed to react for the acid-
catalyzed hydrolysis of TEOS. Since TEOS amount determined
the Si content in the final MBG, the amount varied corre-
sponding to the sample being made. Then, 0.68 mL TEP and
appropriate amount of tantalum(V) ethoxide were added to
the ethanol solution. Finally, the TEOS-acid solution was
slowly poured into the ethanol solution.

The solution was covered and stirred overnight. It was
then transferred to a Petri dish for 5 days to allow for the
evaporation-induced self-assembly (EISA) process. The EISA-
derived gel was then calcined at 650°C, holding for 6 h. The
ramp rate used for the furnace was 1 °C/min. The resultant
MBGs were ground and sieved with a 45 pm mesh.

X-ray diffraction

Wide-angle X-ray diffraction (WAXRD) patterns were col-
lected using a Philips PW3710 X-ray diffractometer (Phillips,
Holland) with a Cu source from 5° to 160° (26), at a step
size of 0.1°. A generator voltage of 45 kV and a tube current
of 20 mA were employed.

Small-angle X-ray diffraction (SAXRD) was carried out to
confirm whether ordered mesoporous channels were present.
SAXRD patterns were collected using an Anton Parr SAXS dif-
fractometer (Anton Paar, Austria) with a Cu source from 0.2°
to 10° (20), at a step size of 0.04°. A generator voltage of
40 kV and a tube current of 50 mA were employed.

Energy dispersive X-ray spectroscopic analysis and
X-ray photoelectron spectroscopy
A JEOL 6380LV scanning electron microscope (SEM; JEOL,
Peabody, MA) equipped with Oxford energy dispersive X-ray
spectroscopy (EDS) was used to qualitatively examine the
chemical composition of each sample. A 1 cm Cu sample
holder with double-sided carbon tape was pressed onto
powder samples and placed into the SEM for analysis.

X-ray photoelectron spectroscopy (XPS) was conducted
on a K-Alpha XPS system (Thermo Fisher Scientific, Wal-
tham, MA). Monochromated Al K-Alpha X-rays were used for

TABLE I. Compositions of Synthesized Mesoporous
Bioglasses (mol %)

Sample Code Ta Si Ca P
MTa-0 0 80 15 5
MTa-0.5 0.5 79.5 15 5
MTa-1 1 79 15 5
MTa-5 5 75 15 5
MTa-10 10 70 15 5

EFFECT OF TANTALUM INCORPORATION ON THE PHYSICAL AND CHEMICAL PROPERTIES
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analysis, with a spot size of 400 pm. Charge compensation
was achieved utilizing a low energy flood of electrons and
jons under ~5 x 10~® mbar vacuum. Residual pressure was
from argon associated with operation of a charge compensa-
tion source. The survey spectrum was acquired in a high-
pass energy (200 eV), low point-density (1 point/eV)
scanned mode. Regional spectra, used to determine relative
atomic composition, as well as for determination of chemical
information, was acquired in a low-pass energy (50 eV), high
point-density (0.1 eV spacing) scanned mode. Analysis was
calibrated using the Cls peak and binding energy of
284.8 eV.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was carried
out on the powder samples using an ATR-iS50 FTIR
(Thermo Scientific). Spectra were collected from 400 to
1500 cm™! with 0.25 em™ resolution.

Transmission electron microscopy

Transmission electron microscopy (TEM) was carried out on
a Hitachi HT-7700 (Hitachi, Japan), to analyze the nanochan-
nels within the glass. Samples were embedded in modified
Spurr’s resin (Electron Microscopy Sciences, Hatfield, PA),
ultramicrotomed to 100 nm thick slices, and then placed on
copper grids for imaging. Imaging was carried out at 80 kV
and an emission current of ~10 pA.

Brunauer-Emmett-Teller and Barrett-Joyner-Halenda
analysis

Surface area measurements were carried out by nitrogen gas
adsorption in a Micromeritics Gemini VII 2390 gas adsorp-
tion analyzer (Micromeritics, Norcross, GA). The surface area
was then calculated using Brunauer, Emmett, and Teller
(BET), and pore size distribution and pore volume were esti-
mated using the Barrett-Joyner-Halenda (BJH) schema.

Ion release analysis

Ion release was conducted in deionized (DI) water and ana-
lyzed using inductively coupled plasma-optical emission spec-
troscopy (ICP-OES). Total of 50 mg of sample was placed in a
microcentrifuge tube containing 1 mL DI water. After the
appropriate time intervals (15, 30, and 60 min), samples were
centrifuged at 10,000 rpm for 2 min.?® The supernatant was
collected and diluted to conduct analyses. Three samples of
each glass were taken, at each time interval.

Chemical compositions of the collected samples were
analyzed using ICP-OES, performed on an Optima 7300 DV
ICP-OES (Perkin Elmer, Waltham, MA). Calibration standards
for silicon, calcium, and phosphorus were prepared from a
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FIGURE 1. XRD results for MBG samples; no significant peaks are seen.

TABLE Il. Composition of MBG Samples from EDS
Data (wt %)

Sample (0] Si Ca P Ta
MTa-0 58.6 31.4 7.2 2.8 0
MTa-0.5 55.5 31.2 8.0 2.5 2.8
MTa-1 58.2 27.9 6.7 2.1 5.1
MTa-5 47.6 23.6 6.0 1.8 21.0
MTa-10 37.7 20.2 5.3 1.2 35.6

Hemostasis model

To evaluate the hemostatic performance of the MBGs, a tail-
cut model was used.?* The trials were approved by the
St. Michael’s Hospital research ethics board (St. Michael’s Hos-
pital, Toronto, Canada). Wild-type c57bl/6 mice, 6-8 weeks

TABLE lll. Theoretical wt % of MBG Compositions

1000 ppm stock solution. For silicon sample 1, 5, 10, and Sample 0 Si Ca P Ta
25 ppm were used as calibration standards. For calcium and  MTa-0 50.3 35.3 9.5 4.9 0.0
tantalum 0.5, 1, 5, and 10 ppm, and for phosphorous 0.1, 0.5, MTa-0.5 49.2 34.1 9.5 4.7 2.8
and 1, 5 ppm calibration standards were used. In all cases, MTa-1 48.2 329 8.9 4.6 5.4
DI water was used as the blank. The machine ran each cali- M1a5 41.6 25.5 7.3 3.7 21.9
. . . MTa-10 36.2 19.3 5.9 3.0 35.6
bration solution and sample three times.
JOURNAL OF BIOMEDICAL MATERIALS RESEARCH PART B: APPLIED BIOMATERIALS | OCT 2019 VOL 107B, ISSUE 7 2231
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TABLE IV. Normalized XPS Data of MBG Compositions (wt %)  old, were housed at the hospital facilities and given unrest-
ricted access to food and water. Prior to tail transection, mice

Sample (0] Si Ca P Ta . o . N .

P were anesthetized via intraperitoneal injection with 10 pL/g
MTa-0 45.9 45.7 5.2 3.1 0.0 bodyweight of tribromoethanol (Avertin). Tail transection was
MTa-0.5 45.4 43.9 6.4 2.6 1.8 performed 5 mm from the tip with a scalpel. For all treatment
MTa-1 44.0 41.7 6.3 2.6 5.4 - .

samples, the injury was coated evenly with samples of glass or
MTa-5 35.8 31.2 4.6 24 26.1 Ari d mi h laced f atf ith
MTa-10 271 21.9 3.9 0.9 46.2 rlsta' an rr.nce were then place 9n top of a platform wi
the tail hanging over the edge. The time was recorded, and the
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FIGURE 2. High resolution O1s spectrum for (a) MTa-0, (b) MTa-0.5, (c) MTa-1, (d) MTa-5, and (e) MTa-10. The graphs show the BO peak, NBO peak,
and the combined peak. As Ta content is increased, the NBO content increases.
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TABLE V. BO and NBO Binding Energy, Atomic Percentage,
and Change in Energy for MBG Samples

BO NBO

Binding Binding A binding

Energy Energy Energy
Sample (eV) atm % (eV) atm % (eV)
MTa-0 530.98 96.46 528.88 3.54 2.1
MTa-0.5  530.98 93.09 529.08 6.91 1.9
MTa-1 530.88 94.95 528.88 5.05 2
MTa-5 530.68 92.94 529.08 7.06 1.6
MTa-10 530.58 84.85 529.08 18.15 1.5

tail dabbed onto blotting paper every 15 s (from transection)
until bleeding ceased. The time required for bleeding to stop
was reported as the bleeding time. Mice were randomly trea-
ted with MBG samples (n = 5-10 for each MBG), Arista
(n = 5), or no treatment (n = 9). Since the mice age spanned a
couple weeks between the start and end of testing, extra mice
were tested intermittently without treatment to see whether
the age caused a variation in the data. All the data fell within
the initial range measured for n = 5. Tests of the MTa-0 mate-
rial were repeated (n = 5) because they initially showed no
significant difference from the absence of treatment, and a
retrial was performed to ensure no experimental error had
taken place. Results were similar to the first set of tests.

Statistical analysis

Statistical analysis was performed using SPSS software (IBM
SPSS Statistics, version 24, Armonk, NY). Independent sam-
ples t test was used to analyze the data and to find out sta-
tistical significance with p < 0.05.

RESULTS

Figure 1 shows the XRD patterns from the MBG samples.
The top image shows the WAXRD results and that no signifi-
cant peaks are found in the traces. The bottom image shows

Si-O-Si Si-O-Si . .
asymmetric symmetric Si-O-Si
stretching stretching bending
Si-NBO
MTa-10
MTa-5
@
<9
£
=
= MTa-1
£
w
=
=
S
Pe MTa-0.5
B
_ MTa-0
TrTrT 1

T L T b T x T T T
1500 1400 1300 1200 1100 1000 900 800 700 600 500 400
Wavenumber [cm™|

FIGURE 3. FTIR spectra of MBGs with corresponding silicon bonds.
Increasing Ta decreases Si bonds except the Si-NBO.
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the SAXRD results for the MBG samples. All samples exhib-
ited two diffraction peaks in the range from 0.2° to 2° which
are characteristic of the P6mm space group®® in hexagonal
crystal systems. The slight shift in the peaks is due to the
changes in pore diameters and pore volumes between the
samples.

EDS results in Table I show the chemical composition of
MBG samples. Results show increasing Ta content indicating
that incorporation of Ta in the samples is assured. Specific
data values (Table II) are different from theoretical values
(Table III) due to the presence of extra oxygen from mois-
ture in the atmosphere; the vacuum used while running EDS
is insufficient to ensure the removal of all moisture from the
samples. This causes an overall decrease in the wt % of the
other elements present.

Wide-scan XPS was conducted and atomic percentages
(normalized without carbon) are shown in Table IV for dif-
ferent MBG samples. Values presented here vary from the
ones shown in Table IIl. The Ta 4d peak was chosen for
analysis since its peak has the least interference with other
elements present and its intensity is high enough to ensure
reliable data.

High resolution O1s spectra for the MBG samples are
exhibited in Figure 2 with details of peak intensities in
Table V. The O1s peaks can be seen as a superposition of
two individual peaks: the bridging oxygens (BO) and the
nonbridging oxygens (NBO) found in the sample. It is
observed that the overall Ols peak shifts to lower binding
energy because of increasing number of NBOs. Since elec-
tron charge density is higher in NBO, it reduces its effective
binding energy, relative to BO. For most samples, the
amount of NBO is relatively the same until the 10% Ta
incorporation.

FTIR transmission spectra are shown in Figure 3 along
with corresponding peaks. The peak at 440 cm™" represents
Si-0-Si bending vibration,?® whereas the peak at 800 cm™
indicates symmetric stretching of Si-O bond.?” Characteristic
peaks located at 1038 and 1235 cm™! are attributed to
asymmetric stretching of Si-O bond.?® Finally, the peak
observed at 934 cm™' is identified as Si-NB0O.?° From the
FTIR spectra, the intensity of the stretching and bending
bonds of silicon decreased with increasing tantalum content.
However, it should be noted that the intensity of the Si-NBO
bond increases when 5% and higher Ta is mixed in.

TEM micrographs of the MBGs are represented in
Figure 4. In the images, well-ordered 2D hexagonal mesopor-
ous channels are observed in MBGs containing up to 0.5%
Ta [Fig. 4(a,b)]. However, MBGs with higher Ta content have
disruptions in ordered channels [Fig. 4(c)]. It is difficult to
quantify the extent of disruption but surface area gives an
indication of the magnitude. Table VI shows the surface area
and pore volumes of the corresponding samples. As
expected, the surface area decreases as the tantalum content
increases. Pore diameter and volume also decrease, with the
exception of pore volume for MTa-5.

Ion release profiles for MBGs are plotted in Figure 5.
Concentration of Ca, P, Si, and Ta ions were measured
15, 30, and 60 min after soaking in DI water. These time
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FIGURE 4. TEM images of (a) MTa-0, (b) MTa-0.5, (c) MTa-1, (d) MTa-5, and (e) MTa-10 glasses. Arrow sign indicates discontinuity in the channel.
The 2D hexagonal framework incurs more discontinuities as the Ta content increases, as can be seen in MTa-1, MTa-5, and MTa-10.

intervals were chosen based on the application of MBGs in
hemostasis, as platelet plug formation in primary hemostasis
occurs within an hour.?® There are two main trends that can
be seen in the data. First, the Si ion concentration goes down
as Ta ion content goes up. Second, ion concentrations did
not change significantly from the 15 min mark to the 60 min
mark for tantalum and calcium.

TABLE VI. BET Surface Area and, BJH Pore Volume, and Pore
Diameter of all Samples

Surface Area Pore Volume Pore Diameter

Sample (m?%g) (cm®/g) (nm)
MTa-0 373.87 0.2677 4.3

MTa-0.5 373.98 0.2151 4.2

MTa-1 353.14 0.2063 4.1

MTa-5 328.44 0.2293 4.0

MTa-10 297.55 0.1702 3.9

2234 MENDONCA ET AL.

The tail bleeding time was used as a hemostasis model;
results are shown in Figure 6. The plot shows a noticeable
decrease in mean bleeding time of mice treated with Ta con-
taining samples compared to the controls (no treatment,
Arista, and MBG without Ta). The significance of these
results is shown in Table VII. There is no significant differ-
ence between no treatment, Arista, and the MTa-0 glass.
However, there is a significant difference between the Ta
containing glasses and no treatment, Arista, and MTa-0. The
only exception is between MTa-1 and Arista which has a
p value of 0.06.

DISCUSSIONS

A series of MBGs were successfully synthesized and charac-
terized in terms of their composition, structure and porosity.
Preliminary work on hemostatic effects was also conducted
using a tail-cut model. We hypothesized that Ta has a posi-
tive effect on hemostasis and, that increasing Ta content
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FIGURE 5. lon release profiles from MBGs for silicon, calcium, phosphorous, and tantalum ions. No significant trends can be seen besides decreas-

ing Si with increasing Ta.

would result in higher amounts of ions released in aqueous
media and improved hemostatic effect over a Ta-free MBG
control.

WAXRD shows that all glasses are amorphous and do not
crystallize with the incorporation of Ta. EDS and XPS data
confirm the incorporation of Ta into the glass structure.
However, EDS showed greater incorporation of calcium than

was shown in the XPS data. The reason for this is that XPS
measures surface composition and penetrates only a few
nanometers into the sample. It has been shown that Ca con-
centrations are higher in the bulk compared to the surface®*
and as a result XPS would not reflect Ca®* ion concentrations
accurately. Due to Ta having a much higher molecular weight
compared to Ca (181 g/mol compared to 40 g/mol), a small
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FIGURE 6. Tantalum containing BGs decreased the tail bleeding time in
c57bl/6 mice. Results from hemostasis model are represented with indi-
vidual symbols (¢) representing one mouse; error bars represent stan-
dard error of the mean (n = 5-10).

molar increase of Ta on the surface leads to a much higher
wt % of Ta in the sample’s result. Therefore, the Ta content
in the XPS results (Table 1V) is 5-10% higher than the theo-
retical values in Table III.

FTIR peaks, corresponding to the silicon-oxygen bonds
present in the glass matrices, have expected trends. Across
the series, increasing Ta content reduces the intensity of Si-
0 bending, symmetric and asymmetric stretching peaks. Con-
versely, increasing Ta concentration increases the intensity
of the Si-NBO bonding peak. This result is also confirmed by
the XPS O1s spectra. The increasing Si-NBO bonds are from
Si-0-Si getting replaced by Si-0-Ta.*?

Characterization of the mesostructure and porosity of
the MBGs was performed using SAXRD, TEM and nitrogen
adsorption. SAXRD shows peaks found from the repeating
mesoporous nanostructure of the p6mm space group of hex-
agonal lattice systems. TEM imaging gave visual confirmation
of the inner structure whereas the BET and BJH schema
quantified specific surface area and pore volume. There is a
slight right shift of the SAXRD peaks, caused from a decrease
in pore diameter, as seen in MTa-0 to MTa-1 in Figure 1
(bottom); this pore diameter decrease is confirmed by the
BJH data. However, MTa-5 and MTa-10 have a slight left shift
of their peaks. This may be due to the discontinuities in
the channel structure, observed in TEM, and the broken
channels appearing as larger channels when diffracting the
X-rays. Comparing TEM images of each set of glasses, the

MBGs keep an ordered hexagonal structure up to ~1% Ta
incorporation. At this point, discontinuities appear in the
channel structure as visible breaks. This increases as the Ta
content is increased, with 10% Ta having the most disconti-
nuities in the structure [Fig. 4(e)] relative to the others. The
authors postulate that these discontinuities arise due to the
mismatch in the coefficient of thermal expansion (CTE) of
the Ta relative to the other MBG materials. Using estimate
models of CTE from Bellucci et al., with Hall coefficients,>® it
is calculated that the CTE for MTa-0 is 3.08 x 107® K%, This
is less than half of that of Ta which is 6.7 x 107 K™*.>* The
Hall coefficients were chosen based on the conclusions of
Bellucci et al, and the fact that the coefficients were deter-
mined at high temperatures (comparable to the calcination
temperatures used in this work). Due to the CTE of Ta being
so large, it would have a greater change in volume relative
to the surrounding structure. This sudden change, when
going from the 650°C of calcination to room temperature,
could cause nanoscale defects in the structure. With bulk
BGs, these nanoscale defects are sufficient to significantly
increase the ion solubility of the glasses in aqueous
medium.*® Therefore, in MBGs, where the channels are just
an order of magnitude greater than the defect size, the effect
of nanoscale defects is more prominent and causes breaks in
the channel structure.

Ion release analysis (Fig. 5) did not indicate any signifi-
cant trends with Ta incorporation. There is a decrease in the
amount of Si released (with increasing Ta content) but that
is expected due to the decreasing Si content in the as-
produced glasses. A likely explanation for such small
changes in the amount of ions released is because the time
interval chosen (based on what is relevant to the hemostatic
application®®) was too short for a high release of ions; no
steady-state point was identified in the ion release analysis.

Bleeding times from the hemostasis model demonstrate,
that compared to controls (no treatment, MBG with no Ta, or
the commercial hemostat Arista), Ta-containing MBGs signifi-
cantly decrease the tail bleeding time. It was postulated that
the physical morphology of MBGs will have a large effect on
the initial hemostatic response by sequestering water and
increasing the concentration of coagulation factors. This is
the same mechanism with which Arista has been shown to
promote hemostasis.>® However, Arista swells with the
water incorporation whereas the MBGs retain their size.
Both Arista and the MTa-0 glass showed no significant
decrease in hemostasis time when compared to the absence
of treatment. This suggests that the hypothesis considering
Ta accelerating the coagulation process is correct; either

TABLE VIl. Significance (p values) Between Mean Tail Bleeding Times from the Hemostasis Model

No Treatment Avrista MTa-0 MTa-0.5 MTa-1 MTa-5 MTa-10
No treatment X 0.22 0.22 0.01 0.02 0.01 0.01
Arista X 0.35 0.03 0.06 0.02 0.04
MTa-0 X <0.01 0.01 <0.01 <0.01
MTa-0.5 X 0.36 0.27 0.43
MTa-1 X 0.21 0.31
MTa-5 X 0.33
2236 MENDONCA ET AL. EFFECT OF TANTALUM INCORPORATION ON THE PHYSICAL AND CHEMICAL PROPERTIES
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directly (through chemical reactions with the coagulation
factors), indirectly (affecting the reactivity of the glasses), or
a combination of both.

CONCLUSIONS

Incorporation of Ta into Si-Ca-P MBGs creates discontinuities
in the channel structure when incorporated at ~1 mol % or
more. These are likely due to defects in the mesoporous
glass structure from the substitution of Ta for Si, and mis-
matching corresponding CTEs. Increasing the Ta content
causes a decrease in the surface area and pore volume of the
glasses; however, the effect on ion release is minimal when
MBGs are matured in DI water for less than 60 min. Tanta-
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