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ABSTRACT

FABRICATION OF CARBOXYMETHYL
CELLULOSE/GELATIN/CALCIUM PHOSPHATE
CEMENT/CARBON NANOMATERIAL SCAFFOLDS FOR
BONE REGENERATION

Compressive strength and inherent osteogenic capacity of calcium phosphate ce-
ments (CPCs) remain relatively limited. In this thesis, first, powder and liquid phase
of CPCs were optimized. After this, nanodiamond (ND) and Fullerenol (Ful) were
incorporated into carboxymethyl cellulose/gelatin (CMC/Gel) CPCs to enhance their
ability to promote compressive strength and bone formation, respectively. It was found
that ND did not contribute to the compressive strength of CPCs in unfunctionalized
form; however, it was efficient to reduce the setting time of cements. Besides ND,
the biocompatible Ful particles were introduced into CPCs at concentrations of 0.02,
0.04, and 0.1 wt/v%. The addition of Ful at the highest concentration to CMC/Gel
cements leaded to a decrease in setting times, attributed to enhanced hydrogen bond-
ing facilitated by the hydroxyl groups of Ful. In witro studies focusing on reactive
oxygen species (ROS) scavenging demonstrated the antioxidant activity when Ful was
incorporated into CMC/Gel cements and the scavenging capacity of the cement was
highest for 0.02 and 0.04 wt/v% Ful concentrations. Additionally, in vitro cytotoxicity
studies revealed that cements with 0.02 and 0.04 wt/v% Ful protected cellular viabil-
ity. Furthermore, treating MC3T3-E1 pre-osteoblast cells with low-dose Ful cements
leaded to an increase in osteogenic differentiation. These findings strongly suggest a
correlation between the osteogenic abilities of Ful-loaded cements and their antioxidant
activity levels. Thus, this study highlights the promising potential of ND and Ful for

enhancing the performance of CPCs in bone reconstruction procedures.

Keywords: Calcium Phosphate Cement, Fullerenol, Antioxidant, Nanodiamond,

Bone.
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OZET

KEMIK YENILENMESI ICIN KARBOKSIMETIL
SELULOZ/JELATIN /KALSIYUM FOSFAT
CIMENTO/KARBON NANOMALZEME DOKU
ISKELELERININ URETIMI

Kalsiyum fosfat ¢imentolarin (CPCler) basma dayanimi ve osteojenik 6zellik-
leri yetersizdir.Bu tezde ilk olarak, CPClerin toz ve sivi fazlar1 optimize edilmistir.
Daha sonra, nanoelmas (ND) ve Fullerenol (Ful) karboksimetil seliiloz/jelatin ¢imento-
lara sirasiyla basma dayanimi ve kemik olugsumunu arttirmak amaciyla eklenmigtir.
Sonucglara gére ND, CPClerin basma dayanimina etki etmemis olup ¢imentolarin
katilagma siiresini azaltmigtir. ND’den farkli olarak Ful, ¢imentolara agirlik /hacimce
% 0.02, 0.04 ve 0.1 oranlarinda eklenmistir. Yiiksek oranda Ful eklenmesi, ¢imentonun
katilagma siiresini diigiirmiistiir ve bu da Ful’un hidroksil gruplarinin hidrojen bag: yap-
masiyla agiklanabilir. Reaktif oksijen tiirlerini tutabilme {izerine yapilan in vitro calig-
malar, Ful'un ¢imentolara antioksidan 6zellik kattigini géstermis ve en yiiksek antiok-
sidan ozellikler agirlik /hacimce % 0.02 ve 0.04 Ful konsantrasyonlarinda goriilmiistiir.
Ayrica in witro sitotoksisite calismalari, bu konsantrasyonlarmm hucre canliligini ko-
rudugunu gostermistir. Hatta bu konsantrasyonlarda Ful eklenmesi ile MC3T3-E1
pre-osteoblast hiicrelerinin, osteojenik farklilagsmasi artmistir. Bu sonuclar, Ful katkili
¢imentolarin antioksidan aktivitesi ile osteojenik yeterlilikleri arasinda bir ilgi oldugunu
gostermistir. Ozetle bu caligma, CPC’lerin kemik olusum uygulamalarindaki perfor-

mansina ND ve Ful’'un 6énemli etkisini ortaya koymaktadir.

Anahtar Sozciikler: Kalsiyum Fosfat Cimento, Fullerenol, Antioksidan, Nanoelmas,

Kemik
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1. INTRODUCTION

1.1 Motivation

Unlike highly exothermic polymethylmethacrylate (PMMA) cements that can
generate heat and harm nearby tissues, CPCs can produce apatite under physiological
conditions without causing any damage |1, 2|. However, the clinicians suffer from their
obstructions. Lack of cohesiveness and disintegration of cements limit the applicability
of CPCs [3, 4, 5]. Moreover, CPCs are brittle and low compressive strength restricts
their utility to non-load bearing areas [3, 6]. Finally, osteogenic ability of CPCs are
inadequate and low osteogenic ability limits the applications of CPCs, especially in

osteoporotic bones [3, 7, §.

The prominent materials which CPCs are combined with are naturally-derived
polymers like carboxymethyl cellulose (CMC) and gelatin (Gel). CMC is known to
improve overall handling by increasing material viscosity [3, 9], and enhancing the wash-
out resistance [3, 4] while Gel is reported as an efficient agent to boost the compressive
strength and modulus of CPCs [6, 10]. Moreover, several materials have been proposed
as potential additives to enhance the osteogenic ability of CPCs. The most extensively
studied additives for this purpose are therapeutic growth factor proteins. However,
these recombinant proteins are expensive and difficult to use in a heterogenous patient
population that often requires varying dosages [11, 12]. Furthermore, the use of BMP-2
in the clinic has been associated with disadvantages including ectopic bone formation
and excessive inflammation [12, 13|. Despite the handling issue of CPCs seems to be
solved with wash-out agents, the compressive strength and osteogenic ability of CPCs
still need to be improved. The fundamental motivation of this thesis is improving

compressive strength and osteogenic ability of CMC/Gel-incorporated CPCs.



1.2 Objectives and Outline of the Thesis

For enhancing compressive strength of CPCs, nanodiamond (ND) is investi-
gated. Moreover, a biocompatible antioxidant, Fullerenol (Ful), is incorporated to ce-
ments for accelerating and increasing the osteogenic differentiation, which is an under-
explored strategy. Besides the targeted properties of cements, the physical characteris-
tics of CPCs including setting time, apatite formation and apatite morphology were all
studied. The main goal of my PhD thesis is to heighten the compressive strength and
osteogenic ability of CPCs while improving (or without compromising) the physical

cement properties.

e Presenting the motivation and literature review related to this thesis

The motivation and objectives of this thesis work was presented in the Chapter 1.
Background information on bone tissue engineering, CPCs and additives were explained

in Chapter 2.

e Developing ND and Ful-incorporated CPCs

For this purpose, the particle size of powder phase and pH of liquid phase were opti-
mized. The optimization studies were explained in Chapter 3. In Chapter 4, the effect
of ND on compressive strength and physical characteristics of CPCs was presented.
In Chapter 5, the effect of Ful on physical characteristics, cell viability and osteogenic
ability was demonstrated. Finally, all the findings of this thesis were summarized in

Chapter 6.



2. BACKGROUND

2.1 Bone Structure and Remodeling

To develop scaffolds repairing bone defects, it is essential to understand the bone

structure. Figure 2.1 illustrates bone structure.

cancellous bone

cortical bone

Haversian Concentric

b) Cancellous Cortical bone

e 100-500 ym =
- - £ ) * Blood vessels Sl Osteocyte
0:';;,. Endosteum (internal fFeriostoum and nerves in lacuna
F%% T surfaces/cavities)
Bone marrow
c) Collagen fibril assembly Collagen fiber
: " Collagen =~ e
i Hydroxyapatite trple helix ST 11 nm
 crystals '\ iy R
35-60 nm |
BT

Figure 2.1 (a) The main structure of bone[14] (b) Hierarchical structure of bone (c¢) Collagen fibrils
assembling to collagen fibers and hydroxyapatite (HA) crystals located in the gaps [15].

Cortical bone is sourced from osteons which are also called Haversian systems.

Osteons consist of concentric circles of lamellae which are about 3 pm thick and en-



circling a Haversian canal, which accomodates nerves and blood vessels [15, 16]. The
inner section is in close proximity to the blood vessel canals, the bone marrow cavity
and comprises osteoblasts, osteoclasts and blood vessels. Cancellous bone consists of a
lattice-like arrangement of trabecular plates, resembling a honeycomb structure. This
configuration renders the bone porous and lightweight, yet resistant to forces. The

interstitial spaces among the trabeculae also accommodate bone marrow [15, 16].

In a nanoscopic level, bone is composed of numerous structural proteins and
polysaccharides, primarily consisting of collagen fibrils. These fibrils are arranged in a
periodicity of 67 nm with gaps of 40 nm and are mineralized by HA crystals that are
anisotropic and incredibly rigid. The HA crystals are found within the collagen gaps
and makes up 70% of bone [15].

Cortical bone and cancellous bone are mechanically different. Cancellous bone is
highly porous and has low density. It exhibits high elasticity, resilience and toughness
due to its organic constituents. On the other hand, cortical tissue is denser than
cancellous bone and provides protection for the inner cancellous tissue. Due to its
lack of organic matter and greater mineralization content, cortical tissue is stiffer, has
lower toughness and higher elastic modulus [16]. Table 2.1 summarizes these properties

[16, 17, 18].



Table 2.1
Mechanical parameters of cancellous and cortical bone.

Cancellous Bone Cortical Bone
Compressive strength (MPa) 2-12 130-225
Compressive modulus (GPa) 0.12-1.1 3-30

The integrity of bone tissue is maintained by bone remodeling and it is depicted

in Figure 2.2.

Lining cell
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Figure 2.2 Bone remodeling process [16].

Osteoblasts and osteoclasts engage in cross-communication to maintain bone
homeostasis. During the process of bone regeneration, osteoclasts break down the
old tissue and this exposes essential ions and minerals necessary for bone formation.
This is followed by the recruitment of osteoblasts to facilitate bone formation and

mineralization|16].

Regeneration in most bones including the long bones of the ribs and limbs
starts with endochondral ossification. The differentiation of MSCs into chondrocytes
starts the endochondral ossification and a cartilaginous tissue with a separate extra-
cellular matrix (ECM) is formed. The chondrocytes subsequently differentiate into
hypertrophic chondrocytes, which undergo resorption and replacement by bone mar-

row when engulfed by specialized cells (osteoclasts and osteoblast progenitors) and



blood vessels. Afterwards, osteoblast progenitors differentiate into osteoblast cells that
synthesize a mixture of ECM proteins, including alkaline phosphatase (ALP), osteo-
calcin and a significant amount of type I collagen. Subsequently, calcium phosphates
accumulate in the form of HA within the collagen-proteoglycan in osteoid, resulting
in a composite organic and inorganic phase. Ultimately, the osteoblast cells become
enclosed by the layers of the outer calcified shell and the osteoid matrix, resulting in

the development of osteocyte cells[16].

2.2 Wound Healing Process

Wound healing process contains various molecular and cellular activities that
require appropriate ECM. It consists of four phases: the inflammatory phase, followed
by two repair phases that involve the formation of soft and hard calluses, and finally
the remodeling phase [16]. At first stage, platelets are the initial providers of mitogenic
factors at an injured location. In addition to coagulation factors, they secrete growth
factors which encourage the bone regeneration. Moreover, MSCs in the cambium layer
of the endosteum, periosteum, bone marrow, and nearby soft tissues start to proliferate
at this stage [19]. Stages of soft and hard tissue formation basically involve endochon-
dral ossification and these stages are explained in Section 2.1 with the final stage of

wound healing which is bone remodeling.

2.3 Bone Tissue Engineering

The reason of extensive bone loss is trauma or disease and bone loss leads to
musculoskeletal disorders. Creating a scaffold that can effectively treat significant load-
bearing bone defects is a significant challenge [20]. A critical-sized gap of at least 3
cm is defined as a large bone defect [21|. The current clinical solution is autologous
bone grafting, which can induce bone regeneration and provide high strength standard

for these defects and bioactivity. However, autografts have disadvantages including



donor site morbidity, insufficient supply and high graft resorption rates. While allo-
grafts which are transplanted tissues from other humans can address some of these
disadvantages, they often have low integration with native bone, resulting in reduced
strength and bioactivity. Hence, synthetic bone substitutes are heavily investigated as

alternatives to autografts and allografts |21, 22].

A synthetic bone graft must possess the advantageous characteristics of an au-
tograft, such as exhibiting high mechanical strength and providing sustained support
after implantation in a load-bearing defect. Additionally, it must be osteoconductive
and preferably osteoinductive to induce bone formation. Finally, a bone graft must be

reproducible through a controlled manufacturing process|20].

2.4 Calcium Phosphate Cements

Four decades ago, Brown and Chow invented the moldable calcium phosphates
which are called calcium phosphate cements (CPCs) [23, 24]. The introduction of CPCs
has led to the development of more than a dozen commercial CPC formulations [25].
Due to their moldability, they are easily applied to osseous defects and they have been
extensively used as bone substitutes in clinical applications for more than two decades
[26, 27, 28|. Unlike highly exothermic PMMA cements that generate heat and harm
nearby tissues, CPCs produce apatite in physiological conditions without causing any

harm.

CPCs produce apatite or brushite (CaHPO,4.2H50, dicalcium phosphate dihy-
drate, DCPD) from initial calcium phosphates in physiological conditions [29]. Respec-
tive equations are given below:

2 Ca4(PO4)QO + 2 CaHPO4 — Ca10<PO4)6(OH)2 (1) [29]

2 C&4(PO4)QO + 2 C&HPO4 -2 HQO — Calo(PO4)6(OH)2 -+ 4HQO (2) [30]



1.5 Ca4(PO4)QO +3 C&HPO4 -2 HQO — Cag(HPO4>(PO4>5OH + 6.5 HQO (4)
[30]

3—()50&3(1304)2 + HQO — C&g(HPO4)(PO4>5OH (5) [29]

O./-Cag(PO4)2 -+ Ca(HgPO4)2 . HQO + 7H20 — 4 CaHPO4 -2 HQO (6) [29]

The first two reactions relate to the original composition proposed by Brown
and Chow, in which basic tetracalcium phosphate (Cays(PO4)20, TTCP) reacts with
neutral dicalcium phosphate anhydrous (CaHPO,4, DCPA) or DCPD and water to form
slightly basic HA [32]. Calcium-deficient HA (CDHA) can also be synthesized when the
molar ratios of TTCP and DCPA or DCPD are altered as demonstrated in Equation
3 and 4, respectively. Most commercial cement formulations employ the fifth reaction,
in which slightly basic a-tricalcium phosphate (a-Cag(POy)s, a-TCP) transforms via
dissolution-precipitation into slightly basic calcium-deficient HA, without any alter-
ation in pH [29]. Equation 6 shows the synthesis of brushite via the reaction of acidic
monocalcium phosphate monohydrate (Ca(HyPOy)s - HoO, MCPM) and basic a-TCP
and and water [29].

2.4.1 Additives to Calcium Phosphate Cements

Various materials are incorporated to CPCs to enhance their handling proper-
ties, compressive strength and osteogenic ability. The poor properties of cements and
mainly used materials to address these properties are explained in the sections below

which are 2.4.1.1, 2.4.1.2 and 2.4.1.3.

2.4.1.1 Handling Properties of Calcium Phosphate Cements. Handling

properties of CPCs mainly point out the integration of the cement [4]. CPC must be



cohesive enough to prevent disintegration in the body. Disintegration of the cement
was reported to cause cement embolism, leading to cardiovascular complications [5].
Enhancing the integration of cements is possible via increasing the immobilization of
powder phase with viscous agents in liquid phase [3, 4|. Cellulose derivatives such
as hydroxypropyl methylcellulose and carboxymethyl cellulose (CMC) are efficient
to increase the handling properties of CPCs [3, 4]. Indeed, CMC is a widely used
non-toxic pharmaceutical additive [9] and numerous studies showed its efficiency
to increase the handling properties of cements without compromising compression

strength and bone forming ability [4, 9.

2.4.1.2 Compressive Strength of Calcium Phosphate Cements. Poor

compressive strength restricts the applications of CPCs. The addition of a polymer to
CPCs improves their ductility, enabling them to undergo greater deformation before
fracturing. Furthermore, the reinforcement of cements with polymers has been widely
investigated as a means of enhancing their compressive strength [33]. Among these
polymers, gelatin (Gel) is the prominent polymer. The studies showing Gel’s effect on

CPCs’ compressive strength is presented in Figure 2.3.
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Figure 2.3 a) The effect of Gel on compressive strength of CPCs at different time points (white
bullets: CPCs without gelatin, dark bullets: CPCs with gelatin) [34] b) The change of compressive
strength of CPCs via addition of different amount of Gel [35] ¢) Stress-strain graphs of CPCs containing
different amount of Gel [10].

As demonstrated in Figure 2.3, Gel improves the compressive strength of CPCs
as observed in numerous studies [6, 10]. Indeed, Bigi et al. [6] demonstrated that
adding Gel to CPCs can enhance their compressive strength to up to five times greater
than unmodified cements. It is also significant to note that high concentrations of Gel
such as 10 wt% or 20 wt% deteriorate the compressive strength of cements due to

macropore formation with rapid degradation of Gel.

In addition to Gel, chitosan and alginate have been studied to increase compres-
sive strength of CPCs [36, 37, 38]. The reason for the contribution of Gel, chitosan and
alginate on compressive strength of CPCs was explained as filling the micropores of
cements by polymer [6] or the interaction between the chemical groups and Ca'? ions

[37]. Finally, Gel has been reported favorable among these polymers since its RGD
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(Arginine-Glycine-Aspartic acid) sequence facilitate cell attachment and proliferation

3, 6.

2.4.1.3 Osteogenic Ability of Calcium Phosphate Cements. Various mate-

rials have been suggested as additives to CPCs to enhance the bone forming ability of
calcium phosphate cements. Growth factors are used in osteoinductive grafts |7, 39].
Indeed, recombinant BMP-2 is Food and Drug Administration-approved growth fac-
tor utilized clinically [40]. However, these recombinant proteins are expensive and
challenging to supply from a naturally heterogeneous patient population that often
requires variable dosing of these compounds [11, 12]. Additionally, the clinical use of
BMP-2 has been attributed to drawbacks such as ectopic bone formation and excessive

inflammation [12, 13].

Bioactive ions such as Sr'? [41] and Mg'? [42] have been investigated as pro-
osteogenic additives to CPCs. Wu et al. [41] reported that Sr*? enhanced the COL-1
level. Moreover, Ding et al. [42] observed that Mg'? upregulated the BMP-2 activity.
Recently, studies have also revealed that CPCs loaded with magnetic nanoparticles
(reduced graphene oxide, iron oxide) and exposed to electromagnetic fields can boost
the osteogenesis of stem cells |1, 43]. Nevertheless, despite these diverse strategies
employed to enhance the osteogenesis on CPCs, their efficacy in clinical bone recon-

struction procedures remains unproven.
2.5 Carbon Nanomaterials
2.5.1 Nanodiamond
Nanodiamond (ND) is one of the prominent carbon nanomaterials. The basic
component of ND is sp® carbon and it also has an outer shell with functional groups

sourced from the synthesis process of ND [44]. ND’s chemical streucture is presented

in Figure 2.4.
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Figure 2.4 ND’s chemical structure [44].

Among the various carbon nanomaterials, nanodiamond (ND) has received sig-
nificant attention in medical research due to its biocompatibility, chemical stability and
superior hardness [45, 46]. It has been studied in polymeric scaffolds and blended with
both synthetic and natural polymers including poly(lactic-co-glycolic acid), polycapro-
lactone and gelatin [45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58|. Figure 2.5
illustrates how the incorporation of ND increases the mechanical strength of polymeric

scaffolds.
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Figure 2.5 The effect of ND on a) compressive elastic modulus of gelatin methacrylamide [46] b)

tensile strength of polyvinylidene fluoride [48] ¢) Young’s modulus of polyurethane [57] and d) Young’s
modulus of PLLA [47].

As shown in Figure 2.5, the respective studies have demonstrated that the incor-

poration of ND enhances the tensile and compressive strength and Young’s modulus of
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the polymeric scaffolds. According to Zhang et al.[59], Pacelli et al.[46] and Alishiri et
al.[57], the affinity of the polar groups between polymer and ND particles is the reason
for contribution of ND to the respective mechanical properties of polymeric scaffolds.
However, the optimization of ND concentration is essential since ND particles are prone
to agglomerate at high concentration and agglomerated ND particles decrease the ten-
sile and compressive strength of polymeric scaffolds. To illustrate, Shuai et al.[48] and
Alishiri et al.[57] observed a reduction in tensile strength of polymeric scaffold when
they increased the ND concentration to 2 wt% from 1 wt% according to Figure 2.3(b)
and Figure 2.3(c), respectively. These authors explain this weakening as a result of

possible ND agglomeration at concentration of 2 wt% [48, 57].

In vitro cytotoxicity studies have indicated that ND is a biocompatible material
but the addition of ND particles to polymeric scaffolds does not significantly enhance
cell proliferation or osteogenic differentiation [45, 48, 51, 57|. However, ND was found
to enhance the effect of osteogenic agents such as dexamethasone [46] and BMP-2 [50]
when it was used in this scaffold with these agents. In the study conducted of Pacelli
et al. [46], the incorporation of ND in gelatin methacrylate/dexamethasone was found
to enhance the Ca mineralization and ALP activity. Moreover, Suliman et al. [50]
demonstrated that ND boosted the impact of BMP-2 on ALP and COL1a expression.
Overall, ND is a potential candidate to enhance compressive strength and modulus of

CMC/Gel-incorporated CPCs without compromising the in vitro cell response.

2.5.2 Fullerenol

ROS such as superoxides are biological oxidants with high reactivity against
DNA, RNA, lipids, and proteins. They occur as a result of cell communication and
inflammation in the body. Research conducted with MSCs has shown that when ROS
levels are optimal, they play a role in Wnt, Hedgehog, and forkhead transcription factor
signaling pathways for MSC differentiation [60, 61].

Inflammation after implantation can cause high ROS levels [62]. Inflammation
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caused by the bone scaffold is expected to be under control and resolved as soon as
possible. The prolongation of the inflammation process leads to oxidative stress [60, 61]

and slows down tissue healing [63].

Previous studies have revealed that increased levels of ROS trigger the apoptosis
of osteoblasts, osteocytes, mesenchymal stem cells, and pre-osteoblast cells such as
MC3T3-E1 cells [64, 65, 66]. Moreover, studies conducted so far have shown that
oxidative stress accelerates the adipogenic and osteoclastic differentiation of MSCs
while slowing down osteogenic differentiation [60, 67, 68]. Figure 2.6 schematically
illustrates the effect of ROS on osteogenesis and adipogenesis by indicating the proteins

that play a role in each differentiation.

Osteogenesis Adipogenesis
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IGF

- ROS

Figure 2.6 The effect of ROS on osteogenesis and adipogenesis of MSCs [60].

Antioxidants such as Trolox and selenium can promote cellular osteogenic differ-
entiation via minimizing oxidative stress in cells [67, 68]. These antioxidants have also
proven to be effective ROS scavengers when incorporated into brushite CPCs [61, 69];
however, their impact on osteogenic differentiation when used with these cements has
not been assessed. Thus, the potential of antioxidants to enhance the osteogenic capa-

bility of CPCs remains unclear.
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An advanced carbon nanomaterial, fullerene, is an antioxidant. Nevertheless,
the utility of fullerene in biomedical applications is constrained by its insolubility in
water. To overcome this, a functionalized fullerene with hydroxyls, fullerenol (Ful), has
been extensively studied due to its solubility in water. Figure 2.7 presents fullerene

and Ful’s chemical structures.

Figure 2.7 Fullerene (left) and Ful (right) [70].

The electron-deficient sites on Ful’s surface are capable of efficiently transfer-
ring unpaired electrons of ROS molecules into the fullerene cage, thereby neutralizing
them |71, 72]. According to Podolsky et al.[73], the presence of hydroxyl groups on
Ful (molecular composition of Cgo(OH)a2-24) further enhances its ROS scavenging ca-
pability, making it a more potent antioxidant than unmodified fullerene. Ful is also

characterized by low cytotoxicity |74, 75].
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Figure 2.8 Osteogenic media with no Ful (left), 0.1 xM Ful (middle) and 1 uM Ful (right) after
Alizarin Red staining [74].

The results shown in Figure 2.8 point out that the intensity of red color increased
via increasing Ful concentration, which means the enhanced mineralization of stem cells
with Ful [74]. Other research has highlighted Ful’s ability to stimulate Runx2, alkaline
phosphatase (ALP) and OCN [74, 76]. Therefore, Ful has the potential to improve the

osteogenic characteristics of CMC/Gel-incorporated CPCs.

Finally, the studies investigating the interactions, ROS scavenging ability, cyto-
toxicity and osteogenic ability of Ful are summarized in Figure 2.9 by indicating the

studied Ful concentration range |75, 77, 78, 79, 80|.
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Figure 2.9 Non-toxic concentrations of Ful in bare and conjugated forms (Gentamicin concentration
changed accordingly due to its conjugation to Ful)[75, 77, 78, 79, 80].



17

3. OPTIMIZATION OF POWDER AND LIQUID PHASES
OF CEMENTS

This section includes the effort to optimize the powder and liquid phase of ap-
atite cements to obtain appropriate setting time. For this purpose, first, pH and concen-
tration of hardening agent solution were investigated. Second, the effect of cementing
powder type and size was studied Finally, setting time analysis was accomplished on

cements composed of different powder and liquid phases via Gilmore test.

3.1 Experimental Procedure

3.1.1 Preparation of Liquid Phase

A hardening agent solution was used as liquid phase of cements. 0.4 M hardening
agent solution with a pH of 9.3 was prepared via dissolving 5.68 wt/v% NayHPO, in
distilled water. pH of the solution was decreased from 9.3 to 7.4 via dropwise titration

with 1 M HCI to prepare liquid phase with 7.4.

3.1.2 Preparation of Cements from TTCP, DCPD and CaSO4

TTCP/DCPD powder was prepared via mixing DCPD and TTCP in equiv-
alent masses was ground and sieved through a 75 um sieve. To prepare
TTCP/DCPD/CaSO, powder, the sieved TTCP/DCPD was mixed with CaSO, pow-
der sieved through a 75 um sieve in the weight ratio of 1/1/2. Different cements were
prepared via mixing TTCP/DCPD and TTCP/DCPD/CaSO, powders with liquid
phases with different pH values of 7.4 and 9.3.
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3.1.3 Ball Milling of TTCP/DCPD Powder and Characterization of Pow-
der

The sieved powder mixture of TTCP and DCPD was ball-milled in absolute
ethanol with 3 mm yttria stabilized zirconia balls at 120 rpm |31, 81]. Absolute ethanol
was chosen to keep the powder mixture un-dissolved and 120 rpm was selected from
calculating 75% of critical speed [82]. The weight ratio of powder/ethanol/ball was
1/2/1.30. Following the ball milling process, the slurry was subjected to drying at 50

°C' and grounded into powder.

The TTCP/DCPD powder was characterized via SEM and XRD before and
after ball milling process. SEM images of particles were obtained in secondary electron
mode with a Philips-FEI XL30 and the average particle size was measured via ImagelJ.
Finally, XRD spectra were taken using a Rigaku D/MAX-Ultima+ /PC equipped with

CuKa radiation and step angle of 0.02.

3.1.4 Preparation of Cements from Ball-milled TTCP/DCPD Powder

The ball-milled TTCP/DCPD powder was combined with a liquid phase having
a pH of 7.4.

3.1.5 Setting Time Analysis

Setting time analysis was conducted by the Gilmore test according to standard
C266-20 from the American Society for Testing and Materials [83] for the cements
prepared from different powders and liquid phases with different pH values. Respective
specimens were fabricated at 5 mm height and 10 mm diameter, immersed in phosphate
buffered saline (PBS) and kept at 100% relative humidity at 37 °C. The final setting
times were assessed using a Gilmore apparatus (Utest) by recording the time at which

heavy needle (d = 1.06 4 0.05 mm, m= 453.6 £+ 0.5 g) could not make an indentation



in the respective sample.
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3.2 Experimental Results

3.2.1 Effect of Powder Material and pH

Table 3.1 shows if an indentation was observed after the cement hardening for

2 hours.

Table 3.1
Effect of powder material and pH on final setting time.

pH:9.3 pH:7.4
TTCP/DCPD/CaSOy4 Indentation Indentation (Slightly harder sample)

TTCP/DCPD No indentation | No indentation (Slightly harder sample)

Gilmore test results show that powder material and pH both affect the setting
time. According to the results, removing CaSO,4 from the powder formula and decreas-
ing pH of the liquid phase were efficient to decrease the setting time. However, the

setting time was still above 1 hour.

3.2.2 Effect of Particle Size

Figure 3.1 demonstrates the particle size and crystallinity after ball milling.
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Figure 3.1 (a) SEM image of TTCP/DCPD particles before ball milling (Scale bar=50 um) (b)
SEM image of TTCP/DCPD particles after ball milling (Scale bar=50 pm) (c) SEM image of
TTCP/DCPD particles before ball milling with higher magnification (Scale bar=10 pm) (d) SEM
image of TTCP/DCPD particles after ball milling with higher magnification (Scale bar=10 pm) (e)
Change of TTCP particle size via ball milling (f) Change of DCPD particle size via ball milling (g)
XRD spectrums of TTCP/DCPD particles before and after ball milling.
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Figure 3.1(a-b) show that smaller particle sizes in a narrower range were ob-
tained via ball milling. The shapes of TTCP and DCPD can be seen in Figure 3.1(c-d);
TTCP particles have round edges and smooth surfaces due to their sintering procedure,
while DCPD particles are smaller, irregularly shaped, and adhered to the larger TTCP
[94]. Figure 3.1(e-f) demonstrate the ImageJ analysis. According to ImageJ analysis,
the average size of TTCP and DCPD particles were reduced from 18.8 ym and 464 nm
to 5.1 pm and 162 nm via ball milling, respectively. In Figure 1g, XRD spectra taken
before and after ball milling indicate that only DCPD and TTCP phases were present

after ball milling.

Table 3.2 shows the initial and final setting times before and after ball milling.

Table 3.2
Effect of particle size on final setting time.

Final setting time (min)

Before ball milling >60
After ball milling 14

The final setting time reduced to 14 minutes after ball milling.
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3.3 Discussion

For using cements in orthopedic applications, it is recommended to employ ce-
ments with an initial setting time of 8 minutes and a final setting time of 15 minutes
[3]. The final setting time of cement consisted of calcium sulphate, tetracalcium phos-
phate (TTCP) and dicalcium phosphate dihydrate (DCPD) was observed more than 2
hours (Table 3.1). The primary reason for this result could be the presence of calcium
sulphate since Song et al. [84] reported that CaSO,4 did not undergo hydration reaction
to produce apatite. Therefore, calcium sulphate was reduced from the cement formula.
After the reduction of calcium sulphate from cement formula, the final setting time
was still found more than one hour and adjustments to particle size and pH reduced
the final setting time to the recommended range (Tables 3.1 and 3.2). Efficiency of
these adjustments is based on the enhancement of the particle solubility via reducing

the particle size and pH and therefore, increasing the reactivity [29].
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3.4 Conclusion

In conclusion of the optimization section of this thesis, final setting time of
apatite cements was successfully adjusted to below fifteen minutes which is the recom-
mended range for utility of CPCs in orthopedic applications. To do so, the reactivity
of TTCP and DCPD was enhanced via increasing the solubility of TTCP and DCPD
particles in the liquid phase. For increasing the solubility of these particles, particle
size was reduced via ball milling and pH of the liquid phase was decreased to 7.4 via
addition of 1 M HCI. Finally, the cement with adjusted particle size and pH was used
in further studies as control cement to investigate the impact of polymers and carbon

nanomaterials on physical and biological properties of CPCs.
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4. NANODIAMOND-INCORPORATED CALCIUM
PHOSPHATE CEMENTS

4.1 Experimental Procedure

4.1.1 Preparation of Cements

The composition of cements is showed in Table 4.1.

Table 4.1
The composition of ND-containing cements.

Liquid phase (wt/v%) Powder/Liquid (wt/wt)
CMC | Gel ND
Control 0 0 0 1.25
CMC/Gel | 1 |05 0 1.25
NDO0.01 1 0.5 0.01 1.25
NDO0.02 1 0.5 0.02 1.25
NDO0.04 1 0.5 0.04 1.25

Powder phase, hardening agent solution and control cement were prepared as
explained in Section 3.1. For preparation of CMC/Gel solution, first, 0.5 wt/v% Gel
from bovine skin (Sigma-Aldrich, United States) was dissolved in hardening agent
solution for 15 minutes at 60 °C. Then, 1 wt/v% CMC (Sigma-Aldrich, United States)
was dissolved in the Gel solution at 90 °C. After CMC/Gel solution was cooled at
room temperature, CMC/Gel cements were prepared via mixing CMC/Gel solution
with powder as previously described [10, 85]. ND0.01, ND0.02 and NDO0.04 solutions
were prepared via dissolving 0.01, 0.02 and 0.04 wt/v% ND particles in CMC/Gel
solution via homogenizator, respectively. Gum-like consistency was obtained by using

a powder/liquid weight ratio of 1.25 in all cements.
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4.1.2 Setting Time Analysis

Cement samples’ setting time were measured by the Gilmore test as indicated

in Section 3.1.

4.1.3 Phase Analysis and pH Measurements

Samples were sunk in PBS solution and kept at a temperature of 37 °C' for vary-
ing durations of 1, 3, and 24 hours. After each respective duration, the samples were
extracted from the PBS solution and frozen at a temperature of -80 °C'. Subsequently,
they were lyophilized for 24 hours before being analyzed via XRD. The XRD spectra
were obtained at 20=20-50° using CuKa radiation on a Rigaku D/MAX-Ultima+/PC
instrument. The step angle used was 0.02° [86].

To measure the pH of the cements, cement samples were subjected to incubation
at 37 °C' in PBS solution. The pH of PBS was measured at specific intervals between
1 hour and 28 days using a pH meter (MP225, Mettler Toledo). The PBS solution was
replaced every 2 days [86].

4.1.4 Compression Test

To conduct the compression test, the cements were shaped into cylindrical spec-
imens with a diameter of 10 mm and a length of 20 mm. Prior to testing, the cements
were kept in PBS at a temperature of 37 °C' for 24 hours and their height and diameter
measurements were confirmed. The compression test was conducted on wet specimens
using a Zwick roell z100 testing system, which featured a load cell of 100 kN and a
crosshead speed of 0.5 mm/min [12]. The compressive modulus and strength values

were obtained by analyzing the processed stress/strain data.
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4.2 Results

Figure 4.1 demonstrates the setting time of cements.
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Figure 4.1 Initial and final setting times of ND-containing cements (n=5), mean+SEM, *=p<0.05,
ok
=p<0.01).

The data in Figure 4.1 indicates that the addition of 1 wt/v% CMC and 0.5
wt/v% Gel did not have a significant impact on the setting time of the control cement.
In addition, the inclusion of 0.01 wt/v% ND did not noticeably alter the setting time of
CMC/Gel. However, the incorporation of 0.02 wt/v% ND resulted in a significant de-
crease in both the initial and final setting time of CMC/Gel cement, reducing the times
to 8.3 and 9.8 minutes from 11.6 and 15.1 minutes, respectively. Further incorporation

of ND did not significantly change the initial and final setting.

Figure 4.2 presents the apatite formation rate of ND-containing cements via

XRD and pH analysis.
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Figure 4.2 (a) XRD patterns of ND-containing cements incubated in PBS for 1 hour, (b) 3 hours,
and (c) 24 hours. (d) pH changes of cement-incubated PBS over 672 hours (n=5).

According to the XRD spectra displayed in Figure 4.2(a-c), apatite formation
began in less than an hour for all cements, completely consuming the DCPD. The
residual amounts of TTCP were still present at the one-hour mark and it was subse-
quently consumed within 3 hours, resulting in the formation of apatite, as shown in
Figure 4.2(b). This conversion was further supported by the increased height of the
apatite peaks between 1 and 24 hours (Figure 4.2(a-c)). The incorporation of ND into
the cements did not affect the time required for the conversion of TTCP and DCPD
to CDHA, as depicted in XRD spectra.

The pH changes depicted in Figure 4.2(d) confirms the TTCP/DCPD conversion
kinetics observed in the XRD analyses. In the first 3 hours, the pH of all solutions
increased but subsequently decreased significantly due to the absence of basic TTCP,
consumption of phosphate from the physiological solution, and subsequent growth of
apatite [29, 87]. The control and CMC/Gel cements reached their minimum pH at
day 7, while the ND0.01, ND0.02 and NDO0.04, possibly due to the greater amount



29

of functional groups from the ND, which can serve as nucleation sites for Ca™ ions
[34, 88]. The minimum pH level for all cement solutions ranged from 6.7 to 7.0, and
after reaching the minimum, the pH increased and remained constant between 7.0 and

7.4.

Figure 4.3 demonstrates the apatite morphology in cements.

Control

Figure 4.3 Apatite morphology in ND-incorporated cements immersed in PBS (Scale bars=500 nm,
yellow arrows: apatite crystals).

As shown in Figure 4.3, the apatite morphology in all cements was nanosized
platelet-like morphology [89, 90| and apatite morphology was similar in all cement

groups.

Figure 4.4 demonstrates the results of compression test.
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Figure 4.4 (a) Stress-strain graphs (b) Compressive strength and (c) Compressive modulus of ND-
incorporated cements (n=5, * for p<0.05).

Figure 4.4 illustrates that the addition of 1 wt/v% CMC did not alter the com-

pressive strength of the control cement. However, when 0.5 wt% Gel was incorporated

into CMC cement, a significant increase in compressive strength from 2.22 MPa to 3.08

MPa was observed. On the other hand, the impact of Gel incorporation on compres-

sive modulus was not found to be significant. Moreover, ND did not contribute to the

compressive strength and modulus of CPCs.
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4.3 Discussion

The baseline and CMC/Gel CPCs had an initial /final setting time in the range
of 11/14 minutes (Figure 4.1). Interestingly, high concentrations of ND acted as a
facilitator to reduce the setting time of CMC/Gel CPCs. Although the addition of
0.01 wt/v% ND did not alter the initial and final setting times of CMC/Gel cements,
the inclusion of ND at higher concentrations significantly reduced the initial and final
setting times, bringing the initial setting time closer to the clinically recommended
time frames [3, 91| (Figure 4.1). The increased cement reactivity is possibly due to an
increase in the common ion effect through the hydrogen bonding of functional groups
on ND particles to HPO4 2 [92]. Thus, these results indicate that HPO, ? sites on
NDO0.02 and ND0.04 facilitated the binding of Ca"? ions, promoting apatite nucleation

in these ND-doped cement formulations.

Although ND inclusion in CPC cements led to a decrease in their setting time, it
did not have a significant impact on the conversion rate of TTCP and DCPD particles
into CDHA domains, as shown in Figure 4.2. These materials showed only CDHA
phase remaining after 3 hours (Figure 4.2(b)). The apatite formation rate from TTCP
and DCPD was one of the fastest reported in the literature [93, 94, 95|. This rapid
apatite formation could be attributed to the use of smaller-sized TTCP and DCPD

particles and sodium phosphate solution instead of distilled water [29] (Table A-1).

Cancellous bone exhibits compressive strength values ranging from 2 to 16 MPa
and compressive moduli in the range of 120-1100 MPa [17, 18] as shown in Table
2.1. Therefore, it is crucial to synthesize a CPC with similar mechanical properties to
provide mechanical stability with cancellous bone implants [32, 96]. As per previous
reports, the mechanical characterization data in Figure 4.4 demonstrate that the ad-
dition of CMC to the cements had no impact on compressive strength and modulus
[4, 97|, while Gel improved their compressive strength [6, 10, 98]. Although all for-
mulations are fitting in the range of 2 MPa for strength and 150 MPa for modulus
(Figure 4.4), ND incorporation did not impact the compressive strength and modulus

of CMC/Gel samples, which is the main focus of this study.
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First possible reason for the lack of contribution of ND on compressive strength
are its potential to slow down the apatite reaction between TTCP and DCPD, and /or
the agglomeration of ND [99, 96]. Since it has been observed that ND did not alter
the apatite formation rate (Figure 4.2), aggregate formation is expected to be reason
as mentioned in literature [48, 57|. It has not been possible to obtain a homogeneous
liquid phase above a concentration of 0.02 wt/v%. The homogeneity of liquid phases
containing ND up to this concentration destabilize quickly and can be the reason for
having no effect on their mechanical properties. It is reported in the literature that
more homogeneous ND solutions can be produced via functionalizing ND [57]. Future
studies focusing on synthesizing homogeneous ND solutions are required to have a clear

statement for the potential of ND for increasing the compressive strength of CPCs.
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4.4 Conclusion

In this thesis, an apatite CPC from TTCP and DCPD was successfully synthe-
sized. One of the fastest apatite formation rates in the literature was detected in this
study. TTCP/DCPD conversion to apatite was found to complete in less than three

hours.

To enhance the handling properties and compressive strength of cements, CMC
and Gel were added in the liquid phase, respectively and CMC/Gel addition did not al-
ter the apatite formation rate of the cements. For further improvement of the cements,
carbon nanomaterials were incorporated into the cements. Unfunctionalized ND was
incorporated to increase the compressive strength of the cements and Ful was used to

enhance the osteogenic ability of the cements.

ND incorporation at high concentrations was found to decrease the setting time
of CMC/Gel cements; however, the addition of ND did not compromise the apatite
formation rate. Moreover, it was found that ND particles did not contribute to the
compressive strength of the cements. This can be associated with the inhomogeneity
of the liquid phases due to the ND aggregation. Hence, the collective data on ND
particles point out that usage of unfunctionalized ND particles are efficient to decrease
the setting time of the cements without compromising the total duration of apatite
formation; however, aggregation of ND particles needs to be prevented to enhance the

compressive strength of the cement.
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5. FULLERENOL-INCORPORATED CALCIUM
PHOSPHATE CEMENTS

5.1 Experimental Procedure

5.1.1 Preparation of Cements

The composition of cements is presented in Table 5.1.

Table 5.1
The composition of Ful-containing cements.

Liquid phase (wt/v%) Powder/Liquid (wt/wt)
CMC | Gel Ful
Control 0 0 0 1.25
CMC/Gel 1 1.5 0 1.25
Ful0.02 1 1.5 0.02 1.25
Ful0.04 1 1.5 0.04 1.25
Ful0.1 1 1.5 0.1 1.25

Powder phase, hardening agent solution and control cement were prepared as
explained in Section 3.1 and CMC/Gel solution was prepared as reported in Section
4.1.1 using the ratios indicated in 5.1. For preparation of Ful0.02, Ful0.04 and Ful0.1
solutions, 0.02, 0.04, or 0.1 wt/v% Cgo(OH),, - mH20 Ful (n>40, m>8, Sigma-Aldrich,
United States) were dissolved in CMC/Gel solutions, respectively. Ful handling and
incorporation into the solutions was all done in fume hood or an enclosed glovebox.
Gum-like consistency was obtained by using a powder/liquid weight ratio of 1.25 in all

cements.
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5.1.2 Structural Analysis

For analyzing the functional groups in the respective cements’ liquid phases,
Fourier Transform Infrared Spectroscopy (FTIR, Nicolet FTIR Instruments, Thermo
Fisher Scientific) was used. Spectrum from 4000 cm™ to 550 cm ™! was obtained with

32 scans [100].

5.1.3 Setting Time Measurements

Setting time of cement samples were measured by the Gilmore test as explained

in Section 3.1.

5.1.4 Phase Analysis and pH Measurements in PBS

Phase analysis and pH measurements of Ful-incorporated cements were assessed

as indicated in the Section 4.1.3.

5.1.5 Phase Analysis and pH Measurements in Simulated Body Fluid
(SBF)

For the SBF preparation, the procedure outlined in Kokubo et al. [101] was
followed. Then, the cements were incubated in SBF for durations of 3 hours and 24
hours. At these time intervals, the cements were retrieved from the incubator, separated
from the SBF, and stored together with the as-prepared cements in a -80 °C' freezer.
Subsequently, the cements underwent a 24-hour lyophilization process. XRD spectra
of the cements were acquired using a Bruker D8 Advance XRD instrument. To monitor
pH changes over time, the cements were immersed in SBF and pH measurements were
taken at specific intervals ranging from 1 hour to 14 days using a pH meter (MP225,
Mettler Toledo). The SBF solution was refreshed every 2 days.
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5.1.6 Imaging of Apatite Formation

For imaging of surface morphology and apatite formation, cements were kept in
PBS for 24 hours at 37 °C. After 24 hours, PBS was aspirated and samples were
lyophilized. Lyophilized specimens were sputter coated with platinum, and cross-
sectional images of fractured surfaces were obtained with a Philips-FEI XL30 SEM in
100x-100,000x magnification in secondary electron mode. This analysis was also car-
ried out using simulated body fluid (SBF), following the protocol outlined in Kokubo
et al. [101]. The samples were immersed in SBF for 24 hours at 37 °C. Additionally,
cross-sectional images of the resulting cements were obtained using a Thermo Scien-
tific Quatro S Environmental SEM in secondary electron mode, allowing for an image
magnification of 160,000x via ETD detector without the requirement of sample sput-
ter coating. Energy dispersive X-ray spectroscopy (EDX) was conducted on the same

device using a GSED detector to determine cements’ elemental Ca/P ratio.

5.1.7 Compression Test

Compression test was conducted as explained in the Section 4.1.4.

5.1.8 In vitro ROS Scavenging Ability Test

In vitro ROS scavenging ability of Ful containing cements and CMC/Gel were
assessed using a 1,1-Diphenyl-2-picrylhydrazine (DPPH) assay [102, 103]. DPPH solu-
tions were prepared by dissolving 31.62 mg DPPH (Sigma-Aldrich, United States) in
400 mL 80:20 v/v% solution of ethanol (Thermo Fisher Scientific, United States) and
deionized water. 10 mg respective cement samples were immersed into 2 mL. DPPH
solution and shaken at 37 °C' in the dark. At 1, 12, and 24 hours, 100 pL samples
of DPPH were removed and absorbance was measured on a Tecan MPlex microplate
reader at 517 nm. Absorbance values of DPPH solutions incubated with Ful contain-

ing cements (Ap,;) were compared to absorbance readings of DPPH solution incubated
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with CMC/Gel cement (Acarc/cer) as shown in Eq. 5.1 below.

%DPPH Amount= (1-((Apw — Acyme/cea)/Acvic ca))x100 (5.1)

5.1.9 In vitro Ful Release from CPCs

Ful particles were labeled with fluorescein 5-isothiocyanate (FITC, Thermo
Fisher Scientific, United States) via an isothiocyanate-hydroxyl conjugation for de-
termining the amount of Ful released from cements. First, 1 mg Ful was dissolved in
2 mL anhydrous dimethyl sulfoxide (Sigma, Germany). Then, 3 mg FITC was added
into solution and stirred for 16 hours in the dark at room temperature. 13 mL acetone
(Thermo Fisher Scientific, United States) was added to the reaction solution to precip-
itate out Ful-FITC while leaving unreacted FITC in the supernatant. The precipitated
reaction mix was then spun down for 5 minutes at 3000xg and then the supernatant was

removed and the remaining was air dried. As described above, cements were prepared

with the Ful-FITC along with control and CMC/Gel cements.

30 mg cement samples were placed into individual wells in 24-well tissue culture
plates containing 1 mLL PBS. Then, plates were put on a shaker and kept in the dark.
On days 1, 3, and 5, the fluorescence emissions of releaseate media were obtained
at FITC’s excitation wavelength at 495 nm and emission wavelength at 520 nm via
microplate reader [104]. Fluorescence of pure PBS was subtracted from the releaseate
readings. Finally, a standard curve was prepared from FITC solutions in serial dilutions

of PBS and Ful-FITC release kinetics were determined using this curve.

5.1.10 In vitro Cell Culture Studies

Murine MC3T3-E1 pre-osteoblasts (Subclone 4, ATCC, United States) and
murine L-929 fibroblasts (American Type Culture Collection (ATCC), United States)

and murine were the two immortalized cell lines used for in vitro biological evalua-
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tions. L-929s were cultured in Dulbecco’s Modified Eagle’s Medium low glucose (Gibco,
United States) supplemented with 1% penicillin-streptomycin (Gibco, United States)
and 10% fetal bovine serum (Gibco, United States). MC3T3-E1 cells were cultured
in either growth medium (alpha-MEM without ascorbic acid (Gibco, United States),
10% fetal bovine serum, and 1% penicillin-streptomycin) or osteogenic medium (growth
medium supplemented with 10 ~® M dexamethasone (Thermo Fisher Scientific, United
States), 50 mg.mL ' -glycerophosphate (Thermo Fisher Scientific, United States) and
0.01 mol.L. " L-ascorbic acid (Thermo Fisher Scientific, United States). All cells were
kept in a 95% humidified incubator with 5% CO, at 37 °C.

5.1.10.1 1In vitro Cytotoxicity Evaluation. A cytotoxicity test was performed

according to ISO 10993-5 [105]. 30 mg cement samples were immersed in sterile PBS
(1 mL, Sigma-Aldrich, United States), and the extracts were taken on days 1, 3, and
5. Then, the extracts were sterile filtered through 0.22 pm polyvinylidene fluoride
(PVDF) hydrophilic membranes and mixed with growth medium in a 1:10 ratio.

When cultured 1-929 cells reached confluency, they were seeded in a 96-well
plate at a concentration of 5210 cells/well [106]. After overnight incubation, old
media were removed, and cells were treated with 100 pL. PBS with or without the
respective cement extracts for 24 hours. MTS assay (Promega, United States) was
conducted to determined metabolic activity. The absorbances were measured at 490
nm by using a microplate reader (Varioskan Lux, Thermo Fisher Scientific). The results

were normalized to the absorbances of non-treated group.

5.1.10.2 Live-Dead Staining. Live-dead staining was conducted on the cells

treated with day 3 cement extracts. First, the staining solution was prepared by adding
0.5 uL calcein (Thermo Fisher Scientific, United States) and 2 pL ethidium bromide
(Thermo Fisher Scientific, United States) to 1 ml D-PBS (Gibco, United States). Then,
the media on the cells was aspirated, cells were rinsed with D-PBS, and each well was

treated with staining solution before incubating at 37 °C' for 45 minutes. Finally, the
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images were taken via fluorescence microscopy using FITC and Texas Red imaging

channels (Axiovert Al, Zeiss) [107].

5.1.10.3 Cell Viability Test with Ful Particles. MC3T3-E1 cells were cul-

tured to confluency and seeded in a 96-well plate at a density of 5,000 cells/well for
24 hours. Then, the cells were treated with 100 pL Ful in growth media in serial dilu-
tions including 1000, 500, 250, 125, 62.5, and 0 ug/mL for 24 hours [75]. Finally, the
solutions in each well were removed, and the CellTiterGlo (Promega, United States)
solution was added. After incubation at room temperature for 10 minutes, the biolu-
minescence of the wells was measured at 515 nm by using a microplate reader (Tecan

MPlex). Luminescence values for Ful-treated wells were normalized to the non-treated

group.

5.1.11 In vitro Osteogenic Differentiation Studies

For osteogenic differentiation studies, cement formulations were incubated in
growth medium for one week and extracts were collected [41]. The extracts were filtered
through sterile 0.22 pym PVDF filters and combined with the osteoblastic induction
medium in a 1:1 ratio to prepare the osteoblastic induction medium for each cement.
Cells were cultured for 24 hours in growth medium. On the second day, half the
medium in each well was aspirated before adding 1 mL of respective cement extract

media samples. The osteogenic medium was refreshed every 2 or 3 days.

5.1.11.1 Tmmunofluorescence Staining. On day 7 post-treatment, cytoskele-
tal differences in treated MC3T3-E1 cells were examined. The culture medium was
removed, cells were rinsed with PBS, and the cells were fixed with 3.7% formaldehyde
(Riedel-De-Haén, Germany) at room temperature for 30 minutes. Cells were permeabi-
lized with 0.1% Triton-X 100 (Biobasic, Canada) for 5 minutes before being incubated

for 10 minutes in blocking solution. Cells were treated with Alexa Fluor 594 phalloidin
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(Thermo Fisher Scientific, United States) for 60 minutes and cytoskeletal actin was
imaged. Then, the samples were washed with PBS to remove unbound conjugates.
Moreover, cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, Sigma,
Germany) for 15 minutes. Finally, the samples were washed thoroughly with PBS
before adding Prolong Diamond Antifade Mountant (Thermo Fisher Scientific, United
States) and visualized under the fluorescence microscope (VertAl, Zeiss, Germany)
using the DAPI and TRITC channels. Finally, the fluorescence intensity of actin was

measured via ImagelJ.

5.1.11.2 ALP Activity Test. For the ALP activity test, MC3T3-E1 cells were

seeded in 6-well plates (2 mL media per well) at a density of 10,000 cells/cm? and
cultured in osteogenic medium for either 7 or 14 days. At these time points, medium
from the cells was first removed before briefly washing with D-PBS and trypsinizing.
The trypsinized cells were taken to individual microcentrifuge tubes (1.5 mL) and
lysed in cold D-PBS via vortexing. Lysates were processed to measure ALP activity
according to the manufacturer’s instructions (Abcam, United States). Briefly, the
lysates were resuspended in 500 ul. assay buffer and centrifuged at 16,000 rpm at 4
°C' for 15 minutes. Supernatants were taken to a new tube and kept cold during the

following steps.

To measure ALP activity, 80 uL. supernatant samples were put into wells in
96-well tissue culture plates in serial dilutions and to each well, 50 pL. p-nitrophenyl
phosphate solution was added [108]. Subsequently, incubation was carried out in the
dark for a duration of 60 minutes, followed by the addition of a 20 ul NaOH solu-
tion. The absorbance at 405 nm was then measured using a microplate reader (Tecan
MPlex). The absorbance of the background was also measured and subtracted from
the absorbance of the sample wells. Finally, the p-nitrophenol (pNP) concentration of
each well was determined using the prepared standard curve, and ALP activity was

calculated as shown in Eq. 5.2 below.

ALP activity (U/mL) = (A/V)/T (5.2)
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Where A is the amount of pNP generated in samples (pumol), V is the volume
of sample (mL), T is the reaction time (minutes), and units are glycine units. A
Bradford assay was also conducted to calculate protein amounts for normalizing ALP
activity. Briefly, 250 uL. Coomassie reagent (Bioworld, United States) was added to 5
L supernatant and incubated at room temperature for 10 minutes. Finally, absorbance
was measured at 595 nm with a microplate reader (Tecan MPlex), and protein amount
was determined according to the prepared standard curve calculated with solutions of

bovine serum albumin protein.

5.1.11.3 Polymerase chain reaction (PCR). MC3T3-E1 cells were seeded at

20,000 cells per well in a 12-well plate and incubated for 24 h to allow cells to adhere.
Then, the cells were treated with 1 mL of a 1:1 volumetric mix of osteogenic medium
and filtered extracts from respective cement formations. Cells were allowed to differen-
tiate for 7 and 14 days and the media was replaced with fresh osteogenic media on days
4,7, and 10. On days 7 and 14, cells were rinsed and lysed before extracting and purify-
ing RNA using a PureLinkTM RNA Mini Kit (Invitrogen, Waltham, MA), according to
the manufacturer’s protocol. Extracted RNA was quantified using a NanoQuant plate
on a Tecan MPlex microplate reader. Subsequently, cDNA was synthesized using an
iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad, Hercules, CA). Quan-
titative real-time polymerase chain reaction (qRT-PCR) was conducted using iTaq
Universal SYBRA@ Green Supermix (Bio-Rad, Hercules, CA). Relative expression
levels of Collagen Type 1 (COL1) and runt-related transcription factor 2 (RUNX2)
were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) with AACt

method. Primer sequences are given in Table 5.2.
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Table 5.2
Primer sequences used in qRT-PCR.

Forward primer Reverse primer
5-TTTCATAACAGCGGAGGCATTTC-
RUNX2 5-CACTGGCGGTGCAACAAGA-¥ .
5-CCTGAGTCAGCAGATTGAGAACA-
COL1 5’-CCAGTACTCTCCGCTCTTCCA-3’

37
GAPDH || 5-GGTGAAGGTCGGTGTGAACG-3’ 5’-CTCGCTCCTGGAAGATCGTG-3’

5.1.12 Statistical Analysis

All experiments employed at least n=3 samples per group unless otherwise
stated. Results were reported as meantstandard error (SEM) and p<0.05 was consid-
ered statistically significant. Statistical analyses were conducted using IBM Statistics
25. Normality of data were determined via Shapiro-Wilk testing. For ALP activity
on 14th day and setting time analysis, the significance of difference was calculated
via Kruskal-Wallis with Dunn’s test for pairwise comparisons. For the other analyses,
one-way ANOVA followed by Tukey post-hoc testing was performed. GraphPad Prism
9 was used to plot the results and single asterisk (*), double asterisk (**), triple as-

ki) were utilized to represent p<0.05, p<<0.01,

terisk (***) and quadruple asterisk (

p<<0.001 and p<0.0001 respectively.
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5.2 Results

Figure 5.1 demonstrates FTIR spectra for the liquid phases of control,
CMC/Gel, Ful0.02, Ful0.04, and Ful0.1 cements.

(\>\ [o]
- 0./ ;
a ) p—0 O~ P/\ Ca* H
o O/ - Electrostatic
/ HO 0 H Interaction

o
/
\
o Yo *.‘ H HO S\ OH 0
\H\ S @5% on ot /0,53'.2.0‘;;!_0,
HO— 23 oH Ko <o \
'5%‘ Ho” ‘ ’ . OL j

“:o \@

Hydrogen _\ \D é HO @ OH
bonding \ \ I HO ' ' OH
H H HO(OM,
“ HO ‘@ OH
Ho_ HO Ho" = OH
W

C—Q-nnr
H
o LY o
OH o oH ™ OH
o N 0 LA A o o
o T o o o
oH on oM HO OH OH OH

b) ko™ : T St
Av \ ' - 3276.43 '
:i ] 1 : : T ]
E D e Ve SN VST e ——
[ ! 1 o T '
e { [ : 2 \3273.65 Vmmm  Control
gl ! . £ ' Vo CMC/Gel
EW v B[ T e —— ! Ful0.02
a : : . 2 ! :— Ful0.04
© ‘Bw —_—
.:\./'_'__mé\ g i '— Fuoi
L & . '
1 T T T T T ]
3500 3000 2500 2000 1500 1000 ; 3800 3600 3400 3200 3000 2800
1 Wavenumber (cm™) '
| Wavenumber (cm™) e == ; __________ 1
]

Figure 5.1 (a) Suggested structure and nucleation mechanism during cement hardening. (b) Total
FTIR spectra of liquid phases. (c) Specific OH band between 2800 cm ™! and 3800 cm~! in FTIR
spectra of Ful-incorporated cements.

Figure 5.1(a) displays the proposed structure resulting from Ful conjugation to
CMC/Gel cements. In Figure 1B, the FTIR spectrum of the control cement’s liquid
phase demonstrates characteristic peaks at 989.06, 1076.22, 1636.30, and 3315 cm™!.
These peaks correspond to the symmetric and asymmetric stretching vibrations of the
P-O bond, bending vibration of the H-O-H bond, and stretching vibration of the OH
bond, respectively [88, 109, 110|. Addition of CMC/Gel and/or Ful to the cement
liquid phase caused a shift in the OH band as shown in Figure 5.1(c). The addition of
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CMC/Gel caused the OH band at 3315.00 cm™! to shift to a lower frequency of 3284.46
cm™! due to stretching vibrations of OH groups in CMC and NH groups in Gel [111].
Incorporation of 0.02 and 0.04 wt/v% Ful to the cement liquid phases led to a further
downshift to 3273.65 and 3267.49 cm ™!, respectively, due to an increase in OH content
and hydrogen bonding in these samples [112, 113].

The results of the setting time measurements are illustrated in Figure 5.2.

Kk Kk
301 1 I
— *k %k -
£ 1
§’20 3 == Control
® == CMC/Gel
§ Ful0.02
"é', m— FUI0.04
m— Fyl0.1
= 10+
@
(7]
0- T T
Initial Final

Figure 5.2 Initial and final setting times of Ful-incorporated cements (n=6, mean+SEM, *=p<0.05,
*k_
=p<0.01).

The results of setting time analysis show that the addition of CMC/Gel sub-
stantially increased both the initial and final setting times, from 11.4 and 14 minutes
to 20.8 and 27.9 minutes, respectively. However, the inclusion of 0.02 and 0.04 wt/v%
Ful did not cause any changes in the initial and final setting times of CMC/Gel. On
the other hand, the addition of 0.1 wt/v% Ful resulted in a significant reduction in
the initial setting time of CMC/Gel to 16.2 minutes and the final setting time to 18.2
minutes. These measurements suggest that the hardening of CMC/Gel cements was

accelerated by 0.1 wt/v% Ful.

Figure 5.3 presents the apatite formation in the cements.
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Figure 5.3 (a) XRD patterns of Ful-incorporated cements incubated in PBS for 1 hour, (b) 3 hours,
and (c) 24 hours. (d) pH changes of cement-incubated PBS over 672 hours (n=5).

XRD spectra in Figure 5.3(a-c) illustrate the crystal phases of the cements
under physiological conditions at hours 1, 3, and 24. The spectrums were similar to the
spectrums depicted in 4.2(a-c) and apatite formation was observed in less than 3 hours.
No Ful contribution to the apatite formation rate was detected. The graph showing
pH measurements(Figure 5.3(d)) were also similar to the pH measurement presented
in Fig 4.2(d) and confirmed the apatite formation kinetics as explained in the Section
4.2. Control cements reached their minimum pH at day 7, while CMC/Gel, Ful0.02,
Ful0.04, and Ful0.1 cements reached their minimum pH at day 4, possibly due to the
greater amount of -COO™ ions from the CMC/Gel, which can act as nucleation sites
for Ca™ ions [34, 88]. The minimum pH level for all cement solutions was between 6.8
and 7.0, and after reaching the minimum, pH increased and remained constant between

7.0 and 7.4.
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Figure 5.4 demonstrates the apatite morphology in the cements.

Control

Ful0.02

Figure 5.4 Apatite morphology in Ful-incorporated cements immersed in PBS (Scale bars: 500 nm,
yellow arrows: apatite crystals).

Apatite morphology was nanosized platelet-like morphology [89, 90|, with no

obvious differences between five cement groups.

In addition to PBS, phase analysis of cements was conducted by incubating
them in SBF and comparing them with the original cements. The results are presented

in Figure 5.5.
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Figure 5.5 (a) XRD patterns of as-prepared cements before incubation, or (b) cements incubated in
SBF for 3 hours and (c) 24 hours. (d) pH changes of cements incubated in SBF over 216 hours (n=5).
(e) SEM micrographs showing the apatite morphology in as-prepared cements and (f) SBF-incubated
cements for 24 hours (Magnification= 160,000x, yellow arrows: apatite cystals).

The XRD spectrum of the original cements (Figure 5.5(a)) reveals a significant
presence of apatite in their crystalline phase even without SBF incubation. Moreover,
XRD spectrums of incubated cements shows that conversion of TTCP/DCPD to ap-
atite is complete in less than 3 hours and increasing the intensity of apatite peaks
in 24 hours (Figure 5.5(b-c). Additionally, the pH change of SBF-incubated cements
over time (Figure 5.5(d)) exhibited a similar pattern to the pH profile in PBS (Figure
5.4(d)). Finally, SEM images of the cements before incubation in SBF (Figure 5.5(¢))
and after SBF treatment (Figure 5.5(f)) reveal the presence of nanosized platelet-like
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crystals [89, 90|, indicating apatite formation. Importantly, the as-prepared cements
(Figure 5.5(e)) did not show noticeable differences between the materials incubated in

PBS (Figure 5.4) or SBF (Figure 5.5(f)).

EDX results showing the Ca/P ratio after incubation in SBF for 24 hours are
presented in Figure 5.6.
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Figure 5.6 EDX analysis of a) CMC/Gel cements and b) Ful0.1 cements after incubation in SBF
for 24 hours (Scale bars: 5 pm).

The incubated cements exhibited Ca/P ratios of 1.40-1.50. This represents the
Ca/P ratio of CDHA [114] and confirms the CDHA formation in cements.

Figure 5.7 displays the results of mechanical testing conducted on CMC/Gel,
Ful0.02, Ful0.04, and Ful0.1 cement formulations (shown as model samples in Figure

5.6(a)) through compression testing.
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Figure 5.7 Mechanical analysis of Ful-incorporated cements (a) Photograph of cements molded for
compression testing (Scale bar= 1.25 cm) (b) Representative stress-strain curves. (c) Compressive
strength and (d) compressive modulus values of cements (n=>5, * for p<0.05, ** for p<0.01).

Representative stress/strain curves are shown in Figure 5.7(b). The compressive
strength and elastic modulus values of control cements were found to be 2.04 MPa
and 145.55 MPa, respectively, as demonstrated in Figure 5.7(c-d). The addition of
only CMC did not have a significant impact on the compressive strength or modulus
when compared to unmodified control cement samples. However, CMC/Gel led to
a significant increase in compressive strength and modulus in comparison to control
samples. Lastly, the inclusion of Ful did not produce any significant changes in the

compressive strength and modulus values of CMC/Gel formulations.

A DPPH radical inhibition assay was conducted on cement samples to evaluate

the antioxidant capacity of Ful-loaded CPCs and the results are shown in Figure 5.8.
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Figure 5.8 (a) Digital photos of DPPH solutions after 24-hour-treatment with cements. (b) DPPH
inhibition by Ful-incorporated cements (n=>5, **=p<0.01, ***= p<0.001, ****= p<0.0001).

Figure 5.8(a) depicts the change in color of DPPH solution after a 24-hour
treatment with Ful-incorporated cements. The yellow color observed in the DPPH
solution indicates a reduction in DPPH radicals [115] due to the presence of Ful-
incorporated cements, while no change was observed in DPPH solutions treated with
control and CMC/Gel cements. Figure 5.8(b) presents a quantitative analysis of the
reduction in DPPH activity by Ful-incorporated cements, with Ful0.02 and Ful0.04
samples demonstrating 46.58% and 51.41% DPPH inhibition within 24 hours. However,
DPPH inhibition was only observed to be 29.28% for the Ful0.1 samples.

Figure 5.9 shows the % viability of MC3T3-E1 cells after treatment with different

concentrations of standard Ful particles for 24 hours.

The use of standard Ful particles showed no signs of toxicity in MC3T3-E1 cells
when tested in vitro for 24 hours. In fact, at a concentration of 0.250 mg/mL, cellular

viability was increased, as shown in Figure 5.9.
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Figure 5.9 Viability of MC3T3-E1 cells after treatment with different concentrations of standard
Ful particles for 24 hours.

The in vitro release kinetics of Ful particles from Ful-loaded cements are pre-

sented in Figure 5.10.
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Figure 5.10 In vitro Ful particle release from cements (n=>5, * for p<0.05 compared to Ful0.02; **
for p<0.01 compared to Ful0.02).

Figure 5.10 demonstrates nearly complete release of Ful from the cements within
24 hours. The concentration of cumulative Ful released from the cements was found
to be directly proportional to the initial Ful concentration in each sample. It should
be noted that Ful concentration released from the cements is lower than the possibly

cytotoxic range which is shown in Figure 5.9.

Additionally, excessive quantities of calcium ions can also compromise cellular

viability. In vitro release kinetics of Ca ions from cements is presented in Figure 5.11.
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Figure 5.11 In vitro Ca ion release from Ful-incorporated cements (n=4).

In vitro release kinetics of Ca ions from cement formulations demonstrated that

less than 12 mg/L of free calcium was released from control or Ful0.04 cements over 5

days.

Furthermore, in vitro cytotoxicity evaluations of Ful-loaded cement extracts

were collected from 1, 3, and 5-day incubations and tested in 1.-929 cells, as shown in

Figure 5.12.
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Figure 5.12 (a) Viability of L-929 cells cultured in growth media prepared with control, CMC/Gel,
Ful0.02, Ful0.04, and Ful0.1 extracts collected after 1, 3, and 5 days of cement incubation (n=5, *=
p<0.05, ¥*=p<0.01, ***= p<0.001). (b) Live-dead staining of 1.-929 cells cultured in growth media
prepared with control, CMC/Gel, Ful0.02, Ful0.04, and Ful0.1 extracts collected after 3-day cement
incubation (Scale bars=100 pum, green: live cells, red: dead cells).

The results from day 3 extracts indicate that the cell viability increased with
medium-dose Ful particles. The images of extract-treated 1.-929 with live-dead staining
in Figure 5.12(b) support the quantitative viability results in Figure 5.12(a), as Ful0.02
and Ful(0.04-treated cells show more coverage than the other treatment groups. Finally,
all cement fifth-day extracts were still biocompatible; however, the viability percentage
of cells incubated in Ful0.1 fifth-day extracts was significantly lower than cells incubated

with CMC/Gel fifth-day extracts.
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Figure 5.13 illustrates the impact of Ful-loaded cements on actin fiber inten-

sity of MC3T3-E1 cells after an induction in osteogenic media. cellular osteogenic

differentiation.
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Figure 5.13 (a) Visualization of actin fiber formation following 7-day cement extract treatment via
Phalloidin-DAPT staining (scale bars: 10 ym). (b) Average fluorescence intensity of actin fibers after
differentiation for 7 days.

Microscopic images in Figure 5.13(a) indicate that Ful0.04-treated cells had
denser and more visible actin fibers compared to other cement groups. Furthermore,
the quantitative analysis of actin fluorescence intensity (Figure 5.13(b)) confirmed that
Ful0.04 significantly increased the actin density of MC3T3-E1 cells, while Ful0.1 de-

creased it compared to Ful0.04.

The effect of Ful on ALP activity of MC3T3-E1 cells is demonstrated in Figure
5.14.
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Figure 5.14 ALP activity of cells at days 7 and 14 following treatment with various Ful-incorporated
cement extracts (n=3, *= p<0.05, **=p<0.01).

The ALP activity data supports the findings in 5.13 as Ful0.04 extract media
significantly enhanced ALP activity in MC3T3-E1 cells compared to control, CMC/Gel,
and Ful0.1 cement extracts. Additionally, ALP production increased over time for all

cement extract treatment groups.

The impact of Ful on gene expression is presented in Figure 5.15.
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Figure 5.15 (a) Runx2 expression in cells at days 7 and 14 following treatment with various Ful-
incorporated cement extracts (n=3, *= p<0.05, **=p<0.01). (b) COL1 expression in cells at days 7
and 14 following treatment with various Ful-incorporated cement extracts (n=3).

According to the results of gene expression analysis, the gene expression of
the osteogenesis marker Runx2 increased between 7 and 14 days for all cement treat-
ment groups, but tripled with low dose Ful treatment (Figure 5.15(a)). However,
high dose Ful0.1 cement extracts did not significantly increase Runx2 expression com-
pared to CMC/Gel extracts (Figure 5.15(a)). Finally, low dose Ful cement showed a
non-significant increase of COL1 expression, while high dose Ful cement significantly

decreased it (Figure 5.15(b)).
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5.3 Discussion

This study found that adding the powerful antioxidant Fullerenol enhanced the
osteogenic properties of CMC/Gel-blended CPCs. The FTIR analysis showed that
the polyhydroxylated Fullerenol molecules strongly interacted with the cement com-
ponents, specifically through hydrogen bonding with the amine groups from Gel and
the carboxyl /hydroxyl groups of CMC, as evidenced by OH-specific peak shifts (Figure
5.1). Previous studies have also shown that Fullerenol can form hydrogen bonds with
amino acid amine groups via hydroxyl-amine associations [116, 117, 118|. Further-
more, Dong et al. [117] observed a shift to a lower frequency in the OH band from an
FTIR spectra of phenylalanine/Fullerenol due to hydrogen bonding between the amine
group of phenylalanine and Fullerenol hydroxyl units. Additionally, Lombo-Vidal et
al. [119] reported hydrogen bonding of Fullerenol with carboxyl and hydroxyl groups
of polysaccharides. In summary, the demonstrated molecular associations between
Fullerenol particles and CMC/Gel cement components are well-supported by previous

studies.

The baseline CPCs had an initial /final setting time of 11.4/14 minutes (Figure
5.2), which was increased significantly due to the addition of CMC/Gel, leading to
immobilization of TTCP and DCPD particles from the viscosity increase [3, 120].
Interestingly, high concentrations of Ful acted as a facilitator to decrease the setting
time of CMC/Gel CPCs. Although the addition of 0.02 and 0.04 wt/v% Ful did
not change the initial and final setting times of CMC/Gel cements, the inclusion of
0.1 wt/v% Ful significantly reduced the initial and final setting times, bringing them
closer to the clinically recommended time frames [3, 91| (Figure 5.2). The increased
cement reactivity is possibly due to an increase in the common ion effect through the
hydrogen bonding of Ful particles to HPO, ? [121], as suggested in previous studies on
the interaction of hydroxyl groups with phosphates [118]. Thus, these results indicate
that HPO, 2 sites on Ful0.1 facilitated the binding of Ca*? ions, promoting apatite

nucleation in these Ful-doped cement formulations.

Although Ful inclusion in CPC cements led to a decrease in their setting time, it
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did not have a significant impact on the conversion rate of TTCP and DCPD particles
into CDHA domains, as shown in Figure 5.3 and Figure 5.5. Moreover, the other phys-
ical characteristic of the CMC/Gel cements which is compressive strength did not alter
via Ful incorporation. All formulations surpassed the benchmark values of 2 MPa for
strength and 150 MPa for modulus (Figure 5.7). These results suggest that Ful-doped
cements are mechanically appropriate for treating non-load bearing bone reconstruc-
tions. (The detailed discussion for apatite formation rate and compressive strength is
given in the Section 4.3) The incorporation of Ful into cements demonstrated a sig-
nificant scavenging of ROS, as determined from the inhibition of the radical molecule
DPPH (Figure 5.8). Control and CMC/Gel cement formulations did not exhibit ROS
scavenging, whereas low and medium-dose Ful cements showed notable antioxidant
activity. However, the highest Ful0.1 dose cements showed reduced ROS scavenging,
which could be due to Ful aggregation, as previously described by Roy et al. [122] for
these particles at high concentrations [123, 122]. As hydroxyl groups play a significant
role in both aggregation and radical scavenging [73], it is suggested that Ful particle
aggregation reduces the presentation of active sites on the surface of Ful particles,

thereby reducing their interaction with radicals [123, 122].

The cytotoxicity of Ful particle solutions and extracts from Ful-loaded cements
was assessed (Figure 5.9 and 5.12), and it was found that no concentration of Ful up
to 1 mg/mL was toxic, consistent with previous studies |75, 124, 77, 78, 79, 80, 125|
Moreover, at a concentration of 0.25 mg/mL, Ful was found to increase the viability
of MC3T3-E1 cells over 24 hours (Figure 5.9). The literature emphasizes that Ful
is highly biocompatible [75, 124, 77, 78, 79, 80, 125|, and previous evaluations with
Ful concentrations up to 10 mg/mlL demonstrated non-cytotoxicity using human skin
fibroblasts [79, 80], murine macrophage cells [125], and human epidermal keratinocytes

[78].

Ful particles were found to be minimally cytotoxic in baseline concentrations,
and Ful particles released from cements also demonstrated low cytotoxicity, as demon-
strated in Figure 5.12. Burst release of Ful particles from CMC/Gel cements was

observed in in vitro release studies over a 24-hour period, which is a common phe-
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nomenon [61, 69| due to Ful particles tending to accumulate on the surface of these
cements. Quick release kinetics of antioxidant molecules from CPCs were also reported
for trolox [69] and selenium [61]. The released Ful particles showed negligible toxicity
over time, while day 3 extracts of Ful0.02 and Ful0.04 increased the number of viable
L-929 cells, as demonstrated in Figure 5.12(a,b). It was observed that the increase in
cell viability could be due to the protective effects of Ful against toxicity from excess
CPC-released calcium ions, which can be harmful to cells [126]. Although quantified
in vitro calcium ion release from control and Ful0.04 cements indicated that calcium
levels were substantially below typical cytotoxic levels [127], it did increase between
the first and fifth days of incubation. The higher viability levels for cells treated with
Ful0.02 and Ful0.04 extracts were likely due to Ful’s antioxidant capacity, which has
been demonstrated in other studies. The cell protective effect of Ful is correlated
with its ROS scavenging ability, and Ful has been shown to increase the expression
of MAPK-related proteins p38 and ERK to suppress ROS-induced toxicity. Ful0.1 ce-
ments demonstrated lower levels of ROS scavenging than Ful0.02 and Ful0.04 cements,
which closely correlated with lower cell viability after treatment with day 5 Ful0.1 ce-
ment extracts. It can be concluded that the high antioxidant capacity of Ful0.02 and

Ful0.04 formulations facilitated the increased survival of L-929 cells.

The osteogenic potential of Ful particles delivered from CMC/Gel cements was
evaluated through in vitro IF staining, ALP production measurement, and gene ex-
pression studies using MC3T3-E1 pre-osteoblasts. Results from IF staining indicated
that the fluorescence intensity of actin increased in cells treated with Ful-incorporated
cement extracts (Figure 5.13), indicating that Ful0.04 extracts had the strongest os-
teogenic impact on MC3T3-E1 cells compared to other cement extract treatments.
However, in cells incubated with Ful0.1 extracts, F-actin organization was not signifi-
cantly increased compared to CMC/Gel formulations (Figure 5.13), indicating that Ful
particles were possibly aggregating at this higher concentration. Similarly, quantifica-
tion of cellular ALP production following cement extract treatment largely mirrored
the results of IF staining, as shown in Figure 5.14. Extracts from low-dose Ful cements
increased cellular ALP levels at both 7 and 14 days and Runx2 gene expression levels

at day 7, while the highest dose Ful0.1 cements did not show significant increases in
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these osteogenesis markers (Figures 5.14 and 5.15).

Studies have demonstrated that during osteogenic differentiation, antioxidant
enzymes suppress ROS levels [128] and numerous in vitro and in vivo studies suggest
that antioxidants can accelerate osteogenic differentiation by reducing ROS concentra-
tions (68, 74, 129, 130]. Ful’s effect on osteogenic differentiation has also been studied
in previous research, with some studies showing that Ful particles can enhance the
expression of osteogenic markers such as Runx2, ALP, and OCN, as well as cellular
mineralization. These studies suggest that the antioxidant capacity of ROS-scavenging
particles correlates with their osteogenic ability. The data from this study (Figure 5.8
and Figure 5.13-5.15) supports this correlation and further analysis is needed to de-
termine the specific mechanisms linking Ful’s antioxidant activity to bone formation.
ROS interacts with several key osteogenic pathways, including Wnt, FOXO, Hedgehog,
and MAPK/ERK [60, 74, 76|, and in vivo studies with Ful-loaded CPCs are required
to demonstrate its efficacy in bone healing. Nevertheless, this study provides com-
pelling evidence of the benefits Ful can offer to CMC/Gel cements for use in bone

reconstruction procedures.
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5.4 Conclusion

As an independent process from the synthesis of ND-containing cements, the
antioxidant compound Ful was successfully incorporated into the calcium phosphate
cementing agent without affecting the apatite formation time, morphology, or com-
pressive strength of the cement. The presence of low concentrations of Ful had no
impact on the hardening rates of the cement, while high concentrations resulted in a
significant decrease in setting times. Importantly, the Ful-loaded cements exhibited
strong antioxidant activity, as demonstrated by DPPH radical scavenging assays. This
increased antioxidant activity corresponded to enhanced osteogenic differentiation of
MC3T3-E1 pre-osteoblast cells, as indicated by actin network staining, ALP produc-
tion measurements and expression of Runx2 and COL1. However, it was observed
that at high concentrations, Ful’s antioxidant activity decreased (possibly due to its
aggregation) and resulted in lower levels of cellular osteogenesis. Overall, these findings
demonstrate that Ful promotes earlier and more powerful cellular osteogenic differenti-
ation compared to unmodified calcium phosphate cements, without compromising the

physical characteristics of the cement.
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6. CONCLUSION

An apatite CPC was synthesized with an apatite formation time less than three

hours which is one of the fastest apatite formation time in the literature.

CMC and Gel were added to cements to improve handling properties and com-

pressive strength, respectfully.

For further improvement of cements, carbon nanomaterials were added to ce-
ments. Unfunctionalized ND was added to CMC/Gel cements to increase their
compressive strength and Ful was added to cements to enhance their osteogenic

ability.

The incorporation of ND at high concentrations was found to reduce the setting

time of CMC/Gel cements while it did not alter the rate of apatite formation.

The inclusion of unfunctionalized ND particles did not contribute to the compres-
sive strength and modulus of the cements. This observation can be attributed to
the non-uniformity of the liquid phases caused by the aggregation of ND. There-
fore, the overall findings suggest that the use of unfunctionalized ND particles
effectively decreases the setting time of the cements without compromising the
overall duration of apatite formation. However, it is important to prevent the
aggregation of ND particles to observe the impact of ND on the compressive

strength of the cement.

High concentrations of Ful significantly reduced the setting time of CMC/Gel

cements; however, this incorporation did not affect the apatite formation time.

Ful addition to CMC/Gel cements did not alter the compressive strength and

modulus of the cements.
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e Ful-loaded cements exhibited robust antioxidant activity, as evidenced by DPPH

radical scavenging assays.

e The increased antioxidant activity was correlated with enhanced osteogenic differ-
entiation of MC3T3-E1 pre-osteoblast cells, as indicated by actin network stain-

ing, ALP production measurements, and PCR gene expression analyses.

e Ful’s antioxidant activity decreased at high concentrations, possibly due to its

aggregation, resulting in lower levels of cellular osteogenesis.

Future work is required to develop a method to functionalize ND particles.
Functionalization of ND will prevent the agglomeration of ND particles and facilitate
the increase ND concentration in liquid phase [57, 47]. Therefore, functionalization of
ND particles will be useful to observe the contribution of ND particles to compressive

strength of CPCs.

In addition to the future work with ND particles, future investigations will
ascertain the precise mechanisms linking Ful’s antioxidant activity to bone formation,
considering that ROS interact with various crucial osteogenic pathways such as Wnt,
FOXO, Hedgehog, and MAPK /ERK [60, 74, 76]. Additionally, in vivo studies utilizing
Ful-loaded CPCs in conventional rodent models like calvarial defects [41, 42] or femoral
segmental defects [131] are necessary to validate the effectiveness of Ful in promoting

bone healing.
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AND DCPD PARTICLES DEPENDING ON THE PARTICLE

SIZE AND LIQUID PHASE

Table A.1

Apatite formation time of TTCP and DCPD particles depending on the particle size and liquid

phase.

Particle size of TTCP and DCPD (pm) /
Liquid phase

Conversion time (hours)

This study

Neira et al. [93]

Burguera et al. [94, 95]

TTCP: 5.1 DCPD: 0.162 /
Sodium phosphate
TTCP: 1.5 DCPD: 1.1 /
Distilled water
TTCP: 17 DCPD: 1.7 /
Sodium phosphate

>24
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CMC/GEL CEMENTS ON VIABILITY OF HUMAN BONE
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