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Although apatite/B—TCP cement is one of the highly effective synthetic bone
grafts, its poor mechanical performance is limited for use under loadbearing condition.
This is a major issue in the treatment of bone disorders such as osteoporosis. Therefore,
this work aimed to improve the mechanical properties of apatite/B-TCP cement to
overcome its limited use only under non-loadbearing conditions in a variety of bone
tissue engineering. In this cement formular, alpha-tricalcium phosphate (Q-TCP) is a
major phase that could be synthesized by conventional (solid state reaction) and new
(wet chemical reaction) method. Thus, the wet chemical reaction method was an
effectively alternative route due to its convenience in preparation with the less cost
when compared with the solid state reaction. However, the wet chemical reaction still
had some issues of strongly acidic solution during the manufacturing process, causing
damage of instrument or toxic environment nearby. Therefore, the strong acid of wet
chemical reaction was adjusted to neutral pH, naming as a precipitation method.

Afterward, the effect of particle size of Q-TCP on the cement properties were
investigated. Thus, the smaller size of Q-TCP resulted in a reduced setting time,
increased compressive strength, and enhanced hydroxyapatite (HA) phase conversion
of cement. In addition, the effective dry heat sterilization was examined for this cement
due to it could cause a damage of chitosan content in this cement system, leading to
unfavorable effect to cellular responses. The result showed that the appropriate

condition of dry heat sterilization was the condition of 121 °C for 10 h due to there



were no significant changes in physical properties of cement or significant damages in
chitosan fibers.

Consequently, various concentration of PAA (0 to 50 v/v%.) was added to the
liquid phase to improve the compressive strength of apatite/ ﬁ-TCP cement. It was
found that 30 v/v% PAA was a critical point, resulting in increased compressive strength
and reduced setting time. However, higher PAA inhibited the HA conversion, which
consequently downregulated the bioactivity of the cement. Therefore, the
concentration of PAA was varied in narrower range from 20 to 35 v/v%, indicating the
highest compressive strength at 25 v/v9% PAA.

Afterward, the poor bioactivity of PAA-apatite/ B—TCP cement was improved by
the addition of 0.5-1.5 wt.% bioactive glass (BG) to the cement powder. The results
showed tpha‘f BG reduced setting time and increased compressive strength of the
cement. Moreover, the poor bioactivity of PAA-apatite/ ﬁ—TCP cement was improved,
indicating higher HA formation on the surface of cement when increasing the BG
content. Due to the highest compressive strength of modified cement was detected
at 1 wt.% BG addition, the unmodified PAA-apatite/B-TCP (p-CPC) and 1 wt.% BG (p-
CPC/1.0BG) were selected for further analysis of cellular responses to these cements
by using different cells (osteoblast, mesenchymal, and adipose-derived stem cell). In
addition, the control cement (CPC) without modification of PAA and BG was used as a
control sample. It was found that those cells favored both p-CPC/1.0BG and p-CPC
more than the control CPC, indicating induced cell proliferation, and supported
osteogenic differentiation. Thus, p-CPC/1.0BG presented the highest level of osteogenic
differentiation production. As a result, p-CPC/1.0BG with excellent biocompatibility

seemed to be the most promising formula for use under loadbearing condition.
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CHAPTER |
INTRODUCTION

1.1  General introduction

The elderly population is currently increasing and will continue to grow in the
future worldwide. The most common unavoidable consequence is osteoporosis, which
causes older people's bones to become weaker. In addition, general orthopaedic
accidents can happen to anyone. Furthermore, congenital deformity, infection, and
tumour treatment can all result in large orthopaedics and maxillofacial bone
abnormalities (Laurencin, 2006).

As a result, they frequently require the use of bone grafts for bone
replacement. Bone grafts can be classified into four different kinds, which include
autografts (from patients), allografts (from other humans), xenografts (from other
species), and alloplasts (synthetic materials) (Suneelkumar, 2008).

(i) Autograft or autogenous bone graft has traditionally been known as gold
standard for bone g¢rafting materials due to its osteoconductive, osteoinductive, and
osteogenic properties. It was transplanted from one location to another by the same
person, and it was the patient's own bone. The drawback of autograft is the inherent
morbidity or complex procedure, despite the fact that there is no immune reaction or
infection connected to hazards. (Campana, 2014).

(i) Allograft or allogenic bone graft is a type of bone graft obtained from people
that is utilized as a second option. It can be obtained from either living or non-living
donors who have been submitted to a bone bank. Allograft bone has some drawbacks,
such as expense, infection risk, and sterilization requirements (gamma irradiation).

(iii) Xenograft or xenogenic bone graft is known as a graft made of other spices,
such as bovine bone or porcine bone. It can be freeze dried or demineralized or

deproteinized.



(iv) Alloplast or alloplastic bone graft (synthetic) is defined as the synthetic
materials, such as hydroxyapatite, TCP, and bioglass. These synthetic bone grafts
overcome a need for secondary operation for autograft harvest. Thus, both
sophisticated osteoconduction and degradability of synthetic bone graft could be

achieved by mixing TCP with HA (Kumar, 2013).

Consequently, synthetic biomaterials appeared to be the most effective bone
replacement and fixation options because they could be customized for each patient
with different types of bone defects. Bone cements have been famously used for bone
fixation due to their various advantages, such as injectability, cementation at room

temperature, degradability, osteoconductivity.

1.2 Bone cements

Bone cements were first discovered by J. Charnley, and have been used in
orthopaedic surgery since the late 1950s. (Mitzner, 2009). Polymethyl methacrylate
(PMMA) bone cement has been used as the gold standard for bone fixation in various
orthopaedic treatments, while other several bone cements have been developing (L.
Evans, 2006). However, long-term implantation could result in a foreign-body reaction
(rejection risk) or failure of the synthetic bone replacement with a failure rate of up to
10% after 15 years (Ayre, 2014). This could be due to the poor bioactivity of non-
degradable PMMA, which does not support cell and new bone ingrowth in the material
after implantation (Mitzner, 2009, Sun, 2017). Furthermore, PMMA could produce heat
during the cementation process, causing serious harm to living tissue (Santos Jr., 2013).
Meanwhile, calcium phosphate bone cements have been receiving more attention in
orthopaedic and dental treatments because they are biodegradable, biocompatible,

and bioactive (Xu, 2017).



1.3 Calcium phosphate cements

Calcium phosphate cements (CPCs) are commonly produced by blending
crystalline or amorphous calcium phosphate with an aqueous solution, which finally
generates a hardening cement mechanism via a dissolution-reprecipitation process.
Generally, the end-setting products of CPCs could be divided into two categories:
dicalcium dihydrate (DCPD, brushite) and hydroxyapatite/calcium deficient
hydroxyapatite (HA/CDHA, apatite) (Geffers, 2015, O'Neill, 2017), as shown in following
equations (Dorozhkin, 2008).

L] Brushite cement (DCPD) was formed by the acid-base reaction of beta-

tricalcium phosphate (B—TCP) and monocalcium phosphate monohydrate (MCPM)

B-Cas(POy), + CalH,POg)peH,0 +7H,0 —> 4CaHPO,eH,0 (1.1)

° Apatite cement (HA) was form by the acid-base reaction of tetracalcium

phosphate (TTCP) + dicalcium phosphate anhydrous (DCPA)

an4(PO4)2 o anHPO4 — Calo(PO4)6(OH)2 (12)

] Apatite cement (CDHA) was formed by the hydrolysis reaction of alpha-

tricalcium phosphate (Q-TCP)

30L-Cas(POy); + HyO —> Cag(HPO4)(PO4)s(OH) (1.3)

Among these cements, the degradation of brushite cements was faster than
that of apatite cements. Previous work showed that because of the poor
biodegradability of apatite cement, the new bone could grow only on the surface of
nonporous apatite cement (Kanter, 2014). Herein, bone restoration materials require a

specific microstructure (microporosity and macroporosity) to facilitate both body fluid



and bone cell growth for newly formed bone inside the structure. Nevertheless, more
porosity could reduce the mechanical properties of cement. As a result, the
optimization of materials with high mechanical performance and porosity will be

carefully considered (Zhang, 2011).

1.4  Calcium phosphate compound and solubility

Self-setting calcium phosphate formulations appear to be a potential tool for
bone healing because calcium phosphate is an inorganic component of bone mineral.
Table 1.1 shows a list of calcium phosphates compounds, along with their Ca/P ratios,
chemical formulas, and solubility. In addition, the solubility diagram of calcium
phosphate compounds in Figure 1.1 revealed the concentration of Ca and P ions (at
pH = 7.3) for each calcium phosphate compound in decreasing order: TTCP > O-TCP
> DCPD > DCPA > OCP > B-TCP > HA (HAP). Thus, HAP was the least soluble compound
with respect to other calcium orthophosphates (Carrodeguas and De Aza, 2011).

In terms of solubility, most cement formulations will harden to either
precipitated crystalline apatite (HA or CDHA at pH > 4.2) or brushite (DCPD at pH < 4.2).
It was found that apatite cement is formed in a basic environment (pH > 6.5), while
brushite cement is formed in an acidic environment (pH < 6). According to the stability
of apatite (pH > 4.2) and brushite (pH < 4.2), this can predict the in vivo biodegradation

of each cement formula following their different solubility.



Table 1.1 Calcium phosphate compounds and solubility (Carrodeguas and De Aza,
2011, Schamel, 2017).

Ca/P -log K,y
Solubility

Compound Formula Molar
25°C | 37°C | mglL?

ratio

Monocalcium phosphate Ca(H,P0Og)p-H,0 0.5 1.14 | na. 66204.3

monohydrate (MCPM)

Monocalcium phosphate Ca(H,POq), 0.5 1.14 | na. 61477.3

anhydrous (MCPA)

Dicalcium phosphate CaHPO4-H,O 1.0 6.59 | 6.63- 74-87
dihydrate (DCPD) 6.73
Dicalcium phosphate CaHPOq 1.0 6.9 | 7.04 41-48

anhydrous (DCPA)

Octacalcium phosphate Cag(HPOY),(POy)y- | 1.33 96.6 | 95.9- | 0.18-0.5

(OCP) 5H,0 98.6




Table 1.1 Calcium phosphate compounds and solubility (Carrodeguas and De Aza,
2011, Schamel, 2017). (Continued)

Ca/P -log Kqp
Solubility
Compound Formula Molar
25°C | 37°C | mglL?
ratio
Tricalcium phosphate (Q- | O-Cas(POy), 1.5 255 | 285 | 0.24-25
TCP)
Tricalcium phosphate (B- | B-Cas(POy), 1.5 289 | 29.5-| 0.15-04
TCP) 29.6
Hydroxyapatite (HA) Cayo(POL)(OH), 1.67 | 116.8 | 117.2 | 0.000096-
0.2
Tetracalcium phosphate Cay(PO,),0 2 38-44 | 37-42 | 0.038-0.39
(TTCP)

n.a. = not applicable
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orthophosphate compounds (Ishikawa, 2010).

1.5

® Setting time

Solubility diagrams of (a) Ca and (b) P ions for each calcium

Properties and limitation of calcium phosphate cements

Setting time is referred to as the cement hardening time. After mixing

cement liquid and powder, the setting time of cement is measured when the cement



paste is formed and able to resist force. Setting time is usually measured as the initial
and final setting time by using the Gillmore apparatus. During the setting process,
cement samples should not change their shape, as this could result in a broken
structure (Zhang, 2014). Furthermore, cement paste should be injectable prior to the
initial setting time (< 8 min), and surgeons should be able to close the bone defect
after the final setting time (< 15 min) of cement (Khairoun, 1998, Dorozhkin, 2013).
However, the setting time of cement could take a few minutes or hours to complete
the hardening sample. It was found that the prolonged setting time of cement could
be adjusted by several parameters, including the optimized particle size of starting
powder, accelerators, and lower liquid to powder ratio (L/P ratio) (Zhang, 2014).
] Injectability

The injection of cement paste could be influenced by different factors
such as the type of syringe, needle size, and injection speed. During the injection
process, phase separation may appear and affect a variation of the cement phase
composition (Zhang, 2014), resulting in poor injectability of cement. It was reported
that the phase separation during injection could be improved by different factors, such
as a higher L/P ratio, increased repulsive force between particles, and gently shaking
the cement paste during injection (O'Neill, 2017). The percentage of injectability could

be measured following Equation 1.4 (Arkin, 2021).
Wp-Wf

% Injectability = ———— X 100 1.4
6 Injectability Wp—Ws (1.4)

Where the W, is the weight of syringe full of cement paste, W¢is the
weight of syringe after injection test with remaining paste, W, is the weight of the empty
syringe

® Bioresorbability and biocompatibility

Bioresorption has been examined in terms of the degradation rate of

cements. The bioresorbability of cement should be optimized for new bone



regeneration through a combination of osteogenic, osteoinductive, or osteoconductive
processes. Bone regeneration is first induced by bone resorption, followed by new
bone formation in the sample. Thus, the sample structure should be degradable to
allow cells' penetration for the new bone formation inside the samples (Sheikh, 2015).
Apart from bioresorbability, the cement sample must be biocompatible with the
human body, which could be initially demonstrated on the lab scale both in vitro
(using various cellular assays) and in vivo (animal test) investigation before the next
step of the clinical trial process. In addition, the biocompatibility of cement can be
proved when there is no inflammatory effect after the implantation process (O'Neill,

2017).

® Mechanical properties

Although the biological properties of calcium phosphate cement were
excellent, its mechanical properties were a drawback for use in orthopedics (Habraken,
2016). The mechanical properties of calcium phosphate cement have been
characterized and correlated to microstructural parameters including porosity, apatite
crystal quantity, size, shape, and distribution. Furthermore, the mechanical
performance of cement is also correlated to the production and processing
techniques. As a result, all parameters such as cement composition, accelerator
additives, particle sizes, and L/P ratio will have an impact on the mechanical
performance of cement (Dorozhkin, 2008).

However, other mechanical characteristics such as tensile strength and
fracture toughness have received much less attention than compressive strength
(Zhang, 2014), and may be worth investigating in the future. It was found that most
calcium phosphate cements have low mechanical strength, which limits their use in
load-bearing applications (Unosson and Engqvist, 2014). According to the cement types
(apatite and brushite), apatite has been enhanced and shown to have greater
compressive strength than brushite (Zhang, 2014, Schumacher and Gelinsky, 2015), as

shown in Figure 1.
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Figure 1.2 Comparison of compressive strength of natural bone and different type
of calcium phosphate cements: apatite cement (HA), monophasic (m)
and biphasic (b) as setting product of Sr substituted apatite cement,
brushite cement (brushite), and Sr substituted brushite cement (s)

(Schumacher and Gelinsky, 2015).

It was reported that the compressive strength of both apatite (up to 75
MPa) and brushite cements (10-60 MPa) was stronger than cancellous bone (5-15 MPa)
but weaker than cortical bone (30-230 MPa) (Tan, Samper Gaitan, 2011, Henkel, 2013,
Mondal, 2014, Schumacher and Gelinsky, 2015). Therefore, the compressive strength
of calcium phosphate cement needs to be improved in order to overcome its

limitations in nonload-bearing treatments.



CHAPTER I
LITERATURE REVIEW

Hydroxyapatite (HA)/or calcium deficient hydroxyapatite (CDHA) and brushite
(dicalcium phosphate dehydrate, DCPD) cement have been investigated and used as
bone substitutes, in which brushite presented a higher in vivo resorption for cell
ingrowth during implantation (O'Neill, 2017). However, brushite may generate an acidic
environment in the surrounding environment, which is harmful to living cells. Brushite
is also unsuitable for load-bearing applications because of its lower mechanical
performance than apatite (Dorozhkin, 2008). The calcium to phosphate (Ca/P) ratio of
apatite materials (HA/or CDHA) could be varied in general from 1.5 to 1.67. Although
apatite materials consistently remained after long term implantation, CDHA (Ca/P ratio
is 1.5) presented a greater degradation rate with respect to HA (Ca/P ratio is 1.67) (Victor
and Kumar, 2008). From this view, CDHA is receiving more attention for use in the long
term as bone fixation. Thus, CDHA could be prepared by the hydrolysis of alpha-
tricalcium phosphate (Q-TCP) into CDHA cement at room temperature (Gbureck, 2004,
Hurle, 2014). However, it was found that nonporous CDHA cement with poor
biodegradability showed new bone growth only on the surface of the cement, while
the samples with a porous structure could allow new bone growth inside the samples
after 10 months of implantation (Kanter, 2014). This led to the idea of a new cement
formula based on apatite cement and modified with biodegradable reagents in order

to overcome the poor resorbability of apatite cement.

2.1  Research background, rationale, and significance
Biphasic (HA/B-TCP) cement concept has been widely studied in numerous
orthopedic applications due to their biocompatibility (HA and B—TCP) and in vivo

biodegradability (B—TCP). A previous study (Rattanachan, 2020) evaluated biphasic
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HA/B-TCP cement both in vitro and in vivo and found that it produced more new

bone than commercial biphasic granules and a control empty defect with no
substituted material. Herein, the biphasic HA/B—TPC cement could be a promising tool
for bone regeneration. Due to the high solubility of B—TCP, the biphasic HA/B—TCP
cement concept has been suggested for improving degradability (Daculsi, 1998). It was
reported that the presence of B—TCP significantly increased the resorption rate of
apatite cement, which consequently reduced its mechanical strength (Sariibrahimoslu,
2014, Srakaew and Rattanachan, 2014, Rattanachan, 2018).

According to the low mechanical performance of HA/B—TCP, this cement can
only be utilized in non-load bearing applications. The poor mechanical properties of
biphasic HA/B—TCP could be improved by the reinforcement of biodegradable
polymers, such as chitosan. Chitosan has been used in various medical treatments for
bone tissue engineering in various forms (such as micro/nano particles and hydrogel)
because it has biocompatible and biodegradable properties (Pillai, 2009, Dash, 2011).
Previous work (Pan, 2006) showed the improvement of the flexural strength of
tetracalcium phosphate/dicalcium phosphate (TTCP/DCPA) apatite cement by the
addition of chitosan fiber. In addition, the new bone formation could be induced by
the chitosan fiber modified apatite TTCP/DCPA cement (Wu, 2014).

As a result, the addition of chitosan fiber to apatite/B-TCP cement in this study
could be a promising solution for improving its mechanical and biodegradable
performance. However, this biphasic apatite/B—TCP with poor mechanical strength
(approximately 25 MPa (Rattanachan, 2020)) could be used only in non-loadbearing
environment due to its strength was lower than cortical bone (30-230 MPa) (Tan,
Samper Gaitan, 2011, Henkel, 2013, Mondal, 2014, Schumacher and Gelinsky, 2015). To
overcome this limitation, the compressive strength of apatite/B—TCP cement needs to

be improved, including other physical and biological properties.
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2.2 Reinforcement of calcium phosphate cements

2.2.1 Addition of biopolymer

The mechanical strength could be effectively improved by different
parameters, including cement composition, particle size distribution of starting powder,
liquid phase, L/P ratio, and porosity (Dorozhkin, 2008, Zhang, 2014). Furthermore, some
other methods could also enhance the poor mechanical properties of cement such
as the addition of biopolymers, as shown in Table 2.1. The incorporation of polymers
to calcium phosphate cement has shown outstanding results (Mickiewicz, 2002, Canal
and Ginebra, 2011). These added polymers could be used in different forms of solid
and liquid phase, which were mixed with the cement starting powder (Xu, 2000, Perez,
2012, Geffers, 2015).
Table 2.1 The improvement of cement properties by the incorporation of various

polymers (Perez, 2012).

Polymer forms
Cement properties

Solid liquid

Setting time - Alginate
Chitin

Polyethylene glycol

Injectability - Hyaluronate
Cellulose
Porosity Gelatin Soybean

Polyesters Albumen
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Table 2.1 The improvement of cement properties by the incorporation of various

polymers (Perez, 2012). (Continued)

Cement properties

Polymer forms

Solid liquid
Degradation Gelatin -
Chitosan
Polyesters
Biological performance Alginate Gelatin
Polyesters Collagen

2.2.2 Addition of bioactive reagent

The addition of bioactive reagents such as bioactive glass (BG) could be

another solution to improve the compressive strength of calcium phosphate cement.

Previous studies (Yu, 2013, Medvecky, 2017) presented the higher compressive strength

of BG added apatite cement with respect to the control cement without BG. Moreover,

both in vitro and in vivo studies revealed that BG has remarkable bioactive and

biocompatible characteristics (Hoppe, 2011). Afterward, the incorporation of BG in

calcium phosphate cement and its great biological activity have been established

earlier (Renno, 2013, Sadiasa, 2014, Lee, 2016). Due to the high specific surface area of

BG, it could enhance the growth factor delivery (Schumacher, 2017) and protein

absorption feature (El-Figi, 2015) of cement, promoting the cellular responses.
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2.3  Literature reviews
2.3.1 Improvement of calcium phosphate cement by addition of PAA

The influence of PAA on apatite cements based on TTCP/DCPA or OI-TCP
powder has been explored in order to improve their mechanical performance
(Miyazaki, 1993, Kodera, 2005). Majekodunmi et al. (Majekodunmi, 2003) studied the
influence of varied concentration (10-25 wt./vol%) and molecular weight (up to
100,000) of PAA on setting time and mechanical properties of apatite (TTCP/DCPA)
cement since 2003. They indicated the optimum concentration of PAA (Molecular
weight = 30,000) at 20 wt./vol.% for maximum compressive strength (56 MPa) and at
10 wt./vol% for shortest setting time of cement. Afterward, Majekodunmi et al. (O
Majekodunmi and Deb, 2007) continuously explored the setting time and mechanical
properties of PAA (10-25 vol./vol.%) modified TTCP/DCPA-apatite cement by
investigating the various ratio of TTCP and DCPA powder and molecular weight of PAA.
They found that the initial setting time was affected by the starting TTCP/DCPA powder
ratio, but not the final setting time. The initial setting time decreased when the TTCP
concentration in the powder phase was increased. In addition, the higher molecular
weight PAA (100,000) revealed the shorter initial and final setting time of cement when
compared with lower molecular weight PAA (30,000). Meanwhile, the different
concentration of PAA did not present a significant trend of setting time results.
According to a various concentration of PAA (10-25 vol./vol.%), the maximum
compressive strength of TTCP/DCPA-apatite cement was measured at 20 vol./vol.%
PAA.

Watanabe et al. (Watanabe, 2005) also studied PAA incorporation apatite
cement prepared from different precursors of TTCP and Q-TCP powder. They found
that the compressive strength of PAA/O-TCP cement was higher than that of PAA/TTCP
cement. Furthermore, the exothermic release of PAA/OL-TCP cement was below 30 °C
at room temperature, whereas PAA/TTCP cement was above 30 °C. In another previous

work (Chen, 2008), the brittleness of apatite (TTCP/DCPA) cement was improved by
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the addition of PAA from 0.25 to 1 wt./wt.%, although the compressive strength of PAA
modified cement was lower than the control cement.

In terms of biological performance, previous work (Chen, 2012) found that PAA
modified apatite (TTCP/HA) cement made the surrounding environment liquid at a
neutral pH of approximately 7, which could be favourable for cell behaviour. They
also indicated the biocompatibility of PAA modified cement by fibroblast cell viability
and proliferation on cement. Khashaba et al. also (Khashaba, 2010) studied the
addition of PAA and Polymethyl-vinyl ether-maleic anhydrate (PMVE-Ma) copolymer
to apatite cement based on TTCP/DCPD/TCP powder. They found that the PAA
incorporated cement (highest strength, 70 MPa) was a non-toxic material, as witnessed
by the remarkable in vitro and in vivo results. It showed that PAA-modified cement
was not harmful to osteoblast cells and allowed them to grow and proliferate over
time. Furthermore, this composite PAA-apatite cement was compatible with the
connective tissue of rats, with less inflammatory effect than other candidates in the in
vivo investigation.

2.3.2 Improvement of calcium phosphate cement by addition of BG

It has been proven that BG is bioactive and biocompatible in both cellular
and animal tests (Hoppe, 2011). It was reported that BG with different formulas and
microstructures could be produced by various techniques (Wang, 2019). For the past
decade, researchers have been studying the effects of BG on calcium phosphate

cement based on different starting powders. Renno et al. (Renno, 2013) studied the

addition of 30-50 wt.% BG to apatite (Q-TCP/DCPA/HA) cement. They found that the
setting time (initial setting time: 4-8 min, final setting time: 6-16 min) of cement
increased when the BG content was increased in the system. In contrast, the other
groups found that the higher BG content decreased the setting time of
TTCP/DCPD/gypsum (Sadiasa, 2014) and O-TCP/HA (El-Figi, 2015) cement. This
difference in setting time of BG modified cement could be influenced by various

factors, such as cement and BG formula, amount of BG.
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Afterward, it was found that the compressive strength of cement could be
increased by the addition of BG. Yu et al. (Yu, 2013) showed that 20 wt.% BG (4555,
45Si0,-24.5Na,0-24.5Ca0-6P,0s) could increase about 2 times the compressive
strength (40 MPa) with respect to the control cement without BG after incubation in
100% humidity for 7 days. Another research group (Medvecky, 2017) also found that
the small amount (1-5 wt.%) of BG (36.7Si0,-50Ca0-13.3P,05 system) could increase
the compressive strength (up to 70 MPa) of TTCP-apatite cement. They assumed that
the fine particles of BG could fulfil the porous structure of cement, resulting in a more
compact structure with a higher strength.

Furthermore, the addition of BG to apatite (TTCP/DCPD (Nezafati, 2013), Ol
TCP/HA (Lee, 2016)) cement could enhance their bioactivity. They reported that BG
could release extra ions (such as Ca and Si) into the surrounding environment, which
could enhance the HA formation on the surface of cement samples. Moreover, BG
could adsorb some essential proteins (E\-Figi, 2015) or growth factors (Schumacher,
2017), which were favourable for cellular responses. Nezafati et al. (Nezafati, 2013)
demonstrated that TTCP/DCPD cement reinforced with 5-25 wt.% BG fibres could
increase osteoblastic cell activity. Schumacher et al. (Schumacher, 2017) also found
that mesoporous BG (80SiO,-15Ca0-5P,0s) could adsorb growth factors from the
surrounding solution, which facilitated cell activities and enhanced osteoblast
proliferation. However, the addition of BG to cement could result in reduced cell
viability due to the rapid changes in pH and ions of the surrounding environment
influenced by the released ions from BG (Stulajterova, 2017). Consequently, the in vivo
testing of BG modified apatite cements was investigated (Yu, 2013, Sadiasa, 2014, El-
Figi, 2015). They found that the BG incorporated apatite cement could enhance newly
formed bone after implantation in rats at different time points. Moreover, it was found
that the newly formed bone was interface-interaction inside the BG modified cement
sample, while the new bone could form on the surface of the control cement without
BG. This could be contributed to the higher degradation aspect of BG modified cement

when compared with control cement. Their findings proved that the incorporation of
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BG into calcium phosphate cement is another promising solution for use in various
medical treatments.

However, those results from the literature still lack some investigation (such
as degradation and injection testing of PAA modified cements) in order to confirm the
possibility of using these composite materials in orthopaedic treatments. According to
the literature reviews, the development of apatite/B—TCP cement in this study by the
addition of PAA and BG could be a new finding and possible for use under loadbearing

conditions.



Table 2.2

Composition and properties of PAA modified calcium phosphate bone cements

Powder Additive Liquid phase Setting time (min) Compressive strength End Note/ References
composition Initial setting Final setting (MPa) product
time time
TTCP, DCPA 50 w/w% PAA 53.6-55.2 (increased 28-30 HA Small amount of converted HA was detected after 1 month (Miyazaki,
MPa) after 1-28 days 1993).
immersion
TTCP, DCPA 10-25 w/v9% PAA 2-17 5-90 56 (increased 24 MPa) N.A. Mw 30,000 and 100,000 at 20% PAA provided the highest strength. Setting
after 16h immersion time increased when PAA increased (Majekodunmi, 2003).
OL-TCP, Na,SiOs 25 w% PAA 30 (increased 1.5 times of N.A. PAA modified cement presented higher strenght with respect to both PVA
glass control) modified cement and control cement without PAA (Kodera, 2005).
TTCP or O-TCP 10-25 w/v% PAA 2.4-3.3 (TTCP), 5.9-21.3 (TTCP), 6.4-29.2 HA Exothermic temperature of Q-TCP cements was about room temp (below
12-50 (OL-TCP) (OL-TCP) 30 °C), while that of TTCP cements was above 30 °C. Setting time reduced
when PAA increased (O-TCP) (Watanabe, 2005).
TTCP, DCPA 10-25 v/v9% PAA 15-11 75-32 55 after 20h immersion N.A. Composition of powder, PAA concentration and molecular weight altered
setting time and strength. Setting time did not have a specific trend (O
Majekodunmi and Deb, 2007).
TTCP, DCPA 0.25-1 w/w% PAA, CaF,, Water 57.9 + 2.9 (reduced 8 MPa) | DCPA, PAA modified cement was more ductile with respect to the control
Tataric acid DCPD, sample. However, HA conversion was interrupted by PAA (Chen, 2008).
CaF,
TTCP, DCPD, TCP 10w/w% PAA 5+14 12+ 17 90.57 + 4.09 after 24h N.A. PAA modified cement resulted in the highest strength and greater
immersion biocompatibility as compared with other candidates, PMVE-Ma, and
commercial HA (Khashaba, 2010).
TTCP, HA 9 W% PAA, 11 25.6-38.2, 1-7 days HA Wash-outed resistance, neutral pH range during incubation in solution,
3 w% Citric acid, biocompatible to fibroblast cells (Chen, 2012).
2 w% Sodium citrate

TTCP, Tetracalcium phosphate; DCPA, Dicalcium phosphate anhydrous; DCPD, Dicalcium phosphate dihydrate; HA, Hydroxyapatite; O-TCP, Alpha-tricalcium phosphate; CaF,, Calcium

fluoride; PAA, Polyacrylic acid; PMVE-Ma, Polymethyl-vinyl ether-maleic anhydrate copolymer; N.A. Not applicable.
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Table 2.3 Composition and properties of BG modified calcium phosphate bone cements

Powder Additive Liquid phase Setting time (min) Compressive Degradation Injection End Note/ References
composition Initial setting | Final setting strength (MPa) product
time time
QO-TCP, DCPA, HA 30-50 w% BG NayHPOq4 4-8 6-16 10% mass Q-TCP, Setting time increased when BG increased. BG
loss after 9 DCPA, HA, | increased pH of PBS (Renno, 2013).
weeks BG
TTCP, DCPD, 10-30 w% BG (60Si:36Ca:4P) 2% chitosan, 24.67-43.25 7.97-15.04 (increased Injectable HA Setting time reduced when BG increased. BG
Gypsum 4%HPMC, 10% about 2 times of through induced osteoblast cell proliferation, gene
Citric acid control) after 7 days syringe expression, and new bone formation (Sadiasa,
in 100% humidity 2014).
TTCP, DCPA 10-20 w9% BG (4555, potassium 15-25 40 (increased about 2 15% mass Injectable HA, Setting time, compressive strength, injectability,
45Si:24.5Na:24.5Ca:6P) phosphate buffers times of control), after | loss after 4 through Calcium and degradation increased when BG increased. BG
7 days of immersion weeks syringe silicate doped cement enhanced osteoblast cell activities
(increased 2 (increased and new bone formation (Yu, 2013).
times of 40% from
control) control)
TTCP, DCPD 5-25 w% BG fibres Na,HPO, HA BG doped cement improved bioactivity and

enhanced cellular responses (Nezafati, 2013).

Q-TCP, HA 2-10 w% mesoporous nano-BG Na,HPOq4 25-108 26 (increased about 2 Increased Injectable HA Setting time reduced and compressive strength
(85Si:15Ca) times of control) degradability | through increased when BG increased. BG increased surface

(sign of syringe area of cement and improved wash-outed

interface (increased resistance and injectability. More released Si ions,

interaction 15% from higher pH of PBS, and protein adsorption ability of

with bone) control) BG doped cement. BG doped cement showed

more sign of interface interaction with bone (El-

Figj, 2015).

Q-TCP, HA 2-10 w% nano-BG (85Si:15Ca) NayHPO,4 37-123 256 + 1.74 HA Bioactivity was improved with higher BG addition.
Setting time reduced when BG increased. BG
cement released more Ca and Si ions. Greater

cellular activities of BG cement (Lee, 2016).

0¢



Table 2.3 Composition and properties of BG modified calcium phosphate bone cements. (Continued)

Powder Additive Liquid phase Setting time (min) Compressive Degradation Injection End Note/ References
composition Initial setting | Final setting strength (MPa) product
time time
Q-TCP, HA 2-10 w% nano-BG (85Si:15Ca) Na,HPOq4 37-123 256+ 1.74 HA Bioactivity was improved with higher BG addition.

Setting time reduced when BG increased. BG
cement released more Ca and Si ions. Greater

cellular activities of BG cement (Lee, 2016).

TTCP 7.5-15 w9% BG (45S5, HsPO, 4-10 52 (increased 7 MPa) HA Higher released Si ions and pH in BG cement.
45Si:24.5Na:24.5Ca:6P) Setting time increased when BG increased. BG
reduced rMSC viability (Stulajterova, 2017).
O-TCP, DCPA, 5-10 w% mesoporous BG Na,HPO4 12.6-13.2 41.6 42 (increased 12 MPa) 51.4 v% HA BG doped cement increased growth factor delivery
CaCOs, HA (80Si:15Ca:5P) porosity and induced osteoblast proliferation (Schumacher,
(increased 2017).
17%)
TTCP 1-5 w% BG (36.75i:50Ca:13.3P) H3POq, NaH,PO, a-7 70 (increased about 2 HA Setting time and compressive strength increased,
times of control) after but porosity reduced when BG increased
7 days immersion (Medvecky, 2017).

TTCP, Tetracalcium phosphate; DCPA, Dicalcium phosphate anhydrous; DCPD, Dicalcium phosphate dihydrate; HA, Hydroxyapatite; O-TCP, Alpha-tricalcium phosphate; CaCO3, Calcium
carbonate; BG, bioactive glass; Na,HPO,, Disodium hydrogen phosphate; NaH,PO,, Sodium dihydrogen phosphate; HsPO4, Phosphoric acid; HPMC, Hydroxyl-propyl-methyl-cellulose;

rMSC, rat mesenchymal stem cell.
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2.4 Starting chemical compounds of the modified apatite/B—TCP

cement

In this work, calcium phosphate cement referred to the composite
apatite/BTCP cement was produced by the mixture of cement powder and liquid as
follow:

2.4.1 Starting cement powder

° Alpha-tricalcium phosphate

O-TCP was frequently employed in self-setting bone cements, which formed
calcium-deficient hydroxyapatite (CDHA) when contacted to an aqueous solution.
Because of its inconstancy at ambient temperature, O-TCP (stable at 1140-1470 °C) is
difficult to synthesize (Kolmas, 2015).

(i) Solid state reaction method has been widely used to synthesize synthesis
OL-TCP powder (C.L. Camire” a, 2005, Duncan, 2014). It was reported that O-TCP could
be produced by using the different starting reagents (mole ratio of Ca/P is 1.5), as
presented in Eq (2.1-2.4). Briefly, the reagents were mixed through a wet-milling
process, followed by the calcination at high temperature ranging from 1250 to 1500 °C
with a long holding time. Finally, the high temperature was quickly reduced to room
temperature (quenching process) due to O-TCP is able to convert to unfavoured B
TCP phases (~ 1125 °C). Thus, the obtained O-TCP powder may consist of the purity

phases (B—TCP or HA) (Carrodeguas and De Aza, 2011).

CaCO3(S) + anHPO4(S) — a—Ca3(PO4)2(S) + COz(g) + HZO(g) (2.1)
3CaCO3(S> + 2NH4H2PO4(S) — a—Ca3(P04)2<s) + 3C02(g) + 3H20(g) (2.2)
CaCO3(S) + Ca2P207(S) — a-ca3(PO4)z(s) + COZ@ (2.3)

Ca10(P04)6(OH)2(5) + 2C8HPO4(5) — 4a-ca3(P04)z(s) + ZHZO(g) (2.4)
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(i) Wet chemical reaction has been a new approach to produce Q-TCP powder
with a high purity phase for the past decade (Thurmer, 2012, Kolmas, 2015, Thirmer,
2016). In this method, O-TCP could be prepared by mixing calcium nitrate and
phosphoric acid with Ca/P ratio of 1.5 (Eq 2.5). This technique could be prepared at
high temperature with a shorter holding time when compared with the conventional
solid state reaction. Furthermore, the quenching process is not necessarily required for

this synthesis.
9ca(NO3)24Hzo + 6H3PO4 — 3C83(P04)2 + 36H,0 + 18HNO3 (2.5)

® Dicalcium phosphate anhydrous

Dicalcium phosphate anhydrous/or monetite (DCPA) has been utilized in
various orthopedics treatment. In term of calcium phosphate cement, DCPA has been
utilized and mixed with other precursors (such as TTCP or O-TCP powders) to form
apatite cement systems (Dorozhkin, 2013). Previous work found that DCPA increased
the compressive strength of QI-TCP based apatite cement by approximately 1.8 times
compared to the control cement without DCPA (Gbureck, 2005). In addition, DCPA
could be an extra source of Ca and P ions in the setting reaction during the cement
hardening process. The presence of DCPA could increases the resorption rate of O-TCP
based apatite cement due to the degradability of DCPA. Moreover, the degradable
DCPA could enhance the new bone formation after in vivo experiments (Sheikh, 2017).

This has proved that DCPA is biocompatible and suitable for new bone regeneration.

o Calcium carbonate

Calcium carbonate (CaCO3) has been used as one of the starting cement
powders in various apatite cement formular. CaCO5 could supply extra Ca ions during
the setting reaction, which could finally form both precipitated CDHA or carbonate
apatite (Dorozhkin, 2013). The addition of CaCO5 to O-TCP based apatite cement could
increase its mechanical strength, and setting time (Kon, 2005). Although the presence

of CaCOj; prolonged the setting time of apatite cement, it increased the injectability
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and degradation rate of cement (Sariibrahimoglu, 2012). Thus, the increased
degradation of CaCOs incorporated apatite cement resulted in more extra Ca ions to
the surrounding environment. This could be more favorable for cellular responses as
witnessed in the previous study (Farley, 1994), indicating the enhanced osteoblastic

cell activities.

° Precipitated hydroxyapatite

Hydroxyapatite/or precipitated hydroxyapatite (HA/or PHA) has been
widely used in a variety of bone tissue engineering due to its similarity of chemical
compound when compared with the human bone. The cytotoxicity and
biocompatibility of HA with different forms has been investigated both in vitro and in
vivo. Thus, HA is the essential compound to promote the new bone regeneration
(Kattimani, 2016). For the cementation, small amount of HA has been used and added
to the starting cement powder as a seed. It was reported that the higher HA seed could
enhance the HA phase conversion rate in the apatite cement (Tsuru, 2015). However,
the high concentration of HA seed could result in a decreased compressive strength,
prolonged setting time (Yang, 2002). Therefore, HA seed should be added to the
cement precursors only a small amount, as presented in other works (Schumacher,

2013, Rattanachan, 2020).
® Beta-tricalcium phosphate

Beta-tricalcium phosphate (B—TCP) has been studied and used in
orthopedics application for many years (Lu, 2021). Although B—TCP has a similar Ca/P
ratio (1.5) to QI-TCP, their characteristics are different, such as crystal structure, calcined
temperature, degradation rate. B—TCP is a stable phase below 1100 °C, while OI-TCP is
stable above 1125 °C (Jeong, 2019). It was reported that the degradation rate of B—TCP
was higher than that of OI-TCP over 86 weeks of implantation in minipig (Wiltfang,
2002). This could facilitate new bone formation inside the B—TCP scaffold. However,

B-TCP with excellent degradation leads to the lack of use under load-bearing

application. Meanwhile, the compressive strength of poorly degradable apatite cement
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could be up 75 MPa (Schumacher and Gelinsky, 2015). At this view, the combination
of B—TCP and apatite components at different ratios has received more attention for
bone tissue regeneration (Gallinetti, 2014, Arahira, 2017, Rattanachan, 2018,
Rattanachan, 2020). It was found that the higher B—TCP content in biphasic (B—TCP/HA)

system could enhance more new bone formation in dog implantation (Farina, 2008).

° Chitosan fiber

Chitosan is one of natural biopolymer that has been used in numerous
medical applications due to its excellent biocompatibility and biodegradability (Pillai,
2009). Chitosan is soluble in acidic environment (pH is about 6.5), in which the solubility
of chitosan is controlled by the degree of deacetylation. Because of its soluble
characteristics, chitosan became an excellent alternative for biofabrication. Chitosan
has been fabricated and used in various forms, such as nanoparticle, and hydrogel
(Dash, 2011). Chitosan can also be used in the fiber form. A number of researchers
have studied the addition of chitosan fiber to calcium phosphate cement, indicating
the increased mechanical strength of modified cement (Pan, 2006, Pan, 2007).
Moreover, the chitosan fiber incorporated cement has been found to promote newly
formed bone after implantation (Wu, 2014, Rattanachan, 2020). Due to the degradation
aspect of chitosan fiber, the manufacture process of the composite chitosan/calcium
phosphate cement should be further investigated in order to confirm the toxicity of
degraded chitosan product. It was reported that chitosan could be excreted via
chemical and enzymatic systems in the body, which most of the degraded chitosan
was excreted through the urine after 14 h (Pillai, 2009). Thus, most chitosan with the
different degree of deacetylation and molecular weight presented no significant

toxicity in vitro cellular and in vivo testing.

® Bioactive glass
Bioactive glass (BG) has been widely studied for use in varios medical
cares. Thus, both in vitro and in vivo experiments demonstrated that bioactive glass
(BG) has excellent bioactive and biocompatible abilities (Hoppe, 2011). It has been

known that bioactive BG could degrade when it attaches the simulated body fluid (SBF
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solution) and enhances the HA formation on its surface, representing bioactive
capacity. In the previous work (Siqueira, 2017), it was reported that the higher SiO,
(80Si0,-15Ca0-5P,0s, 80Si) content in BG could result in less resorption rate and HA
formation on its surface when compared with the BG with the lower content of SiO,
(60Si0,-36Ca0-4P,0s5, 60Si). However, the pH of SBF solution was not quickly changed
by 80Si glass (7.4-7.7), whereas the pH of SBF solution was rapidly changed by 60Si
glass to a strong basic (up to 8.4). As a result, 80Si glass became more favourable for
cell responses. Other previous work also presented excellent bioactivity and
biocompatibility of 80Si glass (Yan, 2006, Phetnin, 2020). Moreover, 80Si was found to
be highly osteoconductive for osteoblast cells, leading to an excellent new bone
bonding (K, 2011). According to a variety of BG formular based on SiO,: CaO: P,Os, they
presented a different degradation rate. At this point, their difference resorption rate
could be beneficial for use in a number of medical application needs.

Afterward, the addition of BG to calcium phosphate cements has been
studied for their improvement of physical properties, including setting time (Lee, 2016,
Medvecky, 2017, Stulajterova, 2017, Hasan, 2019), and compressive strength (Yu, 2013,
Medvecky, 2017). Furthermore, the utilization of BG in CPCs and its remarkable
biological activity have already been demonstrated (Renno, 2013, Sadiasa, 2014, Lee,
2016). However, previous study found a negative cell response on BG modified cement
due to the high concentration of BG influenced a rapid change of ions and pH in the

culture medium (Stulajterova, 2017). Therefore, the addition of BG (80SiO,-15Ca0-

5P,05s) to apatite/B—TCP cement in this study must be carefully optimized.

2.4.2 Cement liquid

® Disodium hydrogen phosphate
Disodium hydrogen phosphate (Na,HPO,;) has been utilized as the
accelerator in the apatite cement system. Thus, it was shown to enhance the setting

reaction, resulting in the formation of CDHA as a cement end product (Fernandez,

1994). Previous works also found that Na,HPO, could reduce the setting time of Q-TCP
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(Ginebra, 1995, Khairoun, 1997, Khairoun, 1998), and TTCP/DCPD (Komath, 2000) based
apatite cement. Moreover, Na,HPO, modified cement showed a faster rate of HA
formation with respect to the control cement without Na,HPO,4 (Chow, 1999). This
could suggest that Na,HPO, provided extra phosphate ions to the system during the
setting reaction, resulting in a shortening setting time and promoted HA conversion of
cement. However, the presence of Na,HPO, could also affect other cement properties,
including the solubility of starting powder, and compressive strength of cement
(Ginebra, 1994).
L] Polyacrylic acid

Polyacrylic acid (PAA) is a water soluble polymer that has been
employed in a variety of medical treatments (Kadajji and Betageri, 2011). There were
several works that studied the effect of PAA addition on the properties of apatite
cement. Thus, PAA modified apatite cement was found to be nontoxic in both in vitro
cellular and in vivo animal tests (Khashaba, 2010). Previous work (Watanabe, 2005) also
found that PAA could decrease the setting time of O-TCP based apatite cement.
Moreover, some studies (Majekodunmi, 2003, Majekodunmi and Deb, 2007) examined
the effect of PAA loaded apatite (TTCP/DCPA) cement, finding a significantly improved
mechanical performance of cement with an appropriate concentration of PAA.
However, the presence of PAA could strongly affect the HA phase conversion in the
cement system (Miyazaki, 1993). They found only a few HA conversions after the
cement had set over a month. Therefore, the concentration of PAA must be carefully
optimized in the composite apatite/B—TCP cement system in this current study to

approach the clinical needs.
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2.5 Thesis aims

In order to solve the limitations of apatite/B—TCP cement, this thesis work will
consist of 8 chapters, including Chapter | (introduction), Il (literature reviews), llI-VII
(development of apatite/B—TCP cement), and VIII (conclusion). The brief idea of the
improvement of apatite/B—TCP cement was listed as follows:

° Chapter llIl: Influence of different synthesis of alpha-tricalcium
phosphate powder on apatite/B—TCP cement

According to the biphasic apatite/B—TCP cement system, the apatite content in
this cement system was converted by alpha-tricalcium phosphate (Q-TCP) after mixing
cement powder and aqueous solution. Thus, O-TCP prepared by the conventional
solid state reaction method could be inconvenient due to its complicated synthesis
procedure of quenching step after calcination at high temperature (Famery, 1994,
Durucan and Brown, 2002, Camiré, 2005, Camiré, 2006). This led to the new synthesis
routes of wet chemical reactions (Thturmer, 2012, Thtrmer, 2013, Thtrmer, 2016) and
precipitation methods without a quenching step during the calcination process.
Therefore, the new route of OI-TCP synthesis (wet chemical reaction and precipitation)

could be beneficial for this cement system.

L] Chapter IV: Several parameters influenced on apatite/B—TCP cement:
particle size of alpha-tricalcium phosphate powder and dry-heat sterilization

To overcome the limitations of calcium phosphate cement with nonload-
bearing performances, the improvement of the mechanical properties of this cement
is required. In comparison to compressive strength, other mechanical parameters such
as tensile strength and fracture toughness have received less attention (Zhang, 2014).
These characteristics might be worthwhile to investigate further in the future. It was
reported that various parameters, such as cement formula, L/P ratio, and particle size
distribution, could significantly improve the mechanical strength of cement. As a result,

the particle size of the starting cement powder had a significant impact on the apatite
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cement setting process (Zhang, 2014). Previous work showed that a smaller particle

size of OI-TCP powder increased the compressive strength of cement (Ginebra, 2004).

Furthermore, the appropriate sterilization method is also mandatory for using
this apatite/B—TCP cement in medical applications. Various methods of sterilization,
such as steam under pressure (autoclave), dry heat, gamma radiation (Y-ray), and
ethylene oxide (EO), have been widely utilized [10]. The appropriate sterilization must
be carefully selected for this apatite/B—TCP cement due to it contains chitosan fiber.
Thus, it was reported that chitosan fiber was decomposed by several sterilizations
(autoclave, Y-ray, and EO) (Yang, 2007). In addition, damages of chitosan fiber could
be found at high temperature ( >254.6 °C) (Arora, 2011). The decomposition of chitosan
fiber could minimize physical properties of apatite/B—TCP cement. Therefore, dry heat
sterilization seemed to be the most promising method with respect to others for this
cement formula. Dry heat sterilization is one of the effective processes, which was
proved in previous studies of apatite cement (Tsai, 2008, Goldberg, 2018). Thus, the
different conditions of dry heat sterilization should be investigated to indicate the
appropriate condition for the apatite/B—TCP cement in this current work.

® Chapter V: Effect of polyacrylic acid/hydrogen phosphate mixture on
apatite/B—TCP cement

In order to overcome the low mechanical properties of apatite/B—TCP cement,
the incorporation of polymer content into cement seemed to be promising for use in
load bearing applications. The polymer content could be used in different forms of
both solutions and solids (Xu, 2000, Geffers, 2015). Polyacrylic acid (PAA) has been
studied in some previous works (Majekodunmi, 2003, Majekodunmi and Deb, 2007) of
apatite cement, presenting the increased compressive strength of PAA modified
cement due to the crosslink reaction between PAA and cement powder. In addition,
PAA modified apatite cement showed excellent biocompatibility both in vitro and in
vivo (Khashaba, 2010). However, the presence of PAA could significantly interfere with

the transformation of the HA phase during the setting reaction, indicating a few
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converted HA after the cement had set for 1 month (Miyazaki, 1993). Consequently,
the poor HA formation could also affect other properties of cement, such as bioactivity.
Therefore, the concentration of PAA added to apatite/B-TCP cement should be
optimized.

° Chapter VI: Effect of nano-bioactive glass on polymeric apatite/B—TCP
cement

In a subsequent study, the unsatisfied performance of PAA added apatite/B—
TCP cement in this work could be improved by the addition of bioactive reagents.
Bioactive glass (BG) has been found to have outstanding bioactivity and
biocompatibility (Hoppe, 2011). Previous studies (Renno, 2013, Sadiasa, 2014, Lee,
2016) have examined the incorporation of BG in calcium phosphate cements and its
significant biological success. In order to prove the possible use of this apatite/B—TCP
cement in bone tissue engineering, biological in vitro testing on the lab scale is an
important step before the analysis of in vivo and clinical trials. Thus, cellular testing
with different human cells (such as osteoblast and stem cells) using various assays will
be required to provide precise and comprehensive data before further in vivo
experiments.

° Chapter VII:  Self-setting nano-bioactive ¢lass added polymeric
apatite/B—TCP cement for bone fixation and regeneration

To improve some drawbacks (poor mechanical strength) of unmodified
apatite/B—TCP cement, the cement formula was modified and optimized by the
addition of promising PAA and BG with an appropriate concentration. This work aimed
to produce the new formula of polymeric apatite/B—TCP cement, including raw
material synthesis, characterization, and testing. Afterward, the physical and cellular
testing of these composite cements were investigated at different time points.
Developing degradable apatite/B—TCP modified with PAA and BG that improves
physical and biological performance could be a significant step forward from currently

available commercial products.
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2.6 Research objective
® To improve the mechanical properties of calcium phosphate cements
for bone substitution and tissue engineering.

® To explore and develop the new bone cement formula consisting of Ol-
TCP synthesized by precipitation method for a controllable and cost-effective process.
° To study the effect of additives (PAA and BG) on the properties of

apatite/ B—TCP.

2.7 Scope and limitation

° To synthesize O-TCP, precipitated hydroxyapatite (PHA) by precipitation
and BG by sol-gel method for the preparation of apatite/B—TCP cement.

° To study and understand the effect of additives such as biopolymer

(PAA), and bioactive reagent (BG) on the apatite/B-TCP cement properties, including

physical and biological properties.
® To investicate and improve the mechanical properties, bioactivity,

biocompatibility, and cytotoxicity of composite apatite/ B—TCP cement, as compared

with the unmodified cement.

° To achieve a compressive strength of apatite/B—TCP cement that is

comparable to that of natural human bone (more than 30 MPa).

° To investigate the cellular responses (such as osteoblast and stem cells)

to the composite cements by using various assays.

2.8 Expected benefit

® To obtain the new composite cement formula for bone substitution and
regeneration.
® To understand how to produce and develop the composite bone

cement
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® To understand how the combination of reinforced materials on the
calcium phosphate cement structure affects mechanical properties, biodegradability,
bioactivity, biocompatibility, and cytotoxicity for the development of composite

cement for tissue engineering.



CHAPTER IlI
INFLUENCES OF DIFFERENT SYNTHESES OF ALPHA-TRICALCIUM

PHOSPHATE POWDER ON APATITE/B-TCP CEMENT

Recently, calcium phosphate cement has been used in bone tissue engineering
and regenerative medicine due to its bioactivity and biocompatibility. Alpha-tricalcium
phosphate (Q-TCP) has been known previously to be an essential raw material of self-
setting calcium phosphate cement. The most established method for Q-TCP synthesis
is the solid state reaction of Dicalcium phosphate anhydrous (DCPA) and Calcium
carbonate (CaCOs) at high temperatures, followed by immediate quenching to room
temperature. It has been reported that Q-TCP synthesized by wet chemical reaction
from calcium nitrate (Ca(NOs),»4H,0) and phosphoric acid (HsPO,) at high temperature,
being unnecessary quenching to obtain high purity Q-TCP. The aim of the present work
was to study the effect of comparative Q-TCP powder obtained by solid state reaction
and wet chemical reaction on the properties of calcium phosphate cements. The
obtained powder was characterized by particle size analysis and X-ray diffraction.
Cement powders consisting of the different syntheses of O-TCP and other calcium
phosphate compounds were mixed with the liquid solution to obtain cement paste.
Afterward, set cement samples were determined by setting time measurement,
compressive strength, phase analysis in vitro test (simulated body fluid). Although the
calcium phosphate cement containing Q.-TCP from solid state reaction showed a
slightly better performance with respect to the cement containing O-TCP from wet
chemical reaction, it was likely that the resulting cement from both syntheses was not

significantly different.
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3.1 Research background, rationale, and significance

Alpha-tricalcium phosphate (Q-TCP) has been used as the one component for
bone cements, reacting with water and converting into calcium-deficient
hydroxyapatite (CDHA), which has a similar chemical and composition of the mineral
phase of bones. Hydroxyapatite (HA) could induce the new bone formation due to the
positive connection between HA and bone, leading to the proliferation of bone cells
(Webster, 2001, Zhao, 2017). It was found that O-TCP is difficult to synthesize because
of its instability at ambient temperature. This Q-TCP is stable in the temperature range
of 1140-1470 °C. Although it was quite difficult to obtain the pure Q-TCP, it has been
investigated in other methods and applications (Kolmas, 2015). There are many
methods of synthesis which have been published. The synthesis of O-TCP is most
basically described as the thermal transformation of a precursor with a molar ratio
Ca/P ~ 1.5 or by solid state reaction of a mixture of solid component at high
temperatures. The solid state reaction, mixing solid precursors was a popular method
in the publications, which have been reported so far (Famery, 1994, Durucan and
Brown, 2002, Camiré, 2005, Camiré, 2006).

The solid state reaction is synthesized by the mixture of solid reagents,
followed by wet milling for the homogenous phase. After mixing, the mixture must be
heated above the transformation temperature between 1250 and 1500 °C. After long
holding calcination time, it must be quenched suddenly to room temperature to avoid
the conversion of Q-TCP phase which could transform to beta-tricalcium phosphate
(B—TCP) at ~1125 °C. The obtained powder often displays some of other phases, mostly
B—TCP or HA (Carrodeguas and De Aza, 2011). Camiré et al. (Camiré, 2005) produced
the purity of O-TCP from a mixture of dicalcium phosphate (DCPA) and calcium
carbonate (CaCOs) at 2:1 molar ratio, followed by heating at 1350 °C for 4 h. Duncan
et al. (Duncan, 2014) obtained the pure phase of Q-TCP by solid state reaction, mixing
monetite (DCPA, dicalcium phosphate) and CaCOs; in acetone, in which DCPA was

prepared by aqueous precipitation method using calcium hydroxide (Ca(OH),) and
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phosphoric acid (HsPOy) as the reagents. After mixing DCPA and CaCOs;, the mixture was
dried at 80 °C and then directly heated at 1300 °C for 16 h, then reground and heated
again at 1300 °C for another 8-12 h, followed by quenching to room temperature.
The wet chemical reaction has been known as the new method for the
synthesis of O-TCP, as this method was able to synthesize the O-TCP without

quenching step. This method has been improved to produce the high purity of Q-TCP.
Some researchers have evaluated and identified the appropriated factors to provide
the QI-TCP since 2012 (Thurmer, 2012). However, it is critically important to obtain O-
TCP by the new method of synthesis in order to improve material properties and/or

reduce cost. The purpose of this work is to study the influence of OI-TCP obtained by

different routes of synthesis on the properties of bone cements.

3.2 Experimental procedure
3.2.1 Synthesis of O-TCP powder
Two different routes of O-TCP synthesis were prepared by (a) solid state
reaction method and (b) by wet chemical reaction method as followed by Eqg. (3.1)
and (3.2) respectively, representing the Ql-solid and Ol-wet to be used as one of the
precursors for cement preparation.
Solid state reaction (Famery, 1994, Durucan and Brown, 2002, Camiré, 2005):

CaCOs + 2CaHPO, — a—Cag(PO4)2 + CO, + H,0O (3.1)

Wet chemical reaction (Tharmer, 2012, Thtrmer, 2013, Thiarmer, 2016):

9Ca(NO;)#4H,0 + 6H;PO, —> 300-Cas(PO,), + 36H,0 + 18HNO;  (3.2)

The Q-solid was obtained by solid state reaction as originally described

by Srakaew et al. (Srakaew and Rattanachan, 2014). Briefly, dicalcium phosphate

anhydrous (CaHPO,) was mixed with calcium carbonate (CaCOs) at a 2:1 molar ratio.
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The mixture was heated to 1350 °C, left to dwell for 4 h and then rapidly quenched
to room temperature. The O-wet from wet chemical reaction was prepared as
followed Thirmer et al. (Tharmer, 2016), 0.5 M calcium nitrate (Ca(NOs),#4H,0) was
mixed with 0.5 M phosphoric acid (HsPOg4) at Ca/P ratio of 1.5. After 1 h of mixing, the
obtained solution was aged at 90 °C for 24 h and dried at 120 °C. The obtained powder
was calcined in an alumina crucible at 1400 °C for 1 h without quenching in air. The
obtained powder from both methods was milled and sieved through 325 mesh to
achieve a fine powder.
3.2.2 Characterization of Q-TCP powder
3.2.2.1 Phase composition and chemical functional group analysis
The phase composition of Q-TCP powder from two different
syntheses (Ql-solid and Ol-wet) was determined by X-ray diffraction (XRD Bruker/D2-
phaser) in the range 28 of 10 to 40, and in step size of 0.02. The chemical functional
groups were characterized by using Fourier transform infrared spectroscopy (ATR-FTIR
Bruker/Tensor27-Hyperion) with the range of 4000 to 400 cm™.
3.2.2.2 particle size distribution analysis
Particle size distribution of both O-solid and O-wet was
detected by using laser scattering particle size distribution analyser (Horiba/LA-950V2).
100 mg of powder was dispersed in 200 ml isopropanol by applying ultrasound for 15
min (Gbureck, 2004).
3.2.2.3 Morphology analysis
The morphologies of O-TCP powder were observed by the
scanning electron microscopy (SEM JEOL/JSM-6010LV) coupled with an energy
dispersive X-ray (EDX OXFORD INSTRUMENTS/X-max20) analyser. All specimens were

mounted on stubs and coated with gold.
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3.2.3 Characterization of cement
3.2.3.1 Cement preparation
The cement powder consisted of two main components, B

TCP/apatite at a weight ratio of 1:5. The apatite component consisted of 62.5 wt.% O
TCP, 26.8 wt.% DCPA, 8.9 wt.% CaCOs;, and 1.8 wt.% precipitated hydroxyapatite (PHA),
as followed the previous work (Rattanachan, 2020). PHA was synthesized in house by
precipitation method as followed previous study (Srakaew and Rattanachan, 2014). All
precursors powder was homogenously mixed for 45 min wusing a ball mill
(NITTO/ANZ10D Rotation, Japan). The powder mixing was performed in a polyethylene
pot mill containing zirconia balls with a diameter of 10 mm. The cement powder and
zirconia balls were dried in the oven at 110 °C to avoid the moisture before mixing in
the pot mil. After mixing Q-TCP from different syntheses (Ql-solid and Ql-wet) with
other calcium phosphate compounds, the cement powder was homogenously mixed
with cement liquid, denoted as CPC-solid and CPC-wet. The cement liquid was the
mixture of 1 M disodium hydrogen phosphate (Na,HPO,) and 1 M sodium dihydrogen
phosphate (NaH,POy). In this work, the L/P ratios of 0.35-0.40 were fixed, which were
suitable to handle this cement. The cement pastes were packed into the cylindrical
mold with a size diameter of 6 mm and height of 12 mm for compressive strength
testing and phase composition analysis. Another set of samples was prepared in the
same size of mold, followed by cutting for 3 pieces (6 mm diameter, 4mm height) for
bioactivity and pH measurement. All samples were incubated at 37 °C under 100%
humidity for 24 h before the test mentioned above, to avoid some incomplete reaction
of the sample before soaking in simulated body fluid (SBF).
3.2.3.2 Phase composition analysis

The cement powder was mixed with cement liquid with liquid
to powder ratio (L/P) of 0.35 and 0.40 ml/g. Afterward, the set cement was soaked in
SBF solution at 37 °C for 7 and 14 days. After incubation, the specimens were ground
into fine powder before the analysis. The phase composition of samples was

determined by X-ray diffraction (XRD Bruker/D2-phaser) with the Cu KO radiation A\ =
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1.5406 A). The data were analysed in the range of 28 from 20 to 40, and in increments
of 0.02 with the counting time per step of 0.5. The quantitative phase compositions of
cements were measured by means of Rietveld refinement analysis using the TOPAS
software (Bruker AXS, Karlsruhe, Germany). Rietveld refinement was accomplished in
triplicate for the phase composition following the database of the Inorganic Crystal
Structure Database (ICSD). The structures of O-TCP (ICSD No. 923 (Yashima and Sakai,
2003)), B-TCP (ICSD No. 6191 (Yashima, 2003)), CaCOs (ICSD No. 73446 (Maslen, 1993)),
DCPA (ICSD No. 917 (Catti, 1980)), and Hydroxyapatite (ICSD No.87668 (Wilson, 1999))
were used to measure the composition of cement.
3.2.3.3 Setting time measurement

The cement powder was mixed with cement liquid for 1 minute
in mortar. The homogenous paste of each condition was poured into the mold using
a spatula. The setting time was measured when the Gilmore needles were pressed on
the surface and there is no visible mark on the surface of cements. The standard
Gillmore needles with a light-thick needle (2.13 mm, 113.4 ¢) and a heavy-thin needle
(1.06 mm diameter, 453.6 g) was used to measure the initial and final setting of cement
pastes, respectively, in accordance with the standard ASTM (C266-99. The
measurement was repeated twice.

3.2.3.4 Compressive strength

The cement sample was prepared in a Teflon mold (6 mm
diameter and 12 mm height) according to the standard ASTM F451-95. The specimens
were removed from the mold and maintained in 100 % humidity at 37 °C for 24 h,
then immersed in SBF solutions for 7 days. For sample incubation in SBF solutions, the
volume of SBF to the surface area of specimen ratio of 0.1 ml/mm? was used, as
followed (Kokubo and Takadama, 2006). The compressive strength of all specimens
was tested using Universal testing machine (UTM capacity 100 kN/MUL-125 TTR: THA,
according to ISO/IEC 17025) with a 10 kN load cell at a cross speed of 1 mm/min™.

Eight specimens were tested for each condition.
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3.2.3.5 Microstructure analysis
The fracture surfaces of cement after compression test and the
surface of the samples (bioactivity) after incubation in SBF solution for 7 days were
observed by using the scanning electron microscopy (SEM JEOL/JSM-6010LV). The
bioactivity was investigated by detecting whether the precipitated hydroxyapatite
occurred on the surface of samples or not after immersion in SFB solution. All

specimens received a gold coating before observation.

3.3 Result and discussion

3.3.1 Characterization of O-TCP powder
3.3.1.1 Phase composition and chemical functional group analysis

As shown in Figure 3.1, it can be seen that there is no significant
difference between the XRD pattern of both O-TCP obtained by solid state reaction
and wet chemical reaction. The high purity phase of Q-TCP was detected, with
corresponding to the standard file (O-TCP: JCPDS 09-0348 and 29-0359 (Thurmer,
2016)).

The O-TCP obtained by wet chemical reaction was calcined at
varying temperatures from 1300-1500 °C, has been published in Thurmer et al.
(Tharmer, 2016) providing the higher pure phase of O-TCP with the increasing of
temperature calcination to 1500 °C. However, this study showed the high purity phase
of O-TCP at 1400 °C which is unnecessary for the higher calcination (1500 °C) to obtain
the higher pure phase of Q-TCP. The synthesis of O.-TCP with high purity phase has
been studied with the use of long dwell time at high temperature (greater than 1200
°C) not less than 4 h, was known as the standard method. Moreover, the quenching to
room temperature was the main point to inhibit the transformation of B—TCP in O-TCP
after cooling period. Duncan et al. (Duncan, 2014) studied the effect of cooling rate
on the quantitative transformation of B—TCP, resulting the higher B—TCP with the

increasing of cooling rate. As the result, it should be noted that the high purity phase
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of O-TCP could be obtained by the wet chemical method under heat treatment at

high temperature without quenching step.
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Figure 3.1 XRD pattern of Q-TCP obtained by solid state reaction (Q-solid), and

wet chemical reaction (Ol-wet).

3.3.1.2 Chemical functional group analysis

The spectra of Q-solid and Ol-wet were also investigated in
transmission mode using the ATR technique of FTIR, as shown in Figure 3.2. The spectra
of Q-TCP powder from literature reviews (Carrodeguas and De Aza, 2011, Kolmas, 2015)
compared with Q-solid and Q-wet, bands were identified in accordance with the
vibrations of phosphate groups that consisted of v, bands determined to symmetric P-
O stretching and v; bands determined anti-symmetric P-O stretching triply degenerate
(1200-900 cm™), v, bands determined symmetric P-O bending double degenerate (410-

470 cm™), and v, bands determined anti-symmetric P-O bending triply degenerate (650-
500 cm™), illustrated in Table 3.1.
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FTIR spectrum of the Ql-solid powder was similar to that of the
Ol-wet, but some bands in the region of v,, vs, and v, vibrations were not identified
comparing to the bands of Ql-wet and Q-TCP from literature reviews, as shown in Table
3.1. Some noticeable bands are poorly resolved showing very low intensity. This may
be due to the low intensive bands overlapped with other higher intensive bands

(Kolmas, 2015).

Symmetric P-O stretching, v1
Anti-symmetric P-O stretching triply, v3
| Symmetric P-O bending double, v2
/f__/\\lllll. If /\/\ |

a’;: .-’";, ~\_\\ I||I

©

g Anti-symmetric P-O bending triply, v4
2

<

o-wet
y T - T - T 2 T :
1400 1200 1000 800 600 400

Wavenumber (cm™)

Figure 3.2  FTIR spectra of O-TCP obtained by two methods (Ql-solid, Ol-wet)
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Table 3.1 Main bands and characteristic wave number of Q-TCP (Ol-solid and Ol-wet)

compared with O-TCP from literature review.

Q-literature (cm™)
(Carrodeguas and
Normal mode Free PO,* (cm™) | @-solid (cm™) | O-wet (cm™)
De Aza, 2011,
Kolmas, 2015)
Symmetric P-O 938 960 955 954
stretching, v1
Symmetric P-O bending 420 412 412 415
double degenerate, v2
443 444 430
463 454
470 463
471
Anti-symmetric P-O 1017 988 984 984
stretching tripl
s MY 1012 1012 997
degenerate, V3
1038 1022 1013
1047 1036 1025
1045 1039
1055
Anti-symmetric P-O 567 553 550 551
bending tripl
s TPy 582 559 563
degenerate, V4
580 585
593 597
609 613
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3.3.1.3 Particle size distribution analysis
Particle size distributions of both Q-TCP powders (Ql-solid and
O-wet) were narrow distribution (data not shown). Q-solid and Ol-wet had mean
particle size of 13.739 ym, and 16.9 um, respectively Although the mean size of O-
solid is smaller than that of Ol-wet, it was not a significant difference, as displayed in
Table 3.2.
The obtained Ol-solid and Ql-wet powders in our current work

were in a similar range to the particle size of Q-TCP powder (13.33 upm and 16.80 pm
by milling time at 30 and 60 min (Thirmer, 2016)), which was determined by light

scattering.

Table 3.2 Particle size distribution of powders

Particle size (um)
Samples
mean median mode
Q-solid 13.74 12.48 12.43
O-wet 16.90 14.30 14.16

3.3.1.4 Morphology analysis
The scanning electron microscope (SEM) was used for
morphological determination of Q-TCP, both powders (Q-solid and Ol-wet) presented
iregular shape crystals without agglomeration. The size range of Q-solid and Ql-wet
represented in Figure 3.3, which the size of both powders was related to the results

of particle size distribution analysis.
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The Ca/P molar ration of powders was examined by energy

dispersive X-ray (EDX) to ensure that Ca/P molar ratio of both synthesized Q-TCP was

about 1.5 as calculated from the ratio of starting reagents, resulting in Table 3.2.

Figure 3.3 SEM images of Q-TCP powder obtained by solid state reaction and wet

chemical reaction synthesis at magnification of x1000 and x5000.

Table 3.3 The quantitative results of two different powder of O-TCP, using EDX

spectrum analyzer.

Samples P (Atomic%) Ca (Atomic%) Ca/P ratio
Ol-solid 40.03 59.97 1.498
O-wet 39.93 60.07 1.504
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3.3.2 Characterization of cement
3.3.2.1 Setting time measurement

The setting time of cements was measured at room
temperature with constant L/P ratio values of 0.35 and 0.40 ml/g in order to observe
which ratio was the most suitable for moldability of cements after mixing powder and
liquid phase. The results showed that the setting time of CPC-solid raised up from 13.5
min to 25 min and that of CPC-wet raised up from 15 min to 26.5 min when the L/P
ratio was increased from 0.35 to 0.40 mU/g.

As a result, the CPC-solid specimen contained a smaller mean
particle size of Ol-solid powder, which resulted in a slight shorter setting time than that
of CPC-wet. The particle size of reactants and liquid to powder ratio were reported as
the factor that involved the setting time performance. These factors became a strategy

to reduce the setting time of cements (Zhang, 2014).

Table 3.4 Setting time measurement of cement at different L/P ratio.

Setting time (min)
Samples L/P = 0.35 ml/g L/P = 0.40 mU/g
Initial time Final time Initial time Final time
CPC-solid 135 55 25 80
CPC-wet 15 58 26.5 86

3.3.2.2 Phase composition analysis
XRD patterns of both cements indicated the phase compositions
of HA (09-0432), B-TCP (09-0169), QI-TCP (09-0348 and 29-0359), DCPA (70-0359), and
CaCO; (47-1743), as followed the data sheet number of the powder diffraction
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standard. It was found that HA phase in both cements similarly increased after
incubation in SBF solution from 7 to 14 days, as shown in Table 3.5.

After mixing cement powder and liquid, the released Ca** and
PO,> from starting powder reacted with PO,> in the cement liquid (Na,HPO, and
NaH,PQO,), following by the crystal nucleation as the cement set (Burguera, 2006). The
higher L/P ratio of 0.40 provided more PO, from the cement liquid during the setting
reaction, which could result in the higher HA formation when compared with L/P ratio

of 0.35. Here, O-TCP from different syntheses did not affect the phase conversion of

Ol-TCP into HA over incubation time in SBF solution.

(a) a: o-TCP/ b:B-TCP/ ¢:CaCO,4/ d:DCPA/ h:HA L/P =035

dCPC-wet
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Figure 3.4  XRD patterns of cement containing O-TCP powder obtained by solid state
reaction and wet chemical reaction synthesis at L/P ratio of (a) 0.35 and

(b) 0.40 after soaking in SBF solution for 7 and 14 days.
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Figure 3.4  XRD patterns of cement containing Q-TCP powder obtained by solid state
reaction and wet chemical reaction synthesis at L/P ratio of (a) 0.35 and

(b) 0.40 after soaking in SBF solution for 7 and 14 days. (Continued)

Table 3.5 Percentage of hydroxyapatite after immersion of cement in SBF solution

over 14 days.

HA formation wt.% (Rietveld refinement)
Samples L/P = 0.35 mU/g L/P = 0.40 ml/g
7 days 14 days 7 days 14 days
CPC-solid 31.67 37.94 33.96 41.67
CPC-wet 31.65 36.58 34.03 39.17

3.3.2.3 Compressive strength

The result of compressive strength was presented as mean

+

standard deviation (SD). The statistical comparison between each data group was

performed by One-way ANOVA coupled with Tukey’s multiple comparison test with
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the confidence interval of p<0.05. The compressive strength of CPC-wet was slightly
lower than that of CPC-solid. However, the mean of one-way analysis statically
presented compressive strength of both cements with no significant difference at the
same L/P ratio, as displayed in Figure 5.

It has been proved that the particle size of O-TCP and liquid to
powder ratio affected the properties of cements (Montufar, 2013). It can be seen that
a slightly bigger size of particle (Ginebra, 2004) and increasing of L/P ratio (O'Hara, 2010)
reduced the compressive strength after immersion in SBF solution, while setting time

increased. Their findings are similar to the result trend of the current work.
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Figure 3.5 Compressive strength of cement containing O-TCP powder obtained by
solid state reaction and wet chemical reaction synthesis at L/P ratio of

0.35 and 0.40 after soaking in SBF solution for 7 days.

3.3.2.4 Morphology analysis
Figure 3.6 shows the SEM images of the fracture surface
micrograph of cements (CPC-solid, and CPC-wet) at L/P ratio of 0.35 and 0.40 ml/g
after immersion in SBF solution for 7 days. As the results, needle-like crystals were

observed surrounding some of the incompletely solubilized starting powder phases. In
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addition, the HA formation covered on the surface area of the cement was observed
after soaking in SBF solution over time, as presented in Figure 3.7.

The HA conversion was formed by the dissolution of O.-TCP and
other powders after mixing with liquid phase, followed by the reprecipitation process
of the network of entangled crystals on the starting powder, which the HA became a
thicker layer as the reaction time continued [16]. It can be seen that both cements
consisting of different O.-TCP powder as one of the starting powders transformed to
HA phase, as described above. After soaking the sample in SBF solution for various
periods of time, the deposition of the HA layer on the surface of materials has been
measured as evidence of bioactivity (Morejon-Alonso, 2012). In this study, the surface
of sample was covered by the visibly dense hydroxyapatite after the immersion of
cement in SBF solution for 7 days. The formation of precipitated HA on the surface of
cement containing O-TCP from different syntheses presented an excellent bioactivity

of material.

0.40/CPC-wet
;g’;:;‘ >

Figure 3.6  Fracture surface micrographs of cement containing Q-TCP powder
obtained by solid state reaction and wet chemical reaction synthesis at

L/P ratio of 0.35 and 0.40 after soaking in SBF solution for 7 days.
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Figure 3.7 SEM images of surface area of cement containing O.-TCP powder obtained
by solid state reaction and wet chemical reaction synthesis at L/P ratio

of 0.35 and 0.40 after soaking in SBF solution for 7 days.

3.4 Conclusions

O-TCP powder with high purity phase was successfully synthesized by both
conventional solid state reaction and optional wet chemical reaction. Although Q-
solid powder displayed slightly better performances of cements including setting time,
compressive strength, and percentage of hydroxyapatite formation as the final product,
it can be proved that the high purity of Q-TPC from different syntheses (solid state
reaction and wet chemical reaction) presented the properties of calcium phosphate
cement with no significant difference. This is possibly another choice for the use of Ol
TCP from wet chemical reaction instead of the solid state reaction method due to
time efficiency and the reduced cost of the process. However, further analysis must
be investigated with more comprehensive results in order to support the results in

current study.



CHAPTER IV

SEVERAL PARAMETERS INFLUENCED ON APATITE/B—TCP CEMENT:
PARTICLE SIZE OF ALPHA-TRICALCIUM PHOSPHATE POWDER AND
DRY-HEAT STERILIZATION

Apatite/beta-tricalcium phosphate (B—TCP) cements have been enormously
studied for use in various medical applications due to their osteoconductive and in
vivo biodegradable ability. However, apatite/B—TCP mostly presented poor mechanical
properties, which were suitable only for use under non-load bearing conditions. Herein,
the improvement of this cement by reducing the size of the starting powder has
become a promising method. Consequently, the major phase of alpha-tricalcium
phosphate (O-TCP) was ground at different time points, resulting in smaller particle
size when increasing milling time from 4 to 8 h. The physical properties of apatite/B—
TCP cement consisting of different sizes of Q-TCP were characterized throughout
setting time, compressive strength, and phase composition after soaking in SBF solution
for 7 days. The cement containing a smaller size of Q.-TCP showed decreased setting
time, higher compressive strength, and enhanced apatite conversion. Therefore,
cement with O-TCP powder ground for 8 h was then used for further experiments. The
sterilization process of biomaterials is mandatory for use in biological processes. Dry
heat sterilization was selected for this study due to its advantages of having no
moisture or released residuals during the process. Afterward, the effect of dry heat
sterilization at different conditions of temperature on the physical properties of
apatite/B—TCP cement was detected. As a result, the sterilized sample (121 °C, 10 h)
was a suitable condition for this cement formular, showing no significant difference in
physical properties of cement including phase composition, compressive strength,

setting time, pH changes, and bioactivity.
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4.1 Research background, rationale, and significance

Calcium phosphate cements (CPCs) are a potential bone fixing material that is
also well-established in clinical care. The chemical components in this material are
identical to the hydroxyapatite (HA) found in human bone, which assists in the
production of new bone after surgery (O’Hara, 2014). However, the low degradation
rate of apatite cement could not completely allow the new bone ingrowth
(Frankenburg, 1998). Therefore, the apatite cement incorporated with a highly resorbed
beta-tricalcium phosphate (B—TCP) component has received a lot of attention (Daculsi,
1998). Although B—TCP showed a higher resorption aspect of cement, it could lead to
a decrease in mechanical strength of cement (Srakaew and Rattanachan, 2014).

The mechanical strength could be significantly improved by various factors,
such as cement formula, L/P ratio, and particle size distribution. Thus, the particle size
of the starting cement powder plays an important role in the setting reaction of apatite
cement (Zhang, 2014). The effect of particle size of Q-TCP powder on the properties
of apatite cement has been studied (Hurle, 2014). It was found that the smaller size of
O-TCP increased the compressive strength of cement (Ginebra, 2004). However, the
smaller could result in lower strength due to the more amorphous phase of Q-TCP
when increasing milling time (Gbureck, 2004). It was reported that the more amorphous
phase of O-TCP could provide the heat release during the setting reaction of cement
(C.L. Camire” a, 2005). Therefore, the suitable milling time for -TCP should be
considered to avoid heat release during the reaction.

In general, the biomaterials must be sterilized in order to prevent any harmful
microorganisms found in the materials before being used in in vitro/in vivo biological
testing and clinical use. Sterilization has been commonly used in various methods,
including steam under pressure (autoclave), dry heat, gamma radiation (Y-ray), and
ethylene oxide (EO) (Hasirci and Hasirci, 2018). The appropriate sterilization method is
required for each material due to their different characteristics. Previous work (Morejon-
Alonso, 2007) has studied the effect of different sterilization on calcium phosphate
cement. They found that EO sterilization seemed to be the most appropriate method,
indicating less effect on cement properties with respect to other sterilizations.

Surprisingly, the residual gas could still be found in the materials after EO sterilization,
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which was toxic to livings (Takechi, 2004). Furthermore, Y-ray appeared to be an
alternative sterilization of calcium phosphate cement (Chen, 2013, Meng, 2018).
However, the chitosan fiber content in the cement of the current study could be
damaged by Y-ray, as evidenced in previous study (Yang, 2007). Dry heat sterilization
was another promising method, which has been used in some previous studies for in
vitro (Goldberg, 2018) and in vivo (Tsai, 2008) experiments with apatite cement.
However, the higher temperature of dry heat sterilization could result in the
decomposition of chitosan (Lim, 1999, Kim, 2004). This work aimed to examine the
effect of particle size of Q-TCP powder on cement properties and to indicate the

appropriate dry heat sterilization for the apatite/B—TCP cement.

4.2 Experimental procedure
4.2.1 Effect of particle size of QI-TCP powder on Apatite/B-TCP cement
4.2.1.1 Synthesis and characterization of OI-TCP powder

O-TCP powder was synthesized by the precipitation method,
which was modified from the wet chemical reaction method in topic 3.2.1 of Chapter
lIl. Briefly, 0.5 M calcium nitrate (Ca(NO3),*4H,0) was mixed with 0.5 M phosphoric acid
(HsPOg) at Ca/P ratio of 1.5. After 30 min of mixing, the pH of the obtained solution
was adjusted to 10.5 by the addition of ammonium solution (NH;OH). The white
precipitated particles were washed and filtrated with deionized water for 5 times. The
obtained particles were incubated at 90 °C for 24 h and dried at 120 °C. The particles
were calcined in an alumina crucible at 1400 °C for 1 h without quenching in air. The
obtained powder was ground in mortar and sieved through 325 mesh to achieve a fine
O-TCP powder (denoted as 0 h). Afterward, the Q-TCP powder was added to an
alumina grinding jar with a ratio of 1 ¢ Q-TCP powder/1 zirconium ball (10 mm
diameter) and milled at different period of times (4, 6, and 8 h) using planetary ball
mill. The grinding speed was set at 400 rpm with bidirectional milling for every 5 min.

The phase composition was measured by X-ray diffraction (XRD
Bruker/D2-phaser) according to the topic 3.2.2.1 of Chapter lIl. Particle size distribution

of O-TCP powder at different time milling was measured laser scattering particle size
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distribution analyser (Horiba/LA-950V2), as followed the topic of 3.3.2.2 of Chapter IIl.
The morphologies of O-TCP powder were detected by the scanning electron
microscopy (SEM JEOL/JSM-6010LV) following the topic of 3.3.2.3 of Chapter lI.
4.2.1.2 Preparation of cements
The cement powder composition consisted of 62.5 wt.% Q-TCP,
26.8 wt.% dicalcium phosphate anhydrous (DCPA), 8.9 wt.% calcium carbonate (CaCO»),
1.8 wt.% precipitated hydroxyapatite (PHA), 20 wt.% beta-tricalcium phosphate (B-
TCP), and 1 wt.% chitosan fiber (Rattanachan, 2020). The cement powder and liquid
was prepared in accordance with the topic 3.2.3.1 of Chapter lll. The L/P ratios of 0.40
were chosen in this chapter since it enabled for cement fabrication. After mixing
powder and liquid, the cement paste was poured into the cylindrical mold and
allowed to set at room temperature for 30 min before further analysis. The cement
consisted of Q.-TCP from different milling time from 4 to 8 h was denoted as 4h, 6h,
and 8h, respectively.
4.2.1.3 Properties testing and characterization of cement
The condition and analysis procedures of calcium phosphate
cement properties, including setting time, compressive strength, and phase
composition were performed according to topic 3.2.3 of Chapter IIl.
4.2.2 Effect of dry heat sterilization on Apatite/B—TCP cement
4.2.2.1 Preparation of cements
The cement powder composition consisting of ground O-TCP
powder (8 h) from section 4.2.1.1 was used in this part. Some of the starting cement
powder was sterilized using dry heat sterilization at various conditions (Talaro, 2008),
as shown in Table 4.1. To prepare the cement samples, the sterilized cement powder
was mixed with cement liquid at L/P ratio of 0.40 ml/g following the section 3.3.1.2.
The control sample was denoted as non-sterilized, while other sterilized conditions

were denoted as 121°C/10, 140°C/3, 160°C/2, and 170°C/1, respectively.
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Table 4.1 Dry heat sterilized conditions.

Conditions Temperature (°C) Soaking time (hours)
121°C/10h 121 10

140°C/3h 140 3

160°C/2h 160 2

170°C/1h 170 1

4.2.2.2 Properties testing and characterization of cement
The setup and analysis methods of calcium phosphate cement
characteristics, comprising phase composition, compressive strength, setting time, and
bioactivity were conducted following the topic 3.2.3 of Chapter Ill. In addition, the
chemical functional groups of the starting chitosan fiber under various dry heat
sterilized conditions was separately characterized using FTIR analysis, as followed the
topic 3.2.2.1 of Chapter IIl.
4.2.2.3 pH measurement
The pH changes in SBF solution were measured at various time
intervals without changing the solution during the sample incubation in the solution.
The volume of SBF to the surface area of the specimen ratio of 0.1 ml/mm? was

employed for sample incubation in SBF solution.

4.3 Result and discussion
4.3.1 Effect of particle size of Q-TCP powder on Apatite/B—TCP cement
4.3.1.1 Phase composition of O-TCP powder
The XRD patterns of O-TCP at different milling time from 0 to 8 h

were detected with no noticeable difference, as illustrated in Figure 4.1. All conditions
were matched with the high purity phase of Q-TCP according to the standard JCPDS
files of 09-0348 and 29-0359.
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In the previous works (Camiré, 2006, Wang, 2007), the milling process could
affect the crystallinity of Q-TCP, resulting in a higher amorphous aspect of Q-TCP when
increasing milling time. However, the prolonged grinding time from 0 to 8 h under the
dry milling process in this current study did not significantly affect the crystallinity of
O-TCP powder. This contrast aspect could be attributed to the difference in grinding
procedure, as presented in the previous study (Gbureck, 2004). They found that wet
milling in ethanol produced more amorphous fractions of Q-TCP powder than dry

milling conditions.
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Figure 4.1  XRD patterns of Q-TCP powder with various milling times of 0, 4, 6, and

8 hours.

4.3.1.2 Particle size distribution of O-TCP powder

The influence of prolonged milling time on the particle size
distribution of Q-TCP powder was presented Figure 4.2. The result showed that the
particle size distribution of Q-TCP powder widened to smaller size distribution after
milling over 8 h. The mean size of Q-TCP particles for 0, 4, 6, and 8 h were 52.5, 15.7,

4.4, and 3.2 um, respectively. In addition, the starting O-TCP powder condition was

bimodal distribution, while other conditions were monomodal distribution.
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After 8 h of grinding process, the mean size of Q-TCP particle
decreased from 52.5 to 3.2um, which was much smaller than previous study (Thurmer,

2016) in the same periods. Gbureck et al. (Gbureck, 2004) could reduce the particle
size of Q-TCP from 17.48 to 5.76 (ground in ethanol) and to 6.42 (ground in dry state).

Moreover, the particle size distribution of Q-TCP was monomodal after grinding, while

the other works were still mostly bimodal (Bohner, 2006). These differences in particle
size distribution of QI-TCP could be due to the different grinding procedure between

the current work and others.
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Figure 4.2  Particle size distribution of Q-TCP powder with different milling times of

0, 4, 6, and 8 hours, respectively.

4.3.1.3 Morphology of O-TCP powder
SEM micrographs presented the effect of prolonged milling

process on the morphology of Q-TCP powder. It was found that the particle size of Ol-

TCP decreased when increasing milling from 4 to 8 h. Furthermore, all conditions had
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an irregular shape without agglomeration, and their size range was similar to the

particle size distribution result.

Figure 4.3  SEM micrographs of O-TCP powder at different milling times of 4, 6, and

8 hours.

4.3.1.4 Setting time measurement

The results showed that the longer milling time of O-TCP powder
had an effect on the cement's initial (t;) and final () setting time, as demonstrated in
Figure 4.4. It was found that both t; and t; times significantly decreased when milling

time was increased from 4 to 8 h.
This work investigated the influence of a longer milling time of
O-TCP powder on the setting time of cement. Ginebra et al. (Ginebra, 2004) presented
that the longer milling time provided a smaller particle size of O-TCP, resulting in
shorter setting time. Another previous study also revealed the reduced setting time of
cement when the Q-TCP starting powder was smaller (Wang, 2007). Their findings are
similar to our current work. Thus, the t; (3.8 = 0.4 min) and t; (24 + 2.8 min) times of
8h cement were closer to the clinical requirements (t; < 8 min, t; < 15 min (Khairoun,
1998)) with respect to 4h (t; = 12.5 + 2.1 min and t; = 47 + 2.8 min) and 6h (t; = 6.5 +

0.7 min and t; = 36.5 + 2.1 min) cements.
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Figure 4.4 Initial and final setting time of apatite/B—TCP cement with various milling

times of OI-TCP powder at L/P ratio of 0.40.

4.3.1.5 Compressive strength

After soaking samples in SBF solution for 7 days, the compressive
strength of all conditions was measured. Figure 4.5 shows that the compressive
strength of both 6h (36.3 + 4.6 MPa) and 8h (36.5 + 5.8 MPa) cement was significantly
higher than that of 4h (29.7 + 4.0 MPa). Meanwhile, there was no statistic difference
between 6h and 8h cement.

In this work, the compressive strength was improved by a smaller
size of Q-TCP from prolonged milling time of 6 and 8 h with respect to 4 h. This aspect
is relevant to the previous work (Ginebra, 2004), which indicates that fine O-TCP
cement has a higher compressive strength than coarse Q-TCP. cement. They reported
that the smaller particles led to more contact sites and reduced the porosity, providing
a higher strength of cement. Although the prolonged milling time (1 to 4 h) of Q-TCP
powder could result in the higher compressive strength of cement, the decreased
strength was found with longer milling (> 4 h) due to the lower crystallinity of Q--TCP
powder (Gbureck, 2004). However, this feature did not influence the strength of
cement in the present work as it was presented without a significant difference in the
crystallinity of Q-TCP powder after milling over 8 h. A similar strength in both 6h and
8h conditions could be attributed to the similar range of mean particle size (6h =

4.4um, 8h = 3.2um).
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Figure 4.5 Compressive strength of apatite/B—TCP cement with various milling times
of O-TCP powder at L/P ratio of 0.40 after soaking in SBF solution for 7
days.

4.3.1.6 Phase composition of cement

The XRD patterns of all cement conditions composed of various
peaks, including 09-0432 (HA), 29-0359 (OL-TCP), 09-0169 (B—TCP), 47-1743 (CaCOs4), and
70-0359 (DCPA). After soaking sample in SBF solution at 37 °C for 7 days, the different
intensity of Q-TCP and HA among each condition was noticeable. The XRD pattern
showed a lower intensity of O-TCP and a higher intensity of HA when milling time was
increased. Afterward, this different composition of Q-TCP and HA of all conditions was
quantitatively analyzed by Rietveld refinement, as shown in Figure 4.7.

Previous studies (Gbureck, 2004, C.L. Camire” a, 2005) found that
a longer milling time resulted in'a more amorphous phase of Q-TCP. This amorphous
aspect presented a higher reactivity, resulting in the higher nucleation rate of CDHA
(Brunner, 2007). However, the longer times (4 to 8 h) did not affect the crystallinity of
OL-TCP in this work, as previously described. Therefore, the higher CDHA should be
attributed to the higher specific surface area of the smaller particle size when milling
time was increased. This consideration is in agreement with the previous work (Ginebra,
2004). They ascribed that the smaller particle size of O-TCP had a higher specific
surface area dissolved and provided a higher supersaturation in the solution. This led

to more precipitated CDHA crystal formation. After cement was set in SBF for 7 days,
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the major phases of these current cements were composed of HA/CDHA and B—TCP
with respect to other residuals of Q-TCP, DCPA, and CaCOs. This was comparable to
the result of Chapter IIl.

a: a-TCP/ b:B-TCP/ c:CaCO,/ d:DCPA/ h:HA
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Figure 4.6  XRD patterns of apatite/B—TCP cement with various milling times of Q.-
TCP powder at L/P ratio.
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Figure 4.7 Weight percent of Q-TCP and HA phases in apatite/B—TCP cement with
various milling times of Q-TCP powder at L/P ratio of 0.40 after soaking
in SBF solution for 7 days.



62

4.3.2 Effect of dry heat sterilization on Apatite/B-TCP cement
4.3.2.1 Phase composition and chemical functional group analysis

In Figure 4.8, the starting powder from different dry heat sterilized
conditions presented similar XRD patterns, comprising of the major phase of Q-TCP
with other minor components. After forming cement and soaking in SBF for 7 days, all
set cement (Figure 4.9) exhibited XRD patterns with no significant difference, revealing
the main phases of apatite and B—TCP with other remaining residuals. In addition, the
chemical functional group of all starting chitosan fibers from different dry heat
sterilized conditions was analyzed using FT-IR technique, as shown in Figure 4.10. It
was found that FT-IR peaks of all sterilized chitosan fiber conditions were similar to
the control non-sterilized condition.

The effect of dry heat sterilization with different conditions on the
properties of apatite/B—TCP cement, including phase composition, compressive
strength, setting time, pH changes, and bioactivity, was investigated. The temperature
and holding time of dry heat sterilization are shown in Table 4.1. Morejon-Alonso et
al. (Morejon-Alonso, 2007) found that the dry heat sterilization (190 °C, 2 h) did not
affect the CDHA and B-TCP contents in the cement, revealing a similar XRD peak
between the dry heat sterilized condition and control condition. Their findings were
comparable with this current work, presenting no difference in XRD patterns among
the conditions of sterilized samples and non-sterilized ones. In addition, each condition
of the dry heat sterilization did not affect the phase conversion of apatite/B—TCP
cement, presenting similar XRD patterns (Figure 4.9).

The apatite/B—TCP cement contained the chitosan fiber (1 wt.%)
content in a small concentration, which could be influenced by the high temperature
of dry heat sterilization. Therefore, chitosan fiber under various conditions of dry heat
sterilization was analyzed using FT-IR analysis. Despite the fact that the early (254.6 °C)
and significant (296 °C) decomposition temperatures of chitosan were established
(Arora, 2011), some researchers were able to identify chitosan damage with a darker
color at higher temperatures (> 120 °) (Lim, 1999). In this current work, the FT-IR peaks
of each condition showed a similar trend. Meanwhile, the color of the chitosan fiber

became slightly darker when increasing temperature. This aspect of the slight change
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in color was related to the previous study (Lim, 1999). They reported that the color of
chitosan changed from yellow to brown with the increase in temperature and holding
time, which could be due to interchain rearrangement after heat treatment (above 120
°C). However, this feature did not affect the phase composition of apatite/B—TCP

cement in this work.
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Figure 4.8 XRD patterns of starting cement powder with various dry heat-sterilized

conditions.
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Figure 4.9  XRD patterns of cement with various dry heat-sterilized conditions at L/P

ratio of 0.40 after soaking in SBF solution for 7 days.
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Figure 4.10 FT-IR patterns of chitosan fiber with various dry heat-sterilized conditions,

Each band region was referred to previous study (Queiroz, 2014).

4.3.2.2 Compressive strength

After soaking samples in SBF over 7 days, the compressive strength
of set cement was measured. The results showed that the compressive strength of
140°C/3h, 160°C/2h, and 170°C/1h cement was significantly lower than that of
121°C/10h and non-sterilized ones. Meanwhile, there was no statistical difference
between 121°C/10h and non-sterilized cement condition.

The difference in compressive strength of these cements was not
affected by the phase composition due to the fact that the dry heat sterilization from
121 to 170 °C did not influence the phase composition of cement powders or set
cements as presented in XRD results. Therefore, the reduced compressive strength of
some sterilized samples could be attributed to the decomposition of chitosan fiber
content at high temperature (> 121 °C), as witnessed by the previous findings of
chitosan decomposition at high temperature (> 120 °) (Lim, 1999). This decomposition
feature could result in the lower deacetylation degree of chitosan when increasing
temperature (Zawadzki and Kaczmarek, 2010) or holding time (Kim, 2004).
Consequently, the reduced deacetylation degree could decrease the mechanical

properties of chitosan (Zhuang, 2019, Tavares, 2020). Their findings are related to the
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result of the cements containing chitosan fiber in this study, indicating the decreased
compressive strength of sterilized cement with higher temperature (>121 °C).
Therefore, the 121°C/10h cement condition was selected for further investigation since
it maintained a similar compressive strength to the non-sterilized control cement,
whereas the strength of other sterilized cements was decreased after dry heat

sterilization.
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Figure 4.11 Compressive strength of cement with various dry heat-sterilized

conditions at L/P ratio of 0.40 after soaking in SBF solution for 7 days.

4.3.2.3 Setting time measurement

As the result of compressive strength, the setting times of
selective 121°C/10h cement were measured and compared with the non-sterilized
control cement. The result presented that the t; and t; times of both non-sterilized
control and 121°C/10h cement did not differ significantly.

As a result, there was no difference in setting time between
sterilized 121 °C/10h cement and non-sterilized cement in this study. This suggests
that the temperature range employed in this study (121 to 170 °C) was more
appropriate when compared with the previous work (200 °C) (Takechi, 2004). They
discovered that some DCPA content in apatite TTCP/DCPA cement might degrade to
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pyrophosphate at a high temperature of 200 °C. Afterward, pyrophosphate retarded
the production of apatite, resulting in a prolonged setting time. This discrepancy could
be attributed to a difference in temperature or cement formula between the previous

and present work.
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Figure 4.12 Initial and final setting time of cement before and after dry heat

sterilization at 121 °C for 10 hours with L/P ratio of 0.40.

4.3.2.4 pH measurement

After soaking both cements in SBF solution for 12 h, the pH of the
solution appeared to be more acidic, as indicated in Figure 4.13. The pH trend of both
conditions was similar, ranging from 7.45 to 7.32 (Non-sterilized cement) and 7.46 to
7.32 (121°C/10h cement).

As a result, the more basic at the early time point of the
incubation could be correlated to the residual from the cement liquid containing
Na,HPO4 (pH = 8.92) released into the SBF solution. After that, the pH of both cement
conditions decreased slightly and became more neutral after 12 hours of incubation,
reflecting a more biocompatible range. This could assure that the dry heat sterilization

(121 °C, 10 h) did not significantly influence the pH change of the sample.
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Figure 4.13 pH changes in SBF at different period of time after immersion of both

cements (Non-sterilized and sterilized sample)

4.3.2.5 Morphology analysis

Figure 4.14 shows SEM images of the sample surfaces over 7 days
of immersion in SBF solution at 37 °C. On the surface of samples, needle-like crystals
were observed in both non-sterilized and sterilized 121 °C/10h cements.

Bone-like apatite deposition on the surface of the specimen in
SBF solution was used to determine the bioactivity of bioactive materials (Kokubo and
Takadama, 2006). This work assured that the dry heat sterilization at 121 °C for 2 h was
suitable for this apatite/B-TCP cement, presenting excellent bioactivity in both

sterilized and non-sterilized ones.
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Figure 4.14 SEM micrographs of the surface of the cements (Non-sterilized and

sterilized sample) after incubation in SBF solution for 7 days.

4.4 Conclusions

This study presented that the smaller particle size of Q-TCP improved the
physical properties of apatite/B—TCP bone cement, including reduced setting time,
increased compressive strength, and higher CDHA phase conversion. Afterward, the
influence of dry heat sterilization at various temperatures on the physical properties
of apatite/B—TCP bone cement was investigated. The higher temperature from 121 to
170 °C did not affect the phase composition of either the starting powder or the set
cement for 7 days in the SBF solution. Although there was no significant difference in
FT-IR peaks of each condition, the color of chitosan fiber became darker after dry heat
sterilization, representing the decomposition of chitosan. Thus, this damage to chitosan
at higher temperatures (> 121 °C) resulted in a decreased compressive strength.
However, the sterilized condition at 121 °C for 10 h still presented similar results of
compressive strength, setting time, pH changes, and bioactivity with respect to the
control non-sterilized cement. As a result, this suggests that dry heat sterilization (121

°C, 10 h) could be effectively used as an alternative method for sterilization of the

apatite/B—TCP cement or other materials with similar characteristics.



CHAPTER V
EFFECT OF POLYACRYLIC ACID/DISODIUM HYDROGEN

PHOSPHATE MIXTURE ON APATITE/B—TCP CEMENT

This chapter has investigated the effect of combination of new liquid phase
mixture of disodium hydrogen phosphate (Na,HPO,) and polyacrylic acid (PAA) on the
compressive strength, setting time, bioactivity, and cytotoxicity of apatite/beta-
tricalcium phosphate (B-TCP) cement. The PAA was known as one of water-soluble
and biocompatible polymers to improve the mechanical performances of the bone
cement, but it usually inhibits the phase conversion to hydroxyapatite after the
cement has already set. The aim of this work was to evaluate the incorporation of the
mixture of PAA and Na,HPO, into apatite/B-TCP cement. It was found that the crucial
concentration for adding PAA/Na,HPO4 at 30:70 v/v% to enhance the mechanical
strength, cell viability and maintain bioactivity. The phase composition and crosslinking
reaction between PAA and alpha-tricalcium phosphate (O-TCP) powder was detected
by XRD and FTIR techniques. The B-TCP was added in the formula to achieve the
biphasic cement, which composed of B—TCP and Apatite/Calcium Deficient-
Hydroxyapatite in the final product. The biphasic granule commercial product was
used as comparison in the cell viability test. This work had been confirmed that the
cement was a non-toxic material. Therefore, these results suggest that the PAA/

Na,HPO, could be beneficial for further clinical applications.

5.1 Research background, rationale, and significance

The self-setting calcium phosphate bone cements have been extensively
investigated for decades, due to their distinguished properties for use in biomedical
applications (Dorozhkin, 2017). This material could be simply prepared by mixing a
variety of solids with liquid phases. The cement paste was obtained by the dissolution

of the starting powder in the solution, it then hardened by the re-precipitation and
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allowed crystal growth respectively (Ginebra, 2008, O'Neill, 2017). This bone cement
was theoretically classified in two groups of different final cement products, Apatite
and Brushite. The apatite cement produced the hydroxyapatite (HA) or Calcium
deficient-HA (CD-HA), which is similar to the bone mineral compounds (O’Hara, 2014).
This feature was the advantage of the apatite cement, which was effectively
compatible with the bone tissue (Wagh, 2016).

Although the calcium phosphate cement was outstanding in biological
properties, its mechanical properties became the weakness for the orthopedics
(Habraken, 2016). In consideration of the porosity, the brushite cement generally
presented the lower strength when compared with apatite cement (Dorozhkin, 2008).
There are many other factors that can affect the mechanical properties, such as the
precursor composition, particle size distribution, liquid phase (Zhang, 2014), etc. To
improve the mechanical properties, the addition of polymer in the calcium phosphate
cement has revealed excellent results (Mickiewicz, 2002, Canal and Ginebra, 2011).
The strategies of using polymer as the cement reinforcement were presented by both
processes, the polymer in the solution or solid form mixed with cement powder (Xu,
2000, Geffers, 2015).

PAA is one of the aqueous soluble polymers which has been widely used in
medical applications (Kadajji and Betageri, 2011). It was reported that the PAA doped
calcium phosphate cement could improve the mechanical properties and the setting
reaction due to the crosslinking reaction between the functional group of PAA and the
precursor (Khashaba, 2010). Furthermore, some researchers (Majekodunmi, 2003,
Majekodunmi and Deb, 2007) have studied the influence of PAA doped apatite cement
based on the starting powder of tetracalcium phosphate/dicalcium phosphate
(TTCP/DCPA). However, it has been reported that the addition of PAA in cement could
inhibit the HA phase conversion (Miyazaki, 1993). They reported that less HA conversion
was detected after setting for 1 month. The Na,HPO,4 has been used to accelerate the
setting time of the apatite cement based on the main phase of Q-TCP powder (Ginebra,
1995, Khairoun, 1997, Khairoun, 1998), and TTCP/DCPD powder (Komath, 2000). Chow
et al (Chow, 1999) reported that the HA formation in cement incorporated with

Na,HPQO, solution was faster than that of cement mixed with water. It could be due to
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the presence of more phosphate ions in the solution reacted with the cement powder,
resulting the increasing rate of HA formation, and shortening setting time. However, the
amount of Na,HPO, could affect to the compressive strength of bone cement. To
optimize the properties of bone cement for medical application, the combination of
PAA and Na,HPO, mixture was studied in terms of setting mechanism and phase
analysis.

In this study, the cement solution comprised of Na,HPO, and PAA at various
ratios was studied. Both reagents were used for enhancing the properties of apatite/B—
TCP cement, such as setting time, mechanical properties, etc. The Na,HPO,4 has been
frequently used as one of the liquids for the apatite cement in terms of monophasic,
biphasic, and multiphasic systems for many years. This chemical was demonstrated to
activate the setting reaction, which provided the calcium-deficient hydroxyapatite (CD-
HA) precipitation as a final product of cement (Femnandez, 1994). To reach the
properties of calcium phosphate cement for clinical requirements, this study was
examined the optimal condition from the range of PAA and Na,HPO, mixtures,
incorporated with this calcium phosphate cement based on O-TCP with other

precursors. This formula consisted of B—TCP content for improving the biodegradability
after setting as converted to HA and B—TCP for the biphasic calcium phosphate
cement. From the previous result, the complete setting reaction has reached to be
biphasic calcium phosphate (B-TCP+ HA) after 3 months (Rattanachan, 2020). However,
the multiple phases had still found including O-TCP, DCPA, B—TCP, calcium carbonate
(CaCOs), and precipitated hydroxyapatite (PHA) as the residuals from the starting

powder after the cement setting for 7 days.

5.2 Experimental procedure
5.2.1 Cement liquid preparation
The liquid phase of cement was the mixture of PAA (M,, = 100,000, Sigma
Aldrich) and Na,HPO, (Merck) at various concentration, as shown in Table 5.1. The 10
w/W% PAA solution was mixed with 1M Na,HPO, for 10 min using magnetic stirrer, the
mixed solutions were stored at room temperature. The pH value of the solution was

measured by using an electrolyte-type pH meter (Denver pH/mV/Temp. Meter, UB-10).
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Table 5.1 The mixture of cements liquid comprising of the different ratio of PAA and

Na,HPOq
Liquid(%v/v)
Conditions pH value
10%w/w PAA 1M Na,HPO,
OPAA 0 100 8.87
10PAA 10 90 7.38
20PAA 20 80 6.70
30PAA 30 70 6.34
40PAA 40 60 5.78
50PAA 50 50 533

5.2.2 Preparation of cements

The cement powder consisted of two main components, B—TCP/apatite
at a weight ratio of 1:5. The apatite component consisted of 62.5 wt.% O-TCP, 26.8
wt.% DCPA, 8.9 wt.% CaCO;, and 1.8 wt.% precipitated hydroxyapatite (PHA), as
followed the topic 3.2.3.1 of Chapter lll. The cement powder was homogenously mixed
with cement liquid (Table 5.1). In this work, the L/P ratios of 0.35-0.4 were suitable to
handle this cement. Thus, the setting time and compressive strength were evaluated
for the L/P ratio in the range of 0.35 and 0.4. The cement pastes were packed into the
cylindrical mold size diameter of 6mm and height of 12 mm for compressive strength
testing. Another set of samples was prepared in the same size of mold, followed by
cutting for 3 pieces (6 mm diameter, 4mm height) for bioactivity and pH measurement.
All samples were incubated at 37 °C under 100% humidity for 24 h before the test
mentioned above, to avoid some incomplete reaction of the sample before soaking in

simulated body fluid (SBF).
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5.2.3 Properties testing and characterization of cement
Setting time, phase composition (XRD, Rietveld refinement), FT-IR,
compressive strength, and bioactivity of cement were performed using the same
protocol as followed topic 3.2 of Chapter lll. The pH measurement was tested in
accordance with topic 4.2.2.3 of Chapter IV.
5.2.4 Cell viability
The cement powder was sterilized by dry heat sterilization at 121 °C for
10 h. The cement liquid was sterile by membrane filtration (0.22 pm sterile filter). The
specimens were molded into the cylindrical shape with a diameter of 2 mm and 12
mm in height. After 30 min, the sample were immersed in culture medium consisting
of 44 v/v% Dulbecco’s Modified Eagle Medium (DMEM (1X) from Invitrigen, USA), 44
v/v% F-12 Nutrient mixture (HAM form Invitrigen, USA), 10 v/v% Fetal Bovine Serum
(FBS from Invitrigen, USA) 1 v/v% L-glutamine and 1 v/v% Penicillin streptomycin
(Invitrigen, USA) for 7 days, the medium solution was changed every day. The
precondition medium at 1, 2 and 7 days was collected, and stored in the fridge at 4
°C for subsequent experiment including cell viability by MTS assay. The standard

surface area to exact liquid volume ratio conditions were fixed at 1.25 cm?/ml. The

biphasic granules (60 wt.% HA and 40 wt.% B—TCP) from the commercial (KYERON,
Netherlands) was used to compare in this study, the ratio of extract medium was 0.1
g/ml, followed ISO 10993. NIH/3T3 fibroblast cell line (NIH 3T3) was used as cell model
for checking the cytotoxicity of the cement samples. NIH 3T3 fibroblast cell with 3x10°
cells were seeded into each well of 96-well plate and cultured in 37 °C, 5% CO,
incubator for 24 h. The culture medium was removed and replaced with 100 pl
precondition medium from each cement samples, then cultured in 37 °C, 5% CO,
incubator for another 24 h. After incubation for 24 h, 20 ul MTS solution (The CellTiter
96® AQueous One Solution Cell Proliferation Assay, Promega) was added into each
well of the 96-well assay plate containing 100 pl precondition medium and then
incubated in 37 °C 5% CO, for 2 h. The optical density value at the absorbance of 490
nm was measured. The results were compared with the control medium. The
percentage of cell viability was measured according to the equation 5.1, as shown

below
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0.D value (exact of tested sample)

% cell viability = 10 >
° CER VISP =5 D value of control (Control medium) -

5.2.5 Statistical analysis
GraphPad Prism 8 was used to investigate the results presented as mean
+ standard deviation. The statistical comparisons of Setting time, Compressive strength,
and Cell viability were performed by Two-way ANOVA coupled with Tukey’s multiple
comparison test. All results were statistically considered with the confidence interval

of p < 0.05.

5.3 Result and discussion
5.3.1 Phase composition
In order to examine the effect of PAA doping on the reaction and phase
composition of this cement, the X-ray diffraction was used to observe, as shown in
Figure 5.1 and 5.2. The XRD patterns from the results corresponded to the data sheet
number 09-0432 (HA), 09-0169 (B—TCP), 09-0348 and 29-0359 (Q-TCP), 70-0359 (DCPA),
and 47-1743 (CaCOs;) of the powder diffraction standards. After the compressive
strength testing, the broken samples were finely ground before analysis. XRD analysis
indicated that some of the O-TCP phase converted to hydroxyapatite phase but some
of the other phases in the starting powder had remained after immersion in SBF
solution for 1 week. At 0-40 v/v% PAA, the reaction of hydroxyapatite formation still
occurred but there was no change at 50 v/v% PAA, as compared with the dried starting
precursors.
In this work, the cement incorporated with PAA could convert most of Q-
TCP to hydroxyapatite after 1 week. This was compared with the starting powder.
Moreover, the XRD peak of cements was estimated quantitatively by Rietveld
refinement (Figure 5.3). In preliminary study, we found that the XRD result (Figure 5.1)
showed poor phase conversion from O-TCP to CD-HA after 7 days of immersion for
samples including 60-100PAA. Therefore, the concentration of PAA in range of 0-50

v/v% was selected to investigate in the further experiment, as shown in Figure 5.2. The
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result presented the phase transformation of O-TCP powder converted to
hydroxyapatite after the sample was immersed in SBF solution for 1 week. Figures 5.1
and 5.2 show that there were no significant differences from 0-40 v/v% PAA which
confirmed the transformation of the sample to hydroxyapatite. In contrast, the amount
of hydroxyapatite was dramatically lower at 50 v/v% PAA, which was similar with that

of the starting cement powder.
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Figure 5.1 XRD patterns of the bone cement containing of the different PAA

contents (0-100PAA) at 0.35 L/P ratio after soaking in SBF solution for 7
days.
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Figure 5.2 XRD patterns of the bone cement containing of the different PAA
contents (0-50PAA) at 0.35 L/P ratio after soaking in SBF solution for 7

days.
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Figure 5.3  Percentage of Phase composition after immersion of cement (0.35 L/P

ratio) in SBF solution for 7 days using Rietveld refinement analysis.

5.3.2 Chemical functional group analysis
From XRD pattern of the phase composition of cement after soaking in
SBF for 1 week, the results indicated some important feature of cement interaction

with the addition of PAA. However, this cement system required more essential
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evidence to confirm the reaction between the precursor and the PAA. After XRD
analysis was completed, the fine ground cement powder was analysed using FT-IR.
Figure 5.4 and 5.5 display the FT-IR spectra of cement at 0.35 L/P ratio after soaking in
SBF solution for 7 days. From the previous study (Kolmas, 2015), the researcher
revealed the peaks of standard QI-TCP powder at 548, 581, 1024, and 1036 cm’l etc.
Since the spectra of 50PAA cement showed at the bands of 550, 580, 1025, and 1037
cm?, the FT-IR peaks of 50PAA could be considered as similar to the starting powder
and indicated as the remaining O-TCP. In contrast, the visible bands of hydroxyapatite
formation were found at 0-40 v/v9% PAA. The 50 v/v% PAA displayed the more intense
peak of calcium polyacrylate band at about 1568 cm™ than that of other cement
conditions which were observed. This related to the result in (Watson, 1999).

The reaction of PAA in the apatite cement (TTCP/DCPA) (Majekodunmi,
2003) has been reported via both neutralization and chelation reaction, this is similar
to glass ionomer or zinc polycarboxylate cements. The neutralization occurred by the
dissociation of the hydrogen ions from polyacrylic acid which react with the calcium
phosphate starting powder, thus enhancing the dissolution, and releasing calcium ions.
These are followed by cross linking reaction resulting in the formation of a poly acrylate
network. In the previous works (Verma, 2006, Shen, 2011), the peak at 1567 and 1580
cm™ were assigned to the symmetric stretching vibration modes of protonated
carboxylate groups, showing the reaction between COO' of PAA and Ca?* of
hydroxyapatite particle. This could be attributed to the crosslink reaction between Ca%
and COO™ in the cement of 0-50 v/v% PAA around 1568 cm™ in this work. This could
be proved that there was some amount of crosslink reaction in the cement at 0-50
v/v% PAA. Nevertheless, the researcher (Chen, 2012) reported that calcium carboxylate
salt appeared at the peak 1570 cm™ in apatite cement based on the TTCP/HA system.
This peak distinctly indicated the reaction between TTCP and PAA, which it partially
converted to HA after it was stored in 100% humidity at 37 °C for 7 days.
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Figure 5.4 FT-IR patterns of the bone cement containing of the different PAA
contents at 0.35 L/P ratio.

Calcium polyacrylate: 1568,COO™

Transmittance (%)

: : : : : : :
1600 1580 1560 1540 1520 1500
Wave number (cm™)

Figure 5.5 Enlarge FT-IR patterns of the bone cement containing of the different PAA
contents for wavelength of 1500-1600 cm™.
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5.3.3 Setting time measurement

The results determined that the addition of PAA significantly influenced
the initial and final setting time of this cement system, as shown in Figure 5.6. 10 w/w%
PAA was mixed with 1M Na,HPQO, at different concentrations, represented as a liquid
phase. The higher concentration of PAA aqueous solution reduced the pH value of
cement liquid, as shown in Table 5.1. The setting time trended to decrease with the
increasing of PAA at the ratio of 0-30 v/v%. However, it slightly increased at 40 v/v%
and finally decreased again at 50 v/v%. This trend appeared at both initial and final
setting in two different L/P ratios of 0.35 and 0.4 ml/g, respectively.

The setting reaction of cement was the dissolution of Q-TCP reacted with
both the aqueous solution of PAA and Na,HPO,. The cement powder released Ca®*
and PO,> ions during the dissolution. Those ions from the starting powders would
combine with PO,> ions from Na,HPO,, followed by the nucleation of crystal as the
cement hardened (Burguera, 2006). The Na,HPO, was a common ion effect reagent for
the faster setting time in the early hardening stage (Fernandez, 1994, Khairoun, 1997),
but it could slightly lower the strength compared with the cement using the solution
without the accelerator (Ginebra, 1994). However, the transformation of HA in the
apatite cement based on Q-TCP cement has been explained in the following hydrolysis

reaction (Yubao, 1997), as presented in equations (5.2-5.5).

30-Cas(POy), — 9Ca?* + 6PO,> (5.2)
H,O-—> H" + OH (5.3)
H* + PO,> — HPO,* (5.4)
301-Cas(POy), + H,O —> Cag(HPOL)(PO,)s(OH) (5.5)

Furthermore, the surface of the precursor could react with the COO
functional group of PAA to form the cross-linking reaction. Khashaba et al. (Khashaba,

2010) revealed the setting reaction between cement powder and carboxylic group (P-
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COOH). In this similar aspect, it could be assumed in the following equations (5.6-5.7)
where P-COOH represents PAA.

P-COOH — P-COO™ + H* (5.6)

2P-COO" + Ca** — P-CO0O-Ca-COO-H (5.7)

Equation 5.7 shows that the functional group of PAA reacted with Ca®*
from the starting powder. The higher concentration of COO™ would interact with
released Ca®* from the Equation 5.2. This feature could reduce the HA conversion.
Moreover, the increasing of PAA concentration in the liquid phase appeared more
acidic which was measured in Tablel. According to the solubility diagram of calcium
orthophosphate or calcium phosphate salt (Chow, 2001), the lower pH of cement
liquid could affect the dissolution of cement powder. The setting reaction of apatite
cement was started from the hydrolysis of Q-TCP powder, which provided Ca®* and
PO,> ions, as shown in Figure 5.7. The intense ions led to the faster precipitation of
HA, showing in terms of a faster setting time. This study was similar to the previous
work. Watanabe et al. (Watanabe, 2005) studied the addition of PAA aqueous solution

with various concentrations from 10-25 wt.% into cement based on Q-TCP compared

with TTCP. They showed that the setting times of cement based on QI-TCP decreased
with increasing PAA concentration from 10-25%. Their findings are relevant to the
results of this study that showed a decreased setting time of PAA (10-50 v/v%)
incorporated cement. At 10-30 v/v% PAA concentration, they could facilitate the
particle distribution in the cement paste during the setting reaction. However, the
higher concentration of PAA (40-50v/v%) could increase the viscosity of liquid. This
higher viscosity could possibly result in the lower mobility of Ca®" ions dissolved in
solution (Majekodunmi and Deb, 2007). This lower mobility of ions could be attributed
to poor solubility. Consequently, the setting times of 40 and 50 v/v% PAA were slightly
higher than 30 v/v% due to the lower solubility of starting powder. Herein, 30 v/v%
PAA was an optimum concentration, showing a shortest setting time with respect to

other conditions.
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Figure 5.6 The relationship between the setting time of bone cement with the
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5.3.4 Compressive strength

Figsure 5.8 displays the results of the mean compressive strength of
sample cements at different concentrations of PAA aqueous solution in the liquid
phase mixture. The cement liquid was blended with cement powder in L/P ratio of
0.35 and 0.4 ml/g, respectively. There was no significant difference in compressive
strength at 0, 10, 20 v/v% PAA. The highest compressive strength in this experiment
was found at 30 v/v% PAA, then decreased at 40, and 50 v/v% PAA, respectively. At
30 v/v% PAA, the compressive strength of both L/P ratios of 0.35 and 0.4 ml/¢g (40.3 +
5.9 MPa, 36.4 + 4.3 MPa) were significantly higher than that of other concentrations.
This ratio (30 v/v% PAA) was revealed to be the optimum point of these two reagents
combined in cement liquid, which provided the higher compressive strength in this
cement system.

There are various parameters to improve compressive strength of calcium
phosphate cement, such as composition of cements, additives, particle sizes, liquid to
powder ratio (L/P), (Zhang, 2014) etc. In this study, the GraphPad Prism 8 was used to
determine statistically the main effect of each parameter on the samples, the
performance of the concentration ratio of PAA in liquid phase and the two different
L/P ratios on this calcium phosphate cement system were investigated. Both
parameters were significant factors (P < 0.05), which influenced the compressive
strength of the sample. However, the most significant parameter was PAA
concentration (P-value is 0.001), as compared with L/P ratio (P-value is 0.0027).

The trend in these results was similar to some conditions of
(Majekodunmi and Deb, 2007), which reported that the crosslinking reaction of this
cement improved the compressive strength by adding 20 w/v% PAA, resulting the best
condition. Kodera et al. (Kodera, 2005) also presented that the addition of PAA into
cement could improve the compressive strength. They reported that polyacrylic acid
would ionize in the solution and then produced positive and negative ions that
neutralized the charges presenting on the surface of O-TCP particles. This aspect is

related to the reaction between PAA and O-TCP powder (Figure 5.7), which could
enhance compressive strength by crosslink reaction in this current work. However, the

addition of PAA at 40 and 50 v/v% in the liquid solution reduced the compressive
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strength due to the excessive concentration of PAA which interrupted the setting

reaction. In these cases, the PAA would encapsulate the insoluble Q-TCP particles.
This feature could relate to a reduction in the release of Ca ions, forming less of the
crosslinking reaction between the boundary of each particle.

Besides enhancing the mechanical properties reported from another
work, the brittle/ductile property was also adjusted by the addition of PAA
incorporated with tartaric acid into apatite cement (TTCP/DCPA system) (Chen, 2008).
The researcher reported that PAA was added to 25 wt% causing a dramatic change of
compressive strength as compared with the lower concentrations (5 wt%, and 11 wt%
PAA). However, the desired final product of apatite cement was also inhibited by PAA
blocking the acid-based reaction of TTCP/DCPA starting powder.
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Figure 5.8 Compressive strength of the bone cement containing of the different PAA
contents with L/P ratio of 0.35 and 0.4 ml/g Mean + SD, n = 9 replicates.
(**p < 0.01 and ****p < 0.0001).

5.3.5 pH measurement and in vitro bioactivity
The pH changes of SBF after soaking the bone cement samples as shown
in Figure 5.9 indicated that the pH in the range of 7.33-7.46 provided for
biocompatibility. The pH change was similar among all sample conditions. After the
samples soaking in SBF with the initial pH of about 7.39, the pH of 0-50PAA samples
slightly rose up to approximately 7.44 - 7.47 after 12 h and dropped to around 7.32 -
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7.36 at 24 h. The pH range eventually reached to neutral range of 7.35 - 7.39 after 72
h.

The pH change in this study was similar to the previous works (Oliveira,
2015), in which they reported that the increase in pH resulted in the supersaturation
of SBF solution. This aspect could provide the precipitation of an HA-like layer on the
surface of the sample, as shown in Figure 5.10.

The deposition of the HA layer on the surface of materials has been
monitored as evidence of bioactivity after soaking the sample in SBF solution for
different periods of time (Morejon-Alonso, 2012). Figure 5.10 presents the SEM
micrographs of the sample surface after immersion in SBF at 0 and 7 days. Before
immersion in SBF, the samples of all conditions presented no appearance of any tiny
particles precipitation as shown in Figure 5.10 (a-f). In contrast, the needle-like particles
were seemingly presented on the sample surfaces of 0-30PAA (Figure 5.10 (g-))) after
immersion for 7 days while there were no needle-like particle formations on the
surface of 40-50PAA samples as presented in Figure 5.10 (k-l). Furthermore, the SEM
results could be supported by EDS analysis on sample surface after immersion for
7days as shown in Table 5.2. From EDS result at day 0, the Ca/P ratio was not
significantly different for all samples. After soaking in SBF for 7 days, the Ca/P ratio on
the sample surface of 0-30PAA was 1.55-1.69. In addition, these Ca/P ratios of sample
surface (0-30PAA) were higher than that of the set cement (0-50PAA) in the range of
1.40-1.47 according to the phase compositions result in Figure 5.3. It can be indicated
that CD-HA was precipitated on the 0-30PAA sample surface after soaking in SBF for 7
days. Besides, the Ca/P ratio of 40-50PAA showed no significant difference between 0
and 7 days. This could be considered that the CD-HA particles precipitated on the
sample surface of 0-30PAA after soaking in SBF for 7 days.

The addition of PAA to cement has significantly influenced on the setting
reaction, compressive strength, and bioactivity, as shown in Figure 5.11. The setting
time reduced due to the higher dissolution of O-TCP in the solution with a lower pH.
Nonetheless, the setting time can slightly increase if the PAA concentration is too high,
as described above. The PAA also interacted with the starting powder which formed

the crosslink reaction, increasing the compressive strength. However, the strength
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could also decrease if the amount of PAA is immoderate. Furthermore, this could
reduce and interfere with the HA phase transformation because the surface of starting
powder was covered by PAA, leaving more unreacted powder in the sample.
Nevertheless, the increasing of PAA appeared to reduce the bioactivity because less
HA crystals were detected on the surface of the cement. As a result, the surface of
the sample was not able to release and exchange ions in the SBF solution in order to
establish HA crystals on the sample. Therefore, the dissolution of the sample would
control the exchange of ions, causing more or less of apatite crystal deposition on the

material surface (Lu, 2018).
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Figure 5.9  pH change of SBF in a period of time after immersion of bone cement

samples with the different of PAA contents.
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Figure 5.10 SEM micrographs of the surface of the bone cements with different PAA
concentrations from 0-50 v/v%, (a) OPAA, (b) 10PAA, (c) 20PAA, (d) 30PAA,
(e) 40PAA, (f) 50PAA as prepared before soaking in SBF (day0). Sample
surface of (g) OPAA, (h) 10PAA, (i) 20PAA, (j) 30PAA, (k) 40PAA, (1) 50PAA
soaked in SBF for 7 days.
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Table 5.2 EDS analysis of Ca/P mole ratio of sample surface at 0, 7 days of immersion.

Cement condition Ca/P ratio
Day 0 Day 7
OPAA 1.40 = 0.05 1.69 + 0.12
10PAA 1.46 + 0.03 1.65 + 0.01
20PAA 1.32 £ 0.03 1.64 + 0.06
30PAA 1.41 + 0.03 1.55 £ 0.02
40PAA 1.41 + 0.03 1.48 + 0.06
50PAA 1.39 + 0.00 1.38 + 0.00
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5.3.6 Cell viability

Firstly, the cement powder and liquid were sterilized as described in the
method, then the discs were freshly prepared in the sterilized cabinet. The samples
were soaked in the culture medium for 7 days, during which the medium was collected
and replaced with fresh medium every day. The extracted medium was collected
carefully using a filter in order to avoid transferring some small pieces of broken sample
into the medium. In addition, the extracted medium at 1, 2 and 7 days were used to
culture cells in 96-well plate. After 24 h of cells incubation with the extracted medium,
the cell viability was performed by MTS solution, which resulted in the O.D. value. The
percentage of cell viability was calculated using Eq.1. The results in Figure 5.12 show
that all of the samples displayed a wide range of cell viability values at day 1. The
percentage of cell viability of all samples were significantly different at P value <
0.0001. The cell viability increased in order from 0 v/v% PAA (31.3 + 2.4%), 30 v/v%
PAA cement (87.1 + 4.5%) to biphasic granule commercial (108.4 + 6.6%), respectively.
It was found that the cell viability of both samples, 30 v/v% PAA cement and biphasic
granule commercial were apparently higher than that of cement without PAA. It
displayed no significant difference on day 2. Nonetheless, the cell viability percentage
on day 7 appeared significantly greater in the 30 v/v% PAA sample than that of the
biphasic granule.

The various procedures of sample preparation have been demonstrated
for the in vitro testing. The researcher (Xu, 2007) soaked the specimen in fresh medium
overnight and replaced it with new medium before analysis. Horiuchi et al. stored the
sample under 100% humidity, then sterilized the samples by autoclave before testing,
where the steam rinsed any residue that could affect the cell (Horiuchi, 2014). Some
research also reported that the cement was cured for 3 days before cell culture testing
to inhibit the unexpected releasing of ions from the materials (Lode, 2017). In this
study, all samples have been freshly prepared without soaking in 100% humidity or
other solutions prior to testing with cells. This procedure aimed to mimic real life use
of these cements in the operation. In some research, the samples were prepared
according to different procedures prior to cell culture testing. This was possibly in order

to prevent the release of undesired toxic ions in the medium. In addition, these sample
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preparations could have provided results with a high value of cell viability. In different
circumstances, the result in the early stage could have affected the cell viability, as
shown in the condition OPAA at day1 in this study.

In this work, the cement samples of OPAA and 30PAA were selected to
investigate for biocompatibility. At day 1 of testing, 30 v/v% PAA presented as a non-
toxic material whereas 0 v/v% PAA presented toxic in accordance with the criteria of
cytotoxicity index as followed the ref. (Szymonowicz, 2017). The cell viability of OPAA
cement at day 1 was lower than 70% indicating toxic according to the cytotoxicity
index. It can be due to high alkaline of Na,HPO, at pH 8.87, resulting in severity of
setting reaction at 1 day. However, the cell viability after 2 days of incubation was
increased as similar to a control medium. At day 2 of testing, each condition presented
a similar trend to nontoxic material (Higher than 70%). Nevertheless, the biphasic
commercial material provided a higher value than that of other conditions, but
reduced slightly at 2 and 7 days, respectively. This could be evidence that the cement
in this study (30PAA) would be a promising material for using in bone fixation, which

could be tested in vitro and in vivo in the future.
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Figure 5.12  Cell viability of NIH 3T3 fibroblast cells after culturing with precondition
medium of each samples including OPAA, 30PAA, and biphasic granule
from days 1, 2 and 7. Mean + SD, n = 3 replicates. (NS = no significance,

*5 < 0.05, and ****p < 0.0001).
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5.4  Conclusions

This work has demonstrated that the new mixture of PAA and Na,HPO, liquid
for the calcium phosphate cement dramatically affected their properties for bone
cement. 30 v/v% PAA addition in the liquid mixture presented as a crucial
concentration for improving of the mechanical properties of this cement. Among the
L/P ratio of 0.35 and 0.40, a L/P ratio of 0.35 met the shortest setting time and highest
compressive strength. In addition, the pH slightly changed in range of the neutral level
for 72 h of sample immersion. The concentration of PAA in the liquid influenced on
the bioactivity, which reduced the HA deposition on the surface of sample for more
than 40 v/v% PAA concentration. Surprisingly, 30 v/v% PAA added cement displayed
excellent cell viability result at the first day and better result at 7 days as compared
with the biphasic granule commercial. Despite the addition of PAA could inhibit the
phase transformation from O-TCP to HA, this study explored the appropriate ratio of
30 v/v% PAA and 70 v/v% Na,HPO, liquid mixture for enhancing compressive strength
and cell viability, while the phase transformation had still maintained for bioactivity.
This polymeric/calcium phosphate composite cement performed as non-toxic material
resulting high cell viability. The cement in this study could be compromised as a bone
substitution material for tissue engineering, which would be investigated more in vitro

and in vivo in future work.



CHAPTER VI
EFFECT OF NANO-BIOACTIVE GLASS ON POLYMERIC APATITE/B—
TCP CEMENT

Apatite/Tricalcium phosphate composite cement composed with polyacrylic
acid (PAA-apatite/TCP) has previously been reported to be a great promise for
orthopedic applications. However, it was investigated that PAA could inhibit apatite
phase conversion and result in poor bioactivity. To improve those limitations, PAA-
apatite/TCP cement modified with the bioactive glass nanoparticle (0 to 1.5 wt.%) was
investigated for physical properties, phase formation after setting and bioactivity. In
addition, human Adipose-derived Stem/Stromal cells (hASCs), which were isolated
from human adipose tissue and represent a widely implemented cell type for tissue
engineering applications, were selected to determine their biological response to the
bioactive glass modified PAA-apatite/TCP cement. The results indicated that the PAA-
apatite/TCP cement added with bioactive glass cement decreased setting time and
enhanced apatite phase transformation and bioactivity, as compared with the control
cement. For in vitro testing, hASCs viability, proliferation, and differentiation potential
were assessed under two cell culture conditions. In details, cells were either cultured
with cement-preconditioned medium (indirect setting) or with cement (direct setting).
The indirect culture presented a lower proliferation rate as compared with the control
medium. In contrast, the result of direct culture indicated a higher proliferation rate
on both control cement and 1 wt.% bioactive glass incorporated cement, as compared
with coverslip control. Moreover, the increase in Alkaline Phosphatase activity
following osteogenic stimuli indicated that both cements supported osteogenic
commitment. In conclusion, these in vitro data lay the basis for a deeper investigation
of 1 wt.% bioactive glass incorporated cement as a promising formula for clinical

applications in bone engineering and orthopedic.
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6.1 Research background, rationale, and significance

In the early 1980s, the self-setting calcium phosphate cements (CPCs)
consisting of tetracalcium phosphate (TTCP) and dicalcium phosphate anhydrous
(DCPA)/or dicalcium phosphate dihydrate (DCPD) discovered by Brown and Chow
(Brown and Chow, 1983, Brown, 1987) and Legeros et al. (Legeros, 1982). Later, the
CPCs have become promising materials in a wide variety of medical applications and
bone engineering (Xu, 2017) due to their excellent bioactivity and biocompatibility
(Ginebra, 2012). Although the CPCs present several useful biological properties, the
improvement of their limited biodegradability and mechanical properties is still
required (Habraken, 2016). This cement can be divided into two types of end-products:
hydroxyapatite (HA) or calcium deficient hydroxyapatite (CD-HA, apatite cement) and
dicalcium phosphate dihydrate (DCPD, brushite cement). It was noted that the
degradation rate of apatite cement was slower than that of brushite cement (Gisep,
2003). Afterward, the biphasic cement concept (apatite/beta-tricalcium phosphate) has
been considered for enhancing biodegradability due to the high dissolution of beta-

tricalcium phosphate (B—TCP) by cells via an acid-release mediated process (Daculsi,

1998). According to the cement formula in the current work, B—TCP was added to the
cement to improve its biodegradability. In previous works (Gallinetti, 2014,
Sariibrahimoglu, 2014, Srakaew and Rattanachan, 2014), it was found that the addition
of B—TCP into apatite cement could provide a higher degradation rate, though leading
to a decrease in compressive strength. However, the mechanical properties could be
improved by numerous factors such as the addition of polymers, and the decrease in
porosity or liquid to powder ratio (Dorozhkin, 2008). Previous works (Majekodunmi,
2003, Majekodunmi and Deb, 2007) investigated the improvement of apatite cement
with the addition of polyacrylic acid (PAA). In addition, the biocompatibility of PAA
incorporated apatite cement was also proved to reduce the inflammatory responses

in vivo (Khashaba, 2010). In the previous work (Thaitalay, 2021), the compressive

strength of apatite/B—TCP cement was increased with the addition of PAA aqueous
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solution. Consequently, the higher concentration of PAA significantly decreased HA
phase conversion and bioactivity of cement.

Bioactive glass (BG) has revealed excellent bioactive and biocompatible
properties in both in vitro and in vivo testing (Hoppe, 2011). In addition, the integration
of BG in CPCs and its good biological performance have been previously described
(Renno, 2013, Sadiasa, 2014, Lee, 2016). Nonetheless, Stulajterova et al. (Stulajterova,
2017) have investigated the responses of rat primary Mesenchymal Stem/Stromal cells
(rMSCs) on 45S5-BG incorporated apatite cement and they observed a reduced cell
viability and proliferation when the BG content was increased of 7.5-15 wt.%. They
reported that increased cytotoxicity of cement with a higher BG content was induced
by toxicity of culture media following ion release or a pH change. Some researchers
also reported that the addition of mesoporous BG into the apatite cement enhanced
the growth factor delivery (Schumacher, 2017), and protein absorption ability (El-Figi,
2015), which could be due to the high surface area of BG. In this view, the influence
of mesoporous BG/CPCs composite loaded with growth factor (rhBMP-2) on bone
marrow MSCs (BMSCs) was examined (Li, 2015), demonstrating the induction of
osteogenic differentiation in vitro, and the increase in osteointegration in vivo.

Although BMSCs have been the most commonly studied MSCs for tissue repair
and/or regeneration, they hold some limitations, such as the low cell yield and the
donor site morbidity linked to bone marrow harvesting procedure (Lindroos, 2011).
Human adipose-derived stem/stromal cells (hASCs) represent a good alternative MSCs
type for tissue engineering since they are abundantly and easily isolated from adipose
tissue with a minor donor discomfort (Baer and Geiger, 2012, Canciani, 2016).
Additionally, hASCs can self-renew and differentiate into several cell types, including
osteoblast-like cells (Dai, 2016). Afterward, the studies of hASCs responses on various
biomaterials have become promising for a large number of clinical applications due to
their multipotential differentiation capacity (Liu, 2021). It was reported that hASCs
growth and differentiation could be promoted both in vitro and in vivo by polymer/BG

scaffold (Lu, 2014). In addition, some researchers have presented hASCs responses on



95

CPCs, resulting in the enhanced differentiation of hASCs on brushite/PLGA fiber cement
(Kunisch, 2019) and apatite/pectin cement (Zhao, 2016). Corsetti et al. (CORSETTI, 2017)
reported that rat ASCs-loaded QI-TCP scaffold significantly increased bone repair in a
rat model testing, as compared with the control Q-TCP scaffold without ASCs.

In this current work, the BG nanosphere with porous structure was added into
the PAA—apatite/B—TCP cement for improving physical and biological properties. It was
noted that the glass formula and type influenced the dissolution rate of BG involved
with the HA layer precipitation for new bone formation (Jones, 2013). Furthermore, the
nano-size (Lei, 2012) and spherical shape of the particle (Lei, 2011) could affect the
biocompatibility, resulting in more viable cells. In previous studies (Yan, 2006, Phetnin,
2020), the mesoporous (80Si0,-15Ca0-5P,05) ¢glass showed excellent bioactivity and
biocompatibility. In addition, the mesoporous BG showed a higher specific surface area,
as compared with the standard BG (Yan, 2005). The mesoporous BG with a higher
specific surface area could also enhance the apatite-like formation, presenting superior
bioactivity (Yan, 2004). Therefore, present work aimed to evaluate the influence of the
incorporation of developed porous BG nanospheres (80SiO,-15Ca0-5P,05) into PAA-
apatite/B—TCP cement on hASCs responses, such as cell viability, proliferation, and
differentiation potential. In addition, here the in vitro testing was performed under
different environmental conditions (direct and indirect cell culture). Both hASCs
responses on cement and the surrounding environment of the sample (Conditioned

medium) have been monitored and investigated.

6.2 Experimental procedure
6.2.1 Preparation of nano-bioactive glass
The nano-bioactive glass (n-BG) based on 80SiO, -15Ca0 -5P,05 system
(Phetnin and Rattanachan, 2015) was prepared by the the wet chemical process in
accordance with the previous study (Hu, 2014). Briefly, 0.598 ¢ Cetyltrimethyl-
ammonium Bromide (CTAB, Sigma-Aldrich) was dissolved in the mixture of 330 ml

deionized water and 156 ml absolute ethanol (EtOH, Carlo Erba reagents). 5 ml
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ammonia solution (30% NHs in water, Carlo Erba reagents) was added to the solution.
Then, 12.5 ml tetraethyl orthosilicate (TEOS, Acros), triethylphosphate (TEP, Acros), and
2.5 g calcium nitrate tetrahydrate (CN, Kemaus) were added to the solution under
stirring for 3 h, respectively. The obtained white precipitated particle was calcined at
650 °C for 3 h. The morphology of the n-BG was observed by scanning electron
microscope (SEM, Carl Zeiss: Auriga, Germany) and Transmission electron microscope
(TEM, FEI/TecnaiG2 20S-TWIN). The particle size distribution of n-BG was determined
by counting partial size in SEM images using ImageJ software (NIH, USA). The average
particle size of n-BG was calculated from the number of particles (~900 particles), and

reported as the mean value + standard deviation. The phase identification of n-BG was

analysed using X-ray diffraction (XRD Bruker/D2-phaser) in the range of 20 from 10 to
60, and in the increments of 0.02.
6.2.2 Preparation of cement

The cement powder was prepared consisting of two main components
of apatite and B—TCP (Sigma-Aldrich) with a weight ratio of 5:1. The apatite content
consisted of 62.5 wt.% Q-TCP, 26.8 wt.% DCPA (Sigma-Aldrich), 8.9 wt.% CaCO; (Carlo
Erba reagents), 1.8 wt.% precipitated hydroxyapatite (PHA), and 1 wt.% chitosan fiber
(G.T.C. Union group), as explained in previous work (Rattanachan, 2020). O-TCP (6+0.13
pum) and PHA (12+1.5um) powder were in-house synthesized by precipitation method.
Afterward, the different concentration of n-BG (0.5, 1.0, 1.5 wt.%) was added to the
cement powder. The cement liquid consisted of 1M disodium hydrogen phosphate
(Na,HPO4, Merk) and 10 wt./wt.% PAA (Sigma-Aldrich) in a volume ratio of 3:1, as
reported in the previous work (Thaitalay, 2021). The sample was prepared by mixing
the cement powder and liquid with a liquid to powder ratio (L/P ratio) of 0.35 ml/g,
following the topic 3.2.3.1 of Chapter Ill. Afterward, cement samples containing
different n-BG concentrations were indicated as CPC, CPC/0.5BG, CPC/1.0BG, and
CPC/1.5BG, respectively.
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6.2.3 Properties testing and characterization of cement
Setting time, phase composition (XRD, Rietveld refinement), mechanical
properties (compressive strength and young's modulus), and morphology (bioactivity,
fracture surface) of cement were investigated using the same procedure as discussed
in Chapter Ill (Topic 3.2).
6.2.4 In vitro testing
6.2.4.1 hASCs and culture conditions
Human waste tissues were collected from the surgery room
following the procedure PQ 7.5.125 approved by IRCCS Istituto Ortopedico Galeazzi
institutional review board. Prior to donation, all patients provided written informed
consent. For in vitro testing, the hASCs were derived from subcutaneous adipose tissue
of two female donors (mean age 58+2 years) after written consent. The cells were
cultured in complete medium consisting of high glucose Dulbecco's Modified Eagle
Medium (Sigma Aldrich) supplemented with 10% Fetal Bovine Serum, 2 mM L-
glutamine, 50 U/ml penicillin, 50 pg/ml streptomycin at 5% CO, and 37 °C in the
absence of any osteogenic stimuli (therefore, herein this medium is indicated as ‘-OS
medium’).
hASCs behaviour on cement and in the presence of cement-
conditioned medium was determined. The cell response to culture condition was
investigated in two different environments (Direct and Indirect culture), as shown in

Figure 6.1.
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Figure 6.1 Schematic drawing illustrating the procedure of two different hASCs

culture conditions (Indirect and Direct culture).

6.2.4.2 Indirect cell culture

Prior to testing, the cement powder was sterilized by dry heat
sterilization at 121 °C for 10 h. The cement liquid was sterilized by membrane filtration
using a 0.22 um sterile filter. For both indirect and direct culture, the cement discs
were fabricated with a diameter of 2 mm and a height of 12 mm. As shown in Figure
6.1, cement discs were incubated in 1ml complete medium overnight to rinse debris
and equilibrate the samples before testing. In the next day, 5x10° cells suspended in
500 pl complete medium were seeded into a 24-well tissue culture plate and allowed
to attach on the plate overnight. Meanwhile, the medium soaked samples were
collected and replaced with the new 500 pul complete and osteogenic medium every
2-3 days. The collected media was used as a conditioned medium for each cement
condition. The osteogenic medium consisted of -OS medium supplemented with 0.15
mM Ascorbic acid, 0.01 yM Dexamethasone, 10 mM B—glycerophosphate, and 10 nM

Vitamin D as osteogenic stimuli and is therefore indicated as +OS medium. The
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medium soaked with cells in tissue plate was replaced every 2-3 days by the
conditioned medium of each cement condition.
6.2.4.3 Direct cell culture
As presented in Figure 6.1, the cement discs were incubated in
1ml -OS medium overnight prior to cell seeding. 1x10* cells suspended in 15 pl -OS
medium was seeded onto the cement discs and allowed to attach for 15 min. The
glass coverslip was used as the control condition. The fresh -OS and +OS medium were
added to each well to make 1 ml in total. The samples were cultured with cells over
times. The culture medium was changed every 2-3 days.
6.2.4.4 pH changes and ion concentration in culture medium
The pH changes of the cement-conditioned medium at each time
point were measured by an electrolyte-type pH meter (Denver pH/mV/Temp. Meter,
UB-10). To determine the ions releasing/adsorption of cement discs, an aliquot (400
ul) of the cement-conditioned medium at day 0, 1, 7, 14, and 21 was centrifugded and
collected. Then, the obtained supernatant was analysed by Inductively coupled
plasma optical emission spectrometry (ICP-OES: Optima 8000, PerkinElmer).
6.2.4.5 Alamarblue assay
For cell proliferation, the metabolic activity was measured using
the AlamarBlue assay. For indirect culture, the proliferation of hASCs cultured with
cement-conditioned medium was compared with the appropriate controls (hASCs
cultured with fresh —OS and +OS media) at 1, 7, 14, and 21 days. For direct culture,
cements were transferred to a new well to selectively assess only the viability of cells
growing on the samples and to exclude any interference from cells growing on the
plastic well for direct culture system. On days 1, 7, 14, and 21, the medium was
removed and replaced by 10% of reagent (AlamarBlue; Thermo Fisher Scientific Inc) in
complete medium following the manufacturer’s protocol. The plates were incubated
at 37°C and 5% CO, for 2.5 h. Following incubation, 200 pl of each well was transferred
in duplicate to a 96-well plate. Fluorescence was read at the excitation of 540 nm and

emission of 600 nm with a Wallac Victor Il plate reader.
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6.2.4.6 BCA protein assay
After the alamarblue assay was completed at day 21, all samples

were rinsed with PBS for several times. Samples were lysed in deionized (DI) water by
3 times freeze-thawed process in the refrigerator at -80 °C and in water bath at 37 ° C.
10 pl sample lysates were transferred in duplicate to a 96-well plate and mixed with
200ul working solution (BCA Protein Assay; Pierce Biotechnology Inc, Waltham, MA),
following the manufacturer’s protocol. The plates were incubated at 37°C and 5% CO,
for 30 min. Afterward, the total protein content was quantified with the absorbance
wavelength of 570 nm.

6.2.4.7 Alkaline phosphatase assay

After culturing for 21 days, the osteogenic potential of cells
cultured on samples was tested by Alkaline phosphatase (ALP assay, Sigma-Aldrich)
activity. 50 pl sample lysates were transferred in duplicate to a 96-well plate and
incubated with 100 pl substrate solution (1 mM p-nitrophenyl phosphate dissolved in
an alkaline buffer) at 37°C and 5% CO, until the solution changed to yellow. The ALP
activity was read with the absorbance wavelength of 405 nm and normalized by the
protein content.
6.2.5 Statistical analysis

One-way ANOVA coupled with Tukey’s multiple comparison test was
used for statistical analysis of the mechanical properties, cell proliferation, and
differentiation. The statistical analysis was performed using GraphPad Prism 8 software.
Differences were considered significant with p < 0.05 and the results were presented

as mean + standard deviation

6.3 Result and discussion
6.3.1 Characterization of n-BG
Nanosize spherical bioactive glass (n-BG) with 80SiO,-15Ca0-5P,05 was
successfully prepared by the wet chemical process. The morphology of n-BG was a

spherical shape with porous structure observed by SEM and TEM techniques, as shown
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in Figure 6.2 and 6.3, respectively. The average particle size of n-BG was 122 + 15 nm
with narrow size distribution, ranging from 80 to 170 nm, as shown in Figure 6.4. In
addition, XRD pattern of n-BG presented amorphous phase (Figure 6.5).

The synthesis of n-BG has been investigated using several methods, which
resulted in various microstructures of n-BG (Wang, 2019). It was found that the porous
structure of n-BG could be controlled by CTAB content with a critical micelle
concentration value of CTAB at 1 mM in water (Javadian, 2013). In addition, the higher
CTAB content could affect their characteristics, resulting in the long-rod shape (1-6 mM
CTAB) (Li, 2015) and more porous structure with a higher specific surface area (0.6-27
mM CTAB) (Gupta, 2016). Hu et al. (Hu, 2014) also demonstrated that a higher CTAB
content of 3.3-5.9 mM resulted in more condensed and smaller nanosize of BG
particles ranging from 294-187 nm. This could be evidence of the CTAB contents
influencing the structure of n-BG. In addition, the difference in n-BG structure could
also be correlated to the different NH;,OH concentrations or reactant addition time
intervals, as reported in (Kesse, 2019). Here, the n-BG particles with porous structure
(CTAB = 5mM) were added to the PAA incorporated apatite/B—TCP cement to improve
its poor apatite phase conversion and bioactivity, as evidenced in the preveios study
(Thaitalay, 2021). It was reported that the high specific surface area of porous n-BG
could enhance the apatite-like formation, resulting in a greater bioactivity (Yan, 2004).
Furthermore, more viable cells were found with nanosize (Lei, 2012) and spherical

shape of BG (Lei, 2011).
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Figure 6.3 TEM image of n-BG powders, magnification of x100,000.
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Figure 6.5 XRD pattern of n-BG powders.

6.3.2 Setting time measurement
Figure 6.6 shows that both initial (t) and final (t) setting times were
reduced with the increase of 0-1.5wt.% n-BG powder. Khairoun et al. (Khairoun, 1998)

reported that the approximate initial (< 8 min) and final (< 15 min) setting times of
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CPCs were clinically required for orthopaedic applications. The initial and final setting
timesof 1 wt% (=9 +1min, tr=18 £ 1 min)and 1.5 wt% (tj =7 + 1 min, t = 14 +
2 min) n-BG added cement were close to the clinical requirements.

The addition of BG into CPCs has been evaluated in some previous works
(Lee, 2016, Medvecky, 2017, Stulajterova, 2017, Hasan, 2019), in which the BG could
either accelerate or retard the setting time depending on the cement formula.
Moreover, the porous structure of BG nanospheres could adsorb the cement liquid,
providing lower liquid content in the setting reaction. This could explain the decreased
setting time of n-BG incorporated cement in the current study. In addition, the reduced
setting time could be attributed to the extra Ca ions sourcesupplied from n-BG,
accelerating the setting reaction of cement. These results are consistent with previous
findings (Sadiasa, 2014), which reported that the addition of BG increased the source
of Ca ions, resulting in shortening the setting time of cement. In addition, El-Figi et al.
(El-Figi, 2015) have explained the significant change in setting time of the mesoporous
BG incorporated O-TCP based cement. According to their results, the setting time of
BG modified cement decreased with the increasing of BG content, which could be due
to the increased rate of HA formation, liquid absorption/adsorption ability of BG, and
Ca ions releasing. Their findings could be attributed to the result of this current work,
which showed that the addition of 0-1.5 wt.% BG to apatite/B—TCP cement reduced

the setting time.
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Figure 6.6 Initial and final setting time of polymeric apatite/B—TCP cement

containing the different n-BG contents.

6.3.3 Mechanical testing

After samples soaking in SBF solution for 7 days, the mechanical testing
of cement were investigated. The result showed that the compressive strength of 1
wt.% Nn-BG incorporated cement (CPC/1.0BG, 49.9 + 5.6 MPa) was significantly higher
than that of the control cement (CPC, 37.5 + 3.2 MPa), as shown in Figure 6.7.
Nevertheless, there was no statistical difference between the young’s modulus of n-
BG incorporated cement and pure cement, as presented in Figure 6.8.

According to our previous work (Thaitalay, 2021), the mechanical
properties of the composite cement were tested after soaking in SBF solution as
simulated in the biological environment. It was determined that the setting reaction of
cement nearly completed (major phase of HA formation) with a highest strength up to
7 days. Therefore, the compressive strength of the samples in this experiment was
measured after soaking in SBF solution for 7 days. This prolonged setting reaction was
affected by the PAA encapsulated some of the Q-TCP powder. In addition, the use of

large particel size of starting Q-TCP (6+0.13 um) could also affect the longer setting

reaction, which was similar to the size of Q-TCP (4um) in the previous study (Zamanian,
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2012). Generally, CPCs possess different degrees of compressive strength, which could
be in range of 10-60 MPa (brushite cement) or reach up to 75 MPa (apatite cement)
(Schumacher and Gelinsky, 2015). Thus, the compressive strength of cement could be
influenced by various parameters, such as cement composition, liquid to powder ratio,
particle sizes of starting powder, and additives (Dorozhkin, 2008). Our previous study
(Thaitalay, 2021) found that the presence of PAA could form a crosslinked reaction
with the starting cement powder, resulting in a significantly increased compressive
strength (from 20 to 40 MPa) of apatite/B-TCP cement. This is consistent with the
results in this current study on the control PAA incorporated apatite/ﬁ—TCP cement
(CPC, 38 MPa). Afterward, the compressive strength of CPC was increased by the
addition of n-BG (up to 50 MPa). This could suggest that the porous structure of cement
was filled by the addition of n-BG, resulting in the denser compaction of the
microstructure. This finding is supported by the previous works on BG reinforced TTCP
cement (Medvecky, 2017) and 45S5 bioactive modified TTCP/DCPA cement (Yu, 2013).
They reported that the addition of the number of fine BG particles into cement could
reduce the larger pore in its structure. Afterward, the compressive strength was
increased due to the more compact structure. Besides, the higher compressive strength
of BG modified cement could be attributed to the greater HA formation in the structure
with respect to the control cement, as witnessed by the result of phase composition
analysis. Hence, the BG degraded and enhanced the HA formation on the particle
surface of BG. This behaviour could induce the entanglement of HA nanocrystals into

the cement matrix strengthening the set cement.
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Figure 6.8  Young’s modulus of cement containing the different n-BG contents after

immersion in the SBF solution for 7 days.

6.3.4 Phase composition analysis
XRD patterns (Figure 6.9) of cement containing 0-1.5 wt.% n-BG powder
revealed the phase structures following the datasheet numbers 09-0432 (HA), 29-0359
(Q-TCP), 09-0169 (B—TCP), 47-1743 (CaCOs), and 70-0359 (DCPA) of the powder

diffraction standards. After immersion in SBF for 7 days, XRD patterns of all samples
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revealed significant peaks of HA and B—TCP with other residuals of the starting
components (Q-TCP, DCPA, and CaCOs). Moreover, the addition of n-BG material to
cement affected HA phase formation, which was supported by phase composition, as
shown in Figure 6.10. The percentage of HA phases in these cements for 0, 0.5, 1.0,
and 1.5 wt.% BG were 49.6, 54.6, 56.9, and 58.7 wt.%, respectively.

After soaking in SBF solution at 37 °C for 7 days, the main product of

these n-BG incorporated cement consisted of apatite/CD-HA and B—TCP with respect

to remaining phases (Q-TCP, DCPA, and CaCOs) as the residuals. This aspect was similar
to the previous study (Rattanachan, 2020). It was determined that the residuals of the
other starting powder were still detected after 7 days in the setting cement, including
O-TCP, DCPA, and CaCOs. Afterwards, the complete reaction of cement (B—TCP+HA)
was detected after 3 months. Here, it was found that the incorporation of n-BG in
cement supported the higher content of HA phase conversion as compared with the
control cement without n-BG in this study, as shown in Figure 6.10. A previous work
(El-Fiqgi, 2015) reported that the acceleration of HA formation could be related to the
higher Ca®* released from BG powder in the setting reaction of cement. This
explanation could correlate to the result in this current work. Morover, the
incorporation of Nn-BG could possibly promote the HA formation in the cement matrix
due to its excellent bioactivity. Another assumption could be that the porous structure

of n-BG adsorbed some PAA in the cement liquid, resulting in less PAA reacting with
OL-TCP and other components in the cement powder. Subsequently, this aspect could

allow more phase conversion from Q-TCP to HA. This consideration could be

supported by the previous work (Thaitalay, 2021), where the higher PAA content in

apatite/B—TCP cement inhibited the HA phase transformation.
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Figure 6.9  XRD patterns of the apatite/[3-TCP cement containing the different n-BG

contents after immersion in SBF solution for 7 days.
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Figure 6.10  Phase composition of apatite/B-TCP cement containing the different n-
BG contents after immersion in SBF solution for 7 days. The experiment

was repeated in duplicate with n = 6.
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6.3.5 Morphology analysis

Figure 6.11 exhibits SEM micrographs of the sample surfaces immersed in
SBF solution at 37 °C for 1 and 14 days, respectively. After 1 day of immersion, the
rough surface of all samples was observed, presenting fine particles of each cement
reactant. The needle-like crystals formation was found on the surface of the sample
for 0.5 and 1 wt.% n-BG incorporated cement (CPC/0.5BG and CPC/1.0BG) and became
denser covered on the surface of the sample for 1.5 wt.% n-BG incorporated cement
(CPC/1.5BG) after immersion in SBF for 14 days. In addition, the fracture surface of each
condition presented a flower-like crystals structure and irregular shape of other
remaining starting powders after 14 days of incubation.

The bioactivity of bioactive materials has been evaluated by bone-like
HA formation on the sample surface in SBF solution (Kokubo and Takadama, 2006).
Figure 6.11 shows that the control sample slightly changed after immersion in SBF for
14 days. This observation is similar to the previous result (Thaitalay, 2021), indicating
the poor bioactivity of PAA incorporated apatite/B—TCP cement. In the previous
research (Lee, 2016), the improved bioactivity of CPCs by adding BG has been
investigated. Nezafati et al. (Nezafati, 2013) showed excellent bioactivity of 15 wt.% BG
fibres incorporated CPCs (TTCP/DCPD based cement) after the sample soaking in SBF
solution at different time points. They reported that the micro and nanoparticles of
apatite grew up and distributed on the entire sample surface after 3, and 7 days
immersion. However, the morphology of the surface (SEM) of BG incoporated cements
(day 14) could be considered as either the higher apatite conversion (Rietveld
refinement at day 7) or the denser needle-like crystal formation on the sample surface
when increasing n-BG content in the cement. In order to avoid this confusion, SEM
images of each fractured sample with a similar structure (flower-like apatite crystal
conversion with other unreacted starting powder) were clearly different from the
surface of each condition. As a result, this confirmed that the addition of n-BG could
improve the bioactivity of the control sample, resulting in the more crystal-like

particles formation on the sample after 14 days of soaking in SBF.
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Figure 6.11  SEM micrographs of the surface (1 and 14 days) and fracture (14 days)
of the cements with different n-BG concentrations from 0-1.5 wt.%

soaking in SBF solution at different time points, magnification of x10,000.

6.3.6 In vitro testing
6.3.6.1 lon releasing/adsorption and pH measurement
The pH change and ions concentration of cell culture media
soaking cement over 21 days were detected to determine the influence of cement
with the surrounding environment on cell responses. The pH and ion changes (Figure

6.12) in both -OS and +0OS medium presented a similar trend. The pH changes of
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control CPC-conditioned medium exhibited more acidic than that of the CPC/1.0BG-
conditioned medium during incubation. From the incubation period, the pH change of
control cement was in a range from 8.87 to 8.55 (-OS) and 8.9 to 8.56 (+0S). After the
sample soaking in media for 21 days, the pH value of CPC/1.0BG-conditioned medium
was in a range from 8.9 to 8.6 (-OS) and 8.9 to 8.59 in (+0OS). Figure 6.13-6.17 presents
that the released Ca, P, and Si ions in the control CPC-conditioned medium were in
the approximate range of 0.18-0.36 mM, 0.39-1.03 mM, and 0.17-0.56 mM, respectively.
Meanwhile, the released Ca (0.16-0.69 mM), P (0.10-0.99 mM), and Si (1.04-1.46 mM)
ions in CPC/1.0BG-conditioned medium was recorded during the incubation from 1 to
21 days. The CPC/1.0BG released more Ca ions to the medium than the control CPC
during 21 days of incubation. For PO,> and Na*, the initial burst was highly detected
during the early stage of day 0 and 1. Afterward, the PO,” slightly increased from 7 to
21days. For Si ions, the cumulative release was intensively found in CPC/1.0BG with
respect to the control one. On the other hand, Mg ions in culture medium were
adsorbed by both control CPC and CPC/1.0BG, presenting negative values after blank
(culture medium) subtraction.

Among various concentrations of n-BG content in cement,
CPC/1.0BG was selected due to its highest strength with other appropriate physical
performance in this current work. It should be noted that the pH change in the culture
medium was related to the ion release/adsorption ability of cement samples.
Subsequently, the more basic culture medium at the initial time of incubation (dayO-
1) could be attributed to the excessive residual Na* and PO,> from the cement liquid
of 1M Na,HPO, (pH is approximately 8.92). After that, the pH of both cement conditions
slightly decreased to the equilibrium pH of the control medium, which could be a
more favourable environment for cell proliferation over time as witnessed in rapid
growth after 21 days incubation in the direct culture (Figure 6.19). In addition, the higher
pH trend of n-BG added cement in this work could be related to the previous works
of BG doped apatite cement (El-Figi, 2015) and BG doped apatite/PLGA cement (Renno,

2013), as compared with the control cement. They reported that the BG particles in
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the cement released more inorganic ions to culture medium, resulting in the higher
pH trend of BG added cement. It was found that both CPC and CPC/1.0BG could adsorb
the ions, showing the depletion of Mg ions during the incubation. This adsorption ability
of both cements is correlated with the previous work (Schamel, 2017), indicating the
ions depletion of Ca?* and Mg?* after immersion of brushite/monetite cement in cell

culture medium for 7 days.

8.9- (@) -0S 8.9- (b) +0S
8.8+ -
g o 8.8
8T Ny 871 0 N,
& 86\ Medium =8.65T - ] & 8.6 Medium =8.65
8.5 --- CPC g5] ~- CPC
— CPC-1.0BG — CPC-1.0BG
8.4 I I I I I 8.4 T T T T T
0 1 7 14 21 0 1 7 14 21
Time (days) Time (days)

Figure 6.12 pH change in (a) control (-OS) and (b) osteogenic (+OS) media after
soaking samples in cell culture media at different immersion time points

(Day 0 is preconditioned overnight).
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Figure 6.13 lon changes of Mg ions in (a) control (-OS) and (b) osteogenic (+OS) media.
All ions of each condition were subtracted by the control cell culture
medium as a blank, showing the ions in the medium adsorbed by samples
(negative values) and ions released from sample to medium (positive

values).
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Figure 6.14  lon changes of Na ions in (a) control (-OS) and (b) osteogenic (+OS)
media. All ions of each condition were subtracted by the control cell
culture medium as a blank, showing the ions in the medium adsorbed
by samples (negative values) and ions released from sample to medium

(positive values).
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Figure 6.15 lon changes of P ions in (a) control (-OS) and (b) osteogenic (+OS) media.
All ions of each condition were subtracted by the control cell culture

medium as a blank.
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Figure 6.16 lon changes of Ca ions in (a) control (-OS) and (b) osteogenic (+OS)
media. All ions of each condition were subtracted by the control cell
culture medium as a blank, showing the ions in the medium adsorbed
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Figure 6.17  lon changes of Siions in (a) control (-0S) and (b) osteogenic (+OS) media.

All ions of each condition were subtracted by the control cell culture

medium as a blank.

6.3.6.2 Indirect cell culture: metabolic activity
The indirect culture setting was performed to determine the
influence of ions sequestration by CPC and CPC/1.0BG on hASCs growth during the
same time spans followed for direct culture. 5 x 10° hASCs were incubated with 500
ul of cement-conditioned medium, as compared with the control (fresh medium).

During the incubation time, the proliferation rate of hASCs cultured with cement-
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conditioned media was significantly lower than that of the fresh media control (both
the -OS and +0OS media) (Figure 6.18). Besides, there was no significant difference in
metabolic activity between the -OS and +OS conditions of both cements, nullifying
the proliferative boost linked to osteogenic stimuli (Bruder, 1997).

This decrease in hASCs viability was related to the adsorption
ability of CPC and CPC/1.0BG, capturing and sequestering the ions of the culture
medium. In a comparable experimental setting, Klimek et al. (Klimek, 2016) ascribed
the reduction of osteoblast viability to the lower levels of ions in the medium
conditioned from HA due to its high adsorption capacity, resulting in the depletion of
Ca**, Mg?*, and HPO,* after soaking sample in the medium. In addition, essential
proteins for cell metabolism could be adsorbed by BG incorporated CPCs (El-Fiqji,
2015), and HA nanoparticles (Swain and Sarkar, 2013). Moreover, the osteogenic factors
in the +OS medium could also be adsorbed by both cements, determining the null
difference in the metabolic activity of cells grown in -OS and +OS medium. At last, the
results on protein contents and ALP activities of indirect testing were not reliable due
to the low values falling under the standard curves of the assays, further confirming
the hypothesis of a sequestration of growth factors and osteogenic cues by the

cements.
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Figure 6.18 Indirect culture: hASCs proliferation on tissue plastic plate cultured with
sample-conditioned medium at different time points (The comparison
between complete (-OS) and osteogenic (+OS) medium within each
condition (CPC, CPC/1.0BG, and control) is shown as ns = no significance,
*p < 0.05, and ****p < 0.0001/ The comparison among samples grown in
-OS medium as $Sp < 0.01/ The comparison among samples grown in

+0S medium as ***"p < 0.0001).

6.3.6.3 Direct cell culture: metabolic activity

The metabolic activity of hASCs loaded on all samples
continuously increased during time (Figure 6.19). At day 7 (CPC) and 14 (CPC/1.0BG and
coverslip control) the difference between cell metabolic activity in -OS and +OS
medium became significant, confirming the higher proliferation rate following
osteogenic induction. In addition, both cements stimulated the proliferation of hASCs,
with CPC (+0S) and CPC/0.1BG (-OS and +OS medium), exhibiting a statistically greater
metabolic activity than the respective coverslip control after 21 days of incubation.
Probably the opposite trend of hASCs proliferation between direct and indirect culture

depends on the facts that during direct culture, the cements can release the adsorbed
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ions and osteogenic factors preserving their positive effect on cell metabolism.
Moreover, the porous n-BG in CPC/1.0BG could adsorb more ions and osteogenic
inducers, resulting in less essential proteins for cells in +OS when compared with CPC.
This was explained by the ICP results with more adsorbed Mg/or less released Ca at
day 0 and 1.

In this work, it has been shown that the ion release/adsorption
played an important role in hASCs viability, proliferation, and possibly in their
differentiation potential. The addition of Ca and P ions in a range between 0.2 to 2
mM to the medium was indicated to induce the proliferation of human osteosarcoma
cell lines (Sa0S-2) (Farley, 1994). Moreover, Shie et al. (Shie, 2011) indicated the crucial
range of released Si ion (< 6 mM) for enhancing the proliferation rate of MG63
osteoblast-like cells. Therefore, their findings could be compared to the current results
of the enhanced hASCs proliferation from 1 to 21 days, which was induced by an

appropriate concentration of Ca, P, and Si ions.
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Figure 6.19  Direct culture: hASCs proliferation on samples. The comparison
between complete (-OS) and osteogenic (+OS) medium within each
condition (CPC, CPC/1.0BG, and control) is shown as ns = no significance,
**p < 0.01, and ****p < 0.0001/ The comparison among samples grown
in -OS medium as *’p < 0.01, ***p < 0.001, and ****p < 0.0001/ The
comparison among samples grown in +OS medium as "p< 0.05, "'p <

0.01, and *""p < 0.0001).

6.3.6.4 Direct cell culture: total protein contents

At day 21, cell lysates were quantified for total protein
concentrations (BCA protein contents assay). The protein contents reflect the number
of cells, indeed for each sample the results (Figure 6.20) showed a similar trend to the
AlamarBlue assay at the same time point (Figure 6.19).

The analysed protein content of hASCs at day 21 could correlate
with the number of viable cells on the samples, providing the additional supportive
results respect to the metabolic activity. The result showed that hASCs seemed to

favour both CPC and CPC/1.0BG more than the coverslip in both -OS and +OS media.
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Figure 6.20 Direct culture: hASCs protein content (day 21) on samples. The
comparison between complete (-OS) and osteogenic (+OS) medium
within each condition (CPC, CPC/1.0BG, and control) is shown as ***p <
0.001 and ***p < 0.0001/ The comparison among samples grown in -OS
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medium as >’p < 0.0001/ The comparison among samples grown in +OS

medium as *p< 0.05 and ****p < 0.0001).

6.3.6.5 Direct cell culture: ALP activity

All samples presented the higher level of ALP activity when
cultured in the +OS medium as compared with -OS medium. In details, the fold-
increase of ALP activities of cells on CPC, CPC/1.0BG, and coverslip control were
approximately 8-fold, 10-fold, and 4-fold, respectively. No statistical difference was
observed between different +OS samples.

Apart from cell viability and proliferation, osteogenic commitment
of hASCs was inferred monitoring ALP activity as an early bone marker. In this work,
the higher fold-increase of ALP in both cements could be attributed to higher Ca (0.23-

0.63 mM) and P (~1 mM) ion released from cement to medium, as compared with the



121

coverslip control at day 21. This was supported by the previous works, presenting the
enhanced differentiation of MG63 cells with the extracellular Ca (0.4-1.4 mM) ions
(Engel, 2008) and Sa0S-2 cells with P (0.2-2 mM) ions (Farley, 1994). Moreover, the
higher fold-increased ALP activity of CPC/1.0BG could be attributed to the higher Si
ions released (~1 mM), as compared with the control CPC. This consideration could
be in agreement with other previous studies, demonstrating the increased
differentiation of Sa0S-2 (Mestres, 2012) and rat bone marrow stromal cells (rBMSC)
(Radin, 2005) by the extracellular Si ions ranging from 1 to 1.5 mM. However, it should
be noted that the higher fold increase of ALP activity in both CPC and CPC/1.0BG could
be attributed to a lower basal value in -OS medium respect to coverslips. Based on
the in vitro testing of cells incorporated with biomaterials, cell differentiation could be
stimulated either by the environment surrounding cells (scaffold), or osteogenic factors
added to the culture medium, or both (Wei and Ding, 2016). In addition, the
differentiation could be due to the combined influence of biomaterials and some
biochemical signals, as presented in the previous works. It has previously reported a
greater ALP activity in hASCs incorporated with porous HA block (de Girolamo, 2009)
and HA/B—TCP scaffold (Canciani, 2016) cultured with the osteogenic medium, as
compared with the control. However, the current finding of 1 wt.% n-BG modified PAA-
apatite/B—TCP cement demonstrated a higher fold-increase in ALP activity, which could
be predictive of a higher possibility for osteogenesis and/or new bone formation.
Although this early bone marker was positively exhibited in the presence of n-BG
added cement, further experiments assessing both gene and protein expression of key
osteogenic markers, such as the transcription factors Runx2 and Osterix, the hormone
Osteocalcin and several extracellular matrix constituents (e.g. Osteopontin and
Collagen 1), would be necessary to corroborate the current results. Moreover, data
obtained under static culture conditions should be validated in more complex in vitro

dynamic systems and at last tested with appropriate in vivo models.
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Figure 6.21  Direct culture: hASCs differentiation (day 21) on samples. The
comparison between complete (-OS) and osteogenic (+OS) medium
within each condition (CPC, CPC/1.0BG, and control) is shown as *p <
0.05.

6.4  Conclusions
In the present study, this has shown several advantages of adding the nano

particle-BG with porous structure to PAA—apatite/B—TCP cement with improved
mechanical properties, faster setting reaction, and excellent hASCs biocompatibility.
The results presented the optimized concentration of 0.5-1.5 wt.% n-BG in cement,
showing the highest compressive strength at 1 wt.% n-BG content in this study. Besides,
the higher n-BG content decreased the setting time. Afterwards, HA phase conversion
was enhanced after immersion in the SBF solution for 7 days. Consequently, the
bioactivity was improved by increasing n-BG contents after soaking samples over 14
days. Nevertheless, the in vitro testing of indirect culture demonstrated the slow rate
of hASCs proliferation on both unmodified and n-BG-modified cement, as compared
with the control medium. On the contrary, hASCs viability and proliferation rate were
induced by the presence of both control CPC (+OS) and CPC/1.0BG (-OS and +OS

medium) in the direct culture, indicating the significantly higher metabolic activity and
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protein concentration over 21 days of incubation, as compared with the coverslip
control. The superior cell viability and proliferation rate on both cements imply that a
more favourable cell condition might increase the osteogenic differentiation compared
with cells on coverslips. Also, the CPC/1.0BG seemed to be a more suitable
environment than CPC due to the greater Ca and Si ions release from CPC/1.0BG
(reduced the acidification of pH), resulting in higher hASC viability/proliferation in
complete (-OS) and osteogenic (+OS) medium, and fold-increase of ALP activity in the
presence of osteogenic stimuli (+OS). Therefore, this novel 1 wt.% nano-BG modified
PAA—apatite/B—TCP could be a promising tool for medical applications and
orthopaedics. Further investigations will be focusing on other supportive assays along

with the in vivo experiment.



CHAPTER VI
SELF-SETTING NANO-BIOACTIVE GLASS ADDED POLYMERIC

APATITE/B-TCP CEMENT FOR BONE FIXATION AND REGERATION

In this work, different modified apatite/beta-tricalcium phosphate (B—TCP)
cements were evaluated regarding their physical properties and the responses of
primary human osteoblast cells (HObs) and mesenchymal stem cells (MSCs). Although
polyacrylic acid (PAA) increased mechanical properties of the cement, it could cause
poor apatite phase formation, a prolonged setting time, and a lower degradation rate.
Consequently, bioactive glass (BG) was added to PAA/cement to improve its physical
properties, such as mechanical properties, setting time, and degradation. For in vitro
testing, HObs viability was assessed under two culture systems with cement-
preconditioned medium (indirect) and with cement (direct). HObs viability was
examined in direct contact with cements treated by different prewashing conditions.
Thus, HObs presented more well-spread morphology on cement soaked in medium
overnight, as compared with other prewashing regimes. In addition, the proliferation,
differentiation, and total collagen production of both HObs and MSCs adhered to the
cement were detected. Cells adhered to cements showed excellent proliferation in
PAA/cement and PAA/BG/cement. Furthermore, the higher released Si ion and lower
acidosis of PAA/BG/cement-conditioned medium resulted in an increase in osteogenic
differentiation (HObs and MSCs) and enhanced collagen production (HObs in
osteogenic medium and MSCs in control medium). Therefore, these results suggest
that BG incorporated PAA/apatite/B—TCP cement could be a promising formula for

medical applications.
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7.1 Research background, rationale, and significance

Synthetic bone graft substitute is attractive due to the limited availability of
autografts and their associated costs (Matassi, 2011, Wang and Yeung, 2017). Calcium
phosphate cements (CPCs) are one of the most promising biomaterials due to their
remarkable bioactive and biocompatible properties for use in biomedical applications
and orthopedics (Xu, 2017). CPCs could be separated in two different types of the end-
setting products: hydroxyapatite/calcium deficient hydroxyapatite (HA/CDHA, apatite)
and dicalcium dihydrate (DCPD brushite) (O'Neill, 2017). Although the apatite cement
has been predominantly studied due to HA/CDHA is similar to the bone mineral
compounds (O’Hara, 2014), its degradation was slower with respect to brushite cement
(Apelt, 2004). This led to the lack of porosity of apatite cement, resulting in the new
bone formation occurred on the surface of cement rather than the inside (Frankenburg,
1998). It was found that biphasic cement became a promising idea for increasing
porosity due to the high in vivo resorption of B-TCP content (Daculsi, 1998). In addition,
previous work revealed a positive result of biphasic calcium phosphate cement (HA/B—
TCP) augmented in the rabbit’s tibial crest, indicating an approximately 2-fold increase
of the new bone growth after 2 weeks of operation with respect to the control without
augmentation (Rattanachan, 2020).

Although the presence of B-TCP content increased the degradation rate of
cement, the compressive strength was decreased (Sariibrahimosglu, 2014, Srakaew and
Rattanachan, 2014). It was noted that several parameters could improve the
mechanical performance of cement, such as the incorporation of polymers, a decrease
in porosity and liquid to powder ratio (Dorozhkin, 2008). The poor mechanical
properties of cement were improved by the reinforcement of polymer (Canal and
Ginebra, 2011), which could be used in a various forms of both liquid or solid (Geffers,
2015). In the previous findings (Thaitalay, 2021), the compressive strength of apatite/B—
TCP cement was increased with the addition of PAA aqueous solution in appropriate
concentration ratio. It was revealed that the higher compressive strength of PAA-

cement was influenced by the crosslink reaction between cement powder reacted
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with the functional group of PAA. However, the higher concentration of PAA
significantly decreased the phase conversion and bioactivity of cement.

To improve the bioactivity of cement, the addition of BG has become promising
due to its excellent bioactive and biocompatible properties in both in vitro and in vivo
testing (Hoppe, 2011). The previous work in chapter VI improved the bioactivity and
poor phase conversion of the PAA/apatite/B—TCP cement by adding BG ranging from
0.5-1.5 wt.%. It was found that 1.0 wt.% BG significantly improved the compressive
strength of cement, including other appropriate physical properties, enhanced
bioactivity, and induced osteogenic differentiation of adipose-derived stem cell in vitro
biocompatibility. The presence of BG in cement could induce the growth factor
delivery (Schumacher, 2017) and protein absorption aspect (El-Figi, 2015) due to its
high specific surface area. This could result in the enhanced osteogenic differentiation
in vitro of bone marrow mesenchymal stem cells (BMSCs) on BG/cement composite
loaded with growth factor (rhBMP-2). Although some researchers have exhibited the
excellent biological performances of BG incorporated cement (Sadiasa, 2014, Lee,
2016), a decrease in cell viability of rat primary Mesenchymal Stem cells (rMSCs) on
4555-BG/apatite cement was detected (Stulajterova, 2017).

Based on previous cement development in chapter V and VI, we have created
a novel apatite/B—TCP cement modified with PAA and BG to improve its mechanical
and biological characteristics for use in bone replacement. This present work
characterized the physical properties of three different developed cements and further
described their influence on HObs and MSCs responses. The cement from previous
work (Rattanachan, 2020) was used as a control condition due to it revealed excellent
results both in vitro and in vivo performances. Herein, HObs were cultured both with
cement-conditioned media (indirect) and in direct contact with three different
developed cements (direct). In addition, HObs viability in direct culture was observed
on cement treated with different prewashing and preconditioning regimes. Finally, the
resulted demonstrated the significant effect of ion release/adsorption aspects of these

developed cements on HObs and MSCs, including cell proliferation, differentiation, and
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extracellular matrix production, which will be more understandable and beneficial for

further in vivo analysis.

7.2 Experimental procedure
7.2.1 Preparation of precursors

Alpha-tricalcium phosphate (Q-TCP) and precipitated hydroxyapatite
(PHA) were produced by the precipitation method. Briefly, the aqueous solution of
calcium nitrate (Ca(NOs),#4H,0) was mixed with phosphoric acid (HsPO,), followed by
adding ammonia solution (NH4OH) to adjust pH to 10.5. After mixing, the obtained
white precipitated particle was filtered and washed with deionized water several times.
The obtained particle was calcined at 1400 °C for 1 h (O-TCP) and then at 600 °C for
2 h (PHA). BG powder with porous structure was synthesized by the sol-gel method
(Hu, 2014). Briefly, Cetyltrimethyl-ammonium Bromide (CTAB), ammonia solution
(NH4OH), tetraethyl orthosilicate (TEOS), triethylphosphate (TEP), and calcium nitrate
tetrahydrate (CN) were dissolved in deionized water and absolute ethanol (EtOH) to
produce the BG system of 80Si0,:15Ca0:5P,0s. The obtained particle was calcined at
650 °C for 3 h.

7.2.2 Preparation of cement

Apatite/B-TCP cement powder consisted of 62.5 wt.% QL-TCP, 26.8 wt.%
dicalcium phosphate anhydrous (DCPA), 8.9 wt.% calcium carbonate (CaCOs), 1.8 wt.%
precipitated hydroxyapatite (PHA), 20 wt. B-TCP, and 1 wt.% chitosan fiber. The
compositions of three different apatite/B—TCP cements were produced by mixing
different solid and liquid phases, as given in Table 1. The sample was prepared by

mixing the cement powder and liquid, following the topic 3.2.3.1 of Chapter .
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Table 7.1 Compositions of cement with different solid and liquid phase, and L/P

ratio.
Solid phase L/P
Cement
CaP BG Liquid phase ratio
group
(wt.%) | (wt.%) (mUVg)
1M Na,HPO, + NaH,PO, (Mixed solution
CPC 100 - 0.40
at pH 7.4)
1M Na,HPO,4 + 10 w/w% PAA (3:1 v/v
p-CPC 100 - 0.35
ratio)
1M Na,HPO, + 10 w/w% PAA (3:1 v/v
p-CPC/BG 100 1 0.35
ratio)

CaP, Apatite/B-TCP powder; BG, Nano-bioactive glass; Na,HPO,, Disodium hydrogen phosphate;
NaH,PO,, Sodium dihydrogen phosphate; PAA, Polyacrylic acid; L/P ratio, Liquid to powder ratio.

7.2.3 Properties testing and characterization of cement
The procedure and condition analysis of setting time, phase
composition (XRD, Rietveld refinement), FT-IR, mechanical properties (compressive
strength and young's modulus), and sample morphology analysis (fracture surface
and bioactivity) were explained in Chapter Il (Topic 3.2).
7.2.4 Injectability testing
2g cement paste was extruded through the syringe with the capacity of
5ml (1.8 mm internal diameter), in which each condition was tested twice. After 1.5
min of mixing and transferring cement paste in the syringe, the cement paste was
tested at a controlled speed of 15mm/min using the universal testing machine (UTM,
UH-100A) with a 5 kN load cell. The injection force was recorded until a maximum
force of 300 N was reached. The percentage of injectability was calculated, as followed

Equation 7.1 (Arkin, 2021).
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W
% Injectability = # X 100 (7.1)

Where the W, is the weight of syringe full of cement paste, Ws is the
weight of syringe after injection test with remaining paste, W is the weight of the empty
syringe

7.2.5 Degradation

The samples were soaked in SBF solution at 37 °C for different periods of
time with a surface are to volume ratio of 10 mm?/ml. The SBF was changed every 3
days. After incubation, the samples were dried in the oven at 60 °C overnight. The
weight of each sample was measured before and after soaking in SBF solution. The
degradation of all samples was indicated by the percentage of weight loss after
immersion in SBF at different time points, which was calculated as followed Equation

7.2 (Rattanachan, 2018).

i-Wa
% Weight loss = P — X 100 (7.2)

Where the W; is the weight sample before soaking in SBF solution, W, is

the weight of sample after soaking in SBF solution.
7.2.6 Nitrogen adsorption/desorption analysis

To investigate the porosity and specific surface area of cement, the N,
adsorption-desorption isotherms of each sample were evaluated using Brunauer-
Emmett-Teller (BET, Bel Sorp mini Il). Prior to measurement, the samples were
degassed at 120 °C for 6 h under vacuum. The pore volume distribution of each sample
was derived from the desorption isotherm by Barrett-Joyner-Halenda (BJH) method

with a relative pressure ranging from 0.0 to 1.0.
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7.2.7 In vitro biocompatibility
7.2.7.1 Cell culture conditions

Human osteoblast cells (HObs) (Lot No.C-12720, Promocell) were
grown in Osteoblast basal medium (Promocell) containing 1% antibiotic antimycotic
solution. Mesenchymal stem cells (MSCs) (Lot No.6F4392, Lonza) were grown in
Mesenchymal Stem Cell Growth Medium 2 (Promocell) containing 1% antibiotic
antimycotic solution. The growth medium was changed every 4 days. Both cells were
maintained at 37 °C and 5% CO, until reaching 70% confluence, and passage 4-7 of
HObs and passage 7-9 of MSCs were used in the experiment. The control (OS-) and
stimulated (OS+) medium were used for both cell responses to the cement in this
study. For the control (OS-) medium, Dulbecco’s Modified Eagle’s Medium (DMEM)
with 1000 mg/l /glucose, L-glutamine, and sodium bicarbonate were supplemented
with 10% fetal bovine serum (FBS) and 25 uM Ascorbic acid. For the stimulated
osteogenic (OS+) medium, 10 nM Dexamethasone and 10mM B—glycerophosphate
were added to the OS- medium.

7.2.7.2 Live/Dead assay

According to the sample preparation, the cement powder was
sterile by dry heat sterilization (121 °C for 10 h) and the cement liquid by membrane
filtration (0.22 pm sterile filter). The samples were prepared at a size of 12 mm
diameter and 2 mm height. Prior to testing with cells, the samples were prepared in
different incubation processes, as shown in Table 7.2.

For the indirect culture, 1Iml of OS- medium containing 2 x 10°
HObs was seeded onto a glass coverslip in each well of a 24-well plate. Cells were
incubated overnight, and the culture medium was removed and replaced with 800 pl
preconditioned media from each cement sample (Soaked medium in Table 7.2), then

cultured in 37 °C, 5% CO, incubator for 24 h.
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Table 7.2 Conditions of cement with different preparation process.

Conditions Procedure
Untreated Sample as prepared
Rinsed PBS Rinsed with 1ml PBS for 3 times (5min each time)

Soaked medium | Rinsed with 1ml PBS for 3 times (5min each time) and soaked

with 1ml OS- medium overnight

PBS, Phosphate buffered saline; OS-, control medium

For the direct culture, 2 x 10* HObs or MSCs suspended in 1 ml
OS- medium were seeded into each well, containing samples from different
preparation processes. Each condition was performed in duplicate and incubated at
37 °C, 5% CO, for 1 and 7 days. The culture medium was changed every 3 days. At
certain time points (1 and 7 days), cell viability of HObs and MSCs was assessed using
the Live/Dead assay (Invitrogen). Live/Dead staining solution was prepared by adding
10 pl ethidium homodimer-1 and 1 pl calcein-AM to 5 ml PBS. After incubating samples
for 1 and 7 days, the medium was removed and washed with 1 ml PBS. The samples
were incubated with 500 pl Live/Dead solution in the incubator for 20 min and
visualized using fluorescence microscope (Nikon Eclipse 50i).

7.2.7.3 pH changes, ion release/adsorption, and surface roughness

After soaking sample in 1 ml OS- medium overtime, samples
preconditioned medium (Day 0) and samples conditioned medium (Day 1, 7, 14, and
21) were collected for ion release/adsorption testing. The medium was changed three
times a week. The ion concentration of the culture medium was detected by
Inductively coupled plasma optical emission spectrometry (ICP-OES: Optima 8000,
PerkinElmer). The pH of the samples preconditioned, and conditioned medium were

measured by Electrolyte-type pH meter (Denver pH/mV/Temp. Meter, UB-10). After
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incubating cement overnight, the surface roughness of cement was analyzed using

White light interferometer (Contour GT, Veeco).

7.2.7.4 Cell morphology

After incubating cells on samples in the OS- medium for 7 days,
cell attachment was assessed by SEM analysis and F-actin staining. For SEM analysis,
the culture medium was removed, and samples washed with PBS twice. Samples with
cells were fixed with 1.5% slutaraldehyde in 0.1M phosphate buffer for 30 minutes at
4°C, followed by dehydration through the increasing concentrations of ethanol (From
50 to 100%). The ethanol was replaced with hexamethyldisilazane and then removed
to dry in the fume hood. The samples were mounted on stubs and coated with 3 nm
of Gold/Palladium. The cell attachment on samples was imaged by using SEM (Tescan
Vega) equipped with a Tescan Vega3 software. For F-actin staining, samples with cells
were fixed with 4% paraformaldehyde for 10 min, followed by washing with PBS three
times. Samples were incubated with 0.2% Triton X-100 for 5 min and then rinsed with
PBS three times. The actin cytoskeleton (Green) of cells was stained with Alexa Fluor™
488 Phalloidin (Invitrogen) for 60 min, and the nucleus (Blue) was stained with
Molecular Probes™ DAPI (Invitrogen) reagent for 5 min. Finally, the samples were rinsed
with PBS three times and viewed on a fluorescence microscope (Nikon Eclipse 50i).
Each condition was performed in duplicate for SEM and F-actin staining.

7.2.7.5 Cell proliferation

Prior to cell seeding, samples were rinsed with 1 ml PBS 3 times
and incubated in 1 ml OS- medium overnight. For HObs and MSCs, the cell density of
2 x 10% cells in 1 ml OS- medium was separately seeded in each well containing 1
cement sample and incubated at 37 °C and 5% CO, for different periods. The medium
was changed three times a week. Each cement condition was performed in triplicate
with five different plates, as labeled day1, 7, 14, 21, and 28. For both HObs and MSCs,
the AlamarBlue assay was used to detect the metabolic activity of cells at each time
point. After incubating the sample at each time point, samples were transferred to the

new 24-well plate and incubated with 1 ml of 10 vol.% AlamarBlue solution (5mg
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Resazurin salt/ 40 ml sterile PBS, Sigma) in OS- medium. The plates were incubated at
37 °C and 5% CO, for 2 h. Following incubation, 200 ul of each well was transferred in
triplicate to a 96-well plate. The fluorescence was read by a microplate reader
(FLUOstar OPTIMA, BMG Labtech) at 544 nm excitation and 590 nm emission. The
samples were washed by PBS twice and stored at -80°C for further analysis.
7.2.7.6 DNA quantification

The DNA content of both HObs and MSCs on samples was
determined by using Quant-iT™ PicoGreen™ dsDNA assay kit (Thermo Fisher Scientific).
After the AlamarBlue assay, 1 ml deionized water (DI) was added to each sample and
subjected to three freeze-thaw cycles. The obtained cell lysates were used for DNA
and Alkaline phosphatase (ALP) quantification. For PicoGreen assay, 100 pl cell lysates
of each sample were transferred to a 96-well plate in triplicate, followed by the
addition of 100 pl PicoGreen working solution. The fluorescence was read by a
microplate reader (FLUOstar OPTIMA, BMG Labtech) at 485 nm excitation and 520 nm
emission. The DNA content was estimated as compared with the standard curve
following the manufacturer’s instructions.

7.2.7.7 Alkaline phosphatase (ALP) assay

To evaluate the osteogenic differentiation of HObs and MSCs, the
level of ALP assay was performed under the OS- and OS+ medium condition. The
remaining cell lysate after the PicoGreen assay was also used for ALP activity
quantification. Briefly, 20ul cell lysates were transferred to a 96-well plate in triplicate,
and then added 200 ul p-Nitrophenyl phosphate (pNPP) substrate solution to each
well. The SIGMA FAST™ pNPP (Gold and silver tablet, Sigma Aldrich) enzyme substrate
solution was prepared according to the the manufacturer’s instructions. A 96-well plate
containing the mixture of cell lysates with pNPP solution was read by microplate reader
(Multiskan Ascent, Labsystems) at 405 nm every 30 sec for 30 min. Finally, the ALP

activity was normalized by the DNA content.
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7.2.7.8 Total collagen secretion
The total collagen production of HObs and MSCs on sample was
analyzed by using a total collagen assay (QuickZyme Biosciences). 2 x 10* cells/sample
was cultured in OS- and OS+ medium and incubated at 37 °C and 5% CO, for 14 and
28 days, respectively. Samples were transferred to the new 24-well plate and washed
with PBS twice, followed by adding 500 pl 0.25% trypsin/EDTA to each well and
incubating at 37 °C for 30 min. Samples were hydrolysed at 95 °C for 20 h with 12M
HCl and compared with the standard curve following the manufacturer’s instructions.
The obtained solution was diluted with DI water at a volume ratio of 2:1. Afterward,
35 pl sample solution and 75 pl assay buffer were transferred to 96-well plate and
incubated at room temperature for 20 min, followed by adding 75 ul assay reagents
and incubated at 60 °C for 1 h. The well plate was read at a wavelength of 570 nm by
using microplate reader (Multiskan Ascent, Labsystems).
7.2.7.9 Statistical analysis
In this study, the statistical significances were analyzed by using
GraphPad Prism 8 software (GraphPad Software, USA). The statistical comparison
between each data group was performed by One-way ANOVA coupled with Tukey’s
multiple comparison test at the interval with the confidence interval of p < 0.05. The

results were presented as mean + standard deviation (SD).

7.3 Result and discussion
7.3.1 Setting time measurement

The handling properties of different cement formulations were measured,
including setting time and injectability. Figure 7.1 presented the setting time of three
cements with different liquid to powder ratio (L/P) of 0.35 and 0.40. The control CPC
exhibited the initial and final setting time of 6.0 + 1.4 min and final setting time of 13.5
+ 0.7 min with L/P ratio of 0.40. Meanwhile the control CPC could not be formed and
measured using L/P ratio of 0.35. The initial and final setting time of p-CPC were 16.5
+ 0.7 min and 28.5 + 0.7 min (0.35 L/P ratio), and 18.8 = 1.1 min and 42.5 + 3.5 min
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(0.40 L/P ratio). As compared with p-CPC, the presence of BG in cement decreased
setting time in both L/P ratio of 0.35 (initial; 9.5 + 0.7 min, final; 20.0 + 1.4 min) and
0.40 (initial; 12.8 + 0.4 min, final; 35.0 + 1.4 min). As a result, the CPC sample could
not be prepared with L/P ratio of 0.35. In addition, the setting time of p-CPC and p-
CPC/BG was substantially longer than the required setting time (initial time < 8 min,
final time < 15 min) for use in orthopaedic applications (Khairoun, 1998). Therefore,
the appropriate L/P ratios of 0.40 ml/g (CPC) and 0.35 ml/g (p-CPC and p-CPC/BG) were
fixed for further analysis.

This recent work investigated and described the influence of three different

apatite/B—TCP cements on physical properties and cellular behaviours. PAA and BG
components were introduced in the cement to improve some limited performances,
such as low mechanical properties as previously described. It was found that PAA
reduced pH of cement liquid (data shown in Table 5.1 of Chapter V). Thus, the lower
pH of cement liquid could affect the dissolution of cement powder, as shown in the
solubility diagram of calcium phosphate salt (Chow, 2001). In addition, PAA could
increase the viscosity of cement liquid, resulting in poor mobility of ion dissolved in
cement liquid (Majekodunmi and Deb, 2007). Afterward, this poor ion mobility could
be related to poor solubility of cement powder. This poor solubility of cement powder
could affect the setting reaction of PAA incorporated cement, presenting the increased
setting time of both p-CPC and p-CPC/BG in this current work. In the previous work
(Sadiasa, 2014), the addition of BG to cement increased the amount of Ca ions in the
cement, resulting in a faster setting time. Moreover, the reduced setting time of BG
added cement could be due to the increased rate of hydroxyapatite formation, and
liquid absorption/adsorption ability of BG in the cement (El-Figi, 2015). This aspect
could be attributed to the current result, indicating the decreased setting time of p-

CPC/BG with respect to p-CPC.
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Figure 7.1  Setting time of all cement conditions at different L/P ratio of 0.35 and

0.40. The unmoldable sample was denoted as X.

7.3.2 Injectability

For injectability testing, all cement paste condition could be extruded
through a 5ml syringe with an internal diameter of 1.8 mm. As compared with the
control CPC (74.1 + 2.5%), the presence of PAA in cement improved the injectability
of 85.5 + 2.7% for p-CPC and 82.9 + 1.0% for p-CPC/BG.

According to the result of setting time measurement, the decreased
setting time of BG incorporated cement had no significant impact on injectability when
compared between p-CPC and p-CPC/BG. The injectability of cement could be affected
by various factors, such as setting reaction, and L/P ratio, (O'Neill, 2017) etc. Elena et
al. (Burguera, 2008) revealed that the injectability of cement could be increased by
increasing L/P ratio. Although the control CPC (0.40) had a higher L/P ratio, it was less
injectable than both p-CPC and p-CPC/BG (0.35). This improved injectability of p-CPC
and p-CPC/BG could be correlated to the prolonged setting time of PAA incorporated

cement.
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Figure 7.2  Injectability percentage of each cement condition with an appropriate
selective L/P ratio (0.35; p-CPC and p-CPC/BG, 0.40; CPC). The statistical
comparison among sample conditions: ns = no significance, **p < 0.01,

and ***p < 0.001.

7.3.3 Mechanical testing

Figure 7.3 and 7.4 presents the mechanical properties (Compressive
strength and Young’s modulus) of each cement after immersion in SBF solution over
28 days. The results showed that the compressive strength of all samples increased
dramatically after soaking in SBF solution for 7 days. Afterward, the compressive
strength of both control cement (CPC) and polymeric cement (p-CPC) remained stable
until 28 days of incubation. Meanwhile, the compressive strength of bioactive glass
added polymeric cement (p-CPC/BG) slightly decreased from 7 to 28 days of
incubation, which could be attributed to the degradation of BG during incubation.
Young’s modulus exhibited the same trend, as compared with the compressive
strength.

In the previous study (Thaitalay, 2021), the addition of PAA into cement

indicated the crosslink reaction between functional group of PAA and cement powder,
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resulting in the enhanced compressive strength. This is relevant to the current results,
presenting the higher compressive strength and young’s modulus of p-CPC and p-
CPC/BG cement when compared with the control CPC (Figure 7.3 and 7.4). Besides, the
presence of BG in cement increased the mechanical properties of polymeric cement
(p-CPCQ), resulting in superior mechanical properties of p-CPC/BG. This could suggest
that the BG particles filled the porous structure of the cement, producing a denser
microstructure. This assumption could be relevant to previous work on BG modified
TTCP (Medvecky, 2017) and TTCP/DCPA cement (Yu, 2013). They reported that
increasing the amount of BG particles reduced the pore size in the structure of cement,
resulting in enhanced compressive strength. Furthermore, it should be noted that the
difference in L/P ratio among cement conditions could also influence on the

mechanical properties.
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Figure 7.3  Compressive strength of each cement condition after immersion in SBF
solution over 28 days. The statistical comparison among sample
conditions is shown as ns = no significance, *p < 0.05, **p < 0.001, and

e < 0.0001.
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Figure 7.4  Young’s Modulus of each cement condition after immersion in SBF

solution over 28 days. The statistical comparison among sample

conditions is shown as ns = no significance, *p < 0.05, **p < 0.01, and

e < 0.001.

7.3.4 Phase composition analysis

XRD pattemns indicated phase compositions of three different cements,

as followed the data sheet numbers of 09-0432 (HA), 29-0359 (OL-TCP), 09-0169 (B—

TCP), 47-1743 (CaCOs), and 70-0359 (DCPA). The results presented the phase

conversion of the starting powder to HA as one of the main setting products with

respect to other residual phases over 28 days of incubation. After forming cement (0

day), the percentage of HA phase in these cements (0d) for CPC, p-CPC, and p-CPC/BG

were 17.0, 14.2, and 16.3 wt.%, respectively. Afterward, the HA phase conversion of all

cement conditions continuously increased, while other remaining phases gradually

decreased after immersion in SBF solution from 7 to 28 days. According to the phase

change in set cement, remaining DCPA, B—TCP, and CaCOj; phases of all condition

continuously decreased over 28 days of incubation. The control CPC showed fewer

remaining DCPA in set cement over times when compared with p-CPC and p-CPC/BG.
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Based on phase transformation, it was reported that the PAA could cover

the surface of the cement powder, resulting in the less OI-TCP phase converted into
HA (Thaitalay, 2021). This is correlated to the current work, presenting the less
converted HA phase in PAA incorporated cement (p-CPC), as compared with the
control CPC from 0 to 28 day. In addition, the presence of PAA appeared to interfere
and encapsulate other particles, resulting in the more remaining phases in cement
matrix for DCPA (day 7 to 28) and CaCOs; (day0) of p-CPC and p-CPC/BG and that for
B—TCP (day0 to 28) of p-CPC when compared with the control CPC. Afterward, the BG
content was added to p-CPC in order to enhance the phase conversion of HA. It was
reported that the HA formation in the cement matrix was enhanced by the addition
of BG due to the BG particles degraded and released more Ca®* during the setting
reaction of cement (E\-Figi, 2015). Therefore, this feature could improve the poor phase

conversion of p-CPC, indicating the higher converted HA phase of p-CPC/BG at 0 day.
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Figure 7.5 XRD patterns of (a) CPC, (b) p-CPC, and (c) p-CPC/BG cement after

immersion in SBF solution over 28 days.
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immersion in SBF solution over 28 days. (continued)
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solution over 28 days.
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Figure 7.6  Remaining phases of (a) HA, (b) OI-TCP, (c) DCPA, (d) CaCOs, and (e) B-TCP
in cement matrix of each cement condition after immersion in SBF

solution over 28 days. (Continued)

7.3.5 FT-IR

Figure 7.7 presents FT-IR spectra of each cement condition before and
after soaking in SBF solution for 28 days. The results showed that there were no
significant differences among the three cements, which were similar to the XRD results.
The peak of starting cement powder indicated different functional groups, consisting
of major O-TCP (550, 583, 1025, and 1039 cm™), CaCOs (857 cm™), and poor HA (960
cm™) peaks. After forming cement (d0), the FT-IR spectrum of set cement slightly
changed, detecting O-TCP and HA peaks with disappeared CaCOs;. Afterward, intense
peaks of HA (470, 561, 600, 873, 960, 1020, 1415, and 1453 cm™) were indicated during
28 days of incubation (d7-28). This could be attributed to the phase transformation of
OL-TCP to HA after the cement has set, which was supported by the XRD results.

In this study, O-TCP (550, 583, 1025, and 1039 cm) peaks were supported

by previous works (Carrodeguas and De Aza, 2011, Kolmas, 2015), indicating anti-
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symmetric P-O bending (v4, 551 and 585 cm™) and stretching (vs, 1025 and 1039 cm™)
triply degenerate. In addition, the peak of CaCO5 (857 cm™) in the starting cement
powder was consistent with the C-O bending vibration of 857 cm™ (Islam, 2012, Zhu,
2014). Furthermore, the converted HA peaks (470, 561, 600, 873, 960, 1020, 1415, and
1453 cm™) were indicated after soaking in SBF solution for 28 days. These peaks were
relevant to previous studies (Rehman and Bonfield, 1997, Smolen, 2013), which
assigned them to symmetric O-P-O bending vibration (v,: 470 cm™ and vq: 601 cm™),
anti-symmetric P-O stretching (v4, 962 cm™) and bending (v4, 561 cm™) vibrations,
asymmetric P-O stretching (vs, 1022 cm™), and carbonate (vs, 1417 and 1455 cm™). This
could be related to the phase transformation of Q-TCP to HA after cement has set

(d0) and been incubated in SBF solution over 28 days (d7-28).
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Figure 7.7 FTIR patterns of (a) CPC, (b) p-CPC, and (c) p-CPC/BG cement after

immersion in SBF solution over 28 days.
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FTIR patterns of (a) CPC, (b) p-CPC, and (c) p-CPC/BG cement after

immersion in SBF solution over 28 days. (Continued)
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7.3.6 Degradation
The weight loss percentage of control CPC was higher than both p-CPC
and p-CPC/BG after 7 days of incubation. Afterward, weight loss percentage of all

samples increased and remained constant from 14 to 28 days of incubation.

According to the phase composition results, PAA encapsulated some of
the starting powder. This aspect also reduced the degradation of p-CPC (7 to 28 days)
and p-CPC/BG (7 days) during the incubation, as shown in Figure 7.8. Moreover, the
presence of degradable BG in cement also increased the degradation of cement,
resulting in the higher weight loss of p-CPC/BG with respect to p-CPC (14 to 28 days).
This feature was consistent with the previous result (Liu, 2008), showing superior
degradation of BG added apatite cement with respect to the control cement without
BG. However, the fewer remaining B—TCP phases in CPC and p-CPC/BG in the cement

matrix could also reflect the superior degradation with respect to the p-CPC.
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Figure 7.8 Weight loss percentage of each cement condition after immersion in

SBF solution over 28 days.
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7.3.7 Nitrogen adsorption/desorption analysis

The N, adsorption-desorption isotherms of three cements were analysed
before and after immersion in SBF solution for 28 days, as shown in Figure 7.9 (a). The
isotherm of all cements could be considered as type IV with H3 hysteresis loop,
reflecting the mesopore and macropore structure according to the IUPAC classification
(Sing, 1985, Murugesu, 2017). The pore size distribution of all cement ranged from 2.4-
190.5 nm, indicating mesopore and macropore. The total pore volume of all conditions
rapidly increased, in which the significant change could be measured only in
macropore of the control CPC over 28 days of incubation. In addition, the macropore
of CPC was higher than both p-CPC and p-CPC/BG at 28 days. Meanwhile, p-CPC and
p-CPC/BG presented greater mesopore when compared with the control CPC. The
specific surface area of all cement was not statistically difference after forming cement
(0d). Afterward, the surface area of both p-CPC and p-CPC/BG was higher than that of
the control CPC.

As a result, there was no significant difference in total pore volume
among each cement condition before and afterimmersion in SBF for 28 days. However,
the macropore in CPC was significantly lower than that in p-CPC and p-CPC/BG after
forming cement at 0 day. This lower macropore volume in control CPC could be
attributed to the higher entangled CDHA precipitation in the set cement, as evidenced
in the phase composition result. This aspect could lead to a more compact structure
in the cement matrix of CPC, resulting in less macropore volume when compared with
p-CPC, and p-CPC/BG. This consideration could be supported by the previous works
(Fernandez, 1996, Ginebra, 1997, Vlad, 2012, Vojtova, 2019). They reported that the
growth of precipitated CDHA crystal in the set cement formed a more compact cement
microstructure, resulting in a smaller pore in the cement matrix. After 28 days of
incubation, the greater macropore volume could be correlated to the higher DCPA
degradation in CPC, as compared with p-CPC and p-CPC/BG. Thus, the higher
degradation could result in more supersaturated with respect to phosphate and

calcium ions (Ginebra, 2004). This could explain the more precipitated CDHA growth in
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CPC (64.8 wt.%) when compared with p-CPC (61.4 wt.%) and p-CPC/BG (61.9 wt.%), as
witnessed in the phase composition result at 28 days of incubation. A previous work
(Vojtova, 2019) reported that the higher CDHA precipitation in the cement matrix could
reduce the pore size in the cement. This explanation could relate to the result in this
current work, indicating lower mesopore in CPC when compared with p-CPC and p-
CPC/BG. Consequently, the lower mesopore could lead to the lower specific surface

area in CPC, as compared with other ones.
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Figure 7.9 (a) N, adsorption-desorption isotherms and (b) pore size distribution
curves of each cement condition, as comparing samples before (0d) and

after immersion in SBF for 28 days (28d).
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Figure 7.11 Specific surface area of each cement condition, as comparing samples

before (0d) and after immersion in SBF for 28 days (28d).

7.3.8 Cement morphology analysis

SEM images exhibit the fracture and surface of each cement condition
before and after soaking in SBF solution at different time points. For the fractured
samples, all cement conditions displayed a similar structure. At x100 magnification, the
presence of chitosan fiber could be observed in all fractured samples. Meanwhile, the
higher number of micropores could be noticeable when increasing incubation time
with respect to the unsoaked samples (d0). At x5000 magnification, all fractured
cements at 0 day exhibited flower-like crystal and irregularly shaped structures of other
remaining cement powders. After soaking cement in SBF solution for 7 to 28 days,
more flower-like crystal structures were found as compared with the unsoaked
cement. For bioactivity, the surface of samples was observed in order to detect the
crystal-like structures deposited on the sample at each time point. The sample surface
of three cements showed a similar structure at day 0, presenting the irregular structure

of starting cement powder. After incubating the sample in SBF solution, the needle-



152

like crystal formation was clearly observed for CPC, p-CPC/BG, and p-CPC at days 7,
14, and 28, respectively.

As a result, the number of micropores in the fractured cements was
observed after sample incubation in SBF solution, representing the degradable ability
of these cements. This feature could support the results of weight loss percentage and
porosity. In addition, the more flower-like crystal structures were found when
increasing the soaking time, which could describe the higher converted HA phases in
these cements. This aspect could be supported by the results of phase composition
and FT-IR, indicating the higher converted HA after soaking in SBF solution for 28 days.
Apart from the fractured samples, bone-like HA deposition on the sample surface in
SBF solution was used to assess the bioactivity of bioactive compounds (Kokubo and
Takadama, 2006). It was found that the needle-like structures were observed on CPC
after day 7, which became denser from day 14 to 28. Meanwhile, the needle-like
structures on p-CPC and p-CPC/BG were also discovered after days 28 and 14,
respectively. This could represent the superior bioactive ability of each sample in the
following order: CPC, p-CPC/BG, and p-CPC. The poor bioactivity of p-CPC was
consistent with the results in the previous Chapter V, indicating the poor bioactivity of
PAA incorporated cement. However, the poor bioactivity of p-CPC could be improved
by the addition of BG into cement (p-CPC/BG), which was relevant to the results in
Chapter VI. The superior bioactivity of CPC and p-CPC/BG was related to the higher
weight loss percentage, which could consequently release more Ca (CPC and p-
CPC/BG) and P (CPC) ions with respect to the p-CPC. Thus, these higher Ca and P ions
in CPC and p-CPC/BG could facilitate the higher HA formation on the cements.
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Figure 7.12 SEM micrographs of the fracture (magnification of x100 and x5,000) and
surface (magnification of x5,000) of the CPC cement before and after

soaking in SBF solution over 28 days.
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Day0

Figure 7.13  SEM micrographs of the fracture (magnification of x100 and x5,000) and
surface (magnification of x5,000) of the p-CPC cement before and after

soaking in SBF solution over 28 days.
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Figure 7.14  SEM micrographs of the fracture (magnification of x100 and x5,000) and
surface (magnification of x5,000) of the p-CPC/BG cement before and

after soaking in SBF solution over 28 days.

7.3.9 In vitro biocompatibility
7.3.9.1 Live/dead assay
For indirect culture, HObs were cultured on coverslips for 1 day
with samples-preconditioned medium (Day0) to determine the effect of the
environment surrounding the cement on cell viability. In Figure 7.15, live/dead staining
presented more viable cells (Green fluorescence) in the p-CPC, p-CPC/BG conditioned

medium, as compared with the control CPC. Meanwhile, all conditions exhibited a
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similar trend of dead cells (Red fluorescence). However, the viable cells in the control
medium were higher than all cement-preconditioned media.

Herein, all cement conditions also appeared to adsorb the
essential ions/or proteins, as witnessed in the depletion of Mg ions during the
incubation (Figure 7.22 (e)). Therefore, the adsorption aspect of these cements could
be responsible for the lower density of viable cells in cement-preconditioned media,
as compared with the control medium. This consideration could be supported by the
previous work (Klimek, 2016). They attributed the decrease in osteoblast viability to
the reduced levels of ions (Ca?*, Mg?*, and HPO,?) in the extracted medium of HA after
soaking the sample in the medium due to its high adsorption capacity. Besides, the
essential proteins for cell metabolism could be adsorbed by nano-powder HA (Swain

and Sarkar, 2013), and BG doped apatite cement (El-Figi, 2015).

Indirect culture (HObs): Day0
Control medium CPC medium p-CPC medium p-CPC/BG medium

Glass/ Soked Medium

Figure 7.15  Live/Dead assay of HObs on coverslip cultured with preconditioned
media and control medium for 1 day (Day0), magnification of x10. Green
stain represents live cells and red stain represents dead cells. The scale

bar was 100 pm.

For the direct culture, HObs were cultured on top of three cement
from different preparations, as described in Table 7.1. After 1 day of incubation (Figure
7.16), live/dead staining exhibited more extended HObs adhesion on the cement in a
soaked medium condition, as compared with the untreated and rinsed PBS conditions.
After 7 days of culture (Figure 7.17), HObs maintained a spread morphology on all

cements (Soaked medium condition) and displayed more elongated cells. It was found
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that only CPC presented most of dead HObs in the untreated and rinsed PBS
conditions after 7 days of incubation. Afterward, MSCs were cultured on each cement
samples (Soaked medium condition) for 1 and 7 days (Figure 7.18). The MSCs
elongation on each cement condition presented a similar trend to the results of HObs.
However, both HObs and MSCs presented more well-spread on the glass slip with
respect to all cement conditions.

HObs were cultured on cement samples from different
preparations to determine the influence of the cement and any residuals released on
cell responses. In a comparable experimental procedure, Kunisch et al. (Kunisch, 2017)
investigated cell responses to cements from different preparations, indicating more
viable cells on the PBS-prewashed cement with respect to the fresh cement.
Furthermore, the incubation of cement in cell culture medium could inhibit any
harmful components or ions after the setting of cement, resulting in a higher cell
number and activity (Schamel, 2017). Their findings could be correlated to the present
work, showing the more extended HObs in the prewashed conditions of cement/rinsed
PBS and cement/soaked medium with respect to untreated cement condition. It could
be noted that the process of prewashed cement (soaked in medium overnight) could
rinse the released excessive ions or residuals from cement and allow cement to adsorb
some essential ions/protein from the medium, which become favorable for cell
adhesion. Although the adsorption aspect of cement resulted in low viable cells in the
cement-preconditioned medium in the (indirect), this could allow cell adhesion and
spread in direct contact to cement (direct). Since cement has already adsorbed ions
and essential proteins from the medium after soaking cement in the medium
overnight, which could facilitate cell viability and proliferation. Therefore, the cement
soaked in medium overnight was used for further experiments. Among each cement
condition, cells exhibited greater elongation in the following order: CPC, p-CPC, and p-
CPC/BG. The number of rounded shapes of HObs in p-CPC/BG could be attributed to
the higher concentration of Si (1.5 mM at 1 day, Figure 7.22 (c)) in the medium. These

findings are relevant to the previous work (Shie, 2011), presenting a more rounded
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shape of human osteoblast-like cells (MG63 cells) in the medium with a higher
extracellular Si (from 2 to 6 mM), as compared with well-spread cells in the control
medium. Besides, Stulajterova et al. (Stulajterova, 2017) found more rounded rat
primary Mesenchymal Stem cells (rMSCs) in 7.5-15 wt.% BG (45S5) incorporated TTCP
based cement with the released Si ions (0.28-5.05 mM), as compared with the control

cement.

Direct culture (HObs): Day1
Glass slip control CPC p-CPC p-CPC/BG

Sample/ Rinsed PBS Sample/ Untreated

Sample/ Soked Medium

Figure 7.16 Live/Dead assay of HObs cultured on each cement condition with
different sample preparation for 1 day, magnification of x10. Green stain
represents live cells and red stain represents dead cells. The scale bar

was 100 um.
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Direct culture (HObs): Day7
Glass slip control CPC p-CPC p-CPC/BG

Sample/ Rinsed PBS Sample/ Untreated

Sample/ Soked Medium

Figure 7.17 Live/Dead assay of HObs cultured on each cement condition with
different sample preparation for 7 days, magnification of x10. Green stain
represents live cells and red stain represents dead cells. The scale bar

was 100 pym.

Direct culture (MSCs): Day1 and 7
Glass slip control CPC p-CPC p-CPC/BG

Day1

Day7

Figure 7.18 Live/Dead assay of MSCs cultured on each cement condition with
different sample preparation for 1 (Day1) and 7 (Day7) days, magnification
of x10. Green stain represents live cells and red stain represents dead

cells. The scale bar was 100 um.
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7.3.9.2 Cell morphology

After 7 days of culture, the spreading morphology of HObs and
MSCs on cement (Soaked medium condition) was observed (Figure 7.19 and 7.20),
showing the nuclei (Blue) and actin filaments (Green) in the cytoplasm. All cement
conditions revealed similar actin fibre spreading and filament elongation of HObs and
MSCs. However, p-CPC/BG showed less spread of HObs with respect to other
conditions. In addition, SEM images presented superior HObs spreading on each
cement condition in the following order: CPC, p-CPC, and p-CPC/BG. Furthermore,
MSCs showed similar spreading on all cement conditions.

HObs and MSCs were stained with DAPI and Phalloidin to observe
the formation of cytoskeleton actin fibres after culture with cement for 7 days,
presenting well-spread actin filaments in all conditions. The morphology and adhesion
of HObs on all cement were also detected by SEM images, showing a similar trend and
supporting the fluorescence staining results. In this work, the poor stretching of actin
fibres of HObs in p-CPC/BG could be affected by the excessive Si ions (1.9-1.3 mM)
released from cement to the medium from 0 to 7 days. The released Si ions in this
present work was much higher than the previous work (Li, 2015). They found that the
released Si ions of approximately 0.2 mM could result in well-spread actin fibres of
bone marrow stromal cells (BMSCs) on the mesoporous BG added calcium phosphate
cement scaffold. The well-spread and elongated actin fibres of rat osteoblast cells
(MC3T3-E1) (Axrap, 2016) and osteoblast-like cells (MG63) (Sadiasa, 2014) were also

detected in other studies of BG added calcium phosphate cement.
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Direct culture (HObs): Day7
Glass slip control CPC p-CPC p-CPC/BG

F-actin staining

SEM

Figure 7.19 HObs morphology cultured on each cement condition with control
medium for 7 days. 2D images of cells spreading stained with phalloidin
for actin cytoskeleton (green) and DAPI for the nucleus (blue), original
magnification of x40. SEM images show cells adhesion on each cement

at magnification of x1000.

Direct culture (MSCs): Day7
Glass slip control p-CPC p-CPC/BG

Figure 7.20 MSCs morphology cultured on each cement condition with control

F-actin staining

SEM

medium for 7 days. 2D images of cells spreading stained with phalloidin
for actin cytoskeleton (green) and DAPI for the nucleus (blue), original
magnification of x40. SEM images show cells adhesion on each cement

at magnification of x1000.
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7.3.9.3 pH changes, ion release/adsorption, and surface roughness

As a result, pH trend of all cement conditioned media appeared
more acidic after soaking in the medium for 21 days, as compared with the control
medium. The result showed that the pH of all samples was in a range of 8.79 to 8.36
(CPC), 8.88 to 8.57 (p-CPC), and 8.90 to 8.61 (p-CPC/BG). All cements presented both
release (White area: positive value) and adsorption (Grey area: negative value) ability
after the values were subtracted by the control medium. For control CPC-conditioned
media, the released Ca, P, and Si ions were in a range of 0.24-0.49 mM, 0.82-4.04 mM,
and 0.15-0.53 mM, respectively. The p-CPC released ions to the culture media ranging
from 0.21-0.32 mM Ca ion, 0.47-2.63 mM P ion, and 0.19-0.59 mM Si ion. Besides, the
released Ca (0.12-0.59 mM), P (0.24-2.62 mM), and Si (1.05-1.91 mM) ions of p-CPC/BG
was indicated during the incubation from 1 to 21 days. For Si ions, the cumulative
release was the most prominent in p-CPC/BG with respect to the other ones. All
cement released a large amount of PO, into the medium at 0 day and rapidly reduced
to 1 day, which then slightly increased to 21 days. Furthermore, the initial burst of Na*
was clearly seen throughout the early stages of 0 and 1 day. In contrast, Mg ions in the
culture medium were absorbed by all cement conditions, resulting in negative results
after subtracting the blank (culture medium). After soaking cement in medium
overnight, there was no significant difference in surface roughness among each cement
condition, as presented in Figure 7.23.

Herein, it was found that each sample presented different pH
changes of culture medium during incubation. p-CPC/BG exhibited a higher pH trend
with respect to other conditions. This result is relevant to the previous work of BG
doped apatite cement (El-Figi, 2015) and BG doped apatite/PLGA cement (Renno,
2013). They reported that the higher pH trend was influenced by the more inorganic
ions in the BG particles released into the medium. Meanwhile, the pH of the control
CPC was more acidic than the other samples. It is noteworthy that the pH change in
the culture medium was correlated to the ion release/adsorption feature of cement.

Thus, the higher acidic value of CPC medium could be related to redundant residual
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P and Na ions from the cement liquid mixture of 1M Na,HPO, and 1M NaH,PO, (total
pH = 7.4) and the high degradation of DCPA powder. This could result in the higher
released P ions when compared with other samples during 28 days of cultivation. In
addition, the higher Ca ions of CPC and p-CPC/BG could be related to the higher
degradation of B—TCP content (shown in weight loss results) with respect to p-CPC.
Furthermore, these cements also presented the adsorption ability, representing the
depletion of Mg ions over time of samples incubation. This feature is consistent with
the previous study (Klimek, 2016). Apart from ions and pH changes, it should be noted
that the different morphology of HObs may not be influenced by the microstructure
of each sample as there was no significant difference in surface roughness among each

cement condition.
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Figure 7.21  pH value of sample-conditioned medium after soaking in culture

medium at different time points.
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Figure 7.22 lon changes of (a) Ca, (b) Si, (c) P, (d) Na, and (e) Mg ions of sample-

conditioned medium after soaking in culture medium at different time

points. All ions of each condition were subtracted by the control cell

culture medium as a blank, showing the ions in the medium adsorbed by

samples (Grey area: negative value) and ions released from sample to

medium (White area: positive value).
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Figure 7.23 Surface roughness of each cement condition after immersion in culture

medium overnight.

7.3.9.4 Cell proliferation and Picogreen DNA quantification

The results presented the metabolic activity and DNA content of
both HObs and MSCs adhered to the cement and glass slip control. For HObs, there
was no significance different of cellular metabolic activity among three cement
conditions at 1 day of culture. In addition, the metabolic activity of HObs on p-CPC, p-
CPC/BG cement and glass slip control significantly increased, while the CPC showed a
consistent level of metabolically active cells from 7 to 28 days. The DNA contents of
HObs presented a similar trend with respect to the result of metabolic activity. For
MSCs, the metabolic activity of cells on all cements and glass slip control rapidly
increased over 28 days of incubation. A similar trend of MSCs grew on samples was
also detected by the DNA content when compared with the metabolic activity result.

As a result, the higher acidosis of the CPC medium could affect
the cell viability and proliferation, demonstrating less viable HObs (Indirect: day 0 and
Direct: day 1, cement/untreated) and poor proliferation rate (metabolic activity and
DNA contents) of both HObs and MSCs with respect to other samples. This is consistent

with the previous studies, exhibiting a reduced proliferation rate of mouse-osteoblast
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cells (MC3T3-E1) (Galow, 2017) and primary human bone marrow mesenchymal stem
cells (hBMMSCs) (Wu, 2016) cultured in the acidic medium. However, MSCs in this work
could tolerate the acidic pH of the CPC medium, as witnessed in the result of MSCs
proliferation. Apart from pH changes in culture medium, ion changes could also
influence the proliferation of both cells. Previous work (Farley, 1994) found that Ca
ions also played an important role in cellular responses, as evidenced by increased
proliferation of Sa0S-2 human osteosarcoma cell lines (Ca ions, 0.2-2.0 mM). Although
their findings were in a similar range with the released Ca ions (0.1-0.6 mM) in the
current study, this Ca concentration did not appear to affect any specific responses in
both HObs and MSCs. This could be due to other important features of ions
release/adsorption and pH changes which have already had an impact on cell
behaviour. As a result, P ions (0.8-1.5 mM) in the CPC medium could inhibit the
proliferation of HObs and MSCs, presenting the lower viable HObs and MSCs with
respect to other conditions over 28 days of incubation. Current results are in contrast
with the previous work (Kanatani, 2002), revealing enhanced proliferation of
osteoblastic cells when increasing extracellular P ions (1.5-4.0 mM) in the medium.
Thus, the low proliferation of HObs and MSCs of CPC in the current work could be

influenced by the more acidic environment as mentioned above.
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Figure 7.24 Metabolic activity of (a) HObs and (b) MSCs cultured for 1, 7, 14, 21, and

28 days in the control medium.
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Figure 7.25 DNA content of (a) HObs and (b) MSCs cultured for 1, 7, 14, 21, and 28

days in the control medium.

7.3.9.5 Alkaline phosphatase (ALP) assay

ALP activities of HObs and MSCs adhered to cement and glass slip
control were evaluated, as shown in Figure 7.26 (a) and (b), respectively. For HObs,
there was no significant difference in ALP activity among three cements and glass slip
control after culture in the control medium (OS-) from 1 to 28 days. In the osteogenic
medium (OS+), the ALP contents slightly increased in p-CPC, p-CPC/BG, and glass slip
control, indicating superior ALP activity when compared with the CPC at 28 days of
culture. In addition, the ALP activity of p-CPC/BG in OS+ medium was significantly
higher than that in OS- medium after 28 days of incubation. For MSCs cells, the ALP
expression could be detected only in OS- medium for p-CPC, p-CPC/BG, and glass slip
control and that in OS+ medium for p-CPC/BG and glass slip control. Furthermore, p-
CPC/BG presented the higher level of ALP contents in OS+ medium when compared
with the OS- medium.

The increase in ALP activity was determined as the osteogenic
differentiation of MSCs into osteoblasts (Liu, 2018). ALP activity is also produced by
osteoblasts, which encourages the bone mineralization (Bilgic, 2020). As a result, the
acidosis of CPC medium could significantly influence the ALP expression, resulting in
no ALP activity of HObs in OS+ medium (day 28) and MSCs in both OS- and OS+

medium (day 1 to 28). This behaviour could be attributed to the more acidosis in CPC
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medium with respect to other samples. Thus, this lower pH could down-regulate the
ALP production of both cells. This consideration is consistent with the earlier studies,
presenting the lower ALP level of osteoblast-like cells (Ramp, 1994) and dental pulp
stem cells (DPSC) (Massa, 2017) when cultured in the more acidic medium. Surprisingly,
the enhanced osteogenic differentiation of both HObs and MSCs was detected only in
the p-CPC/BG, showing a significant fold-increased ALP level with the presence of
osteogenic inducers (OS+). In addition, ALP p-CPC/BG showed superior ALP level in
OS+ medium when compared with the glass slip control. This aspect could be
influenced by the appropriate range of extracellular Siions (1.1-1.5 mM) from p-CPC/BG
released into the medium, enhancing the ALP level of HObs (28 days) and MSCs (1 and
7 days) after culture in OS+. This could be supported by previous work showing that
extracellular Si ions ranging from 1 to 1.5 mM promoted differentiation of SaOS-2
(Mestres, 2012) and rMSCs (Radin, 2005). However, it is still unclear why the MSCs could
produce ALP enzymes only in the p-CPC cultured in OS- medium, but not in OS+
medium. This could be related to the low number of viable cells cultured in OS+,

which were not enough to support the ALP induction.

Figure 7.27 (a) and (b) shows the total collagen contents of HObs and
MSCs after culture in both OS- and OS+ media for 14 and 28 days. The total collagen
production slightly increased from 14 to 28 days in all cement conditions. HObs
presented a similar level of total collagen content in OS- medium. Meanwhile, the
total collagen expression of the CPC was significantly lower than that of p-CPC (28
days), p-CPC/BG (14 and 28 days), and glass slip control (14 and 28 days) in OS+
medium. For MSCs, the total collagen expression in p-CPC/BG (14 and 28 days) was
significantly greater than that of p-CPC in the OS- medium. In addition, the control CPC
showed higher total collagen contents than p-CPC and p-CPC/BG after 14 days of
culture in the OS+ medium. When compared between two condition media, the
greater total collagen content was detected in CPC cultured in OS+ medium at 14
days. However, the total collagen level in p-CPC/BG significantly reduced of culture in

OS+ medium, as compared with the OS- medium at 28 days.
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Figure 7.26 ALP activity of (a) HObs and (b) MSCs cultured on cement sample with

control medium (OS-) and osteogenic medium (OS+) for 1, 7, 14, 21, and

28 days (The statistical comparison among sample conditions is shown as

*p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001/ The comparison

between complete (OS-) and osteogenic (0S+) medium as °p < 0.05 and

*p < 0.01).

7.3.9.6 Total collagen secretion

It was noted that osteoblastic cells secrete collagen with essential

proteins constituted in the extracellular matrix, facilitating new bone formation
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(McNamara, 2017). For HObs, CPC exhibited a lower collagen level (OS+ medium),
which could be influenced by the more acidic pH of CPC-conditioned medium with
respect to other conditions. Our assumption could be supported by previous studies
showing lower collagen production when cells were cultured in a more acidic medium
(Kohn, 2002). However, the higher released P ions of CPC could result in the higher
collagen production (d14, OS+ medium) with respect to other conditions, p-CPC and
p-CPC/BG. Current results could be correlated to the previous work (Schack, 2013),
exhibiting enhanced collagen levels of MSCs cultured in medium containing
extracellular P ions. Herein, the high concentration of Siin p-CPC/BG could also result
in higher secreted collagen (OS- medium) with respect to p-CPC. This aspect was
comparable with previous studies (Reffitt, 2003, Shie, 2011), revealing the enhanced
collagen production of osteoblast-like cells and human bone marrow stromal cells
cultured in the medium with extracellular Si ions. Although the p-CPC/BG supported
ALP and collagen expression of HObs and MSCs under static culture, further
investigations into dynamic culture systems with other gene expression tests, including

in vivo testing, would be advantageous for the current results.
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Total collagen secretion of (a) HObs and (b) MSCs cultured on cement

sample with control medium (OS+) and osteogenic medium (OS+) for

14 and 28 days (The statistical comparison among sample conditions is

shown as *p < 0.05, **p < 0.01, and **p < 0.001/ The comparison

between complete (OS-) and osteogenic (OS+) medium as °p < 0.05, **p

< 0.01, and **°p < 0.001).



172

7.4 Conclusions

This work investigated the incorporation of PAA (liquid phase) and BG (powder
phase) into apatite/B—TCP cement, indicating its improved physical properties and
enhanced in vitro cellular activities of HObs and MSCs on the cement. The addition of
PAA in the cement retarded the setting time, which the prolonged setting time of p-
CPC could be decreased by the addition of BG (p-CPC/BG). Besides, the injectability
percentage of p-CPC/BG was still higher than the control CPC. The mechanical
properties of cement were significantly improved with the presence of PAA coupled
with BG during the incubation in SBF solution. However, PAA could slightly interfere
the phase conversion and degradation of DCPA and [B-TCP in the cement, resulting in
less phase of HA formation and weight loss percentage in both p-CPC and p-CPC/BG
with respect to CPC. This led to the more mesopore (less converted HA) and less
macropore (less degraded DCPA) in p-CPC and p-CPC/BG. Thus, the higher mesopore
resulted in a higher specific surface area with respect to the control CPC after 28 days
of incubation in SBF solution. Furthermore, the poor degradation of p-CPC could be
related to the fewer released ions for the HA deposition on the surface of the sample,
indicating poor bioactivity.

For in vitro testing, we determined the influence of cement (direct) and the
conditioned medium from the cement (indirect) on cell viability. All cements
presented the ion release/adsorption characteristic after soaking cement in the
medium over time. This adsorption feature resulted in less viable HObs cultured in
cement-conditioned medium (indirect) when compared with the control medium.
CPC-medium (higher Na and P ions) resulted in less viable HObs with respect to other
conditions. For direct culture, HObs viability on cement from different prewashed-
procedure was examined. Cement/Soaked medium condition showed the more spread
cells adhered on cements with respect to other sample preparation. At 7 days, HObs
and MSCs presented well-spread on cement, revealing the elongated actin filaments
in the cytoplasm. Afterward, the proliferation, differentiation, and total collagen

secretion of HObs and MSCs were investigated. The higher released Si ion and lower
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acidification of p-CPC/BG appeared to be more appropriate environment for cells,
resulting in the enhanced osteogenic differentiation (HObs and MSCs) and total
collagen production (HObs in OS+ and MSCs in OS-). Therefore, the presence of PAA
coupled with BG in this apatite/B—TCP cement could be promising for biomedical
applications and bone engineering, which will be further characterized in other

supportive gene expression assays, including in vivo testing.



CHAPTER VIII
CONCLUSIONS

This work aimed to find the new potential formula of calcium phosphate
cement for use in bone tissue engineering under load-bearing conditions. In addition,
this new formula required some major starting precursors (alpha-tricalcium phosphate,
OL-TCP), which could be successfully prepared in-house using the new technique.
Moreover, the influence of the particle size of Q-TCP and the selective sterilization
process with the appropriate conditions on this cement was estimated. For the cement
formula, the presence of a biopolymer (polyacrylic acid, PAA) and a bioactive
component (bioactive glass, BG) significantly improved the physical and biological
properties of apatite/beta-tricalcium phosphate (B—TCP) cement. These developments

and enhancements could be summarized in the following sections.

8.1 Effect of different synthesis of O-TCP powder on physical

properties of apatite/B—TCP cement

The result showed that the high purity phase of O-TCP powder could be
successfully produced by different syntheses of both traditional solid state and wet
chemical reaction methods. It was found O-TCP from both methods (Ql-solid and O-
wet) exhibited no significant difference in phase composition, chemical functional
groups, and morphology. Afterward, both Ql-solid and Ol-wet were used as one of the
starting cement powders to prepare the cement samples (CPC-solid and CPC-wet) for
their physical testing, including phase conversion, compressive strength, morphology
(fracture surface, and bioactivity). Thus, both CPC-solid and CPC-wet presented similar
performances. This confirmed that the wet chemical reaction could be an optional
process to obtain the high purity phase of Q.-TCP powder. Moreover, this wet chemical
reaction technique reduced time and cost of manufacture with respect to the

conventional solid state reaction.
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8.2 Effect of particle size of O-TCP and dry heat sterilization on

physical properties of apatite/ B-TCP cement

For particle size of O-TCP parameter, smaller size of Q-TCP resulted in
decreased setting time, increased compressive strength, and enhanced calcium
deficient hydroxyapatite (CDHA) transformation of apatite/B—TCP cement. For dry heat
sterilization parameter, it was found that phase composition of both starting cement
powder and set cement samples after soaking in SBF solution for 7 days were not
influenced by the higher temperature, ranging from 121 to 170 °C. In addition, FT-IR
spectra of chitosan fiber from different sterilized temperature were similar. Meanwhile,
the color of chitosan fiber was slightly darker when increasing temperature, reflecting
the damage of the chitosan fiber. Consequently, the compressive strength of sterilized
cement (140-170°C) was decreased. Herein, the sterilized condition (121°C soaked for
10h) exhibited no statistical difference in compressive strength, setting time, pH
changes, and bioactivity of cement when compared with the control non-sterilized
cement. Therefore, this assured that the sterilized condition at 121 °C for 10 h could
be an appropriate process for the sterilization of the cement powder formular in this

study.

8.3 Effect of PAA added into apatite/ﬂ—TCP cement on its physical

properties and cytotoxicity

The combination of PAA (0-50 v/v%) and disodium hydrogen phosphate
(Na2HPO4) was optimized in an appropriate ratio to improve the mechanical strength
of this cement formula. Thus, 30 v/v% PAA cement at 0.35 L/P ratio presented the
shortest setting time (initial setting time: 11.8 + 2.5 min, and final setting time: 54.7 +
2.3 min) and the highest compressive strength (40.3 + 5.9 MPa) with respect to other
conditions. Meanwhile, the phase conversion of cement into CDHA could be
maintained with the concentration of PAA content in cement ranging from 10 to 40
v/\v%. In addition, the higher PAA showed less HA deposition on cement (poor
bioactivity). However, 30 v/v% PAA was still bioactive, indicating some HA deposited

on the surface of cement. Furthermore, 30 v/v% PAA presented higher viability of
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fibroblast cells than control cement without PAA (day 1) and a commercial product
of biphasic granules (day 7). Afterward, the concentration of PAA ranging from 25 to
35 was investigated, showing the higher compressive strength at 25 v/v% PAA (44.2 +
4.2 MPa) Therefore, 25 v/v% PAA was used for further analysis.

8.4  Effect nano-BG added into polymeric apatite/B—TCP cement on its
physical performances and adipose-derived stem (ASC) cells behaviors

The poor phase conversion and bioactivity of polymeric apatite/B-TCP cement
were continuously improved by the addition of porous nanoparticle-BG (122 + 15 nm)
from 0 to 1.5 wt.%. The higher nano-BG concentration resulted in decreased setting
time, enhanced CDHA conversion, and promoted bioactivity of polymeric apatite/B-
TCP cement. The highest compressive strength (49.9 + 5.6 MPa) and Young’s modulus
(10.1 + 2 GPa) were found at 1wt.% nano-BG when compared with other conditions.
The initial and final setting times of 1 wt.% nano-BG cement were 9 + 1 min and 18 +
1 min, respectively. Afterward, the promising formula of 1 wt.% nano-BG was selected
for further biological testing with human adipose-derived stem (hASC) cells. It was
found that both unmodified and 1 wt.% nano-BG cements adsorbed some essential
ions (Mg2+) and proteins from the culture medium. This resulted in lower metabolic
activity and protein content of hASCs as compared with the control culture medium
(indirect culture). For direct culture, 1 wt.% nano-BG cement with extra released Ca
(0.16-0.69 mM), P (0.10-0.99 mM), and Si (1.04-1.46 mM) ions enhanced the metabolic
activity and protein content of hASCs in both control (-OS) and osteogenic (+OS)
medium. In addition, 1 wt.% nano-BG cement showed the highger osteogenic
differentiation of hASCs with respect to the glass coverslip control. Thus, promising

formula of 1 wt.% nano-BG cement was selected for further experiments.

8.5 Nano-BG incorporated polymeric apatite/B-TCP cement for bone
regeneration
In this section, the physical and biological performance of nano-BG added

polymeric apatite/B—TCP (p-CPC/BG) cement was comprehensively indicated. This
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formula was compared with both polymeric apatite/B—TCP (p-CPC) and unmodified
apatite/B—TCP (CPC) cement. The prolonged setting time and lower HA conversion of
p-CPC were improved by the addition of nano-BG. p-CPC/BG showed two major phases
of apatite and B-TCP after 28 days of incubation with a few DCPA residuals. The
injectability of p-CPC/BG (82.9 + 1.0%) was higher than that of CPC (74.1 + 2.5%). During
the incubation in SBF solution, the compressive strength and Young's modulus of p-
CPC/BG were significantly higher than those of p-CPC and CPC. The presence of nano-
BG improved the poor degradation and bioactivity of p-CPC. However, poor
degradation of DCPA (less macropore) and HA phase conversion (higher mesopore) in
both p-CPC and p-CPC/BG led to a higher specific surface area with respect to the
control CPC. There was no significant difference in surface roughness among the three
cements.

In in vitro experiments, primary human osteoblast (HOb) and mesenchymal
stem cell (MSC) responses to three cements were investigated. All cements appeared
to absorb some essentials ions (Mg2+) and proteins, resulting in less viable HObs
cultured with cement-preconditioned medium (in direct culture) when compared with
control culture medium. However, all cements were not harmful to both cells,
presenting viable HObs and MSCs and actin filament formation in the cell cytoplasm
after 7 days of cultivation. Afterward, the strong acidic surrounding environment of
CPC showed poor proliferation of both cells. Meanwhile, HObs and MSCs rapidly grew
on both p-CPC and p-CPC/BG. Consequently, the significant fold-increase in osteogenic
differentiation of both HObs and MSCs was detected in only p-CPC/BG, demonstrating
the statistical upregulation of ALP levels in the presence of osteogenic stimuli (+OS
medium). In addition, the superior total collagen secretion of MSCs was measured in
p-CPC/BG when compared with p-CPC in -OS medium. This enhanced osteogenic
differentiation (HObs and MSCs) and total collagen secretion (HObs in +OS and MSCs
in -OS) could be attributed to the higher released Si ion and lower acidification of the
medium with respect to other cement conditions. This could suggest that the
appropriate concentration of both 25 v/v% PAA (liquid) and 1 wt.% nano-BG (powder)
incorporated into this apatite/B—TCP cement could be a promising tool for bone repair

and fixation. Further experiments will concentrate on other critical in vitro gene
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expression analysis and in vivo testing in order to supplement the current work with

more comprehensive results in the biological performance of this formula.
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