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Abstract
Preliminary investigation of the potential of mesoporous bioactive glasses to treat hemorrhage
Md Saidur Rahman
Master of Applied Science, 2018
Mechanical and Industrial Engineering

Ryerson University
Hemorrhage is the primary cause of death in both trauma and war. Commercially available hemostats
cannot achieve hemostasis within two minutes of application and cannot inhibit bacterial infection, which
are the properties of an ideal hemostatic agent. Organic hemostats are acidic in nature and can lead to
inflammation. Inorganic hemostats can achieve hemostasis with fewer complications. Mesoporous
bioactive glasses (MBGs) are inorganic agents that possess high surface area, pore volume and ordered
channel structure. They have the potential to act as molecular sieves for platelets and other serum proteins

to aggregate.

Calcination heating rate is a major processing parameter during the synthesis of MBGs. Any variation in
calcination heating rate could alter the physical properties of MBGs, affecting their ability to facilitate

clotting. A low heating rate is preferred because it can yield more ordered mesoporous channel structures.

A series of novel MBGs based on the glass composition (80-x) SiO,- 15 CaO- 5 P20s- X Ta20s (mol%)
were synthetized using a 1°C/min calcination heating rate. The effect of T, incorporation on the glass
structure was investigated. X-ray diffraction revealed that all glasses were completely amorphous. Fourier
transform infrared spectroscopy showed that higher concentrations of T, (5 and 10 mol%) in the glass
structure acted as a network modifier which disrupts the silica backbone and leads to discontinuities in
porous channel structures, confirmed by transmission electron microscopy. Brunauer-Emmett-Teller (BET)
theory quantified the effects of the discontinuities through surface area measurement. It was found that
MBGs with 0 and 0.5 mol% of Ta,Os in the glass structure had 373.87 and 373.98 m?/g surface area
respectively indicating that such low levels of Ta incorporation did not influence surface area. The addition
of further Tain the glass structure reduced surface area and produced more discontinuities in the channel
structure. 1, 5 and 10 mol% T.had approximately 5, 12 and 20% reduced surface area compared to 0 mol%
Tain the glass structure. The whole blood coagulation study indicated that MBGs with lower concentrations
of Ta (0 and 0.5 mol%) could achieve 58% and 46% hemostatic efficiency, which decreased as tantalum

content increased.

It is concluded that the application of a low heating rate during calcination, of the order of 1°C/min, is more
likely to result in mesoporous bioactive glasses with high surface area and pore volume than MBG samples
processed at a higher heating rate. MBGs containing 0 and 0.5 mol% Ta could be potential hemostatic

agent.
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1. Introduction

1.1 Bioactive glasses

Bioactive glasses (BGs) were discovered in the 1970s by Hench and co-researchers [1]. They
synthesized a biodegradable glass containing sodium (Na), calcium (Ca), silicon (Si) and
phosphorus (P) [1]. Bioglass® (Novabone products, Alachua, FL, USA), composed of 46.1%
SiO2, 24.4% Na0, 26.9% CaO, and 2.6% P,0s (mol%), is one of the most common examples of
bioactive glasses and is known by the formula, 45S5 [2]. Silica (SiOz) is the network former and
so the main backbone material for silicate glasses. Na is used to reduce the melting temperature of
the glasses for synthesis. It is also a network modifier which disrupts the continuity of the glass
network and forms non-bridging oxygens (NBO) [2]. NBO increases the dissolution rate of
bioactive glasses in the surrounding environment [3]. Alkali cations such as Ca?*, potassium (K*),
magnesium (Mg?*) are examples of network modifiers [4]. The release of Ca?* and PO+ ions
during degradation leads to the development of a hydroxyapatite (HA) layer at the glass surface
which is chemically commensurate in content with bone. Bone cells can grow at the interfaces
with an HA layer, resulting in an interfacial bond. Bioactive glasses degradation rate can be
controlled by changing the glass composition [3]. Different ions can also be doped into silicate,
borate and phosphate glasses which have particular targeted effects. Strontium (Sr) doping is used
for bone healing; zinc (Zn) is good for bone proliferation and has antibacterial properties; boron
(B) assists in bone formation; copper (Cu) can be used for angiogenesis; titanium (Ti) can increase
compressive strength of implants and so on [5]. Bioactive glasses are also used to coat implants
for improving bioactivity [6]. Gradual ion release from glass coated implants provide a strong
bond between implant and bone [6]. These properties make bioactive glasses very promising for

future biomedical applications.

1.2 Mesoporous bioactive glasses

Mesoporous materials were first synthesized in 1992 by Mobil Research and Development
Corporation using a surface directing agent [7]. Surface directing agents are surfactants that control
the order of the mesopore channel structure [8]. Mesoporous bioactive glasses (MBGS) possess
highly ordered mesoporous channel structures (Figure 1.1a) and greater surface area compared to
conventional bioactive glasses [9]. The higher surface area (> 100 m?/g) and ordered channels of

MBGs allows more effective release of doped ions and results in improved bioactivity compared



to conventional BGs [2] [10]. MBGs also possess higher pore volume (0.45 cm®/g) compared to
BGs (0.03 cm®/g) [11]; pore sizes range from 2 to 50 nm [12]. These properties make MBGs
potential candidates for drug loading and delivery [12-14], bone grafting [14], implant coatings
[15], dental [16] and tissue engineering applications [15] [16]. The morphology of MBG allows
the adsorption of drug into the mesopores (Figure 1.1 b) [17]. MBGs with surface area greater than

50 m?/g can also bond to bone and soft tissue within 24 hours in-vitro [1].

a)

Pore
diameter

Functionalisation

Figure 1.1: Representation of the a) structure (where R is an alkyl group) and b) drug loading of MBGs
[17].

1.2.1 Sol-gel glasses

The sol-gel process is the building block for the synthesis of MBGs. A stable suspension of
colloidal particles (1 to 100 nm diameter) in a liquid are called sols and the three dimensional,
polymeric, porous, rigid network is termed a gel [8] [18]. A gel is formed because of covalent
bonding (Van der Waals forces, hydrogen bonding) between sol particles [8]. The hydrolysis (bond
cleavage by the action of water) of organometallic precursors like TEOS (tetraethyl orthosilicate,
Si(OCzHs)4) in an acidic condition leads to sols being created in solution. The following
polycondensation reaction leads to the formation of a gel [19]. Figure 1.2 shows the hydrolysis

and polycondensation reactions during the sol-gel process.
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Figure 1.2: Chemical reactions during sol-gel process [18].

1.2.2 EISA (Evaporation induced self-assembly)

Surfactants or surface acting agents are amphiphilic molecules that contain a polar head group

(hydrophilic) and a non-polar tail group (hydrophobic). Surfactant molecules aggregate in the

aqueous solution and form micelles [8]. Micelles spontaneously self-assemble through

electrostatic forces, Van der Waals forces (electrostatic attraction between molecules which

depends on distance) and hydrogen bonding when concentrated; evaporation of the solvent

increases the concentration of the depositing layer [20]. Micelle interaction with silicate precursors

(TEOS) leads to the condensation of an ordered solid containing the surface structuring agent.

Removing the surfactant by calcination causes the formation of the mesopores within the MBGs

[8]. The whole EISA method is depicted in Figure 1.3.
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Figure 1.3: Representation of EISA method [8].

1.3 Difference between melt quench and sol-gel glasses

Bioactive glasses are conventionally synthesized using the melt quench method. For this method,
appropriate amounts of oxide precursors are mixed and melted at high temperatures (>1300°C)
followed by a quenching step [18]. It is very difficult to synthesize nanoparticles employing such
high temperatures [2]. A lower processing temperature is employed during the synthesis of sol-gel
glasses [18], typically between 500-900°C [21]. This temperature range does not affect the silicate
structure but does remove other organic residuals, such as nitrates and ethoxides, from the glass
[21]. Higher purity and homogeneity can be maintained during the sol-gel process compared to
melt quench glass firing [19]. Silica based BGs can contain some cations as network modifiers
(Na*, Ca?* and K*) [22]. These network modifiers disrupt the continuity of the glass network and
form non-bridging silicon-oxygen bonds (Si-NBO) (Figure 1.4). The number of Si-NBOs directly
influences the bioactivity of the glasses, with greater number of Si-NBO bonds leading to greater
reactivity [22]. Network connectivity (NC) is an important parameter for melt quench glasses. NC
can be defined as the number of bridging oxygen bonds to each Si atom (Figure 1.4) and is used
to predict BGs surface reactivity and solubility [3]. NC > 2.4, greatly reduces the bioactivity (HA
formation) of BGs [3]. This threshold limits SiO content to 60 mol% in the melt quench BGs, to
obtain sufficient bioactivity [3]. However, for sol-gel glasses it is possible to synthesize them with

even 90 mol% SiO2 while maintaining their ability to form HA. During sol-gel glass synthesis,

4



inherent nanoporosity is introduced into the glass structure. This porous structure leads to the
higher surface area of sol-gel glasses (more than 100 m?/g) compared to melt quench glasses (~2
m?/g) [3], and therefore accelerated apatite formation [1] [19]. On the other hand, melt quench
glasses can exhibit superior mechanical properties compared to sol-gel glasses [16].

b)
Hetwork Formar
Hotwork Modiller
(MO
Bridging Oxygen
Bridging Oxygen f'|l
{BO) Nenbridging Oxygen
(NB0D)

Figure 1.4: a) Bridging oxygens are connected to Si atom, b) network modifiers break network
connectivity and form NBO [3].

1.4 Blood composition

Blood is a fluid connective tissue that is circulated around the body through vessels by the pumping
action of the heart [23]. Blood carries oxygen which is needed for cellular metabolism, and also
transports waste products away from the cells to remove from the body [24]. Blood is composed
of red blood cells (RBCs), white blood cells (WBCs) and platelets. Plasma is the fluid portion of
blood and makes up 55% of total blood volume [24]. WBCs and platelets make up less than 1%
and the balance is RBCs [25]. Plasma contains different proteins and other solutes such as

nutrients, electrolytes, clotting factors and hormones [25].

1.5 Hemorrhage

Hemorrhage is the excessive discharge of blood from a ruptured vessel [26]. Hemorrhage is the
leading cause of death in trauma and war, accounting for almost 50% of deaths on the battle field
[27]. Excessive bleeding from limb wounds is attributable to more than half of the curable deaths
in a combat zone [28]. In the battlefield, torso hemorrhage is responsible for around 80% of deaths

[29]. Uncontrolled bleeding results in 33% of civilian deaths [30] and is the second leading cause



of death in non-combative trauma patients [31]. Postpartum hemorrhage (PPH) is a major cause
of maternal mortality and morbidity in Canada (increased 22% from 2003 to 2010) and can lead
to serious health complications like drop in blood volume, organ failure, coagulopathy and shock
[32].

1.6 Hemostasis

Hemostasis is a process which stops bleeding through a blood vessel [26]. During tissue injury,
host defence mechanisms maintain vascular system integrity [33]. After insult, there is an
immediate occurrence of constriction of blood vessels which is called vasoconstriction. The
constriction of small arteries reduces blood flow to the injured area. Collagen (the main structural
protein) and von Willebrand factor (a blood glycoprotein), exposed in the vessel wall, cause
platelets to adhere to them and become activated. Activated platelets release platelet granule
content which induce more platelets at the injured site and enhance platelet activation. This process
leads to primary hemostasis which forms an initial platelet plug. In secondary hemostasis, a stable
platelet plug is formed. Secondary hemostasis occurs in the coagulation cascade which is a series
of enzymatic reactions. The coagulation cascade is divided into two pathways: a) intrinsic pathway
(contact activation) and b) extrinsic pathway (tissue factor). The intrinsic pathway is initiated with
activation of factor XII (contact factor) when blood is in contact with an outer surface. The
extrinsic pathway is activated by tissue factor and factor VII (from damaged blood vessel). Both
pathways lead to a common pathway which activates factor X in the presence of calcium ions
(Ca?"). Activated factor Xa (lower case “a” to indicate an active form) with the presence of Ca?*
and co-factor Va, converts prothrombin to thrombin (an enzyme). Thrombin (with the help of Ca?*)
alters soluble fibrinogen (glycoprotein that circulates in the blood) into insoluble fibrin
(viscoelastic fibrous protein). Thrombin also activates factor XI1II and then polymerizes fibrin to
form a stable and strong fibrin plug [33] [34]. Ca®* plays a pivotal role in the coagulation cascade

[35]. The whole coagulation cascade is depicted in Figure 1.5.
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Figure 1.5: Intrinsic, extrinsic and common pathway during blood coagulation cascade [34].

1.7 Thrombosis
Thrombosis is the process of a blood clot formation inside of a healthy vessel [25]. During
hemostasis, excessive formation of thrombin can cause thrombosis which can lead to stroke and

deep vein complications [36].

1.8 Research significance

Post-operative hemorrhage is a common problem after any kind of surgical procedure; 36% of
deaths at the scene of an injury are due to hemorrhage [37]. If excessive bleeding cannot be
controlled it can be life threatening. Severe blood loss can lead to hypothermia, coagulopathy and
multiple organ failure [28]. An ideal hemostat should have the following properties: it can achieve
hemostasis within two minutes of application, it should be biodegradable and can inhibit bacterial
infection, it could be applied to deep and irregular wounds, and will be both non-inflammatory and

cost effective [28] [38]. Table 1.1 summarizes the properties of an ideal hemostatic agent.



Table 1.1: Distinctive features of ideal hemostatic agents

Criteria Function
Hemostasis time can stop serious vascular bleeding in less than two minutes
Bioactivity non cytotoxic, bioabsorbable, no irritation and side effects
Antibacterial can heal microbial infection
Wound conditions can be applicable to any kind of wound
Cost inexpensive

An ideal hemostatic agent remains a quest for military and civilian hemorrhage control. Rigorous

research and innovation are required to develop an ideal hemostatic agent.

1.9 Research goal and objectives

This research will focus on the effect of heating rate on the physical properties of MBGs and then,
utilizing that preferred heating rate, develop a series of mesoporous bioactive glasses which can
be used as a potential hemostatic agent. The objectives of the research are:

e Synthesis of two batches of MBGs with varying heating rates (1°C/min and 20°C/min)
using the sol-gel process.

e Characterization of the physical and chemical structures of both glass batches.

e Synthesis of tantalum (Ta) containing MBGs

e Evaluate the effect of Ta incorporation into the physical structure and porosity of MBGs.

e Determine the effect of morphology on the ion release.

e Examine preliminary blood coagulation study

1.10 Thesis outline

After this introduction, chapter 2 provides a literature review related to the work. The objective is
to provide insight on previous work done regarding the processing parameters of sol-gel glasses,
commercial and potential hemostatic agents and their working principles, limitations, and reasons
for choosing tantalum-containing MBGs. This will also lead to the rationale driving the current
work and the holes in the literature that it fills. The effect of calcination heating rate on the structure
of MBGs will be discussed in chapter 3. Chapter 4 will provide detail information about tantalum
containing MBGs as potential hemostatic agents. Conclusions and future work will be described

in chapter 5.
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2. Literature review

2.1 Parameters that control the physical structure of MBGs

The literature shows that there are three main parameters which affect the morphology of sol-gel
glasses: i) type of surface directing agent, ii) calcination temperature, and iii) glass composition.
Common surfactants for MBG synthesis are: cetyltrimethyl ammonium bromide (CTAB), P 123
(EO20PO70EO20, Where EO is polyethylene oxide and PO is polypropylene oxide) and F 127
(EO106PO70EO106) [39]. Calcination temperature can manipulate the sol-gel glasses’ surface
area and pore volume [40]. In regards to composition, CaO has considerable effect on the physical
structure of MBGs. It was observed that by changing the concentration of CaO from 37 mol% to
10 mol% in a SiO,-CaO-P20s ternary glass composition, mesoporous structure changed from 2D
hexagonal to 3D cubic structure (Figure 2.1) [41].

58Si0,-37Ca0-sP,0

85S810,-10Ca0-sP,0
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Figure 2.1: TEM images of MBGs with varying amount of CaO [41].

The presence of Ca-P cluster (calcium-phosphorus domain) in the amorphous SiO.-CaO-P.0s
network, acts as a nucleation site which increases the crystallization kinetics of HA [41]. That is
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why MBGs are more bioactive than conventional melt quench glasses. Figure 2.2 shows the atomic

structure and the presence of a Ca-P cluster in silica MBGs.

It is hypothesized that there is a fourth parameter, calcination heating rate, which can affect porous
structure of MBGs. To the authors’ knowledge, literature is lacking insight into the relationship

between heating rate and MBG’s physical and chemical properties.

e Ca
« O
« Si

Figure 2.2: a) Representation of MBG atomic structure, b) Ca-P cluster in amorphous MBG network
[41].

2.2 Commercial hemostatic agents

Hemostats are agents used to stop the bleeding from a damaged blood vessel. Commercially
available hemostats work by two mechanisms: i) sealing the damaged blood vessels, and ii)
concentrating clotting factors and initiating the intrinsic coagulation pathway [38]. They can be
typically classified as inorganic and organic hemostats based on their compositions. The
mechanism, efficacy and side effects of different inorganic and organic hemostats are described in

the following section.

2.2.1 QuickClot®

QuickClot® (Z-Medica, Wallingford, CT, USA) is a zeolite (microporous aluminosilicate mineral)
based granular powder hemostat. When zeolite is applied at the bleeding site, it absorbs water from
the blood which concentrates platelets and other clotting factors. As a result, immediate hemostasis
is achieved [42]. However, zeolite based hemostats incur an exothermic reaction at the wound site
and cause tissue injury [38]. These zeolites were replaced with synthetic zeolite beads to mitigate
the exothermic reaction, and the resultant product marketed as QuickClot ACS+ (advanced clotting

sponge plus) [38]. QuickClot Combat Gauze (QCG) is made of rayon/polyester gauze where
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kaolin (hydrated aluminum silicate) is incorporated [43]. Kaolin activates coagulation factor XII
and initiates intrinsic pathway of blood coagulation cascade [43]. When QCG is applied in a deep
wound, kaolin particles can wash out from the gauze. These particles could enter into the
cardiovascular system which could result in thrombosis [38]. During QCG application, firm

manual pressure is required (25 psi) [43].

2.2.2 Woundstat™

WoundStat™ (Trauma Cure, Inc., Bethesda, MD, USA) is a mineral based agent composed of
granular clay smectite. WoundStat is highly water absorbent [44]. It is a highly effective hemostat
compared to Quickclot® incurring the least amount of blood loss (121 mL blood loss after
applying Quickclot®) [45]. However, computed tomography angiography of a pig model revealed
that injured blood vessels treated with WoundStat exhibited large thrombus clots, resulting in the

U.S army permanently suspending the use of WoundStat in 2009 [38].

2.2.3 Gelfoam®

Gelfoam® (Pfizer Inc., NY, USA) is a hemostatic agent prepared from purified pork skin gelatin.
It is water insoluble and porous. This agent provides a matrix at the bleeding site and initiates
extrinsic pathway of blood coagulation cascade [44]. Gelfoam® is very effective in the event of
minimal bleeding [46]. However, animal gelatin containing hemostats can cause serious allergic

reactions and can lead to anaphylaxis [47].

2.24 Celox™

Celox™ (Medtrade, Crewe, UK) is a chitosan based hemostat. Chitosan is a linear polysaccharide
synthesized from shrimp shells [48]. As chitosan particles are positively charged, they adhere to
negatively charged surfaces (RBCs and platelets) due to mucoadhesive interfacial forces [49].
However, Celox™ hemostatic powder is very light in weight (could be washed away during
excessive bleeding) and can cause an inflammatory reaction to people allergic to chitosan. [38].

2.2.5 Dry fibrin sealant dressing (DFSD)

DFSD consists of clotting proteins pooled from human plasma [50]. It provides fibrinogen to the
injured site. DFSD is very effective compared to standard gauze for achieving hemostasis after
ballistic injury [50]. However, because it is derived from human plasma, there are some safety

concerns related to transmission of diseases like hepatitis and immunodeficiency syndromes [38].
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2.2.6 Arista®

Arista® (Bard, Warwick, RI, USA) is a sterile absorbable plant based microporous polysaccharide
hemostatic powder which can notably reduce the hemostasis time [51]. Arista® can be used when
conventional techniques to stop bleeding such as pressure, and ligature are ineffective. This topical
hemostatic agent can be applied to any kind of wound. When Arista® is applied to a wound, it
immediately dehydrates blood and forms a matrix. This matrix acts as a molecular sieve for
platelets and other clotting factors to achieve hemostasis [44]. Using Arista®, hemostasis has been
achieved within 165 seconds (mean time) during splenic surgery [52]. It has also been used during
cardiothoracic surgery and achieved blood clotting within 93 minutes (whereas untreated control

group took 107 minutes) [51].

It is recommended by the manufacturer that excess amounts of Arista® powder should be removed
after achieving hemostasis [46]. During hemostasis, swelling of Arista® particles can lead to
necrosis (death of cells) and is therefore not recommended for neurologic or ophthalmic surgery
[44].

2.3 Potential hemostatic agents
Many research groups are working on new materials and methods to function as an ideal hemostat.
In this section potential hemostatic agents are divided into two groups: i) organic and ii) inorganic

hemostats.

2.3.1 Organic hemostats

2.3.1.1 Hydrogel based hemostats

Hydrogel coated SMP (shape memory polymer) composites could be potential hemostatic agents
[53]. Hydrogel is a hydrophilic polymer capable of containing large amounts of water in its 3D
network [54]. Shape memory polymer foam possess larger surface area because of porous
morphology [55]. A hydrogel (PEG 10 kDa, 5 wt.% hydrogel) coated shape memory polymer foam
(lowest cross-link density) that retains the advantages of each respective materials (i.e. large
volume filling capabilities and rapid clotting of shape memory polymer with the swelling capacity
of hydrogel), forms a composite for the treatment of traumatic hemorrhage [53]. Antibacterial ions
can also be doped into the porous structure of the composite [56]. The mechanism of the composite
is that, when it is applied to deep wounds, it will expand to fill the wound cavity and will stimulate

rapid blood clotting [57]. Because of this mechanism, this composite could perform better than
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other hemostats for deep and irregular wounds. However, the removal of the composite from the
wound after achieving hemostasis could lead to complications. This composite may not be suitable

for intravenous application. No in-vivo test has been conducted on this material.

Superabsorbent hydrogel nanocomposites (HNCs) were studied as potent hemostats [58]. Three
different types of nanocomposites were synthesized: i) SiOg, ii) clinoptilolite (natural zeolite) and
iii) Ca?*-modified clinoptilolite [58]. Porosity plays a vital role for the swelling capability of
HNCs. Swelling property was measured at 5, 10, 30, 60, 90, 120, 150 and 180 minutes time
interval, in PBS (phosphate buffer saline) and DI (deionized) water. Average swelling recorded in
PBS for the aforementioned time interval was 4000% (in size) and in DI water was 24000% (in
size). The swelling property decreased in salt solution due to an uneven distribution of ions in the
medium and the decrease of the polymer network. This nanocomposite material was applied in a
surgically exposed femoral artery of a rat model where hemostasis was achieved rapidly [58]. The
underlying hemostasis mechanism is the stimulation of intrinsic pathway of blood coagulation
cascade (from the nanoparticles) and the fast swelling of the composite matrix provides physical
barrier to form a hemostatic plug [58]. The fast swelling of nanoparticles can lead to compression

necrosis of tissue [59], which could be a major concern about this potential hemostat.

An elastic hydrogel based surgical glue has been developed based on recombinant human
tropoelastin (elastic skin protein that helps to retain shape) with methacrylic anhydride (polymer)
[60]. The sealant was termed as methacrylated tropoelastin (MeTro) (Figure 2.3). During
application, UV light is required (6.9 mW/cm?; 360 to 480 nm) for photo-crosslinking of the
polymer [61]. This synthesized product is a potential candidate for the sealing and repair of elastic
tissue e.g. lung and cardiac tissues and blood vessels. In-vivo testing was performed on porcine
lungs and sealed severe pulmonary air and blood leakage [60]. The best application of this surgical
glue could be for soft tissues (such as lungs), without using any suture, but human trials are needed

to show efficacy and lack of side effects.
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Figure 2.3: Cross section of MeTro hydrogel [61]

Batroxobin is a snake venom and can be used as a hemostat as it can catalyze fibrinogen to form
soluble fibrin clots [62]. Nano-fibrous peptide hydrogels loaded with batroxobin enhanced blood
clotting [63] and can initiate blood clotting time even in the presence of heparin (an anticoagulant
used to prevent heart attack and deep vein thrombosis). The hydrogel provides the physical barrier
for the bleeding and batroxobin initiates fibrin formation with entrapped erythrocytes (red blood
cells) by fibrin fibers. In this way batroxobin can produce large amounts of blood clots [62] [63].
Cytotoxicity study was not conducted; the maximum safe concentration of batroxobin was not
determined for application to animals and humans. Also, if the fibrin clot produced by batroxobin

enters into the vein or artery, it can lead to thrombosis.

2.3.1.2 Chitosan based hemostats

Chitosan is a natural polysaccharide (derived from crab and shrimp shells) and diatoms are the
largest group of single cellular microalgae [64]. Diatom silica (a 3 dimensional porous natural
biomaterial developed by a single cell algae) coated with chitosan at different chitosan
concentrations (0.5, 1, 3, 5 wt%) is a potential hemostatic agent [65]. Diatom silica was collected
from diatomite frustule and diatom culture. During the whole blood clotting test, shorter clotting
times were recorded for 1% chitosan coated diatom silica (351 + 14.73 seconds at 5 mg/mL
concentration and 248 + 32.42 seconds at 10 mg/ mL concentration) [65]. Chitosan particles are
positively charged [38]. This material can effectively absorb water from the blood (via porous

diatom silica) and can induce RBC adsorption and aggregation (positively charged chitosan can
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bind negatively charged RBCs and platelets), along with activating the intrinsic pathway of blood
coagulation cascade (due to negative surface charge of diatom silica) [65]. Chitosan coated diatom

silica powder is very light so may not be suitable for excessive bleeding [66].

Cellulose based cylindrical shaped mini-sponge dressing could achieve immediate blood clotting
for non-compressible hemorrhage [67]. These mini-sponges are coated with chitosan. They can
expand within 20 seconds by absorbing blood from the wound, providing a physical barrier.
Chitosan can bind RBCs and platelets [38], so that hemostasis can be achieved within 4 minutes

[67]. This material is best suited for deep and wide exposed injury.

2.3.1.3 Micro and nano particles

Chicken feather keratin nanoparticles were investigated as a candidate for hemostasis [68].
Chicken feathers contain 90% keratin [69]. The particle size of the keratin nanoparticles ranged
from 50 to 200 nm. During in-vitro blood coagulation assays, keratin nanoparticles showed faster
blood clotting time compared to keratin extracts (p< 0.05) [68]. In-vivo (rat tail amputation and
liver scratch model) study showed that keratin nanoparticles took 60 seconds and keratin extracts
took 100 seconds for blood coagulation in liver scratch model. In case of the tail amputation model,
100 seconds and 150 seconds were recorded for keratin nanoparticles and keratin extracts
respectively [68]. Nanoparticles stimulate intrinsic pathway of blood coagulation cascade [70].
However, cytotoxicity and surface charge were not evaluated for keratin nanoparticles. CT
angiography should be investigated for thrombus formation inside the blood vessel of animal

models.

Kerlix™ gauze loaded with CaCOsz microparticles, human thrombin and tranexamic acid
(CsH1sNO2) has been considered as a hemostat [71]. Tranexamic acid is an anti-fibrinolytic agent
(fibrinolysis impedes blood clot). This material was used to stop turbinate (side wall of the nose)
bleeding of sheep model and hemostasis was achieved after 5.09 minutes [71]. For plain gauze,
hemostasis was achieved after 8.21 minutes [71]. As human thrombin is used in this material there

is a possibility of transmission of diseases (hepatitis and immunodeficiency) [38].

2.3.1.4 Other potential hemostat
Phosphate coacervates (sodium polyphosphate) is a polymer rich viscoelastic material [72]. The
mechanism of action for phosphate coacervate is based on platelet adhesion. There are two

common blood clotting tests termed as prothrombin time (PT) and activated partial thromboplastin
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time (aPTT) [25]. PT indicates the time it takes to go through the extrinsic pathway and aPTT
indicates the time it takes to go through the intrinsic pathway of the blood coagulation cascade. PT
time is measured using PPP (platelet poor plasma) with the addition of PT agent (thromboplastin
protein as tissue factor) and the mixture is kept in warm water at 37°C. The test is timed until the
plasma clots. In this study, 0.1 mL of coacervate sample was added with 200 pL of 1/6 diluted PT
agent at 37°C in a water bath and maintained for 30 seconds [72]. PT time for PPP was found 13£1
sec (from product certificate) and within this time period it is not possible to estimate coacervate
formulations. That was the reason to dilute the PT agent to delay PT time. Then 100 pL PPP was
added and the timer started immediately. When the fibrin gel appeared, the timer paused
immediately. An aPTT test is performed using PPP, addition of Ca?* ions and aPTT reagent to
initiate the intrinsic pathway. In this study, 0.1 mL of coacervate solution combined with 100 pL
of aPTT reagent (ellagic acid, C14HsOg) was incubated at 37°C in a water bath for 3 minutes. Then
100pL 0.02M CaCl, was added and aPTT time recorded [72]. It was noticed that polyphosphate
coacervates induce extrinsic pathway (by reducing PT). However, this material has a negative
effect on intrinsic pathway (increase aPTT) [72]. The intrinsic and extrinsic pathways both lead to
the common pathway of the coagulation cascade (fibrin formation). Therefore, it can be said that
this material has little effect on the common blood coagulation pathway which leads to the

formation of stable fibrin clot.

Synthetic platelets based on arginine-glycine-aspartic acid (RGD), could stimulate activated
platelets and can lead to hemostasis [73]. RGD is a peptide (short chain amino acid monomer)
sequence accountable for cell adhesion to the extracellular matrix in humans. Figure 2.4 shows
RGD peptide sequence. Synthetic platelets were fabricated by using poly (lactic-co-glycolic acid)-
poly-L-lysine (PLGA-PLL) block co-polymer cores conjugating with poly ethylene glycol (PEG)
and RGD. The core diameter of platelets were measured 170 nm by scanning electron microscopy.
These synthetic platelets bind activated platelets and increase platelet aggregation [74]. Figure 2.5
represents synthetic platelets. Concentration of synthetic platelets have considerable effect on in-
vivo study and it was estimated 20 mg/mL. It was observed that 10 mg/mL concentration has no
effect on hemostasis time and 40 mg/mL concentration leads to cardiopulmonary complications.
Synthetic platelets were supplied by injection to surgically exposed femoral artery of a rat model
and hemostasis achieved after 131 + 11 seconds [75]. More animal trials are required and improper
concentration of synthetic platelets can lead to pulmonary problems.
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Figure 2.5: Schematic representation of synthetic platelets [73].

2.3.2 Inorganic hemostats

Novel oxidized regenerated cellulose (ORC) doped with sodium (Na) and potassium (K) ions
could be a potent blood clotting agent [77]. An in vivo study was performed on a mouse model. It
was observed that Na* and K* containing ORCs can achieve 594% and 220% faster blood clotting
respectively compared to control (surgical gauze). Na* can activate clotting factor IX, X and
thrombin in the blood coagulation cascade [77]. This study did not explain why K* containing
ORC exhibited lower hemostatic efficacy than Na* doped ORC. The effect of K in the blood
coagulation cascade was not explained. Surface charge (zeta potential) of these materials were not

measured. Inorganic oxides surface charge has prominent effect on blood coagulation cascade.

Silica xerogel (silica based sol-gel) doped with Calcium (Ca) is a potential hemostatic agent [78].

This material formed well-ordered mesoporous structure using sol-gel process. The molar
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concentration of CaO in the mesoporous silica xerogel was varied from 0 to 10 (wt.%) at the
expense of silica. A higher surface area was recorded for 100% silica (~ 489 m?/g). It was reported
that inorganic oxides with higher surface area can accelerate intrinsic pathways for blood clotting
cascades [79]. Prothrombin time (PT) and activated partial thromboplastin time (aPTT) were much
shorter (16 s and 8 s respectively) for higher surface area mesoporous structure xerogels than non-
mesoporous xerogels (19 s and 13 s respectively). It was also evident that aPTT and PT decreased
with the increase of Ca concentration (10 s and 6 s respectively for 10% Ca doped silica xerogel)
[78] because calcium ions are a co-factor and catalyst for platelet reactions during blood
coagulation [35]. MTT assay was performed on osteoblast cells in this study though fibroblast
cells would be more effective for wound healing analysis. In-vivo studies are needed to show the

effect of Ca doped silica xerogels on living organisms.

Mesoporous bioactive glass microspheres can be used as a hemostat [80]. Mesoporous
microspheres were synthesized using ethanol sols of the inorganic precursors and surface directing
agents. Microsphere diameter was found in the range of 100 nm to 1 um. They were mixed with
citrated sheep blood and a TEG® test was conducted [80]. TEG® (thromboelastography) is a test
which measures the efficiency of blood coagulation [81]. Time for initial blood clot, maximum
clot strength, rate of clot formation can be measured using TEG®. Amount of sample introduced
in the TEG® test, also plays a critical role for blood coagulation. Greatest hemostatic activity was
observed for 20 mg MBG microspheres and hemostatic activity started within 3 minutes [80]. In
this study it was noted that MBG microspheres play a dual role by supplying Ca ions and the
mesoporous structure provides the physical barrier for surface dependent hemostasis [80]. It was
also investigated by the same research group that surface charge density of metal oxides has a
prominent effect on blood coagulation and it initiates the intrinsic pathway of the blood
coagulation cascade [82]. It was noted that most negatively charged surfaces show fast onset of
hemostasis time, increase rate of clot formation and clot strength. Most positively charged surfaces
retard the onset of hemostasis time, decrease rate of clot formation and clot strength [82]. During
the synthesis of MBG microspheres, the EISA method was not followed. The EISA method can
lead to the formation of more micelles which can increase surface area, pore volume, porosity and
the order of mesoporous channels. These improved physical properties could accelerate the

hemostatic effect.
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Silver (Ag) containing MGBs have also been tested for hemostatic activity [83]. The MBGs
provide the hemostatic effect while the Ag ions provide antibacterial properties. They used 0.02
wt.% Ag concentration on the basis of antibacterial performance. The cell viability assay was
conducted using extract of MBGs. However, cells in contact with powder samples could be more
cytotoxic than extracts. In another study, Ag* doped mesoporous silica spheres achieved
hemostasis within 3 minutes [84] but the precise concentration of Ag* in the silica glasses is not
known. Therefore it is not possible to determine whether the concentration was in a cytotoxic range

or not.

Gallium (Ga) containing MBGs can be a potential hemostatic agent [85]. It was observed that 1
(mol%) Ga-MBG accelerated more platelet adhesion (1.6x10'?) than 2% and 3% Ga-MBGs
(1x10'?and 0.95x10* respectively) though control MBG can enhance more platelet adhesion than
2% and 3% Ga-MBGs (1.1x10%). The antibacterial study revealed that 3% Ga-MBG achieved
highest antibacterial efficacy compared to 1% and 2% Ga-MBGs [85]. The same research group
synthesized hemostatic composite scaffolds using chitosan and different concentrations of 1% Ga-
MBG (10, 30, 50 wt%) [86]. During platelet adhesion studies, maximum platelets were adhered
with 30 and 50 wt% Ga-MBG/chitosan scaffolds (~ 68x10'?) than 10 wt% Ga-MBG/chitosan
scaffold (56x10'?). The literature claimed that this was the synergistic effect of chitosan and Ga-
MBG which can increase hemostatic activity [86]. However, the specific surface area of Ga-
MBG/chitosan scaffolds (25 m?/g) were greatly reduced compared to Ga-MBGs (435 m?/g).
Therefore, it is postulated that the hemostatic efficacy obtained using Ga-MBG/chitosan scaffolds
was not the synergistic effect of chitosan and Ga-MBG, but only chitosan as it was liable for

binding negatively charged platelets and RBCs.

Finely divided tantalum oxide powder containing 0.025 to 0.04 (wt.%) iron (Fe®**) can be used for
burn treatment without using a skin graft [87]. [87]. Tantalum was chosen as a carrier because of
its biological compatibility and Fe®* was chosen because it was reported to accelerate hemostasis.
Trivalent ions can reduce zeta potential of particles in a solution and can aggregate more platelets
[88]. However, no TEG test was conducted to measure blood clot strength and no cytotoxicity

study was done.

Metallic tantalum has biological inertness. The strength of metallic tantalum is similar to stainless

steel and is malleable [89]. These properties were chosen to use tantalum clips as a hemostat.
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Hemostatic clips are used to recover delayed bleeding after surgery. However, these clips remain
in the body after wounds are healed and may cause complications in the future. During endoscopic
closure, suturing is better than clipping [90]. This is because clips can lead to abdominal pain after
surgery. Table 2.1 summarizes different potential hemostatic agents working principle and

plausible effects.

In summary, commercial hemostatic agents do not meet all the requirements for ideal hemostatic
agents. (Table 1.1). Zeolite based hemostats can produce exothermic reactions and, gelatin and
chitosan containing hemostats cause allergic reactions. In the case of Arista®, swelling of particles
can cause necrosis Hydrogel based hemostats are good for soft tissues, however, swelling of
hydrogel could be cytotoxic to living cells. Chitosan based hemostatic agents are not suitable for
excessive bleeding due to their light weight, and nanoparticles could lead to thrombosis. Inorganic
hemostats tend to have fewer complications. MBGs are inorganic hemostats which can achieve

hemostasis effectively using their physical properties with minimal side effects.
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Table 2.1: Commercial and potential hemostats, their working principles and shortcomings

Name of the hemostat

Working principle

Shortcomings

QuickClot®

Woundstat™

Gelfoam®

Celox™

Dry fibrin sealant dressing
(DFSD)

Avrista®

Hydrogel-SMP composite

Hydrogel nanocomposite
(HNC)

Synthetic surgical glue
(MeTro)

Batroxobin (snake venom)
loaded in peptide hydrogel

Chitosan coated diatom silica

Mini-sponge dressing coated
with chitosan

Chicken feather keratin
nanoparticles

Gauze loaded with CaCOs,
thrombin and tranexamic acid

Phosphate coacervates

Artificial platelets

Oxidized regenerated
cellulose doped with Na* and
K+

Silica xerogels

MBG microsphere

Silver containing MBGs

Gallium doped MBGs and
Ga-MBG/chitosan scaffold

Tantalum oxide and iron
oxide powder
Tantalum hemostatic clips

Dehydrates blood and concentrates serum
proteins

Absorb water from the blood

Initiates intrinsic pathway

Aggregates RBCs and platelets

Provides fibrinogen

Dehydrates blood and acts as a molecular sieve
for platelets and serum proteins

Absorb water from the blood and expand to fill
the wound cavity

Swelling of particles provide physical barrier.
Nanoparticles stimulate intrinsic pathway.
Photo crosslinking of surgical glue enables
adherence to soft tissues

Converts fibrinogen to fibrin and fibrin mesh
can entrap RBCs. Hydrogel acts as a physical
barrier.

Can aggregate negatively charged RBCs. Silica
stimulates intrinsic pathway. Porous silica
absorb water from the blood.

Absorb blood from the wound, provides
physical barrier. Chitosan aggregate RBCs and
platelets.

Nanoparticles initiate intrinsic pathway and
adsorbed to RBCs/platelets to form a barrier.
Ca?* acts as a co-factor. Thrombin cleaves
fibrinogen. Tranexamic acid is anti-fibrinolytic.

Platelets adhesion

Can bind activated platelets.
Increase platelet aggregation.

Na* activates factor 1X, X and thrombin.

Accelerate intrinsic pathway. Ca?* is a co-factor
for blood coagulation.

Negative surface charge initiates intrinsic
pathway. Ca?* acts as a co-factor.

Absorb water from the blood.

Concentrate blood clotting factors.

Water absorption from the blood.
Concentration of clotting factors.

Chitosan induces RBCs and platelets.
Tantalum oxide provides physical barrier. Fe3*
stimulates platelet aggregation.

Joining of surrounding tissue.

Produces exothermic reaction. Can
lead to thrombosis.

Results thrombosis

Causes allergic reactions

Leads to inflammation

Transmission of diseases

Can cause necrosis

Good for deep and irregular wounds.
Removal can be an issue.

Swelling can lead to compression
Necrosis

Applicable for soft tissues only.

Could be cytotoxic and leads to
thrombosis

Not suitable for excessive bleeding.

Removal could be complicated

Could be cytotoxic. Can lead to
thrombosis.

Can transmit diseases.

Weakens the formation of stable
fibrin clot.

Improper dose leads to pulmonary
problems.

Surface charge was not measured.

Cell viability was not evaluated on
fibroblast cells.

No in-vivo study was conducted.
Change in synthesis process could
provide better hemostatic
performance.

Cell viability performed on powder
extracts.

Surface area reduced for scaffolds
Thromboelastography and cell

viability were not conducted.
Future complications.
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2.4 Rationale

The current, pertinent, literature does not report the effect of calcination heating rate during
synthesis of MBGs on their physical properties. It is hypothesized that calcination heating rate
could control the porous architecture of MBGs. This processing parameter will be investigated in
this study.

The reason MBGs are chosen for this study is because they have good physical properties i.e. high
surface area, pore volume and ordered channel structure, and have the potential to act as a
molecular sieves for platelets and other serum proteins to aggregate. The composition for the
MBGs was chosen based on the properties of each elements. Silica is the main ingredient for a lot
of bioactive glasses as it is a network former. Calcium is a network modifier which disrupts the
continuity of the silica network. Calcium also plays an important role in the blood coagulation
cascade [35]. Phosphorus addition into the sol-gel glasses increases degradation rate of silica
network in the surrounding environment which leads to rapid HA crystallization [91]. To achieve
enhanced bioactivity of synthesized glasses, calcium to phosphorus ratio should be maintained 2
to 3[92]. Recently, tantalum has been incorporated into silica based bioglass systems and exhibited
promising properties suitable for orthopedic applications when mixed with poly (acrylic acid) to
prepare bioadhesives [93]. That is why SiO»-CaO-P,0s-Ta0s glass network will be studied in this
research. Tantalum will be incorporated into the MBG network to investigate the effect of tantalum
on hemostasis. To the author’s knowledge, the incorporation of tantalum into MBGs is a novel

approach to treating hemorrhage.

23



3. The Effect of Calcination Heating Rate on the Structure of Mesoporous Bioactive
Glasses.

This chapter is based on the following submitted paper:

Md. Saidur Rahman, Andrew Mendonca, Adel Alhalawani, Deanna Polintan, Owen M. Clarkin
and Mark R. Towler. The effect of calcination heating rate on the structure of mesoporous
bioactive glasses. The Journal of Non-Crystalline solids (manuscript number: NOC-D-18-00435).

3.1 Introduction

Since their invention in the 1960s, bioactive glasses (BGs) have found increasing use in the
biomedical engineering field. One of the main reasons for this is their ability to form an interfacial
bond with host tissue [94]. This bond is formed as a result of the formation of a hydroxycarbonated
apatite (HCA) layer, which is comparable in composition to the mineral phase of bone [95]. Bone
cells will proliferate at the interface, causing bone growth into the BG [3]. Silica-based BGs have
an amorphous network structure which can contain dopants to disrupt the continuity of the glass
network, and form non-bridging silicon-oxygen bonds (Si-NBQO) [22]. The number of Si-NBOs
directly influences the bioactivity of the glasses, with greater number of Si-NBO bonds leading to
greater reactivity [22]. Dependent on the dopants they can also facilitate apatite deposition or
accelerate BG degradation [96]. Gradual degradation and release of ionic species from the glass
can have targeted effects such as inhibition of infection and angiogenesis [97].

Mesoporous materials were synthesized in 1992 using surface directing agent [7]. Mesoporous
bioactive glasses (MBGs) possess channel structures resulting in high surface area [9]. This
facilitates increased release of ions and results in improved bioactivity [10]. MBGs also possess
higher pore volume (PV, ~0.45 cm?®/g) compared to BGs (~0.03 cm®/g) [11] with pore sizes ranging
from 2 to 50 nm [12]. These properties make MBGs candidates for drug delivery [13], implant
coatings [15], tissue engineering [15], bone grafting [14], dental [16] and hemostatic applications
[2]. An ideal hemostat should have the following properties: it can achieve hemostasis within two
minutes of application [28], it should be biodegradable, inhibit bacterial infection, suitable for both
deep and irregular wounds, and be non-inflammatory [38]. The porous morphology of MBGs can
absorb water from the blood into their mesopores and can concentrate blood clotting factors,
accelerating hemostasis [83]. Their high surface area gives fast degradability, and dopants can be

used to inhibit bacterial infection and inflammation [85].
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Sol-gels are stable suspensions of colloids in a porous gel network [8]. The sol-gel process is
the building block for the synthesis of MBGs. Besides composition, there are two main parameters
that effect the physical structure of MBGs (aside from composition): type of surfactant and
calcination temperature. The effects of surfactant have been studied and reviewed, and the effects
of surfactant on surface area, pore volume and pore size have been correlated [39]. CTAB
(cetyltrimethylammonium bromide) produces the highest SA and PV, followed by the F-series
poloxamers (F127 and F108), and lastly the P-series poloxamers (P123 and P85) [39]. The effect
of calcination temperature was studied by Pereira et al. [40]. It was found that SA and PV decrease
as the calcination temperature is increased from 400°C to 800°C. This was done without the use
of surfactant to confound the results [40]. The effect of calcination temperature, heating rate and
the residence time of thermal treatment for MBG scaffolds were studied by Shih et al. [98]. They
synthesized MBG scaffolds utilizing F-127 as a surfactant at various calcination temperatures
(400, 500, 600, 700 and 800°C), using different heating rates (1, 10 and 20°C/min) and with
varying residence times (2, 4, 6 and 8 hours). In their study, there was no clear correlation between
the three parameters. To the authors’ knowledge, the literature is lacking insight into the

relationship between heating rate and MBG’s physical and chemical properties.

It is hypothesized that heating rate during calcination affects the physical and chemical structure
of sol-gel glasses. In order to confirm this, two batches of MBG were synthesized using low
(1°C/min) and high (20°C/min) heating rates. Physical structure and chemical composition of these
two batches are compared and analyzed.

3.2 Synthesis and characterization

3.2.1 Materials

Reagent grade triblock copolymer P123 (EO20PO70EO20), calcium nitrate tetrahydrate [>99.0%,
Ca(NOz3)2.4H20], triethyl phosphate (>99.8%, TEP), tetraethyl orthosilicate (98%, TEOS), and
ethanol (EtOH) were used. Reagent grade hydrochloric acid (HCI) was diluted to 0.5M HCI using
deionized (DI) water. All reagents were purchased from Sigma Aldrich (Oakville, ON, Canada).
For this work, P123 was chosen as a surface directing agent because it yields more ordered

mesoporous structures compared to other agents such as CTAB and F127 [39].
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3.2.2 Synthesis

MBG synthesis was performed following the process of Yan et al. [9]. Typically, 4g of P123 and
1.4g of calcium nitrate tetrahydrate were dissolved in 76mL of EtOH. In a separate graduated
cylinder, ImL of 0.5M hydrochloric acid and 7.18 mL of TEOS were left to react for the acid-
catalyzed hydrolysis of TEOS. 0.68mL TEP was added to the EtOH solution. Lastly, the TEOS-
acid solution was poured into the EtOH 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 using a Hot Spot 110 furnace
(Zircar Zirconia Inc., Florida, USA) for 6 hours, with (20°C/min and 1°C/min) heating rates. The

glasses have identical chemical compositions (Table 3.1)

Table 3.1: Compositions for synthesized MBGs (mol%).

Sample code SiO2 CaO P20s
H-MBG 80 15 5
L-MBG 80 15 5

The calcined samples were ground in a PM 100 ball mill (Retsch GmbH, Germany) at 500 rounds
per minute (rpm) for 45 minutes. . A 45um sieve was used to obtain powders with particle sizes

<45um for characterization.

3.2.3 X-ray diffraction
Diffraction patterns were collected using a Philips PW3710 X-ray diffractometer (Phillips,
Holland) with a Cu source from 10° to 80° (20), at a step size of 0.1°and count time of 2s per step.

A generator voltage of 45kV and a tube current of 20 mA were employed.

3.2.4 Energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy
(XPS)

A JEOL 6380LV scanning electron microscope (JEOL, Massachusetts, USA) equipped with

Oxford EDS was used to examine the chemical composition of each sample. The generating

voltage used was 20 kV. A 1cm Cu sample holder with double sided carbon tape was pressed onto

powder samples and placed into the SEM for analysis.

XPS was conducted on a K-Alpha XPS system (Thermo Fisher Scientific, Massachusetts, USA).
Monochromated Al K-Alpha X-rays were used for analysis with a spot size of 400um. Charge

compensation was achieved utilizing a low energy flood of electrons and ions under ~5x10°8 mbar
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vacuum. Residual pressure was from argon associated with operation of a charge compensation
source. The survey spectrum was acquired in a high pass energy (200eV), 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 (50eV), high

point-density (0.1eV spacing) scanned mode.

3.2.5 Fourier transform infrared (FT-IR) spectroscopy
Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy was carried out
on the powder samples using an ATR-iS50 FTIR spectrometer (Thermo Scientific, Massachusetts,

USA). Spectra were collected from 400-1500cm™* with spectral resolution 0.25cm™.

3.2.6 Transmission electron microscopy (TEM)

Transmission electron microscopy was carried out on a Hitachi HT-7700 (Hitachi, Japan), using
80 kV generating voltage, to look at the structure of the nano-channels within the glass. Samples
were embedded in modified Spurr’s resin (Electron Microscopy Sciences, Pennsylvania, USA),

ultramicrotomed and then placed onto copper grids for imaging.

3.2.7 Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analysis

Surface area measurements were carried out by nitrogen gas adsorption in a Micromeritics Gemini
VIl 2390 gas adsorption analyser (Micromeritics, Georgia, USA). The surface area was then
calculated using Brunauer-Emmett-Teller (BET) theory, and pore size distribution and pore

volume were estimated using the Barrett—Joyner—Halenda (BJH) schema.

3.2.8 lon release analysis

lon release was conducted in DI water and analyzed using inductively coupled plasma- optical
emission spectroscopy (ICP-OES). 50 mg of sample was placed in a micro-centrifuge tube
containing 1mL deionized water. After the appropriate time intervals (15, 30 and 60 min), samples
were centrifuged at 10000 rpm for 2 min [99]. The supernatant was collected and diluted to conduct

analyses.

Chemical compositions of the collected samples were analyzed using ICP-OES, performed on an
Optima 7300 DV ICP-OES (Perkin Elmer, Massachusetts, USA). Calibration standards for silicon,
calcium and phosphorus were prepared from a 1000 parts per million (ppm) stock solution. For

the silicon sample 1, 5, 10 and 25 ppm were used as calibration standards. For calcium 0.5, 1, 5,
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and 10 ppm, and for phosphorous 0.1, 0.5, 1, 5 ppm calibration standards were used. In all cases,

DI water was used as the blank.

3.2.9 Statistical analysis

Data were plotted using the mean * standard deviation of samples (n = 9). Statistical analysis was
performed using SPSS software (IBM SPSS Statistics, version 24, New York, USA). Independent
samples t-test was used to analyze the data and to find out statistical significance with p < 0.05.

3.3 Results
Figure 3.1 shows the XRD patterns for the H- and L-MBG samples. No peaks were present in the
patterns of either sample, confirming the amorphicity of both glasses. EDS results (

Table 3.2) confirm the presence of O, Si, Ca and P in both glasses. Compositional data was also
measured with XPS and relevant spectra for the glasses are shown in Figure 3.2 and Figure 3.3.
Expected peaks for O, Si, Ca and P were observed in the XPS spectrum.

'L'll‘M‘ﬁ'Iw»'\
| ,‘H"I 1-%
LY
H\)ﬁ.,” H-MBG

ooty -
o

Intensity (Norm.)

J
WMM %‘%
%“

W L-MBG
el *"Wﬂ’h't*fwrﬁfWﬂ‘(}%ﬂ'w\'lrm“{‘*‘]‘,me

e e T
10 20 30 40 30 60 70 80

20

Figure 3.1: XRD traces for H-MBG and L-MBG.
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Table 3.2: Summary of compositions (wt.%) obtained from EDS

Sample 0 Si Ca P
L-MBG 58.60 31.40 7.23 2.77
H-MBG 63.36 27.30 7.17 2.17
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Figure 3.2: XPS spectrum for L-MBG.
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Figure 3.3: XPS spectrum for H-MBG.
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The carbon peak is due to the presence of adventitious carbon from adsorption of impurities during

MBG handling and synthesis. Atomic percentages (normalized without carbon) are shown in Table

3.3 for L-MBG and H-MBG.

Table 3.3: Normalized XPS data (at.%)

Sample 0 Si Ca P
L-MBG 60.70 34.42 2.73 2.15
H-MBG 67.69 26.23 4.23 1.85
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/ \ Si-NBO

Si-O symmteric
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Figure 3.4: FT-IR spectra for L-MBG and H-MBG samples.
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FT-IR transmission spectra are shown in Figure 3.4, along with corresponding peaks. For L-MBG,
the peak at 445 cm™ represents Si-O-Si bending vibration [100], whereas the peak at 798 cm™
indicates symmetric stretching of the Si-O bond [101]. The peak at 568 cm™ corresponds to P-O
bending mode [96]. Characteristic peaks located at 1041 cm™ and 1216 cm™ are attributed to
asymmetric stretching of Si-O bonds [4]. Lastly, the peak observed at 940 cm™ is identified as the
Si-NBO bond [28,29]. In case of H-MBG, all the functional groups were observed in the same
intensities as L-MBG.

|.| I '|'1 [ |
200nm

Figure 3.5: TEM image of L-MBG at 30k magpnification.

200nm

Figure 3.6: TEM image of H-MBG at 30k magnification. Arrow sign in the discontinuous regions of
mesoporous channels.
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TEM images of L-MBG and H-MBG samples can be seen in Figure 3.5 and Figure 3.6,
respectively. In the L-MBG sample, 2D hexagonal well-ordered mesoporous channels are
observed (Figure 3.5). The TEM image of H-MBG sample exhibits similar 2D hexagonal channels.
However, H-MBG exhibits more discontinuities than L-MBG (Figure 3.6).

The nitrogen (N2) adsorption isotherm was measured at 77 K for both glasses. BET surface area
for L-MBG is 373.87 m?/g and BJH adsorption cumulative pore volume is 0.27 cm®g. For H-
MBG, BET surface area and BJH pore volume are 85.91 m?/g and 0.13 cm®/g, respectively.
Average pore diameter is noted as 4.34 nm for L-MBG and 4.65 nm for H-MBG. Table 3.4

summarizes BET surface area, BJH pore volume and average pore diameter results.

Table 3.4: Physical properties of L-MBG and H-MBG.

Sample  BET surface area  BJH pore volume  BJH average pore diameter

(m?/g) (cm*/g) (nm)
L-MBG 373.87 0.27 4.34
H-MBG 85.91 0.13 4.65
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Figure 3.7: a) SiOs*, b) Ca**and c) PO.,* ion release from L-MBG and H-MBG samples. Error bar
represents standard deviation from the mean (n = 9). * Represents statistical significance between
samples (p <0.05).
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The ion release profiles for both sets of MBGs are shown in Figure 3.7. It is observed that SiOs*
ion concentration increases significantly from 15min to 30min, for L-MBG, and then begins to
reach a steady state (Figure 3.7 a). The ions (SiOs*, Ca?* and POs*) released from H-MBG have
negligible change in concentration for consecutive time intervals (64.7, 56.3 and 54.8 ppm for
SiO4*; 21.1, 19 and 19.8 ppm for Ca?*; 5.6, 4.9 and 4.9 ppm for PO4>).

3.4 Discussions

Compositional data, measured through EDS and XPS, show that both L-MBG and H-MBG are
chemically identical. The same compositional elements i.e. O, Si, Ca and P are detected in L-MBG
and H-MBG samples. Calcium values in the XPS data (Table 3.3) are lower than expected because
XPS measures the surface composition more than the bulk. It has been shown that calcium ions
remain in the bulk preferentially [103]. Analyzing FT-IR transmission spectra (Figure 3.4), there
are no differences between the two samples’ functional groups, meaning the two glasses are

chemically identical.

TEM images (Figure 3.5 and Figure 3.6) show there are differences in the mesoporous architecture
of the two glasses. The H-MBG has more discontinuities in the ordered channels compared to the
L-MBG; this may be attributed to the higher heating rate. P123 is a hydrophilic surfactant and
produces small, ordered micelles in aqueous media [8]. During the EISA process, the micelles self-
assemble to create the mesoporous channels [20]. Calcination evaporates the micelles over time,
leaving behind the mesoporous architecture. It is postulated that the rapid heating causes the
micelles to evaporate vigorously out of the sample. Slow heating would result in steady removal
of the surfactant, retaining the integrity of the mesoporous structure (Figure 3.5). The result of
these discontinuities is the decrease in surface area and pore volume of the H-MBG samples. L-
MBG exhibits more than four-fold higher surface area and two-fold greater pore volume than H-
MBG. Pore diameter data shows there is a minor increase (~7%) in pore diameter for H-MBG
relative to L-MBG. This may be another effect of the vigorous evaporation caused by the high
heating rate. Usually, the pore diameter is determined during the EISA process by the size of the
micelles, not during calcination [8]. However, rapid heating can cause expansion of the micelles

thereby expanding the diameter of the channel.

The change in surface area directly affects the ion release of the samples. SiO4* ion release from
H-MBG is significantly lower compared to L-MBG (Figure 3.7 a). This is due to L-MBG having
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higher surface area and a more ordered channel structure compared to H-MBG, resulting in its
faster degradation. It is also noted that Ca?* and PO4* ion concentration of L-MBG samples
decreased after 30 minutes (Figure 3.7 b, ¢). A possible explanation for this is the development of
calcium-phosphate crystals upon the glass surface. This would cause a depletion in the solution
Ca?* and PO4* concentrations, and so explains why the concentration decreased for both ions.
Lower concentration of ions from H-MBG could be the result of low surface area and pore volume
causing slower degradation of the H-MBG, thereby resulting in less ion release over time. There
is a statistically significant (p<0.05) increase of ions from L-MBG after 15, 30 and 60 minutes
relative to H-MBG. These time intervals were chosen based on the proposed use of these MBGs
(i.e. as hemostats). Hemostats are used for short term blood coagulation because persistence of
bleeding for long durations requires surgical closing. Platelet plug formation in primary hemostasis
occurs within an hour [104]. The mechanism by which MBGs achieve hemostasis is thought to be
a physical process (absorption of water and concentration of clotting factors). For this, high surface
area and pore volume are more critical compared to the concentration of ions released. Since Ca?*
ions speed up the coagulation process, any increase in the concentration of this ion is beneficial
[35]. Since L-MBGs provide a greater increase in the Ca* ion, their effect on hemostasis will also

be greater.

3.5 Summary
Two batches of mesoporous bioactive glass were formulated from identical starting reagents, and
the effect of calcination heating rate on composition and structure were evaluated. XRD, EDS,

XPS and FT-IR results confirmed that heating rate does not influence chemical composition.

Analyzing TEM and BET results, it is evident that heating rate does influence the physical structure
of the MBGs. TEM imaging gave a visual of many discontinuities in the mesoporous channels for
H-MBG, and BET quantified its low specific surface area and pore volume. Relatively, L-MBGs
had few discontinuities, a four-fold greater specific surface area, and a two-fold greater pore
volume. This led to a greater amount of ions released from L-MBG compared to H-MBG.

L-MBGs have high potential as hemostats because the greater surface area allows for more water
absorption/clotting factor concentration, and release more Ca?* for speeding up hemostasis.
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The results presented in this study provide insight on the effects of heating rate on the physical
structure of MBGs. During synthesis, low heating rate is best for getting well-structured

mesoporous channels.
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4. Tantalum Containing Mesoporous Bioactive Glasses as a Potential Hemostatic Agent.

This chapter is based on the following paper (ready for submission):

Andrew Mendonca, Md. Saidur Rahman, Adel Alhalawani, and Mark R. Towler. Tantalum
containing mesoporous bioactive glasses as a potential hemostatic agent.

4.1 Introduction

Bioactive glass (BGs) were first synthesized by Hench et al. and are capable of chemically bonding
with host tissue [105]. Their bioactivity stems from ion release which promotes the development
of a hydroxyapatite (HA) layer at the interface of the glass [2].

Mesoporous bioactive glasses (MBGs) are a subset of BGs that possess a mesoporous channel
structure [9]. This gives them a high specific surface area, up to 10-20x the surface area of melt-
quenched BGs [10]. Bioactivity is proportionally influenced by a BG’s specific surface area;
therefore MBGs have high bioactivity [2]. Silica based MBGs have an amorphous structure which
can accommodate various ions as network modifiers [106]. These network modifiers disrupt the
continuity of the glass network and form non-bridging silicon-oxygen bonds (Si-NBO). The
number of Si-NBOs affect the bioactivity of the glasses, with increased numbers of Si-NBO bonds
leading to greater reactivity [106]. The network modifiers can further influence glass properties
depending upon the ion used. For example, calcium ions can be used to speed up blood coagulation
[107]. Mesoporous bioactive glasses containing 0.02 wt% silver ions have outstanding
antibacterial performances and hemostatic properties [83]. The high specific surface area of the
Ag doped MBGs and nanoporous structure resulted in higher water absorption rate from the blood.
In addition, this water absorption concentrates the blood components and reduces clotting time
[108] [109]. Gallium doped MBGs have been shown to be potential hemostatic agents and exhibit

antibacterial properties [85].

Hemostatic agents help to achieve hemostasis [110]. Commercially available hemostats can be
either organic or inorganic depending upon their composition. Organic hemostats are usually based
on gelatin, cellulose and chitosan. Animal gelatin containing hemostats (e.g. Gelfoam®, Pfizer,
Inc.) can cause serious allergic reactions and lead to anaphylaxis [47]. HemCon (Tricol
Biomedical, Inc.), a chitosan based hemostat, is synthesized from shrimp shells and is unsuitable
for deep wounds or irregular wound surfaces [44]. A starch-based hemostat, Arista® (CR Bard,

Inc.), can notably reduce the hemostasis time through absorption of water and concentration of
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coagulation factors and platelets [51]. However, swelling of the starch particles can lead to necrosis
(cell death) of surrounding tissue. Inorganic hemostats are typically clay or zeolite based [34].
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 by concentrating clotting factors [83].
However, zeolite based hemostats can cause an exothermic reaction at the wound site with tissue
temperatures capable of rising to 90°C [38]. The Combat Gauze (Z-Medica, LLC) hemostat, gauze
implanted with kaolin, initiates the intrinsic pathway of the blood coagulation cascade [43].
However, it is slow acting and so does not provide immediate hemostasis [38].

This manuscript presents tantalum doped MBGs (Ta-MBGs) for the first time. Tantalum was
chosen because of its biological inertness and previous use in hemostatic clips [89]. Tantalum
oxide powder, containing low amounts of iron, have been developed as a hemostat to accelerate
blood clotting and prevent bacterial infection [87]. Tantalum containing glass polyalkenoate

cements are very promising for sternal closure and repair [93].

The aims of this study are to synthesize MBGs with varying amounts of tantalum, characterize the
MBGs structure, and evaluate the effect of the morphology and tantalum content on the ion release

and hemostasis.

4.2 Materials and methods

Five batches of glasses [(80 - x) SiO2-15 CaO - 5 P.Os- x Ta,0s (mol%)] were synthesized doped
with varying amounts of Ta.Os in the expense of SiO. 4g of P123 and 1.42g of calcium nitrate
tetrahydrate (Ca(NO3)2.4H20) were dissolved in 76mL of ethanol. In a separate graduated
cylinder, ImL of 0.5M hydrochloric acid and appropriate amount of TEOS (Si(OC2Hs)s) was
allowed to react for hydrolysis of TEOS. Then 0.68mL TEP ((C2Hs0)3PO) was added to the
ethanol solution. For Ta>Os containing glasses, appropriate amount of tantalum (V) ethoxide
((CH3CH20)sTa) was added to the ethanol solution. Lastly, the TEOS-acid solution was 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 using a box furnace (Hot Spot 110, Zircar Zirconia
Inc., Florida, USA) for 6 hours. Then calcined samples were ground in a ball mill (PM 100, Retsch
GmbH, Haan, Germany) at 500 rpm for 45 minutes. A 45um sieve was used to get powders with

particle sizes less than 45um for characterization. The glasses have identical chemical
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compositions which are listed in Table 4.1. TaOs free glasses are labelled as MTa-0. Glasses
doped with 0.5, 1, 5 and 10 (mol%) TaOs are labelled as MTa-0.5, MTa-1, MTa-5 and MTa-10

respectively. The amount of precursors used are also listed in Table 4.2.

Table 4.1: Compositions of synthesized MBGs (mol%)

Sample code SiO2 CaOo P2Os Tax0s
MTa-0 80 15 5 0
MTa-0.5 79.5 15 5 0.5
MTa-1 79 15 5 1
MTa-5 75 15 5 5
MTa-10 70 15 5 10

Table 4.2: Amounts of precursors used to synthesize MBGs

Sample code Si(OCzHs)4 Ca(NO0s)2.4H,0 (C2Hs0)3PO (CH3CH0)sTa
(mL) (9) (mL) (mL)
MTa-0 7.18 1.42 0.68 0
MTa-0.5 7.14 1.42 0.68 0.10
MTa-1 7.09 1.42 0.68 0.21
MTa-5 6.70 142 0.68 111
MTa-10 6.20 1.42 0.68 2.38

4.3 Glass characterization

4.3.1 X-ray diffraction

Refer to section 3.2.3.

4.3.2 Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy
(EDS)

Refer to section 3.2.4.

4.3.3 X-ray photoelectron spectroscopy (XPS)

Refer to section 3.2.4.

4.3.4 Fourier transform infrared (FT-IR) spectroscopy

Refer to section 3.2.5.
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4.3.5 Transmission electron microscopy (TEM)

Refer to section 3.2.6.

4.3.6 Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analysis
Refer to section 3.2.7.

4.3.7 Zeta potential analysis

Zeta potential of the glasses were measured using a zeta potential analyzer (Zetasizer-Nano Series,
Malvern Instruments Ltd., U.K). Polystyrene latex solution was used as a calibration material and
dispersant medium was DI water. Disposable folded capillary cells were used during the

measurement.

4.3.8 lon release analysis

Refer to section 3.2.8. Calibration standard for tantalum was prepared from a 1000 parts per million
(ppm) stock solution. For tantalum 0.5, 1, 5, and 10 ppm calibration standards were used.
Wavelength of elements used during the experiment are listed in Table 4.3.

Table 4.3: Wavelength of expected elements

Element Si Ca P Ta
Wavelength
() 288.158 317.933 213.617 240.063
nm

4.3.9 Whole blood hemostatic assay

Thromboelastography is a laboratory test which measures the viscoelastic properties of a blood
clot. TEG® 5000 Thrombelastograph® (Haemonetics Corporation, Massachusetts, USA) analyzer
was used to conduct thromboelastography. Figure 4.1 shows simplified mechanism of this
machine. There are two independent measuring channels in a TEG® 5000 analyzer. Cups
containing blood samples are attached to each of the channels - one containing no powder sample
and one containing powder sample. The cup is rotated at 4°45' forward and backward (each every
5 sec) to imitate venous flow. A pin immersed in the blood is connected to a transducer, which is
connected to a torsion wire. When there is any clot formation the pin starts rotating. As the clot
strength increases, so does the pin rotation. TEG analytical software (version 4.2.3) is used to
measure the clot properties and correlate them to 5 different values, shown in Figure 4.2 where,

R = initial clot formation time (min)
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K = time taken by the clot to reach 20 mm clot strength (min)
a = rate of clot formation (°)
MA = maximum clot strength (mm)

LY30 = lysis (disintegration of cells) after 30 min i.e. percentage decrease of clot strength
after 30 min.

R, K, a and MA represent blood coagulation and LY 30 represents fibrinolysis (breakdown of fibrin

clot) [111].
| | : Torsion wire

P

o .| Pin
== Cup

< =

Figure 4.1: Schematic representation of thromboelastography [81].

40



Figure 4.2: Values of thromboelastograph that represent clot formation [81].

Animal studies was performed with approval from research ethics board of St. Michael’s Hospital,
Toronto, Ontario, Canada (reference number: ACC 739). In this study, sample blood was taken
from mice. After proper anesthetization (Figure 4.3 a), an incision was made in the mouse
abdominal skin (Figure 4.3 b). The abdominal cavity was opened, the organs shifted to the side
and the inferior vena cava (IVC) was isolated. The IVC was chosen because it is the largest vein
in mice and maximum blood can be drawn. The blood was drawn directly from I\VVC using a syringe
containing 3.2% sodium citrate (sodium citrate prevents platelet activation) and a 25G x %2 needle;
citrated blood was then transferred to a centrifuge tube. 2 x 340 uL citrated blood was put into two
TEG® cups. After that 20 puL 0.2M CaCl, was added to each cup to activate platelets. Then, 20
mg of powder samples (Arista® and MTa glasses) were added to one of the cups. The sample cup
was connected to channel 1 and the blank cup (with only blood and CaCl,) was connected to
channel 2. The TEG® 5000 Thrombelastograph® analyzer was run while maintaining 37°C
temperature during experiments. The whole blood clotting assay is depicted in Figure 4.4 [112].

Each glass sample was repeated 5 times (n = 5).
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Figure 4.3: a) Anesthetized mouse, b) mouse dissection to lift abdominal skin.

blood from inferior blood split into

vena cava of mouse two TEG cups,

into sodium citrate tube lé“’gea‘ed with
ach

Figure 4.4: Sequence of thromboelastography experiment [112].

4.3.10 Statistical analysis

For ICP, data were plotted using the mean + standard deviation of 9 data points. Parametric one
way ANOVA was used to compare the means of independent samples and independent samples t-
test was used as a post-hoc analysis to find out statistical significance between groups with p <
0.05. Statistical analysis was performed using SPSS software (IBM SPSS Statistics, version 24,
IBM corp., Armonk, NY, USA).

42



4.4 Results and discussions

Figure 4.5 shows XRD patterns for MTa series glasses. It is observed that all glasses are amorphous

and Ta>Os incorporation in the glass structure did not change the phase of the glasses.
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Figure 4.5: XRD patterns for Ta,Os doped MBGs.

SEM images reveal that all the glasses have a similar particle size. EDS result shows the presence

of O, Si, Ca, P elements in MTa-0 glass (Figure 4.6 a). In tantalum containing glasses, EDS

spectrum shows the existence of O, Si, Ca, P and Ta (Figure 4.6 b to e). EDS provided bulk

compositional data which are listed in Table 4.4.
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Figure 4.6: EDS spectra and SEM images for a) MTa-0, b) MTa-0.5, ¢) MTa-1, d) MTa-5 and e) MTa-10
glasses.
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Table 4.4: Summary of compositions (wt.%) obtained from EDS

Sample @) Si Ca P Ta
MTa-0 58.6 31.4 7.2 2.8 0

MTa-0.5 55.5 31.2 8.0 25 2.8
MTa-1 58.2 27.9 6.7 21 5.1
MTa-5 47.6 23.6 6.0 1.8 21
MTa-10 37.7 20.2 5.3 1.2 35.6

EDS graphs show that when Ta»Os is incorporated into the glass structure, there is an overlap of
Siand Ta peaks (Figure 4.6 b to e). The effect of this overlap is more pronounced when additional
Ta20s is added into the glass structure. MTa-10 glass shows 35.6 wt.% of Ta which is more than
silicon concentration (20.2 wt.%). This peak overlap of silicon and tantalum affects local
compositional measurement. The compositional data obtained by analyzing EDS peaks, do not
exhibit exact composition of elements. X-ray photoelectron spectroscopy is conducted to find out

quantitative compositional data.

Compositional data are quantitatively measured with XPS. XPS is a surface sensitive spectroscopic
technique and can provide elemental composition of samples. Wide scan XPS spectrum for the
glasses are shown in Figure 4.7. Expected peaks for O, Si, Ca and P are observed in the XPS
spectrum of MTa-0 glass. In the Ta containing glasses, Ta peaks are observed including O, Si, Ca
and P peaks. However, a carbon C1s peak was also noticed in all glass samples. This is referred to
as adventitious carbon due to adsorption of impurities during sample handling and transportation.
For Ta, three peaks are noted: Ta4dp, Ta4d, and Ta4f. The control glass shows a small peak around
26 eV where the Ta4f peak is located. However, this is not a Ta4f peak; it is an O2s peak. The O2s
peak can be found around 26 eV [113] . As the tantalum peaks increase in intensity, the silicon
peaks decrease in intensity, as would be expected. Binding energy of photoelectrons for related
elements are listed in Table 4.5 (according to National Institute of Standards and Technology,

NIST). Atomic percentage (normalized without carbon) are shown in Table 4.6.

45



Table 4.5: Binding energy of elements

Peak binding energy

Element (&V)
Ols 532.20
Cis 284.54

Cazp 347.21
P2p 133.24
Si2p 103.59
Tadd 228.08
Ta4f 25.25

Tadp3 398.22

Counts/s
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MTa-5

MTa-1

— L .
MTa-0.5

———A A\
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Binding Energy (eV)

Figure 4.7: XPS spectra for Ta,Os doped MBGs.

46



Table 4.6: Normalized XPS data (at.%)

Sample O1ls Si2p Ca2p P2p Ta4d
MTa-0 60.70 34.42 2.73 2.15 0

MTa-0.5 61.00 33.59 341 1.79 0.21
MTa-1 61.02 32.97 3.47 1.88 0.66
MTa-5 60.76 30.15 3.09 2.08 3.92
MTa-10 59.26 27.33 341 1.05 8.95

It is observed that Si2p at.% decreases and Ta4d at.% increases which is expected because Ta>Os

was incorporated in the expense of SiO». Ca concentrations in XPS data are lower compared to

EDS data because XPS measures the surface composition data and Ca concentration in the surface

is lower than the bulk composition [103].

Table 4.7: Binding energy and concentration (at.%) of oxygen in silica and Ca-P-Ta environment

Oxygen in Si environment

Oxygen in Ca-P-Ta environment

Sample indi indi

Binding energy L% Binding energy L%
(eV) (eV)

MTa-0 530.98 96.46 528.88 3.54
MTa-0.5 530.98 93.09 529.08 6.91
MTa-1 530.88 94.95 528.88 5.05
MTa-5 530.68 92.94 529.08 7.06
MTa-10 530.58 81.85 529.18 18.15

High resolution O1s spectra for MBGs are shown in Figure 4.8 (a to e). Each spectrum is de-

convoluted into two components. In Figure 4.8 a, (for MTa-0), the higher binding energy peak

centered at 530.98 eV can be denoted as oxygen in silica environment (Si-O) whereas the lower

binding energy peak centered at 528.88 eV corresponds to oxygen in a non-silica environment (i.e.

Ca-O or P-O or Ta-0) [103]. For MTa-0, the amount (at.%) of oxygen in silica environment is

measured 96.46% and in calcium-phosphorus environment is 3.54%.
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Figure 4.8: High resolution O1s spectra for a) MTa-0, b) MTa-0.5, ¢) MTa-1, d) MTa-5 and e) MTa-10
glasses.

Addition of more Ta2Os in the glass network results in an increase of peak concentration for

oxygen in calcium-phosphorus-tantalum environment (Ca-O, P-O, Ta-O) (Figure 4.8 b to e). In
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Table 4.7, amount (at.%) of oxygen in silica and Ca-P-Ta environment are listed. Maximum
oxygen content (at.%) in Ca-P-Ta environment is recorded 18.15% for MTa-10 glass. These results

are coherent because Si content is decreasing and Ta bonds to more oxygens is increasing.
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Figure 4.9: FT-IR spectra for all mesoporous glasses.

FT-IR spectra for MTa series glasses are shown in Figure 4.9. Similar peaks are observed as Figure
3.4 and explained in section 3.3. It is observed that Si-O peaks’ (bending, symmetric and
asymmetric stretching) intensities are decreased with addition of more TaOs in the MBG
structure, since Ta>,Os was incorporated in the expense of SiOz in the glass structure. It is also
noticed that the intensity of Si-NBO peak increases with the addition of Ta2Os in the glass network
i.e. Ta2Os acts as a network modifier in the glass structure which is also supported by XPS results.
The presence of NBO functional group in the glass network is very important for effective ion
exchange and the formation of calcium phosphate layer [114]. NBO also promotes leaching of Ca

ions from the glass structure to form bioactive layer on the glass surface [92].
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2000m

Figure 4.10: 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.

TEM imaging provides visual confirmation of the nano-channels for MBGs. TEM images for all

glasses are shown in Figure 4.10 a to e. 2D hexagonal well-ordered mesoporous channels are
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observed for MTa-0, MTa-0.5, MTa-1 and MTa-5 glasses. For MTa-1, MTa-5 and MTa-10
glasses, some breakage of nano-channels is observed (Figure 4.10 c, d and e). As surface directing
agents produce small micelles. During calcination, these micelles evaporated and form
mesoporous structure. Addition of Ta>Os breaks the connectivity of silicon-oxygen atoms i.e. acts
as a network modifier (supported by XPS and FT-IR results). This results in discontinuity of nano-
channels in the MBGs which is more pronounced in MTa-1, 5 and 10 glasses. For MTa-0.5 glass
less discontinuity of channels are observed (Figure 4.10 b). This discontinuity of channels can
reduce surface area of MBGs (investigated by BET analysis) and make the pores disconnected.
This reason is supported by BET surface area results. It is hypothesized that the mesoporous
channel structure could absorb water molecules from the blood into the mesopores for hemostasis.
More water molecules could be absorbed into these nano-channels if the structure is continuous.

A simplified physical chemistry of MBG is shown in Figure 4.11.

|
Si
|
Ca
|
P
|

Ta

Figure 4.11: Simplified representation of physical chemistry of MBGs.

TEM results visually confirm continuity and discontinuity of nano-channels whereas Brunauer-
Emmett-Teller (BET) equation and Barrett- Joyner-Halenda (BJH) method quantifies surface area
and pore volume respectively. (N2) adsorption isotherm is measured at 77 K for all glasses. N2 is
used as adsorbate because it is inert, highly pure and has strong interaction with most solids.
According to ISO 9277, gas molecules will physically adsorb to the external and accessible internal
pores of solid surface (Figure 4.12) [115]. When N is dosed into MBGs, gas molecules adsorb in
the isolated regions of porous MBGs (stage 1 in Figure 4.13) at lower pressure. When pressure is
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increased, number of adsorbed molecules increase and a complete monolayer is formed (stage 2
in Figure 4.13). Further increasing of gas pressure results in multilayers of gas molecules forming
and then the BET equation is used to calculate surface area (stage 3 in Figure 4.13). BET equation

can be written as:

P/Po 1 c-1 p .
ng(1-p/py)  MpmC o py Equation (1) [115].

Where, p is pressure of the adsorptive in equilibrium with the adsorbate (Pa), po is saturation vapor
pressure of the adsorptive (Pa), na is specific amount adsorbed (mol g1), C is BET parameter which
depends on the number of layers on the surface, nm is specific monolayer amount of adsorbate

(mol g?).

In the third stage BET surface area and specific surface area are measured using following

equations:

Ag(BET) =n,, XL x a,, Equation (2) [12].
a;, (BET) = Ag(BET)/m  Equation (3) [12].

Where, As is BET surface area, as is BET specific surface area, m is mass of solid sample, L is
Avogadro constant (6.023 x 102%) and am is adsorbate molecular cross-sectional area (e.g. 0.162
nm? for N2 at 77K).

Further increase in gas pressure results complete coverage of MBG samples and fill all the porosity
(stage 4 in Figure 4.13). In this case capillary condensation (multilayer adsorption in porous
medium and pores are filled with condensed liquid) occurs. BJH method is applied to measure
pore volume and pore diameter when capillary condensation develops. BJH equation can be

written as:

y A5
P log (p/po)

+3.54 x (—><)%333  Equation (4) [116].

ln(;io)

Where, rpis pore radius (Angstrom).

BET surface area, BJH pore volume and average pore diameter for all glasses are listed in Table
4.8. From the table it can be said that 0.5 mol% addition of Ta>Os in the MBG network does not

reduce surface area. TEM image does not exhibit breakage of nano-channels for MTa-0.5 glass
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(Figure 4.10 b) either. Addition of Ta20s more than 0.5 mol% in the glass network, reduces BET
surface area. For MTa-1 glass, surface area recorded 353.14 m?/g. TEM image also shows that
there are some discontinuity in the nano-channel structure (Figure 4.10 ¢) which causes decrease
of surface area (from 373.98 m?/g to 353.14 m?/g). Any kind of discontinuity affects porous
morphology of MBGs and less gas molecules adsorbed which results lower surface area. For pore
volume measurements, the amount of N2 gas adsorbed were recorded ~ 161, 155, 151, 148 and
129 (cm®g STP) at 0.5 relative pressure (p/po) for MTa-0, 0.5, 1, 5 and MTa-10 glass samples
respectively (Figure 4.14). It could be hypothesized that addition of more Ta>Os in the glass
structure increases pore wall thickness. Ta>Os also acts as a network modifier and disrupts the
interconnected channel structures. The introduction of this larger element into the glass network
could result in slight expansion of the walls of the MBGs, thereby reducing the pore volume. The
increase of pore wall thickness reduces average pore diameter which is supported by the pore
diameter results (Table 4.8). For MTa-0 glass, average pore diameter recorded 4.3nm whereas for
MTa-10 glass average pore diameter found 3.9 nm. N2 gas molecules are adsorbed in MTa-10
glass sample and resulted surface area 297.55 m?/g which is lowest compared to other glasses.
However, this surface area is higher than melt quench bioactive glasses (2 m?/g) [117].

Figure 4.12: Schematic representation of surface detected by gas adsorption method for mesoporous
materials [115].
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Increasing gas pressure

Figure 4.13: N, gas molecules adsorption in the porous structure during different stages to measure
surface area and pore volume [118].
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Figure 4.14: BET adsorption isotherm for MBGs.
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Table 4.8: Physical properties for MTa series glasses

Sample BET surface area BJH pore volume BJH average pore
diameter
(m?g) (cm?/g)
(nm)

MTa-0 373.87 0.27 4.3
MTa-0.5 373.98 0.22 4.2

MTa-1 353.14 0.21 4.1

MTa-5 328.44 0.23 4.0
MTa-10 297.55 0.17 3.9

Zeta potential is measured to check the electrostatic attraction or repulsion between particles and
the stability of particles suspension in a liquid. High value of zeta potential (positive or negative)
indicates particles stability and low value of zeta potential means particles are more prone to
agglomerate [119]. Particles with zeta potential ranges from £10mV to £30mV indicates incipient
stability and +£30mV to +40mV implies moderate stability [120]. Zeta potential results are listed
in Table 4.9.

Table 4.9: Zeta potential of MBGs

Zeta potential

Sample (mV)
MTa-0 -22.7
MTa-0.5 -20.4
MTa-1 -24.8
MTa-5 -24.8
MTa-10 -31.1

Mesoporous bioactive glasses show negative zeta potential because of the presence of negatively
charged silanol (Si-OH) groups on the glass surface. We are interested on the magnitude of zeta
potential. It is observed that zeta potential decreased to -20.4 mV for MTa-0.5 glass. This could
be the result of reducing amount of SiO2 and the addition of Ta.Os into the glass structure.
However, zeta potential increased for MTa-1, remained same for MTa-5. Zeta potential -31.1 mV

reading is recorded for MTa-10 glass. It could be said that Ta>Os concentration more than 0.5
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mol% acts as a network modifier in the glass structure (confirmed by XPS and FT-IR). Network
modifier leads to formation of NBO in the glass network [4] which increases net electron charge
density. As a result, zeta potential increases for adding excess amount of Ta>Os in the glass
structure. Ta20s concentration up to 0.5 mol% acts as a network former.
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Figure 4.15: lon release profiles for Ta,Os doped MBGs: a) Silicon, b) Calcium, ¢) Phosphorus and d)
Tantalum ions.
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lon release profiles are shown in Figure 4.15 for Si, Ca, P and Ta ions respectively. After 15
minutes, maximum silicon ion is released from MTa-0.5 glass (142 ppm) which is statistically
significant with respect to MTa-0 (86 ppm) (p < 0.05). MTa-1, MTa-5 and MTa-10 glasses release
significantly less silicon ions, compared to MTa-0, for all time intervals. MTa-0 glass can release
more silicon ions compared to MTa-1, MTa-5 and MTa-10 glasses because it contains more silicon
than other glasses. MTa-0 glass and MTa-0.5 glass could release almost similar amount of silicon
ion (as 58 and 29 ppm standard deviation are observed for MTa-0.5 glass after 15 and 60 mins
respectively). Surface area of MTa-0 and MTa-0.5 glasses play a vital role in this case for releasing

more silicon ions compared to other glasses.

Calcium and phosphate ions concentration from different MBGs reduce after 15, 30 and 60 mins
which was not expected (Figure 4.15 b). It is very likely that there is a development of calcium
phosphate compounds on the surface of the glasses [41]. These compounds impede the further
dissolution of ions, which also explains why other ions do not increase in concentration greatly
between 15mins and 60mins. Tantalum ion release from MTa-0.5, MTa-1, MTa-5 and MTa-10
glasses are shown in Figure 4.15 d. MTa-10 glass can release more tantalum ion after 15, 30 and
60 mins compared to MTa-0.5, MTa-1 and MTa-5 glasses. MTa-10 glass contains more tantalum
than other glasses which helps to release more tantalum ions. After analyzing the ion release
profiles it can be summarized that ions released from MBGs containing increasing amounts of
tantalum show decreasing trends for silicon ion release and increasing trend for tantalum ion
release. lon release profiles for calcium and phosphorus do not show any trend after 15, 30 and 60

min time intervals. The reasons for selecting these time intervals are explained in section 3.4.

Values of thromboelastographs for all samples are listed in Appendix I. R time efficiency is
measured as the ratio of the R time of a sample in blood and R time of untreated blood. Table 4.10
shows R time efficiency of all samples. The result shows that Arista® is 91% more effective
compared to no powder added in the TEG® cup. MTa-0 glass is 58% more effective which is the
highest among MTa series glasses. MTa-10 glass is 10% less effective compared to no powder
added. The trend in the results are supported by BET surface area results (Table 4.8) as they both
decrease as the tantalum content in samples is increased. The morphology of MBGs act as a
molecular sieve for platelets and other blood clotting factors to combine. As surface area and

continuous channel structure (Figure 4.10 a and b) of MTa-0 and MTa-0.5 glasses are higher
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compared to MTa-5 and MTa-10 glasses, they are expected to perform better. MTa-10 glass
possess low surface area and discontinuities in the channel structure which make this glass less

effective than other MTa series glasses.

Table 4.10: R time performance of different powder samples with respect to no powder added

Sample Refficiency (%0)
Arista® 91%
MTa-0 58%
MTa-0.5 46%
MTa-1 26%
MTa-5 16%
MTa-10 -10%

The reason why K, a, and MA values are not discussed is due to the limitations in this method. K
time had missing values for different trials i.e. the clot amplitude of some samples did not reach
20 mm to detect K time. Also, it was found that there was too much variation for o (standard

deviation ~16°) and MA (standard deviation ~ 15 mm) data values.

4.5 Limitations of thromboelastography

There are limitations of thromboelastography: when citrated mice blood was taken to a centrifuge
tube, clots were detected on the syringes in most of the trials. After removing the clots, blood was
transferred to the TEG® cup prior to the start of the experiment. Platelets are one of the main
contributors for blood clotting as mentioned in section 1.6. Removing the blood clots before the
experiment resulted a lot of the platelets being removed from the blood. This could be the reason
of getting slower clot initiation time (R) for some samples compared to others. K time would also
be affected as lack of platelets would prevent the clot from reaching the 20mm amplitude.

Another limitation of thromboelastography is in regards to the blood samples used. There was a
lot of variation in the mice regarding gender, age, and body composition (fat%) of mice, all of
which affect the results [81]. This also sometimes made it difficult to get sufficient amount of

blood (at least 720 pL) from each mouse to run the tests.
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4.6 Summary

A series of mesoporous bioactive glasses (MBGs) were successfully synthesized and characterized
in terms of composition, structure and porosity. Preliminary work on hemostatic effects was also
conducted. XRD shows that all glasses are amorphous, and do not produce any crystalline structure
with the addition of tantalum. EDS and XPS data confirms the incorporation of tantalum into the
glass structure. FTIR peaks, corresponding to the Si-O bonds present in the glass matrices, have
expected trends i.e. increasing Ta2Os content reduces the intensity of Si-O bending, symmetric and
asymmetric stretching peaks. Conversely, increasing Ta>Os concentration increases the intensity
of the Si-NBO bonding peak. Ta>Os acts as a network modifier in the glass structure. This result

is also confirmed by the XPS high resolution O1s spectra.

Characterization of the mesostructure and porosity of the MBGs was performed using TEM and
BET theory. TEM imaging supplied visual confirmation of the inner structure whereas BET
quantified specific surface area and pore volume. The assumption being made here is that a higher
surface area would be achievable if the mesoporous structure was more continuous within the
sample. Any discontinuities in the architecture would lower the pore volume and surface area.
Comparing TEM images of each set of glasses, the MBGs retain an ordered hexagonal structure.
MTa-5 and MTa-10 glasses have more discontinuities in the structure. These discontinuities

decrease surface area of MBGs. Lowest surface area is recorded for MTa-10 glass.

No steady state point was identified in the ion release analysis. A likely explanation is because the
time interval chosen based on relevance to hemostat application was too short for high releasing

of ions.

Preliminary blood coagulation study was investigated. Commercial hemostat Arista® performed
better to achieve hemostasis. MTa-0 and MTa-0.5 glasses exhibited promising efficiency.
However, thromboelastography has some limitations such as clot formation in the citrated blood
prior to the start of the experiment, variations in the mice blood composition. Other lab tests (PT,
aPTT, platelet aggregation) need to be completed to find out Ta2Os doped MBGs positive or
negative effect for hemostasis.
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5. Conclusions and future work

5.1 Conclusions

The effect of calcination heating rate on chemical and physical structure of MBGs was evaluated.
Glass characterization techniques (XRD, EDS, XPS, FT-IR) revealed that calcination heating rate
does not influence chemical composition of the MBGs. TEM and BET results confirmed that
calcination heating rate influences the physical structure of MBGs. TEM provides visual
confirmation of discontinuities and BET quantifies lower surface area of H-MBG compared to L-
MBG. 1°C/min heating rate is best to get well ordered MBGs.

A low heating rate (1°C/min) was utilized to synthesize a series of Ta>Os doped MBGs. It was
observed that MBGs containing Ta2Os up to 0.5 mol% (i.e. MTa-0, and 0.5) possess excellent
surface area and pore volume compared to MTa-1, 5 and 10 glasses. Ta>Os concentration more
than 0.5 mol% acts as a network modifier which reduces surface area of MBGs. Whole blood
hemostatic assay showed that commercial hemostat Arista® can start immediate blot clot
formation. After that MTa-0 and MTa-0.5 exhibited promising results, as these glasses surface
area was high (373.87 and 373.98 m?/g respectively) compared to MTa-1, 5 and 10 glasses. The
porous structure and less discontinuity of MTa-0 and MTa-0.5 MBGs can facilitate water
absorption from the blood and can concentrate platelets by acting as a molecular sieve for the
platelets to aggregate [85]. These physical properties of MBGs leads to the extrinsic pathway of
blood coagulation cascade. Negative zeta potential and the presence of Si-OH group on the MBGs
surface can initiate the intrinsic pathway of blood coagulation cascade [80]. MTa-1, 5 and 10
glasses also possess negative zeta potential and contain Si-OH group in their surfaces. However,
glasses having lower surface area and discontinuity in the channel structure cannot be as effective
as MTa-0 and MTa-0.5 glasses. Because of these discontinuities, MBGs will not be able to act as
a molecular sieve to combine more platelets. Thromboelastography revealed that low
concentration of Ta>Os doped MBGs i.e. MTa-0 and MTa-0.5 could be a potential hemostatic

agent.

5.2 Recommendations for future work
The whole blood coagulation study using mice blood was not satisfactory. There were several
variables noted during that study which could affect thromboelastography results. The following

are the recommendations for blood coagulation study and additional biological testing:
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b)

d)

Human blood can be used to run thromboelastography. It will be more convenient to get
appropriate amounts of human blood to conduct a whole blood coagulation study. Ethical
approval is in process to initiate blood coagulation study at St. Michael’s Hospital, Toronto,
Ontario, Canada, M5B 1WS8.

There are other conventional tests such as PT, aPTT and platelet aggregation can be
investigated to find out extrinsic and intrinsic pathway of blood coagulation process. The
efficiency of Ta2Os containing MBGs on hemostasis can be tested. It should be noted that
thromboelastography is not the substitute for PT and aPTT test [81].

Cell viability study will be evaluated on fibroblast and osteoblast cells. Glass powder and
extract samples will be assessed in cell viability study.

Infection of wounds can lead to serious complications. It can delay wound healing and
antibacterial function is a property of an ideal hemostats. Antimicrobial analysis will be

conducted for all MBG samples.
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Appendix |

Amount of precursor calculation for MTa-0 glass:
Molar composition for MTa-0 glass, SiO2: CaO: P20s = 80:15:5

Let, 6.7 gm of TEOS is equivalent to 80 (mol%) SiO>. Density of TEOS is 0.933 g/mL (Sigma
Aldrich). So, the amount of TEOS = 6.7/0.933 (i.e. 7.18 mL).

Molar mass of TEOS is 208.33 g/mol.

The number of SiO2 moles = 6.7/208.33 moles

The molar ratio of CaO to SiO2 = 15/80

Number of moles of CaO = 15/80 x 6.7/208.33 moles

Molar mass of Ca(NO3)2.4H>0 = 236.15 g/mol (Sigma Aldrich)

So, the amount of Ca(NO3)2.4H,0 = 236.15 x 15/80 x 6.7/208.33 =1.42 g
The molar ratio of P.Os to SiO2 = 5/80 x 2 (for 2 atoms of P)

Number of moles of P.Os = 5/80 x 2 x 6.7/208.33 moles

Molar mass of (C2Hs)3PO4 = 182.15 g/mol (Sigma Aldrich)

The mass of (C2Hs)3PO4=182.15 x 5/80 x 2 x 6.7/208.33 =0.73 g
Density of (C2Hs)3PO4 = 1.072 g/mL (Sigma Aldrich)

So, the amount of (C2Hs)3PO4=0.72/1.072 = 0.68 mL

Example: amount of Tantalum precursor calculation for MTa-0.5 glass
Number of moles of Tantalum = 0.5/79.5 x 6.7/208.33 x 2 moles

Molar mass of Ta(OC2Hs)s = 406.25 g/mol (Sigma Aldrich)
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The mass of Ta(OC2Hs)s = 0.5/79.5 x 6.7/208.33 x 2 X 406.25 g

Density of Ta(OC2Hs)s = 1.566 g/mL (Sigma Aldrich)

So, the amount of Ta(OC2Hs)s = 0.10 Ml

Thromboelastography data values

R time
Sample R (min) Mean STD.
Arista® 0.2 0.1 0.2 0.2 0.2 0.2 0.04
nothing 15 1.9 1.8 4.1 2.2 2.3 1.04
MTa-0 0.4 0.3 0.9 1.8 1.3 0.9 0.63
nothing 1.2 1.5 2.4 3.2 2 2.1 0.79
MTa-0.5 0.6 1.8 0.8 1.2 15 1.2 0.49
nothing 2.2 2 3.3 2.3 2 2.4 0.54
MTa-1 2.7 2 0.2 0.8 1.3 1.4 0.98
nothing 3 2.3 0.8 13 1.2 1.7 0.90
MTa-5 0.6 15 0.9 0.8 1.2 1.0 0.35
nothing 1.3 1.8 11 2.2 0.7 1.4 0.59
MTa-10 1.6 0.8 3.5 1.2 1 1.6 1.09
nothing 1.9 1.7 1.6 1.6 0.8 15 0.42
K time

Sample K (min)

Arista® 2 0.8 1.2 1.6 1.1

nothing - 19.1 2.1 - 12.8

MTa-0 8.2 16.2 - 1.8 3.6

nothing 13.2 8.6 - 5.7 3.8

MTa-0.5 4.8 - - 2.1 3.3

nothing 6.2 - - 4.6 3

MTa-1 2.4 - 8.5 2.8 2.3

nothing 3.6 16.6 14.7 2.9 1.5

MTa-5 2.7 9.9 6.4 - 5.7

nothing 3.8 8.8 18 - 4.2

MTa-10 4.8 - 26.1 2.4 5.8

nothing 9.4 18.8 18.5 2.2 5.3
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Sample a(°) Mean STD.
Arista® 76.8 82.9 77 78.1 78.8 78.72 2.48
nothing 24 30.3 65.7 8.5 30.6 31.82 20.96
MTa-0 43.4 39.8 28.3 62.7 46.8 44.2 12.47
nothing 43.7 41.6 20 40 52.9 39.64 12.06
MTa-0.5 43.2 15 33.9 58.5 48.7 39.86 16.51
nothing 36 28.6 13 46.3 57.4 36.26 16.94
MTa-1 58.7 14.9 58 59.6 58.7 50.0 19.62
nothing 52.2 25.1 455 57.8 70.3 50.18 16.72
MTa-5 60.1 30.3 38.3 41.2 385 41.68 11.07
nothing 59.5 46.3 72.6 20.3 52.3 50.2 19.38
MTa-10 49.2 33.2 13 61 39.1 39.1 18.01
nothing 40.9 30.6 37 64.5 42.6 43.12 12.81
MA
Sample MA(mm) Mean STD.
Arista® 22.9 37.1 53.8 30.5 39.6 36.8 11.51
nothing 5.7 21.9 57.8 7.3 27.2 23.98 21.04
MTa-0 28.6 21.1 14.1 52.6 46.6 32.6 16.48
nothing 23.5 26.1 15.1 47.1 50.6 32.48 15.54
MTa-0.5 45.5 16.7 9.9 41.5 43.4 31.4 16.76
nothing 45.1 19.5 11.5 46.2 50.6 34.58 17.77
MTa-1 48.9 16.8 27 47.1 52.4 38.44 15.64
nothing 51 23.1 25.3 53.6 58 42.2 16.64
MTa-5 52.2 26.4 40.2 16.9 41.4 35.42 13.83
nothing 49.8 28 52.8 9.6 44 36.84 17.99
MTa-10 42.8 19.2 22 45.2 43.6 34.56 12.81
nothing 35 23.7 215 56.9 43.8 36.18 14.66
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