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Abstract

Critical-sized segmental bone defects are a challenging problem for orthopedic surgeons. These
defects are unable to heal spontaneously within a patient’s lifetime. Thus, biomaterials are used to repair
such defects and provide a substitute for the lost bone in order to recover both structure and function.
Biomaterials should ideally be osteoconductive, osteoinductive, and resorbable to stimulate osteogenic
differentiation and remodeling in addition to having sufficient mechanical properties. Biomaterials
designed to undergo remodeling should present a balance between the biomaterial’s resorption and new
tissue formation. Thus, the interaction of any novel biomaterial with bone cells, osteoblasts and osteoclasts,
should be investigated.

In this research, a set of novel 3D printable nanocomposite biomaterials containing acrylated
epoxidized soybean oil (AESO) or methacrylated AESO (MmAESO), polyethylene glycol diacrylate
(PEGDA), and nanohydroxyapatite (nHA) was produced using a masked stereolithography (mSLA)-based
3D printer. The effects of volume fraction of nHA and methacrylated AESO on the interactions of bone
cells (osteoblasts and osteoclasts) with the nanocomposites were evaluated in vitro and compared to a
control biomaterial, hydroxyapatite (HA). Two separate studies, one using osteoblasts and the other
osteoclasts, were performed to characterize cell response.

In the osteoblast study, immortalized mouse pre-osteoblast MC3T3-EL1 cells were differentiated to
osteoblasts (dAMC3T3-OB). The effects of the addition of nHA and methacrylation of AESO on osteoblast-
like cells were studied. Adhesion, proliferation, and activity of dMC3T3-OB were studied by seeding cells
on the 3D-printed discs for 1, 3, and 7 days. Overall, each of the nanocomposites was shown to support
dMC3T3-0B cells’ adhesion, proliferation, and activity, and compared to the HA control. Incorporating
higher amounts of nHA enhanced cell adhesion and proliferation, although it didn’t influence cell activity,
as measured by Alkaline Phosphatase (ALP). The presence of mAESO in the nanocomposites resulted in
greater adhesion, proliferation, and activity at day 7 compared to the AESO nanocomposites, which may

be explained by the increase in stiffness of MAESO nanocomposites.



In the osteoclast study, mouse RAW 264.7 macrophages were differentiated to osteoclasts using
receptor activator of nuclear factor kappa-B ligand (RANKL). The differentiated cells were purified by
serum gradient purification and then were cultured on nanocomposites to evaluate their osteoclast-mediated
resorption. The adhesion and activity of the differentiated and purified RAW 264.7 cells (dRAW-OC,
osteoclast-like cells) were studied by seeding the cells on 3D-printed discs for 7 days. The effect of
methacrylation of AESO on the adhesion, tartrate-resistant acid phosphatase (TRAP) staining, actin ring
size, number of osteoclast-like cells, and number of nuclei per osteoclasts were investigated. Results
showed excellent osteoclast-like cells survival, defined actin rings, large multinucleated cells, and higher
number of TRAP-positive cells on mMAESO-based nanocomposites compared to AESO-based one. The
osteoclast response on the mMAESQO discs was also comparable to the HA control. Calcein staining was used
to visualize pit formation on the biomaterials. AESO-based and mAESO-based nanocomposites, and
surprisingly the HA discs, did not exhibit any sign of resorption pits formed by the osteoclast-like cells.
While we were unable to obtain osteoclast-mediated resorption pits, a confocal image of a pit-like structure
was obtained as a proof-of-concept to perform depth and volume calculation.

Taken all together, the results presented in this thesis demonstrated that mAESO-based
nanocomposites containing higher amounts of nHA had better interactions with osteoblast-like and
osteoclast-like cells, comparable to interactions with HA controls. This suggests future potential for bone

defect repair.
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1 Introduction

Critically-sized segmental bone defects (CSBDs) resulting from bone metastases resection, severe
fractures, traumatic injuries, and severe infection resection are a significant clinical orthopedic challenge
[1][2]. A critical-sized bone defect is defined as a segmental bone loss when the defect size or length is
greater than 2-2.5 times the diameter of the affected long bone (Figure 1-1) [1][3]. Although bone tissue
has a remarkable ability to regenerate and heal itself, critically sized segmental bone defects and complex
fractures do not heal spontaneously within a patient’s lifetime and therefore require surgical intervention
[4]. Regeneration/reconstruction of these defects requires donor-derived or synthetic grafts [5][6].

Annually, billions of dollars are spent in the United States to repair critically sized bone defects,
and over two million operations are performed globally [7]. As of 2013, there were 59 bone graft substitutes
marketed by 17 companies in the UK available for implantation. Only 37% of products had clinical data
[8]. Although there are synthetic biomaterials available that have represented good clinical success in the
treatment of bone injuries, to the best of our knowledge, none of the currently available synthetic grafts
have combined load-bearing property, resorbability, and the ability to match the osteogenic and
osteoinductive qualities of natural bone graft [9]. There is thus a need for a biomaterial that can fill critically

sized bone defects, supporting the osteogenic process and resorbing at a controlled rate.

Figure 1-1. A radiograph of a critical-sized bone defect of the ulna of a dog. Reprinted with permission from [10].
Bone graft is ranked as the second most common transplanted tissue [11]. Roughly speaking, 2.2

million bone grafting surgeries are done worldwide annually at the cost of $2.5 billion. [12]. Although an
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autograft, a piece of bone that is harvested from the patient’s healthy tissue from a non-load-bearing area
(like iliac crest or pelvis) and then implanted at the defect site [11], is the gold standard of care for bone
defects, it is complicated by donor site morbidity, anesthesia time, and insufficient graft volume for CSBDs
treatment (Figure 1-2-a) [4][13]. Thus, current treatments for CSBD reconstruction are allografts, a piece
of bone that is taken from human cadavers or donors [11], and metal megaprostheses, an implant designed
to replace the resected large bone segment [5], (Figure 1-2-b, ¢). Allografts have better mechanical stability
than autografts, allowing large bone defect reconstruction without donor site morbidity [14]. However,
allografts do not repair as quickly or as completely as autografts, they carry some risk of donor-to-recipient
disease transmission and have limited ability to revascularize and remodel [13]. Massive structural
allografts (those used to treat CSBD) have several complications, including fracture, infection, and
nonunion [15]. For example, 40% of failures are due to fractures when allografts are used for CSBD
reconstruction [13]. Reconstruction with metal alloy megaprostheses is one of the treatments of large bone
defects. While megaprostheses are used to provide structural and mechanical support [16], they have
different shortcomings such as aseptic loosening, fatigue fractures, local recurrence of the tumor, deep
infections, mechanical failure, and dislocation [17][18][19][20]. The high complication rate associated with
allografts and metal alloy mega-prostheses has highlighted the need for developing new approaches using

novel synthetic biomaterials engineered to serve as bone graft substitutes [13].

Figure 1-2. Different grafts types used in the bone defects treatment; a) autograft harvested from iliac crest [21], b)
allograft [22], ¢) metal megaprosthesis system. Reprinted with permission from [23].



These engineered biomaterials should possess properties that match both the mechanical and
biological context of bone tissue matrix [24]. The biomaterials should promote integration with host bone,
osteogenesis, and angiogenesis while having the desired and sufficient mechanical stability and facilitating
load transfer under weight-bearing conditions [1]. The biomaterial must have essential properties such as
biocompatibility, osteoconductivity (i.e., ability to support the attachment of osteoprogenitor cells and
osteoblasts), osteoinductivity (i.e., ability to increase the osteoprogenitor cell differentiation into
osteoblasts), and bioactivity (i.e., ability to develop a direct and robust bonding with bone tissue through
the formation of bone-like apatite [25]) [6]. A bone biomaterial should be replaced by mature bone without
transient loss of mechanical support. This means the biomaterial should be resorbable in a controlled
manner [26]. Also, to conform to irregularly shaped defects and match patient-specific anatomy, the
biomaterial should be 3D printable.

Poly (methyl methacrylate) (PMMA), calcium phosphate cements (CPCs), and bioactive glass
composites are some examples of synthetic biomaterials that are currently used to repair non-critically sized
defects. Despite having a high strength (=70 MPa), PMMA is non-resorbable and does not integrate with
host bone, which leads to device loosening and long-term failure [27][28]. Ceramic biomaterials composed
of hydroxyapatite or tri-calcium phosphate are attractive options since they are resorbable/degradable and
osteoconductive and act similar to natural bone in compression [13]. However, their use is limited by
brittleness, and they are subject to fracturing due to the repeated loading [29]. Moreover, bioactive glass
composites present remarkable mechanical properties but uncontrolled resorption [30]. Since these
conventional biomaterials are unsuitable for CSBD reconstruction, composite biomaterials are being
developed to attain the desired mechanical and biological properties [13].

Composite biomaterials provide the possibility of making bone grafts equivalent to the autogenous
bone by integrating all the factors associated with osteoconduction, osteoinduction, osteogenicity, and
bioresorbability [31]. Natural bone has a unique physiologic microstructure, a nanocomposite of collagen
and hydroxyapatite, an ideal framework for bone development and physiologic regeneration [32].
Accordingly, synthetic grafts are designed as nanocomposites to mimic bone microstructure, present bone-

3



like strength, stimulate osteogenic differentiation, and be resorbable at a controlled rate relevant to patient
biology [2][29]. Bone cells’ attachment, spreading, and differentiation on implanted graft materials are
crucial for bone formation [33]. Once implanted, bone graft biomaterials interact with the local cells,
osteoblasts (i.e., bone-forming cells), and osteoclasts (i.e., bone-resorbing cells). Prior works indicate that
osteoblasts are more critical for implant osseointegration [34][35]. However, osteoclasts are critical in
determining an implant’s longevity [36][37]. A controlled resorption rate is critical since implant strength
should be maintained until the regenerated tissue can provide mechanical support, cell penetration, and
vascularization [38]. Through controlled resorption, the biomaterial integrates with the bone remodeling
process [6], which is the most important physiological process in the skeleton that osteoblasts and
osteoclasts are involved in [16][39].

In-vitro testing is essential in estimating the material properties of biomaterials, such as
biocompatibility and cytotoxicity [32]. In-vitro cell-based assays are easy, reproducible, and inexpensive
compared to in vivo studies [6]. Most of the published research reports on biocompatibility and in vitro cell-
material interactions use only osteoblasts, and few studies consider the significance of the osteoclast
response [40]. However, osteoblasts and osteoclasts work cooperatively during bone tissue remodeling. So,
both are essential for developing new healthy bone within a defect site [41][42]. The osteoclast response
evaluation provides valuable information regarding osteoclast-mediated resorption of a new biomaterial
and indicates its potential as a future bone graft material [36]. Therefore, the study of both osteoblast and
osteoclast responses is required to ensure the complete characterization of a new synthetic bone biomaterial.

My thesis is a crucial part of a research program focused on developing competent 3D-printable
nanocomposite biomaterials for critically sized bone defect reconstruction. The nanocomposite system
developed in the Waterloo Composite Biomaterial Systems Laboratory (WCBSL) combines an inorganic
phase, nano-hydroxyapatite (nHA), and an organic phase, acrylated epoxidized soybean oil (AESO) or
methacrylated AESO (mAESQO), and polyethylene glycol diacrylate (PEGDA). This thesis provides a novel
and robust means for evaluating our new class of advanced 3D printable nanocomposite based on the
responses of osteoblasts and osteoclasts. The new methods and materials presented herein will significantly
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impact skeletal biomaterials’ development and selection of novel bone graft substitutes to reconstruct
critically sized segmental bone defects (CSBDs).

This thesis is organized as follows. Chapter 2 includes the literature review relevant to this research
thesis. Chapters 3 and 4 present the objectives/hypotheses and the materials and methods, respectively. In
Chapter 5, the results and discussion of the osteoblast study are reported, and Chapter 6 presents the
investigation with osteoclasts. Finally, in Chapter 7, conclusion, limitations, and recommendations for

future work are presented.



2 Literature Review

2.1 Bone biology and structure

Bone is a living tissue material that can adapt to changes in its physiological or mechanical
environment [43]. It is essential to understand bone composition, architecture, and bone matrix organization
to develop bone-inspired graft materials successfully. As shown in Figure 2-1, bone has a hierarchical
structure from the nanoscale to the macro-scale: collagen molecules, bone mineral crystals, and non-
collagenous organic proteins; collagen fibrils; bone lamella, Haversian systems, and osteons; cancellous
and cortical bone [44].

Bone is a composite material with two major phases: 65 wt% of bone consists of an inorganic phase
known as mineralized matrix, and 35 wt% is an organic matrix [45][46]. The mineralized matrix is
composed of poorly crystalline, highly substituted hydroxyapatite (Caio(PO4)s(OH)2) with other minute
constituents such as carbonate, citrate, magnesium, fluoride, and strontium [46]. The organic matrix
comprises 90% type | collagen and 10% noncollagenous proteins such as glycoproteins, proteoglycans,
morphogenetic proteins, integrin-binding proteins, and growth factors [46]. Hydroxyapatite nucleates into
collagen fibrils where collagen fibrils provide a nano-scale structural template, and hydroxyapatite gives

the strength and stiffness to the structural frame to withstand compression and bending stresses [45][46].
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Figure 2-1. Hierarchical structural organization of bone with different levels and structures. Reprinted with
permission from [47].



Bone has physical and physiological functions. Its physical functions include supporting the body,
operating as a lever system during movement, and protecting organs from shock and injury. From a
physiological point of view, bone functions are hematopoiesis, source of progenitor cells, and mineral
homeostasis [44]. At the macroscopic level, a mature bone is divided into the cortical (compact) and the
trabecular bones (also known as cancellous or spongy bone), which differ in density and microstructure

(Figure 2-2) [47].

Spongy bone

Compact bone

Figure 2-2. Trabecular (spongy) and cortical (compact) bone tissues differ in their microarchitecture and porosity.
Reprinted with permission from [48].

Cortical bone has a compact structure with 10% porosity and constitutes 80% of the whole bone
mass found in the skull, iliac crest, long bone diaphysis, and the shells of vertebrae and other bones
containing relatively large amounts of cancellous bone [49]. The primary function of cortical bone is to
give structural support and protection to the skeleton framework [44][45]. Osteons (Haversian systems) are
the main structural unit of the cortical bone, cemented to one another but separated by interstitial and
circumferential lamellae [50]. Each osteon contains a longitudinal central canal, the Haversian canal, that
houses nerves and blood vessels supplying the bone with nutrients. Haversian canals are connected to one
another, to the blood supply and bone marrow cavity by Volkmann’s canals. [49]. The cylinder-shaped
layers of the osteons, called concentric lamellae, are composed of a calcified matrix (collagen fibers and
impure hydroxyapatite) (Figure 2-3-a). There are also circumferential lamellae that run along the
periosteum. It covers the outside of bones, along the endosteum, which lines the inner spongy bone tissue
and the interstitial lamellae between osteons. Osteocytes are imprisoned in small space called lacuna. The

lacunae in the central canal are connected to each other through small canals called canaliculi, to provide



intercellular communication and nutrient delivery to the osteocyte cells. The trabecular bone constitutes the
remaining 20% of bone mass and can be found in the inner part of the cortical bone, the long bone ends,
the iliac crest, and the vertebrae and ribs. Spongy bone has a lattice-like matrix network called trabeculae
surrounded by the bone marrow. The trabecular bone is less dense and more porous, with a higher
concentration of blood vessels than compact bone. The trabeculae are thin rods made up of parallel lamellae
composed of bone matrix, osteocytes and canaliculi and covered by endosteum (Figure 2-3-b) [44] [45][49].

Microscopically, bone is classified into two phenotypes; woven and lamellar bone [50]. Woven
bone is immature, newly deposited bone or primary bone tissue found in the embryonic development stages
and young children. It is composed of randomly oriented and disorganized collagen fibers. Lamellar bone
is a mature bone composed of highly organized collagen fibers oriented in concentric sheets termed lamellae
(Figure 2-4) [44][47].
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Figure 2-3. lllustration of structure of cortical and cancellous bone. a) components of compact bone [51], and b)
spongy bone, periosteum, and endosteum [52]. License: CC BY: Attribution.
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Figure 2-4. Diagram of immature bone (Woven) and mature bone (Lamellar). Reprinted with permission from [53].
2.2 Bone cells

Bone comprises four cell types: osteoblasts, osteoclasts, osteocytes, and osteoprogenitor (or
osteogenic) cells (Figure 2-5) [54]. Each cell type has a unique function and is found in different locations
in bones. The osteoblast is found in the periosteum (outer surface of the bone), endosteum (inner surface of
the bony tissue), and inside osteons, itis responsible for depositing bone matrix and forming new bone
[51][54]. When osteoblasts get trapped within the calcified matrix (mineralized bone), their phenotype
changes, and they mature and become osteocytes [51][54]. The osteocyte is the primary cell of mature bone
and the most common type of bone cell responsible for maintaining the mineral concentration of the matrix
and sensing and responding to strains [51][54]. These cells are located in lacuna and connected for
intercellular communication and nutrient delivery via canaliculi [51][54]. Mature osteoblasts and osteocytes
do not divide, so the osteogenic cells located in the periosteum and the marrow are responsible for
replenishing them [51][54]. Osteogenic cells are immature and undifferentiated bone cells that develop into
osteoblasts. The last cell type is the osteoclast, a multinucleated cell responsible for bone resorption

[51][54].
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Figure 2-5. Four types of cells are found within bone tissue. Reprinted with permission from [51].

2.2.1 Osteoblasts: Osteoblastogenesis and bone formation

Osteoblasts are cuboidal cells that constitute 4-6% of the total resident human bone cells [55]
derived from mesenchymal stem cells (MSCs) found in bone marrow [56]. A sequential cascade of
biological processes drives the osteogenesis process (bone formation). This sequence is started by migrating
MSCs to bone remodeling sites followed by proliferation, lineage commitment, expression of lineage-
specific markers, collagen secretion, and extracellular matrix (ECM) mineralization [57]. This process is
briefly explained below (for more details, please refer to [58][59]).

First, MSCs are committed to osteoprogenitors. Then, the generated osteoprogenitors are
differentiated into osteoblastic lineage via the expression of transcription factors RUNX2 [60]. RUNX2 is
a key component in the osteogenesis process that upregulates osteoblast-related genes such as alkaline
phosphatase (ALP), osteocalcin (OCN), and bone sialoprotein (BSP) [59][61]. Osteoprogenitors proliferate
into pre-osteoblasts which do not secrete ECM and do not show ALP activity. They continue differentiation
into non-proliferating and matrix-producing mature osteoblasts. The first deposited and unmineralized
ECM is known as “osteoid”, made up of type | collagen, non-collagen proteins (osteocalcin, osteopontin,
bone sialoproteins), proteoglycans, and bone morphogenetic proteins [45][59]. Osteoblasts release enzymes
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that breakdown the proteoglycans, and as a result, calcium ions (previously immobilized by the
proteoglycans) are released from proteoglycans. Additionally, ALP secreted by osteoblasts degrades
phosphate-containing compounds, and consequently, phosphate ions are released [58]. The accumulation
of calcium phosphate in the form of hydroxyapatite leads to mineralization of the osteoid, resulting in a
hard but lightweight material that makes bone [59]. Mature osteoblasts have different fates: apoptosis, bone
lining cells, or osteocytes (Figure 2-6) [60]. Osteocytes are the main mechanosensitive skeletal cell type,

and bone lining cells are flat osteoblast lineage cells lining the bone surface [59][62].

Mesenchymal
precursor

Committed

®
osteoprogenitor .
@

Preosteoblast

Mature
osteoblast .
Apoptosis Lining cell Osteocyte

Figure 2-6. Strategies of osteoblastogenesis. Reprinted with permission from [60].
2.2.1.1 Experimental model to study osteoblasts in-vitro
Human primary cells are isolated directly from bone marrow to be used in vitro for osteogenic
differentiation [63]. Although these cells maintain their origin tissue's morphological and functional

characteristics, they do not live forever, have limited sources (from the same donor) and ability for self-
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renewal and differentiation. Also, the donors' genetic characteristics and age might cause different cell
behaviors under the same culture conditions. These cells are more sensitive than immortalized cell lines,
cells that have been manipulated to grow indefinitely and can be cultured for longer periods of time. Primary
cells usually need special media, additional nutrients, and growth factors. Since the early 20" century,
immortalized cell lines have been used as a powerful tool to study biological processes and perform
preliminary screenings or primary investigations such as cytotoxicity [64]. These cell lines are cost-
effective, widely available, easy to work with, stay alive for longer periods, and lead to higher experimental
reproducibility [64][59].

The undifferentiated preosteoblastic cell line MC3T3-E1 is the standard in vitro model of
osteogenesis and has been widely used in transcriptional regulation, mineralization, and bone tissue
engineering [65]. The MC3T3-EL1 cell lines are differentiated to mature osteoblasts by specific reagents
such as ascorbic acid 2-phosphate, B-glycerophosphate, and melatonin [65]. The differentiation can be
confirmed by alizarin red staining, which identifies calcium deposition by osteoblasts. Alkaline phosphatase
(ALP) is a byproduct of osteoblast activity considered a hallmark of the osteoblast phenotype and widely
recognized as a biochemical marker for new bone formation [66][67]. Therefore, ALP expression is an
early marker for osteogenesis. It can be detected by reacting with a p-nitrophenylphosphate chromogenic

substrate [66].

2.2.2 Osteoclasts: Osteoclastogenesis and bone resorption

Osteoclasts play a crucial role in bone growth, bone remodeling, and bone healing by degrading
and demineralizing the bone matrix. They are also critical actors in regulating calcium homeostasis by
releasing calcium into the bloodstream [44][68]. Osteoclasts are giant and multinucleated cells derived from
hematopoietic stem cells, with 2 to 30 nuclei, and varying in diameter between 10 and 300 um (Figure 2-7)
[69][70]. In the formation of osteoclasts, two cytokines play vital roles: macrophage colony-stimulating
factor (M-CSF) and receptor activator of nuclear factor-kB ligand (RANKL) [58]. Briefly speaking,

hematopoietic stem cells within the bone marrow give rise to macrophage progenitors under the influence
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of M-CSF. M-CSF is primarily responsible for the proliferation and survival of osteoclast precursors
produced by the adjacent bone marrow stromal cells and osteoblasts [71][72]. The M-CSF binds to its
receptor in osteoclast precursors, cFMS, and then this combination stimulates precursor cells’ proliferation
and prevents their apoptosis [73]. Osteoclast precursor cells are positive for tartrate-resistant acid
phosphatase (TRAP), an enzyme indicative of osteoclast activity. Then, the binding of RANKL to its
receptor on osteoclast precursors, RANK, induces a signaling cascade leading them to differentiate into
mononucleated osteoclasts and subsequently fuse to become multinucleated osteoclasts [71]. RANKL is an
essential factor for osteoclastogenesis and is expressed by bone marrow stromal cells, osteoblasts, and
osteocytes [58]. The resultant multinucleated osteoclasts resorb bone matrix by secreting protons (H*),

proteases (e.g., Cathepsin K), and matrix metalloproteinases (MMPs).
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Figure 2-7. Osteoclastogenesis pathway. Reprinted with permission from [60].
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Bone resorption is the demineralization and degradation of inorganic and organic components of
bone by osteoclasts, respectively. The mechanism of bone resorption is shown in Figure 2-8. Osteocytes
recruit osteoclasts to the resorption site by detecting skeletal microdamage or for regulating mineral
homeostasis [58]. The migration of osteoclast precursor from the circulation into bone or within the bone
cavity is controlled by several chemokines such as Cxcl9l [74][75]. Osteoclasts are normally attached to
the surface of the bone. Their function depends on the tight connection to the bone matrix (formation of
resorption pit/sealing zone) and osteoblast-like cells (activation of RANK via interaction with osteoblast-
derived RANKL) [76]. The plasma membrane of the osteoclast attaches to the bone through the binding of
avPs-integrin to proteins, including osteopontin and bone sialoprotein (BSP) [58]. This attachment creates
the resorption compartment, a closed and sealed microenvironment between the osteoclast and the bone.
Then, osteoclasts develop several invaginations called “ruffled border” on their plasma membrane facing
the bone to be resorbed. The ruffled border helps the process of digestive enzyme delivery and the creation
of an acidic environment. The hydrogen ions (protons) are derived from carbonic anhydrase in the cell's
cytoplasm and pumped into the resorption compartment via proton pumps [77]. Chloride ions (CI°) are also
transported into the resorption compartment via chloride channels to maintain electroneutrality. The
secretion of hydrogen and chloride ions creates an acidic environment, leading to the dissolution of
hydroxyapatite and the exposure of the organic matrix [76]. The organic and inorganic matters of the bone
matrix are digested by the action of several enzymes like tartrate-resistant acid phosphatase, cathepsin K,
and matrix metalloproteinases [78]. These enzymes are formed in the cytoplasm of osteoclasts and
packaged into vesicles to be released via the ruffled border into the resorption lacunae. When the matrix is
digested, shallow depressions called “Howship’s lacunae” are created. Following resorption, degraded
products are endocytosed via the ruffled border, packed into vesicles, and released extracellularly by
exocytosis through the membrane opposite the ruffled border. After completion of the resorption,

osteoclasts undergo apoptosis [59].
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Figure 2-8. Mechanism of bone resorption. Ctsk: cathepsin K. Reprinted with permission from [77].

2.2.2.1 Experimental model to study osteoclasts in-vitro

Identification of RANKL and M-CSF made a revolutionary change in the generation and study of
osteoclasts. These two cytokines allow researchers to generate osteoclasts in vitro in the absence of other
cell types. A variety of cell populations, including adult mouse bone marrow cells and mouse/human
peripheral blood mononuclear cells, can be differentiated into osteoclasts [79]. Like osteoblasts (see section
2.2.1.1), osteoclasts can be generated from immortalized cell lines such as the RAW 264.7 murine
macrophage cell line rather than primary cells [80]. Using RAW264.7 cells removes the necessity of
treatment with M-CSF since these cells express both M-CSF and its receptor c-fms. Therefore,
supplementing the culture medium with RANKL is sufficient to differentiate RAW 264.7 cells into mature
osteoclasts [79][81]. The differentiated RAW 264.7 cells can then be cultured on bone tissue or biomaterials
to assess resorption in vitro [79].

Three features usually distinguish the presence and activity of osteoclasts: multinucleated cells,
TRAP expression, and the bone/biomaterial resorption ability [82]. The osteoclast phenotype is confirmed
by staining the nuclei (labeling DNA), and osteoclast activity is detected by TRAP expression and

osteoclast-mediated resorption pits (Rpits) [79]. Most research on the resorbing activity of osteoclasts has
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been restricted to 2D qualitative analysis using different staining methods [83]. For example, multinuclear
cell morphology, TRAP activity, and the number and area of formed resorption pits on bone or dentine
surfaces have been stained with histochemical or immunological staining and studied by reflective
microscopy [84][85]. Osteoclastic bone resorption happens in 3D in vivo. So, it is essential to evaluate
resorption pits in 3D using advanced methods like scanning electron microscopy, confocal microscopy, and
atomic force microscope (AFM) [86]-[89]. Confocal microscopy is a three-dimensional method that can
be used for measuring surface topography over a wide range of size scales, making it possible to
characterize resorption pits geometry precisely in 3D [68][90].

The primary function of osteoclasts is bone resorption, and its microscopic measurement is the
most widely used approach [91]. Once osteoclasts are cultured on bone resorbable biomaterials in vitro,
resorptive lacunae (Rpit) are formed similarly to those created during bone resorption in vivo. The number
and size (length, width, and depth) of Rpits determine a biomaterial’s resorbability by osteoclasts in vitro
[92]. It was found by Hefti et al. that the size of resorption pits in native bone and titanium and zirconia
surfaces were quite similar in size [93]. According to a study by Arnett and Dempster, pits were stained by
toluidine blue and then identified and quantified by a simple microscope with bright-field illumination [94].
However, this approach can only be used for bone slices or biomaterials containing proteins like collagen
molecules. Toluidine blue cannot be used to stain calcium phosphates, making it challenging to observe
resorbed areas on certain biomaterials that do not contain collagen [91].

Although the volume of resorption pits in bone indicates the work done by osteoclasts, the plane
area of the pits has mostly been used to quantify the work by osteoclasts [95]-[99]. Some authors have
claimed that measuring plane area is not a reliable indicator for the extent of resorption and have
emphasized the need for or advantages of volumetric measurements [100]-[102]. As such,
Stereomorphometry of SEM images have been used to determine the volume of resorption pits [103].
Yamada et al. showed that the area, depth, and volume of resorption pits could also be assessed accurately

by a 3D laser scanning microscope. They compared the resorption capacity of mature osteoclasts on
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tricalcium phosphate (TCP) and zinc-containing TCP (ZnTCP) and demonstrated that there was a

significant difference in pit volume for two different biomaterials with the same pit area [104].

2.3 Bone remodeling

Synthetic bone graft materials must be resorbable and support the ingrowth of bone tissue. A
material impermeable to cellular infiltration leads to a slower rate of resorption and new bone formation.
The use of allografts shows that dense tissue can undergo extensive osseous integration by osteoclasts and
osteoblasts [105]. Thus, a bone graft substitute should be designed to slowly integrate into the skeleton via
controlled remodeling. Bone remodeling is a continuous process where old or damaged bone tissue is
removed by osteoclasts and replaced with new bone tissue formed by osteoblasts [60]. The remodeling rate
varies based on areas of the skeleton and also areas of a bone. For example, the cortical bone along the long
bone shaft is altered at a much lower rate than the bone on the femur's head [51]. In adults, there is about
10% of bone tissue remodeling each year [106]. Remodeling takes place to help reshape and heal bone
tissue after a fracture, repair micro-cracks due to normal activities, and supply calcium and minerals to
other tissues as demand arises [107][106]. In the following paragraph, the bone remodeling process is

described as well as in Figure 2-9.
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Figure 2-9. The bone remodeling process. Reprinted with permission from [108].
The first step is the activation of osteocytes induced by changes in mechanical forces, calcium

homeostasis, or hormone levels [106]. Next, the remodeling cycle is initiated and has three phases: bone
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resorption, transition or reversal, and bone formation [58]. Osteoclast progenitors are recruited to the
damaged-bone surface/degradation site in the resorption phase [60]. Subsequently, these cells make the
local environment acidic, and the minerals are dissolved, as described in section 2.2.2. As a result,
resorption cavities are formed with depth varying between 40-60 um. When a certain amount of bone is
resorbed, the reversal phase starts, where bone resorption stops, osteoclasts begin to die, and osteoblast
progenitors are recruited [60][106][109]. Direct and indirect communications between mature osteoclasts
and osteoblasts have been reported to occur during the reversal phase [58]. Molecules called semaphorins
and ephrins are involved in these communications, but the direct contact between these two cells has not
been demonstrated in vivo, and it is still an area of controversy [58][110][111]. For more details regarding
the mechanisms involved in the reversal phase and osteoblast/osteoclast communication, refer to
[58][60][112]. The completion of the first two phases mentioned above takes roughly 2-3 weeks [106]. In
the last phase (formation phase), mature osteoblasts produce a new bone matrix (osteoid) that fills the
resorption cavities [113]. The bone remodeling phase completes by matrix mineralization and the
differentiation of some osteoblasts into osteocytes. This step continues for months and results in dense
mineralized bone tissue [106].

Bone remodeling in cancellous bone happens on the trabeculae surface and takes about 200 days
in normal bone. On the other hand, the cycle duration is shorter in cortical bone, with a median of 120 days
[109]. Remodeling is triggered by osteoclastic resorption, which erodes a resorption lacuna with a depth of
60 pum in young people and 40 pum in elderly people per day [109]. Cortical bone has a lower surface-to-
volume ratio; so, the resorption proceeds in tunnels (osteonal remodeling) through the bone itself [109]. It
is worth mentioning that during normal bone remodeling, a balance between bone resorption (removal of
calcified tissue) and bone formation is controlled by several coordinated signaling mechanisms (signaling,
antiresorptive, and anabolic pathways [114]) to couple formation to resorption [115]. This balance is
maintained in the mature, healthy bone to ensure no significant net changes in bone mass or mechanical

strength happen after each remodeling cycle. Imbalance may occur under certain pathological conditions
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resulting in abnormal bone remodeling and the development of bone disorders (e.g., osteoporosis) [115].

The remodeling process is also active during the healing of injured bone, explained in the following section.

2.4 The bone fracture healing mechanism

Bone fracture is a medical condition caused by sports, accidents, falls, or osteoporosis, and is
characterized by the loss of bone anatomic continuity and mechanical stability [49]. There are two types of
fracture healing: direct (primary) healing and indirect (secondary) healing [49]. Direct bone healing occurs
when the fracture gap is less than 0.1 mm, and the fracture site is stabilized [116]. There is no vascular
disruption and no callus formation in direct bone healing [49]. Inflammation activates a process of
continuous ossification, which directly produces a new lamellar bone structure to fill the bone gap and
subsequent Haversian remodeling [116].

Indirect bone healing is more common and happens when the fracture gap is less than twice the
diameter of the injured bone [117]. Once the fracture happens, the bone healing process starts immediately
[118]. Four stages are involved in the secondary bone fracture healing as illustrated in Figure 2-10 [51]:
hematoma formation followed by inflammation, soft callus formation (initially granulation tissue followed
by fibrocartilage formation and mineralization of cartilage), hard callus formation (formation of
woven/trabecular bone), and bone remodeling (reestablishment of cortical bone by cutting cone formation
of osteons) [49][51][118]. A variety of cellular components is also required for the bone healing process

[119]. In the following paragraphs, the indirect bone healing process is explained in more detail.
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Figure 2-10. lllustration of the four stages of the bone healing process. Reprinted with permission from [120].
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Immediately after the fracture, an hematoma (collection of blood, most often clotted) is formed
because of the tear in blood vessels [119]. The hematoma is enriched with bioactive molecules such as bone
morphogenetic protein and coagulation and inflammatory factors for platelet activation and recruitment of
inflammatory cells (macrophages and neutrophils), neovascularization, fibroblasts, and osteoprogenitor
cells [118]. As seenin Figure 2-10, the hematoma acts as a sealing zone covering the affected area.
Platelets, macrophages, osteoclasts, and various inflammatory cells penetrate the sealing zone and secrete
cytokines and growth factors [118][119]. Macrophages and osteoclasts in the hematoma help remove
degenerated cells, injured and devitalized tissue, and other debris [49][119].

The second stage is the soft callus formation, where both chondrocytes and fibroblasts form
granulation tissue and fibrocartilage [118]. The fibrocartilage fills the space between the broken ends and
holds them together [118]. In this phase, mesenchymal stem cells are recruited to regenerate vasculature
and differentiate into osteoblasts to initiate bone formation [49][119]. This is followed by the third stage,
hard callus formation, where an increase in osteoblast activity and mineralized matrix formation takes place.
As a result, the soft callus is gradually transformed into a hard callus, and consequently, woven bone is
formed [118].

In the last phase (bone remodeling), which can take several months, woven bone is degraded by
osteoclasts and replaced with mature lamellar bone laid down by osteoblasts. The process is continuous
until the bone has been fully remodeled to new bone indistinguishable from uninjured tissue [118][121].
As explained, bone can regain full functionality after injury (minor fractures) due to the physiological
healing process and its regeneration ability (self-repair and self-remodeling ability). However, there are

conditions such as large segmental defects where the bone fails to heal, defined as “non-unions”.

2.5 Critical-sized segmental bone defect and current treatment
Bone defects resulting from severe traumatic injuries and large bone resection for various
pathologies are challenging in the orthopedic field due to the limited regenerative capacity of bone in such

defects [44][122]. The critically-sized segmental bone defect (CSBDs) is defined as the smallest osseous
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defect in a particular bone that does not heal spontaneously over a long period of time [123]. The minimum
size that renders a defect “critical” has been defined as a segmental bone deficiency of a length exceeding
2-2.5 times the diameter of the affected long bone [124]. In addition to surgical and research challenges,
the non-union caused by such defects can lead to prolonged and postoperative treatment costs and affect
the quality of patients’ lives [125].

Bone grafting is a key solution for significant bone defects that fills the defect’s space, provides
mechanical support, and enhances the defect's biological repair [126]. Autograft has been considered the
gold standard for bone defect healing due to possessing most requirements, including osteoconductivity
and osteoinductivity for successful bone regeneration [127]. However, an autograft is associated with donor
site morbidity. It also has the disadvantage of prolonged surgical and anesthesiological time that can cause
a proportionally increased risk of infection [127][128]. Autograft is not commonly used to reconstruct
CSBDs. The treatment of CSBDs, which is required to prevent amputation, has changed over the years
[129]. The current standard solutions for CSBDs reconstruction are allografts-based structure and metal
alloy mega-prostheses.

Allografts obtained from human cadavers are good alternatives to autografts, constituting about
34% of the bone substitutes [12][126]. They are relatively easy to obtain, avoid donor-site morbidity, show
optimal osteoconductivity and biomechanical characteristics due to their three-dimensional structure
similarity with the human bone [126]. However, allografts are usually not osteoinductive or osteogenic, are
associated with risks of immunogenicity, viral disease transmission, and bacterial infection. This leads to
inadequate mechanical properties for load-bearing bone applications due to the lack of remodeling and
repair, which leads to microcracks and eventually fatigue failure [126]. Allograft’s quality is highly
dependent on donor characteristics leading to the variability in clinical results [44][126]. The failure rate of
allografts has been reported in the range of 25% and 35% in the literature [130][131].

Metal alloy mega-prostheses for CSBDs reconstruction have been used more frequently in the last
three decades to replace the affected bone tissue instead of regenerating bone tissue (Figure 2-11) [129].
Their components have been developed to resist corrosion, avoid fractures, and present better fixation
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[129][132]. Despite the advances in materials and implant designs, megaprostheses have complications and
a high failure rate [133]. The complication rate for megaprostheses has been reported to be between 25%
and 92% [134][135][136]. Aseptic loosening, mechanical failure, and infection are factors causing the high
incidence of complications [5][19]. According to the literature, infection is the most common mode of
failure in megaprostheses, ranging between 5% and 40% [133]. The complications associated with
autografts, allografts, and metal mega-prostheses for critical defects have identified a need for new
approaches. [12]. In the next section, the required properties for bone biomaterials and composites as

suitable biomaterial for bone defect reconstruction are explained.

Figure 2-11. A: Fracture of the distal femur after a road traffic accident, B: Distal femur reconstruction with
megaprosthesis. Reprinted with permission from [137], C: Implantation of a total femoral prosthesis after resection
of the tumor. Reprinted with permission from [5].

2.6 Biomaterials for bone reconstruction

2.6.1 Required properties for bone biomaterials

Due to the mentioned limitations, considerable work has been conducted toward developing
synthetic bone graft materials. Alternative biomaterials must be compatible with bone cells, support cellular
attachment and proliferation, be resorbable, and support the ingrowth of new bone tissue. Furthermore,
biomaterials should mainly provide the combination of mechanical support and osteo-regeneration [138],

which involve four significant biological properties: osteoinductivity, osteoconductivity, osteogenicity, and
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osseointegrativity [139]. The biomaterials should possess mechanical properties comparable to natural bone
and have similar strength to the replaced bone [140]. Biomechanical properties of cortical and cancellous
bones are shown in (Table 2-1) [31]. The biomaterials should support the attachment and migration of new
osteoblasts and osteoprogenitor cells (osteoconductivity), in situ mineralization of the collagen matrix
produced by osteoblasts to form new bone (osteogenicity), the recruitment and differentiation of
osteoprogenitor cells into osteoblast (osteoinductivity), and the formation of intimate bonding between the
newly formed mineralized tissue and host bone (osseointegrativity) [126][127].

Table 2-1: Biomechanical properties of bone. Reprinted with permission from [31].

Properties Measurements

Cortical bone Cancellous bone
Young’s modulus (GPa) 14-20 0.05-0.5
Tensile strength (MPa) 50-150 10-20
Compressive strength (MPa) 170-193 7-10
Fracture toughness (MPa.m'?) 2-12 0.1
Strain to failure 1-3 5-7
Density (g/cm?) 18-22 0.1-1
Apparent density (g/cm?) 1.8-2.0 0.1-1.0
Surface/bone volume (mm?/mm?3) 2.5 20
Total bone volume (mm?) 1.4 x 10° 0.35 x 10°
Total internal surface (mm?) 3.5x10° 7.0 x 10°

Therefore, a synthetic biomaterial for bone graft substitutes should allow cell adhesion, migration,
proliferation, and differentiation to enhance bone defect healing [141]. Moreover, it should bring desired
mechanical properties while resorption is balanced with bone formation without spontaneous degradation
[31]. Quick material degradation could result in mechanical failure. On the other hand, if it does not degrade
quickly enough, mechanical failure could occur or an inflammatory response could be stimulated, which
impairs tissue regeneration [142]. In other words, ideally, the mature bone should replace the bone
substitute without transient loss of mechanical support and stability [7].

Bone implants are commonly made of metals, ceramics, polymers and their composites (see Table
2-2). Metals are great candidates for load-bearing orthopedic applications because of their excellent

mechanical properties, compressive strength, and fatigue resistance [143]. However, they are known as
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non-bioactive materials with no osteoinductivity and osteoconductivity [49]. Also, insufficient interfacial

bonding between the metal and host tissue limits the osseointegrativity and leads to aseptic implant

loosening [31][144]. Although metal implants exhibit adequate mechanical properties, their application is

limited due to their stiffness and non-biodegradability [31]. Conventional biomaterials are inadequate for

CSBD reconstruction because they cannot sustain the combined loading experience by natural bone while

aiding in new bone formation [2]. Recent studies have shown that dense, osteoconductive, bone-inspired

nanocomposite biomaterials might be a potential and promising alternative approach for CSBD

reconstruction [29][145]. In the following section, nanocomposite biomaterials are reviewed in more detail.

Table 2-2: Biomaterials’ classification for bone applications. Adapted with permission from [31].

Biomaterials

Advantages

Disadvantages

Applications

Examples

Metal and alloy

Strong and often ductile

Too stiff, Dense, may
corrode

Bone plates, load-bearing
bone implants, dental
arch wire, and dental
brackets

Titanium, stainless steel,
Co-Cr alloys, and Ti
alloys

Ceramic Bioinert Brittle, poor tensile Hip joints and load- Alumina, zirconia
Bioactive strength bearing bone implants
Bioresorbable Bone filler, coatings on
High resistance to wear bio-implants, orbital HA, bioglass, TCP
implant, alveolar ridge
augmentation,
maxillofacial
reconstruction, and bone
tissue engineering
Polymer Flexible, resilient, Not strong, toxicity of Bone tissue scaffolds, Collagen, gelatin,
surface modifiable, some degradation bone screws, pins, bone chitosan, alginate, PLA,
selection of chemical products plates, bone and dental PGA, PLGA, PCL,
functional groups filler, and bone drug PMMA, PE
delivery
Composite Strong, design flexibility, Bone graft substitutes, HA/collagen, HA/gelatin,

enhanced mechanical
reliability than
monolithic materials

middle ear implants,
bone tissue scaffolds,
guided bone regenerative
membranes, and bone
drug delivery

HA/chitosan,
HA/alginate, HA/PLGA,
HA/PLLA, HA/PE
HA/PEEK

Nanocomposite

Large surface area, high
surface reactivity,
relatively strong
interfaces

No optimized technique
for material processing

Major areas of
orthopedics, tissue
engineering, and drug
delivery

Nano-HA/collagen,
Nano-HA/gelatin, Nano-
HA/chitosan, Nano-
HA/PLLA
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2.6.2 Nanocomposite biomaterials

Single-phase materials do not necessarily have all the characteristics needed for bone grafting, and
they are far from the properties of an actual autogenous bone graft. Composites are a combination of two
or more materials that differ in morphology or composition [146]. In this approach, it is feasible to control
the mechanical properties of composites closer to the natural bone by using a secondary substitution phase.
Basically, inorganic-organic composites are inspired by the composite nature of natural bone. In particular,
in such composites, the toughness of a polymer phase (organic phase) is combined with the stiffness and
strength of an inorganic phase to produce bioactive materials with improved mechanical properties and
degradation profiles [109]. Laurencin et al. [147] developed a bioresorbable HA/PLGA composite and
demonstrated that the composite supported osteoblasts proliferation and differentiation suitable for bone
tissue regeneration. In another study, Paxton et al. demonstrated that adding HA to poly (ethylene glycol)
diacrylate (PEGDA) increased mechanical strength, cell attachment, and ability to form an interface with
biological materials. Increase in HA content in hydroxyapatite-polyurethane (HA-PU) composite also
enhanced cytocompatibility and osteogenesis capability [148]. However, incorporating high levels of HA
also leads to composite brittleness [149].

Figure 2-12 presents a graphical representation of the relationship between toughness and modulus
of HA-based composites compared to a natural bone, highlighting how the fracture toughness and elastic
modulus of HA-polymer composites is comparable to that of human cortical bone. In this regard,
Hydroxyapatite and polymer biomaterials, as components of composites for bone application, are described

in more details below.
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Figure 2-12. A graphical representation of relationship between toughness and modulus of various HA-based
composite materials. Reprinted with permission from [150].

2.6.2.1 Hydroxyapatite

Calcium phosphate (Ca-P)-based materials are commonly used in orthopedic for their outstanding
biocompatibility and bioactivity, specifically in the creation of cohesive bone bonding that results in
effective and rapid osseointegration [151]. The mineral phase of the bone is mostly made up of microscopic
crystals of calcium phosphates, in which the hydroxyapatite (HA) is the most important [152]. HA is one
of the two calcium phosphate phases that is chemically stable at the human body’s temperature and pH
(37°C and around 7, respectively) [153].

Hydroxyapatite is a promising candidate for bone reconstruction because it is chemically
comparable to the mineral component of mammalian bones [154]. The stoichiometric HA has a chemical
composition of Cal0(PO.)6(OH), with Ca/P ratio of 1.67. HA is biocompatible, has a high osteoinductivity,
and is capable of bonding to bone tissue [155]. Non-cytotoxicity, non-inflammatory behaviour, non-
immunogenicity, and direct bonding with new bone without the need for intermediate connective tissues
are all appealing features of HA to be used in bone-related applications [153][155]. The main application
of HA includes bone repair, filler to reconstruct bone defects (graft materials) [156][157], or coatings for

implants [158][159] to promote bone ingrowth in orthopedic applications [150][160]. Despite the fact that
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HA has been studied for clinical applications, it has not been used in cases where high load is applied
because it is brittle, and it has mostly been used as coatings [161] [162]. Coatings on the surface of metallic
implants, for example, have been developed to enhance the contact area of bone implants or to boost
osteoblast activity [163][164]. In this way, HA coatings enhanced implant biological fixation,
biocompatibility, and bioactivity of implants [166]. Various publications show that HA promotes bone
formation by increasing cellular response [167]-[169]. Augmenting atrophic alveolar ridges, repairing long
bone defects and ununited bone fractures, middle ear prostheses, spinal fusion, cranioplasty, craniofacial
repair, and vertebral fusions are some of the few possible clinical uses for HA [31].

Recently, nanoscale HA (nHA, ~10-100 nm) has attracted much attention because of its enhanced
functional properties, especially surface reactivity and ultra-fine structure, which are the most critical
features for tissue-graft interaction upon implantation. During the past few years, nHA, compared to micro-
HA, has been shown to promote osteoblast adhesion, differentiation, proliferation, osseointegration, and
increase calcium-containing mineral deposition on its surface, resulting in enhanced new bone tissue
formation in a shorter time [170]. Although HA is an outstanding bone graft material, its usage in some
orthopedic applications has been limited due to its inherent low fracture toughness, particularly in heavy
load-bearing situation [171]. To increase HA's reliability, it needs to be incorporated into new composite
matrix materials with the appropriate mechanical properties, and intensive research is being conducted to
develop HA-based composites with a polymer matrix material [31].

Some research studies have investigated the effect of incorporation of nHA into a polymer phase.
An HA/collagen micro-composite was found to take longer to remodel into the bone and exhibited poor
mechanical properties for load-bearing applications compared to its corresponding nanocomposite [172].
Jia Huang et al. showed that nano-hydroxyapatite-reinforced composites were bioactive and supported the
growth and proliferation of primary human osteoblast cells [173]. In another study, Webster et al. reported
that osteoblast proliferation was significantly greater on nHA after 3 and 5 days compared to conventional
ceramics. More importantly, they observed that ALP synthesis and calcium-containing mineral deposition
was significantly higher in osteoblasts cultured on nHA after 21 and 28 days [170]. In [174], Wei et al.
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indicated that nano-HA/polylactic acid (nHA/PLLA) composites had higher mechanical properties than
their corresponding micro-composites and also provided a better substrate for attachment and migration of
cells in bone tissue engineering. In [175], nano-HA/polyamine acid (nHA/PAA) effectively induced
osteogenesis and led to the repair of long segmental bone defects in vivo in New Zealand White rabbits.

While all of these studies were performed with primary cells, other work has also used immortalized
pre-osteoblast cell lines. Wang et al. developed 3D-printable GeIMA-PEGDA-nHA composite hydrogel
for bone defect repair and showed that the nanocomposite had good MC3T3-El cells’ viability and
proliferation [176]. Excellent biocompatibility was also observed with pre-osteoblast MC3T3-E1 cells
interacting with bone-mimetic polysaccharide/nano-HA (nHCP/CG) composites [177]. However, while
exhibiting excellent cell-material interactions, these composites hydrogels have poor mechanical properties,
which make them unsuitable to replace bone.

Most of the research on nHA application in composites for bone applications has focussed on the
interactions with cells of the osteoblast lineage. To the best of our knowledge, there is currently little
literature available on osteoclast interactions with nHA-based composites. In 2017, Lu et al. developed
nHA-poly (ester urethane) (nHA/PEUR) composites which had a strength comparable to non-resorbable
PMMA bone cement and promoted bone healing at weight-bearing sites [29]. They also used a co-culture
model with MC3T3 cells and RAW 264.7 cells and demonstrated that their composite not only promoted
osteogenic differentiation but also showed signs of osteoclast-mediated resorption after 28 days as observed
by SEM [29]. However, no controls without cells were presented which makes it difficult to clearly assess
if the pits observed by SEM were osteoclast-mediated resorption pits and not material defects.

Although HA has excellent biocompatibility and bioactivity, the low fracture toughness and
therefore tensile strength of HA compromise its use by itself for bone regeneration in structural applications
[178]. In order to complement the limitations of HA, studies on bone regenerative applications have been
conducted by mixing HA with soft materials such as polymers [161]. Several studies have found that
combining HA with a biopolymer can significantly improve bone healing and HA’s tensile strength [151],
[155].
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2.6.2.2 Polymers

Polymers are widely used as bone graft substitutes because of their biocompatibility, design
flexibility, functional group availability, surface modifiability, lightweight, and ductile behavior
[179][173]. Polymers can be either natural or synthetic. It is shown that natural polymers such as collagen,
fibrin, gelatin, starch, hyaluronic acid, or chitosan exhibit good biocompatibility, biodegradability, and
osteoconductivity [180][181]. This class of polymers is also bioactive since they can potentially interact
with the host’s tissue. They are often used in composites or chemically modified to increase their
mechanical strength and reduce their high degradation rates [181].

On the other hand, synthetic polymers present great versatility since they can be synthesized with
different porosities, pore sizes, degradation rates, and mechanical properties. The most commonly synthetic
polymers used as bone grafts are poly-glycolic acid (PGA), poly-lactic acid (PLA), poly(lactic-co-glycolic
acid) (PLGA), poly(caprolactone) (PCL), and poly(ethylene glycol) (PEG) [142]. Poly(ethylene glycol)
diacrylate (PEGDA) is one of the most commonly used resins for biomedical biomaterials so far, although
it has inherent bio-inert properties [182]. The main drawbacks of synthetic polymers are poor mechanical
properties and high local concentrations of acidic degradation products. Consequently, this can affect cell
differentiation on the substrate in vitro and trigger an inflammatory response in vivo [181]. Both natural
and synthetic polymers have relatively poor load-bearing capacity when used alone compared to metallic
and ceramic compounds. Incorporating HA into a polymer matrix as a filler has been an approach used to
improve both bioactivity and mechanical properties, as discussed in the previous section [142][181].

Recently bio-based polymers have received more attention due to environmental issues [183]. Any
polymer derived from living organisms such as plants, trees, and algae is classified as a bio-based polymer.
Vegetable oils from both plants (soy, palm, and sunflower oils) and animals (fish oils) have attracted a lot
of research interest because of their universal availability, inherent biodegradability, low toxicity, and price
[184]. Plant oil-based polymers have also shown excellent cytocompatibility. For example, good

cytocompatibility with murine fibroblasts was observed with phosphoester cross-linked vegetable oils and
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their metabolites and the materials degraded and was absorbed entirely after 3-month sub-dermal

implantation in rats [182].

2.6.2.2.1 Acrylated epoxidized soybean oil

Soybean oil is the most widely available biodegradable and sustainable edible vegetable oil [185].
Itis a triglyceride with two dominant fatty acid residues, linoleic acid and oleic acid, and an average number
of double bonds per molecule of 4.5 [184][185]. Acrylated epoxidized soybean oil (AESO) is a novel and
renewable liquid resin made by the epoxidation of fatty acid double bond followed by epoxy ring acrylation
(Figure 2-13) [186]. Additionally, AESO is an excellent option for 3D printing (section 2.7) and
photopolymerization to fabricate complex structure for biomedical applications [187]. Multiple studies on
AESO-based polymers have shown no cytotoxicity and promising success as biomedical scaffolds
[182][185][188]. In [182], Miao et al. showed that AESO-based scaffolds were determined biocompatible
following observations of high attachment and proliferation of human mesenchymal stem cells (hMSCs).
Furthermore, AESO/nHA-based nanocomposite scaffolds with 20 vol% nHA and 2-Hydroxyethyl Acrylate
(HEA) or PEGDA fabricated in our lab by Mondal et al. showed excellent viability and proliferation of

human bone marrow-derived mesenchymal stem cells (BM-MSCs) on all compositions of scaffolds [187].

Figure 2-13. The chemical structure of AESO. Reprinted with permission from [186].
2.6.2.2.1.1 Functionalization of AESO
AESO is highly viscous at room temperature and has a low cross-linking capacity due to its
aliphatic chains and low degree of unsaturation [189]. The physical properties can be controlled by varying
the concentration of polymers, crosslinkers, and degree of crosslinking [190]. So, a reactive diluent (RD),
such as a comonomer, is highly desired to help synthesize a low viscosity resin and form a three-

30



dimensional network with high cross-linking density after the resin is cured. Styrene is often used as an RD
that is miscible with AESO and can cross-link efficiently; however, it is carcinogenic. Methyl methacrylate
is @ monomer that has been used to replace styrene in AESO resins to fabricate new bio-based composites
(mAESO) [189]. Furthermore, methacrylated AESO (mAESO) is produced by reacting methacrylate

anhydride to create more functional groups (Figure 2-14).
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Figure 2-14. Reaction during the modification of AESO to synthesize mAESO. Reprinted with permission from
[189].

In general, methacrylation has been reported to have some effects on cell proliferation and
differentiation. Sukul et al. tested two degrees of methacrylation (69% and 84%) in gelatin methacrylated
hydrogel on the growth and differentiation of primary human osteoblasts and observed that cell proliferation
was higher on the material with the higher degree of methacrylation [190]. However, while the expression
of early osteogenic marker (ALP) was not affected by the degree of methacrylation, the secretion of late
osteogenic markers, such as osteoprotegerin, osteopontin, osteocalcin, and angiogenic factors was inversely
related to the degree of methacrylation, with higher production observed with a lower degree of
methacrylation [190]. Bencherif et al. studied the degree of methacrylation on hyaluronic acid hydrogels
with a higher degree of methacrylation (60% compared to 32%) were also shown to be more mechanically
robust as cross-linking density increased, but different degrees of methacrylation had a minimal effect on

mouse muscle fibroblast C2C12 cell lines interactions (morphology, attachment, and proliferation) with the
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hydrogels [191]. Overall results around methacrylation suggest that it could potentially have a positive

effect on cell-material interactions.

2.7 Overview of 3D-printing

Several fabrication techniques exist to create 3D structures, including electrospinning, fiber
bonding, casting, additive manufacturing, melt molding, extrusion, gas foaming, freeze-drying, and phase
separation [192][193]. Among these methods, additive manufacturing, also known as 3D printing, has
obtained more attention because of its low cost, high resolution, high precision, repeatability, and
reproducibility [194][195][196][197]. 3D printing compared to traditional fabrication methods including
casting, injection molding, etc., allows for more flexibility and freedom in design and manufacturing of
complex, hierarchical, and patient-specific geometries [197].

The nanocomposite ink (AESO/nHA-based) developed by Mondal et al., which will be used in this
research study, has been 3D-printed with two additive manufacturing/3d printing techniques Direct Ink
Writing (DIW) and masked stereolithography (mSLA) (Figure 2-15) [187][198][199]. The formation of
constructs in the extrusion-based 3D printing of biomaterial inks depends on a balance of material viscosity
and stabilization upon extrusion [200]. DIW can be used for 3D printing of natural or synthetic polymers
containing photo-crosslinkable functional groups at room temperature [182]. This technique uses viscous
ink to construct nanocomposite biomaterial grafts with complex structures [201]. In the DIW technique,
once the ink is extruded on a build plate, it is solidified by polymerization in layer-by-layer assembly. The
combination of DIW and UV irradiated photopolymerization techniques brings the possibility for easy
fabrication of bioceramics-based nanocomposites into complex microstructures. It is worth mentioning that
no post-fabrication processing is needed for the UV-cured nanocomposites. This helps maintain both
ceramic and polymers' physiochemical and biological properties in the composites [187]. In a study by
Mondal et al., a 3D-printed AESO/nHA/PEGDA nanocomposites by DIW showed sufficient mechanical
properties and cell-material interactions with bone marrow mesenchymal stem cell [187]. While time

consuming, DIW is ideal for printing porous 3D scaffolds using AESO/nHA/PEGDA nanocomposite inks
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with high HA content [187]. However, due to the rheological properties of the ink; it is challenging to print
non-porous and defect-free nanocomposite grafts with complex and precise geometries [198].

Another additive manufacturing process is masked stereolithography (mSLA) which takes a design
created in a 3D modeling software to print a 3D structure. mSLA, known as a form of photopolymerization-
based stereolithography 3D printing, is a high-resolution light-assisted printing technique in which a
light/UV sensitive liquid resin is solidified (cured) layer-by-layer by light/UV exposure. In the mSLA
printing method, the machine has a vat that holds the resin and a build plate. The printing process is as
follows: first, the build plate is submerged in the resin. Then, the resin surface is exposed to UV light, and
polymerization of the liquid photopolymer occurs. The re-submerging of the build plate into the resin is
repeated, and the 3D object is created layer by layer (Figure 2-15) [198][202]. In this technique, each layer
prints all at once, making it a cost-effective, defect-free, and fast method compared to other techniques such
as fused deposition modeling (FDM) or stereolithography (SLA) [203].

The critical matter in mSLA-based 3D printing is that the ink viscosity must be low enough to
allow the build platform to move easily through the ink. The viscosity suggested for ceramic-based
nanocomposite inks is 5 Pa.s or less [203][204]. The viscosity of AESO at room temperature is 25 Pa.s
[205]. Adding PEGDA to AESO/nHA ink helps reduce the ink's total viscosity as it is a very low viscosity
(0.025 Pa.s) reactive diluent. PEGDA has two acrylate groups which improve the mechanical properties by
increasing the crosslinking density [198], and also improves nanoparticle dispersion [187]. Additionally,
PEGDA can be used as a cross-linking agent in AESO/nHA nanocomposites to prepare polymer networks

by UV-initiated free-radical polymerization with AESO [199].
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Figure 2-15. 3D printing methods: Direct Ink Writing and Masked Stereolithography. ©Composite Biomaterial
Systems Laboratory, University of Waterloo
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3 Objectives and Hypotheses

The Waterloo Composite Biomaterial Systems Laboratory, led by Prof. Willett, is developing 3D-
printable synthetic biomaterials for the reconstruction of critically sized segmental bone defects. The
biomaterial should be mechanically robust, osteoconductive, and support osteoblasts' attachment,
proliferation, and differentiation. Moreover, the biomaterial should be remodeled by the normal
physiological processes (osteoclast-mediated resorption) rather than degrade by hydrolysis or enzymolysis.
The rate of the biomaterial's resorption should be compatible with the rate of new bone formation to
maintain the balance between graft resorption and the generation of new bone.

In vitro studies allow for the initial evaluation of novel biomaterials. In this project, experimental
protocols were developed and applied to evaluate the in vitro response of bone cells - both osteoblasts and
osteoclasts - to the novel biomaterials. The composite system tested was the combination of the inorganic
phase, calcium-deficient nano-hydroxyapatite nanorods, and an organic phase, acrylated epoxidized
soybean oil (AESO) or methacrylated AESO (mAESQ) with poly (ethylene glycol) diacrylate (PEGDA).
Based on the two preceding chapters, the following objectives and hypotheses were developed for this
thesis to contribute to achieving the bigger research program goal of developing competent 3D printable
nanocomposite biomaterials for large bone defect reconstruction:

Objective #1: Evaluate in vitro osteoblast cells' interactions with the 3D-printed AESO-based
nanocomposites.
Hypothesis 1.1: AESO/nHA-based nanocomposites support osteoblast adhesion, proliferation, and
activity to the same level as an HA control.
Hypothesis 1.2: A greater volume fraction of nHA in the AESO-based nanocomposites will
increase osteoblast adhesion, proliferation, and activity.
Hypothesis 1.3: Methacrylation of AESO (mMAESO/nHA-based nanocomposites) will increase
osteoblasts adhesion, proliferation, and activity.
Objective #2: Evaluate in vitro osteoclast interactions with the 3D-printed AESO/nHA-based
nanocomposites
Hypothesis 2.1: AESO/nHA-based nanocomposites support osteoclast adhesion.
Hypothesis 2.2: Methacrylation of AESO will increase osteoclast adhesion.
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Hypothesis 2.3: Osteoclasts will create resorption pits on the AESO/nHA-based and mAESO/nHA-
based nanocomposites.
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4 Materials and Methods

After making nanocomposite inks and discs, in vitro cell studies were conducted to evaluate the
interaction of osteoblasts and osteoclasts with 3D-printed AESO/nHA-based nanocomposite discs. The first
generation of the biomaterial tested was the combination of acrylated epoxidized soybean oil (AESO),
nano-hydroxyapatite (nHA), and polyethylene glycol diacrylate (PEGDA, 250 MW). PEGDA was added
as a diluent and dispersant, because AESO is too viscous for our printing methods and nHA dispersion is
important for cell-material interactions and material strength. Its addition helps to reduce the viscosity,
making the ink 3D-printable. In the second generation of the nanocomposite biomaterials, AESO was
functionalized with methacrylate groups (mMAESO) and AESO was replaced by mAESO in the
nanocomposite inks. For the osteoblast study, mouse pre-osteoblast immortalized MC3T3-E1 cells were
differentiated to osteoblasts (dAMC3T3-0OB). Alizarin Red staining assay was used to confirm that cells had
differentiated into osteoblasts. To characterize osteoblast-like cells' interactions with biomaterials, cell
proliferation (XTT), live/dead, and alkaline phosphatase (ALP) assays were performed on different
nanocomposite compositions.

The nanocomposite biomaterial's cell-mediated resorption was assessed using in vitro culture of
osteoclast cells. Mouse RAW 264.7 macrophages were differentiated to osteoclasts using RANKL and then
purified by serum gradient purification (dARAW-OC). To characterize osteoclast-like cells’ interaction with
biomaterials, nuclei staining with 4',6-diamidino-2-phenylindole (DAPI), phalloidin staining, and detection
of tartrate-resistant acid phosphatase (TRAP) were done on nanocomposites. A staining protocol was
developed to stain the biomaterial's surface to visualize osteoclast-mediated resorption pits. The effect of
methacrylated AESO on osteoclast-like cells' interaction with nanocomposites was studied. HA discs were
used as our control biomaterial and a benchmark to compare against our novel nanocomposite biomaterials.

Greater detail of the materials and methods is provided in the next sub-sections.
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4.1 Fabrication of 3D-printed nanocomposite discs

4.1.1 3D-printing nanocomposite discs with mSLA printer

The nanocomposite ink was produced, and cylindrical discs were printed in the WCBSL by Dr.
Dibakar Mondal (postdoctoral fellow). The nanocomposite inks were a mixture of AESO or mAESO,
PEGDA, and nHA. The calcium-deficient nano-hydroxyapatite powder (nHA, rod-shaped, approximately
120 nm long and 30-40 nm diameter) was obtained from MKNano (M K Impex Corp., Mississauga,
Canada) and had a calcium-to-phosphorous ratio of 1.52, with a specific gravity of 2.92 and an approximate
crystallinity index of 0.52-0.54 [187]. This nHA powder was used as the nanoparticle constituent of the
nanocomposite inks. AESO was functionalized with methacrylate groups (MAESO), and the mixture of
AESO or mAESO and PEGDA (Sigma Aldrich Co., St. Louis, USA) constituted the biopolymer matrix.
Igracure 819 (Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide, Sigma Aldrich Co.) was added to the
material as a UV photoinitiator. More details on synthesis and chemical modifications can be found in
[187][198].

For making the ink with different amount of nano-hydroxyapatite (0, 5, 10, and 30%), the
photoinitiator Igracure 819 was mixed with PEGDA with an ultrasonic homogenizer (Branson Sonifier 450,
Emerson Inc., USA) until it dissolved. AESO was added to the mixture of Igracure and PEGDA and was
sonicated for 2 minutes. For the methacrylated nanocomposite inks, methacrylic anhydride (MAA, Sigma
Aldrich) was combined with 4- (Dimethyl Amino) pyridine (DMAP) (Alfa Aesar) and added to the AESO,
which produced a new biopolymer named mAESO. The same steps were followed for making the inks with
MAESQ. Once the hanocomposite ink was ready, it was printed as a cylindrical disc (8 mm diameter and 1
mm thickness) using an Anycubic Photon 3D printer with layer-by-layer UV curing (Figure 4-1). After
printing discs, a UV post-print curing step was done in a Creative CADworks curing unit (CureZone,
Canada). The nanocomposite discs were exposed to lower intensity UV light on each side for 5 minutes

and then washed with acetone and 70% ethanol to remove any debris and uncured material on the surface.
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Six nanocomposite inks were prepared as shown in (

in all compositions was 50/50.

Table 4-1. Compositions of nanocomposite inks

Table 4-1). The ratio of AESO/PEGDA

AHA AESO (S) mMAESO (mS) PEGDA (P)
(vol%) (vol%) (vol%o) (vol%6)
SPO 0 50 i 50
SP5 5 47.5 i 475
SP10 10 45 - 45
SP30 30 35 i 35
mSP10 10 - 45 15
mSP30 30 ; 35 35

Figure 4-1. (Left) Image of the AnyCubic Photon mSLA 3D-printer and (Right) AESO-based nanocomposite discs
printed using the AnyCubic Photon mSLA printer.

4.2 Invitro osteoblast study on nanocomposite biomaterials

4.2.1 Osteoblastic differentiation and alizarin red staining
Mouse pre-osteoblast immortalized MC3T3-E1 cells (ATCC, Manassas, Virginia, USA) were

differentiated to osteoblasts using an osteogenesis assay kit (MilliporeSigma, Oakville, Ontario, Canada).
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The kit contained osteogenesis-inducing biological compounds, including ascorbic acid 2-phosphate, -
glycerophosphate, and melatonin. The MC3T3-EL1 cells were cultured in a cell incubator with 5% CO, at
37 °C and maintained in growth medium (a-MEM 89%, fetal bovine serum 10%, penicillin/streptomycin
1%) in a flask for 5-6 days, until 80-90% confluency. The cells were detached from the bottom of the flask
using TrypLE Express and centrifuged at 300xg for 7 minutes to pellet the cells. After resuspending cells
and counting cells using a hemocytometer, 1x10° cells per well were seeded in a 24-well plate. Once the
cells became confluent, the osteogenesis induction medium#1 was added to each well and changed every
2-3 days to induce osteoblast differentiation. On day 6, the medium was replaced with osteogenesis
induction medium#2 and changed every 2-3 days. The amount of each ingredient to make 10 ml of the
medium is provided in Table 4-2.

Table 4-2: Ingredients to make 10 ml of osteogenesis induction media

OSTEOGENESIS INDUCTION MEDIUM #1

Component Stock Conc. Amount Final Conc.
Cell culture medium (e.g., a-MEM containing fetal bovine 100% 9.88 ml 99% (approx.)
serum and antibiotics)

Ascorbic Acid 2-Phosphate Solution 0.1M 20 pL 0.2 mM
Glycerol 2-Phosphate Solution 1M 100 pL 10 mM

OSTEOGENESIS INDUCTION MEDIUM #2

Cell culture medium (e.g., a-MEM containing fetal bovine 100% 9.87 ml 98% (approx.)
serum and antibiotics)

Ascorbic Acid 2-Phosphate Solution 0.1M 20 uL 0.2 mM
Glycerol 2-Phosphate Solution 1M 100 pL 10 mM
Melatonin Solution 50 uM 10 pL 50 nM

Qualitative analysis using Alizarin Red was performed to confirm differentiation through the
presence of calcium in the matrix deposited by osteoblasts. After 14 and 21 differentiation days, the cells
were fixed and stained with Alizarin Red stain solution (EMD Millipore Corp., USA). Briefly, cells were
washed with PBS and fixed with 10% formaldehyde for 15 minutes at room temperature (RT). Then, the
cells were rinsed with distilled water three times, and 1 ml of Alizarin Red solution was added to each well.
After 20 minutes, the excess dye was washed four times with deionized water. Visual inspection by

microscope was then performed. Differentiated cells stain bright red once exposed to the Alizarin Red
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solution, an indication of mineral deposition and thus confirming the osteoblast phenotype of dMC3T3 E1
cells after 21 days of differentiation (Figure 4-2).

The differentiated cells formed a layer at the bottom of each well after 21 days. These were
collected and put in a flask (T75) in a growth medium to allow differentiated cells to migrate out of the
layers and spread out. After two weeks of culture in osteogenesis medium #1, the cells were detached with
TrypLE Express, and aliquots of differentiated MC3T3-E1 cells (A(MC3T3-OB) were frozen in a liquid

nitrogen tank for future experiments.

Figure 4-2. MC3T3-E1 after 14 (A, B) and 21 (C, D) days of osteogenic differentiation. Cells differentiated to a
mature osteoblastic lineage as indicated by the Alizarin Red staining (B, D). Alizarin Red staining is not observed in
undifferentiated MC3T3-E1 cells (A, C).
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4.2.2 Culturing dMC3T3-0B cells on nanocomposite discs!

A pilot study was performed for three different composition of nanocomposites printed by Direct
Ink Writing (DIW) and allowed to develop the protocol for the osteoblast study (see Appendix1 for more
details). dMC3T3-OB cells were cultured in a growth medium composed of Minimum Essential Medium
alpha (a-MEM) (Life Technologies, Burlington, Ontario, Canada) supplemented with 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin (P/S), 0.2 mM ascorbic acid-2-phosphate and 10 mM f-
glycerophosphate. Cells from passages 2 to 6 were used for the experiments. In [206], Wang et al. claimed
that non-mineralizing colonies formed when cells were repeatedly passaged. Therefore, passaging
dMC3T3-0B cells too many times was avoided, and cells were used until passage 6, based on the literature
[207].

To prepare for cell culture, the 3D printed discs were washed with 70% ethanol for 5 minutes and
rinsed twice in sterile phosphate-buffered saline (PBS, 5 minutes each wash). Subsequently, discs were
sterilized under UV light in a bio-safety cabinet for 20 min. Discs were then incubated in Minimum
Essential Medium Alpha medium (a-MEM) containing 50% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (P/S) at 37 °C, 5% CO. overnight to improve cell adhesion due to protein adsorption.
Commercially-available, sterile hydroxyapatite (HA) discs (8 mm in diameter and 2 mm in thickness, 3D
Biotek, USA) were used as controls; they were treated the same way as hanocomposite discs except for the
washing with ethanol and PBS.

After sterilizing and treating the samples, discs were placed in silicone rings (Dow Corning Silastic,
HelixMark, USA, inner diameter 7.94 mm, outer diameter 12.7 mm) to keep cells on the discs during
seeding and incubation times ( Figure 4-3) and then this construct was added to a well of a 24-well plate.
dMC3T3-0OB cells were seeded at a density of 10,000 cells per disc (20,000 cells/cm?). Samples were

incubated for 2 hours to allow cell attachment, and 0.25 ml of growth medium (a-MEM supplemented with

! This section has been published in "mSLA-based 3D Printing of Acrylated Epoxidized Soybean Oil-Nano-
Hydroxyapatite Composites for Bone Repair.” Materials Science and Engineering: C (2021): 112456, a paper in
which I contributed to as a co-author (I performed and analysed all cell experiments) with D. Mondal, C. J. Huxman,
S. Tanter, D. Sun, M. Gorbet, T. L. Willett.
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10% FBS, 1% P/S, 0.1 mM ascorbic acid-2-phosphate, and 10 mM B-glycerophosphate) was then added.

Samples were cultured for 1, 3, and 7 days and the growth medium was changed every day.
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Figure 4-3: Discs in silicone tubes to keep cell suspension on the surface

4.2.3 Evaluation of dMC3T3-OB cells interaction with nanocomposite discs?

Various assays were performed to characterize the interactions of dMC3T3-OB with the 3D-printed
nanocomposite discs. XTT and live/dead assays were performed on each sample to measure cell
proliferation and viability at each time point. Cell proliferation after 1-, 3- and 7-days of culture was
characterized using XTT (sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy6-nitro)
benzene sulfonic acid hydrate; TACS XTT cell proliferation kit, R&D Systems, Minneapolis, USA). In the
XTT assay, a yellow tetrazolium salt is cleaved by mitochondrial enzymes in metabolically active cells to
a soluble orange formazan dye that is measured by absorbance at 490 nm in a microplate reader [208]. XTT
working solution (XTT reagent and XTT activator dissolved in DMEM without phenol red) was added
within the confines of each silicone ring construct, and the samples were incubated for 2.5 h at 37 °C. The
supernatant was then transferred to a 96-well plate, and absorbance was measured at 490 nm with a
reference wavelength of 630 nm on a SpectraMax Plus 384 Microplate Reader. Results were expressed as

corrected absorbance values (i.e. working solution absorbance was subtracted from the sample absorbance).

2 The first and second paragraph of this section have been published in "mSLA-based 3D Printing of Acrylated
Epoxidized Soybean Oil-Nano-Hydroxyapatite Composites for Bone Repair.” Materials Science and Engineering: C
(2021): 112456, a paper in which | contributed to as a co-author (I performed and analysed all cell experiments) with
D. Mondal, C. J. Huxman, S. Tanter, D. Sun, M. Gorbet, T. L. Willett.
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Following the XTT assay, live/dead staining (Life Technologies Inc., CA) was performed.
Live/dead staining is a two-color fluorescence cell viability assay that measures intracellular esterase
activity and plasma membrane integrity of cells using calcein-AM and ethidium homodimer (EthD-1),
respectively. The discs were incubated with a growth medium containing 4 pM EthD-1 (stains dead cells
red) and 2 uM Calcein AM (stains live cells green) for 30 minutes at 37 °C, directly followed by imaging

with a Nikon Eclipse TS100 fluorescence microscope (Tokyo, Japan, Figure 4-4).

M

Figure 4-4: Nikon Eclips TSlO

As alkaline phosphatase (ALP) is a hallmark of osteoblast functionality, an ALP assay was
performed to detect ALP production in dMC3T3-0B using the SensoLyte NPP Alkaline Phosphatase Assay
Kit (AnaSpec, USA). In this assay, pNPP turns yellow when dephosphorylated and can be detected at an
absorbance of 405 nm. At each time point, medium was aspirated, collagenase/trypsin solution (1ml for
experiments 1-2, and 0.5 ml for experiments 3-4) was added to each well and incubated for 30 min at 37
°C, followed by shaking the plate gently to remove the cells from the discs. Each cell suspension was
transferred into a 2 ml Eppendorf tube and stored at -80 °C. After collecting all time points, cell lysis was
done using a freeze-thaw method, alternating three cycles of freezing at -80 °C (1 hr each) and thawing 37
°C 40 min). After centrifuging the suspension for 15 min at 10,000 rpm, a 50 pL aliquot of each supernatant
was added to a well of 96-well plate. Then, 50 puL of pNPP substrate solution was added to each well, and
the reagents were mixed gently by shaking the plate by hand for 30 sec. The absorbance was measured at

405 nm after incubating samples for 1 hr, 2 hr, 3 hr, 4 hr, 5 hr at RT. Then, the samples were placed in the
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fridge and the absorbance was measured after 24hr. The data from 24hr was selected to report the ALP
results; the low ALP concentrations in our samples required a longer incubation time with the chromogenic
substrate to allow for better color development while still fitting the standard curve.

The flowchart ( Figure 4-5) summarizes the steps and assays for characterizing the interactions of

osteoblast-like cells with the 3D-printed nanocomposites.

Pre-osteoblast immortalized
MC3T3-E1

Differentiation into osteoblasts using
ascorbic acid 2-phosphate, glycerol
2-phosphate and melatonin
solutions

Confirmation of differentiation
by Alizarin Red Staining

In-vitro dMC3T3-0B cells Culture

Growth medium: a-MEM supplemented with FBS, P/S, ascorbic
acid 2-phosphate solution, and glycerol 2-phosphate solution

Nanocomposites: Nanocomposites:
SP0O, SP5,5P10 SP10, mSP10,5P30, mSP30
Control: HA Control: HA

After 1,3, and 7 days

XTT A
XTT Assay Live/D Zsiy
) ive/Dead Assa
Live/Dead Assay Y
ALP Assay

Figure 4-5. In vitro methodology to assess OB-like cells interactions with nanocomposites
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4.3 In-vitro osteoclast study on nhanocomposite biomaterials

4.3.1 Differentiation of RAW264.7 cells to osteoclasts and serum gradient purification

RAW?264.7 murine macrophages (ATCC, Manassas, Virginia, USA) were differentiated to
osteoclasts using RANKL (R&D Systems, Minneapolis, Minnesota, United States). RAW264.7
macrophages were cultured in a cell incubator with 5% CO; at 37°C and maintained in a growth medium
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS and 1% P/S) in a flask for 4-
5 days until 80-90% confluency. The cells were detached from the bottom of the flask using TrypLE
Express (10 min incubation), 10 ml DMEM was added and centrifuged at 100xg for 5 minutes to pellet the
cells. After counting, RAW264.7 cells were seeded at a density of 1.5x10° cells/cm? in a T25 flask and
allowed to adhere for 4 hours, and culture media was then supplemented with 30 ng/ml RANKL. The
differentiation medium with fresh RANKL was replaced on day 2 and day 3.

On day 4, serum gradient was used to purify the differentiated multinuclear RAW264.7 as per [80].
Differentiated RAW 264.7 cells were detached using 3 ml TrypLE Express (10 min incubation) and
resuspended in 15 ml of Moscona’s high carbonate (MHB) solution. The MHB solution consisted of 137
mM NaCl, 2.7 mM KCI, 0.4 mM NaH,PO., 12 mM NaHCOs3, and 11 mM dextrose in water and had a pH
of 7.2. A serum gradient was prepared by placing a layer of 15 ml 70% FBS solution in MHB at the bottom
of a 50-ml conical tube. A layer of 15 ml 40% FBS solution was slowly added as a second layer. Then, 15
ml of cell suspension was added on top without disturbing the layers ( Figure 4-6). The tube was
capped and held undisturbed at RT for 30 min to allow cells to separate based on their density. Three layers
were collected separately; top 17-ml layer, middle 16-ml layer, and bottom 12-ml layer. In the preliminary
study, all three separate layers were collected and centrifuged at 500xg for 5 min, resuspended in culture
medium, and seeded on a tissue culture plate at a density of 5000 cells/cm? overnight to identify cell

population in each layer by performing TRAP staining.
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Figure 4-6. Serum gradient purification of differentiated RAW 264.7 cells in a 50 ml tube.

4.3.1.1 TRAP staining of purified cells

The cultured cells were stained for tartrate-resistant acid phosphatase (TRAP) to confirm the
presence of differentiated osteoclasts using the Acid Phosphatase Leukocyte (TRAP) kit (Sigma Aldrich
Co., St. Louis, USA). A TRAP staining solution containing 0.125 mg/ml Naphthol AS-BI Phosphate, 0.1M
acetate buffer; 6.7 mM L(+)-tartrate, 1 mM sodium nitrite, and 0.07 mg/ml diazotized Fast Garnet GBC
Solution was prepared. After fixing cells in 4% formaldehyde, the medium was aspirated, and 1 ml of
staining solution was added to each well. After staining at 37°C for 1 h, cells were counterstained 2 minutes
in hematoxylin solution at room temperature. Then, each well was rinsed three times with deionized water
and allowed to air dry before imaging.

Although all layers contained RAW264.7 cells staining TRAP-positive, not all of these cells fused
into multinuclear cells. After serum gradient purification, the top fraction of the serum gradient comprised
mostly of mononuclear cells (Figure 4-7-A). A mix of mononuclear and multinuclear cells were observed
in the middle fraction (Figure 4-7-B). In the bottom fraction, more multinuclear cells with a very small
portion of mononuclear cells were seen (Figure 4-7-C-H). TRAP staining and multinuclearity of cells
indicated that cells differentiated into multinuclear osteoclasts. Based on these results, only the bottom

layer (dRAW-OC cells) was collected to perform osteoclast experiments with the nanocomposites.
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Figure 4-7. Isolated TRAP-positive dRAW264.7 osteoclasts by serum gradient. Nuclei stained with hematoxylin
solution. After separation by serum gradient, (A) the top fraction contained mostly mononuclear cells. (B) The
middle fraction of the gradient contained a mix of mononuclear and multinuclear cells. (C-H) The majority of cells
in the bottom fraction were multinuclear cells. (A D:10X, scale bar: 200 um), (E-H:40X, scale bar: 50 pum).

4.3.2 Culturing dRAW-OC cells on SP30 and mSP30 nanocomposite discs
After sterilizing the 3D nanocomposite discs, in the same manner as described in section 4.2.2,

discs were incubated in DMEM containing 50% FBS and 1% P/S at 37°C, 5% CO; overnight. Sterile HA
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discs were used as controls. After sterilizing and treating the samples, discs were placed in silicone rings
and then added to a well of 24-well plate. For each experiment, RAW264.7 cells were differentiated in a
flask and then isolated by serum gradient the day of the experiment. dRAW-OC cells were seeded at a
density of 3,000 cells per disc (6,000 cells/cm?). Cells were allowed to adhere on the samples for 2 hours
in the incubator, and then 0.5 mL of growth medium (DMEM supplemented with 10% FBS, 1% P/S, and
30 ng/ml RANKL) was added. Samples were cultured for 7 days, and the growth medium was changed

every other day.

4.3.3 Evaluation of dRAW-OC cells interaction with SP30 and mSP30 nanocomposite
discs

Different assays were performed to characterize the interactions of dRAW-OC cells with SP30,
mSP30, and HA discs. TRAP, F-actin and nuclei staining, and a resorption pit assay were performed to
characterize multinucleated osteoclasts and their activity on the surface. Different discs were used for each

assay.

4.3.3.1 TRAP Staining

The TRAP staining kit (Cosmo Bio USA, Inc.) was used to stain tartrate-resistant acid phosphatase
in osteoclasts. Based on the kit protocol, on day 7, the culture medium was aspirated, and cells were washed
with PBS. Then, 4% formaldehyde was added to each well to fix cells at room temperature for 20 minutes.
After fixation, cells were washed with deionized water three times. One vial of Chromogenic Substrate
from the kit was dissolved with 5 ml of Tartrate-containing Buffer, and 500 pl was added to each disc.
After a 20-minute incubation at 37°C, the discs were washed with deionized water to stop the reaction.
Visual inspection by microscope was then performed. Figure 4-8 shows TRAP-positive dARAW264.7-OC-

OC cells from the bottom fraction of serum gradient purification.
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Figure 4-8. TRAP-positive dRAW264.7 osteoclasts from the bottom fraction of the serum gradient purification.
Staining was performed with Cosmo Bio kit (scale bar: 50 pum).

4.3.3.2 F-Actin and Nuclei Staining

Phalloidin is a high-affinity filamentous actin (F-actin) probe that can be coupled to the green-
fluorescent Alexa Fluor 488 dye. Alexa 488 phalloidin (Invitrogen, Massachusetts, United States) was used
to detect actin rings to indicate sealing zones formed by dRAW-OC on the discs’ surface. 4',6-diamidino-
2-phenylindole (DAPI) (Dojindo Molecular Technologies, Inc., Rockville, United States) is a fluorescent
stain that labels DNA and stains both live cells and fixed/dead cells (DAPI can pass through an intact cell
membrane) and was used as a nuclear stain.

On day 7, for F-actin and nuclei staining, cells were rinsed with 37°C PBS and then fixed with 4%
formaldehyde for 20 minutes at RT. After washing three times with PBS (5 minutes each time), cells were
permeabilized with 0.1% Triton X-100 (Thermo Fisher Scientific, Massachusetts, United States) in PBS
for 10 minutes. Cells were washed three times with PBS (5 minutes each time), and a solution of 1.5%
Bovine Serum Albumin (BSA, Sigma Aldrich Co.) in PBS was added to each well and incubated for an
hour at RT to prevent nonspecific binding. For staining, 5 pl of dissolved stock solution of Phalloidin stain
in 200 pl of PBS was added to each well and the plate was incubated for 30 min in the dark (covering the

plate with aluminum foil) at RT. Then, the nuclei of cells were stained with DAPI at a 1:1000 dilution in
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PBS for 2 min at RT. As a final step, cells were washed twice with PBS, and the stained nuclei and F-actin
were visualized by fluorescence microscopy (Nikon Eclipse TS100).

The osteoclast number (more than three nuclei), F-actin size ring (diameter), and number of nuclei
per osteoclast were quantified using NIS-Elements Software. The nuclei number of each osteoclast was
counted for three discs. Size of actin ring, number of osteoclasts per square centimeter, number of nuclei
per osteoclast were averaged for each nanocomposite and control. Up to 100 osteoclasts were characterized

on each specimen [209].

4.3.3.3 Resorption pit assay

Calcein is a calcium-binding fluorescent molecule that was proposed to detect calcium
hydroxyapatite 15 years ago [210]. From calcein powder (C0875, Sigma-Aldrich), a 10 mM calcein solution
was prepared in 0.1 M of NaOH. A 1 mM working solution was prepared in deionized water and sterile
filtered using a 0.2 um pore filter. On day 7, cells were removed from the nanocomposite discs by
incubating in TrypLE Express for 20 min at 37°C and then putting on a shaker for 10 minutes with a speed
of 250 rpm. The discs were rinsed with deionized water and then calcein solution was added directly to the
discs for 5 hr at RT. Before imaging, each disc was washed with deionized water 3 times, and then the

stained surface was imaged with a Nikon Eclipse TS100 fluorescence microscope.

4.3.3.4 Confocal laser microscopy and analysis

Images of stained surfaces were collected using a confocal laser scanning microscope (Leica TCS
SP5 system, Germany in Molecular and Cellular Imaging Facility, University of Guelph) with an upright
Leica DM 6000B microscope using LAS AF software. To identify pits, an oil 20x lens was employed.
Samples were exposed to 458 nm laser light, and the reflected signal was collected in one detector. Z-stacks
were collected at 20x and a step size of 3 um. Volume viewing was performed using Nikon Imaging
Software NIS-Elements AR (Nikon Canada, Mississauga, ON, Canada).

The flowchart ( Figure 4-9) summarizes the steps and assays for characterizing the interactions of

the osteoclast-like cell with the 3D-printed nanocomposites.
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RAW264.7
murine macrophages

Differentiation to mature
osteoclasts using RANKL

Differentiation confirmation
using DAPI and TRAP staining

Purification of differentiated
multinuclear RAW264.7 using
serum gradient

In-vitro Osteoclast Culture

Culture medium: DMEM supplemented with FBS, P/S, and RANKL
Nanocomposites: SP30, mSP30
Control: HA disc

After 7 days

Nuclei and Actin R tion-pit
. TRAP staining esorption-pi
staining assay

Figure 4-9. In vitro methodology to assess OC-like cells interactions with nanocomposites
4.4 Statistical Analysis
Data are presented as mean + standard deviation (SD). All data were analyzed using SigmaStat
(Version 4.0, Systat Software Inc., CA, USA). Means were compared using one-way or two-way analysis
of variance (ANOVA) followed by post hoc Tukey's multiple comparison test. Differences between means

were considered statistically significant at p < 0.05.
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5 Evaluation of dMC3T3-OB cells responses to the 3D-printed
nanocomposite discs: results and discussion
Two studies were performed to evaluate dMC3T3-OB cell interactions with nanocomposites 3D-
printed using masked-stereolithography (mSLA). The first study focussed on SPO, SP5, and SP10
nanocomposite discs to assess the effect of hydroxyapatite and AESO amount on cell viability and
proliferation. In the second study, dMC3T3-OB cells were cultured on SP10, SP30, mSP10, and mSP30
discs to investigate the effect of hydroxyapatite amount and methacrylation of AESO on viability,

proliferation, and ALP activity of cells.

5.1 dMC3T3-0B cells proliferation and viability on SP0, SP5, and SP10
nanocomposite discs®

Cell proliferation and viability on the three nanocomposites were assessed after 1, 3, and 7 days of
culture. As shown in Figure 5-1, differentiated MC3T3-E1 osteoblasts showed excellent viability on SPO,
SP5, and SP10 surfaces at all time points. A few dead cells were observed using live/dead staining. Cells
seeded on SP5 and SP10 demonstrated excellent morphology at day 1. While a higher cell density could be
observed on SPO compared to SP5, SP10, and HA discs after day 1, a significant increase in proliferation

(p < 0.05) was only observed on SP5, SP10, and HA discs at day 3 and day 7 (Figure 5-2).

3 This section has been published in "mSLA-based 3D Printing of Acrylated Epoxidized Soybean QOil-Nano-
Hydroxyapatite Composites for Bone Repair.” Materials Science and Engineering: C (2021): 112456, a paper in
which I contributed to as a co-author (I performed and analysed all cell experiments) with D. Mondal, C. J. Huxman,
S. Tanter, D. Sun, M. Gorbet, and T. L. Willett.
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A

SPO

SP5

SP10

Figure 5-1: Differentiated MC3T3-E1 osteoblast cell viability and adhesion on 3D printed nanocomposite discs.
Representative images of live/dead staining of cells on SP0 (0% nHA), SP5 (5% nHA), SP10 (10% nHA), and HA
(control) discs at day 1, 3, and 7 days after seeding. Calcein AM stains live cells green, and EthD-1 stains dead cells
red. Scale bar represents 100 um [198].
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Figure 5-2. Differentiated MC3T3-E1 osteoblast cell proliferation on 3D printed nanocomposite discs; SPO (0%
nHA), SP5 (5% nHA), SP10 (10% nHA) and HA (control). Proliferation of dMC3T3-OB cells as measured using the
XTT assay. Data are means + SD (n = 7 for nanocomposite discs and n = 4 for HA discs, from 3 experiments,***
statistically significant p <0.001) [198].

5.2 dMC3T3-0B cells proliferation, viability, and ALP activity on SP10,
mSP10, SP30, and mSP30 nanocomposite discs

dMC3T3-0B cells were seeded on the surfaces of non-porous nanocomposites discs and cell
viability, proliferation, and ALP activity on the four nanocomposite types were assessed after 1, 3, and 7
days. Live-dead staining showed high cell viability on all nanocomposite discs, with most cells alive (Figure
5-3). Cells on SP10, msP10, SP30, and mSP30 showed excellent morphology at day 1. A high cell density
was observed on all nanocomposites and HA discs after day 1, 3, and 7. On day 1, HA showed less
proliferation compared to SP10, mSP10, SP30, and mSP30, and it was significantly different from mSP30
(p < 0.05). There was a significant increase in proliferation (p < 0.05) observed on SP10, mSP10, SP30,
mSP30, and HA discs at day 3 and day 7 compared to day 1 (Figure 5-4). On day 3, mSP30 showed the

highest proliferation compared to all other groups (p < 0.01). On day 7, mSP30 and HA were significantly
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different from SP10, mSP10, and SP30 (p < 0.05); and there was no statistically detectable difference

between mSP30 and HA.

A Dayl Day3 Day7

Figure 5-3. Differentiated MC3T3-E1 osteoblast cell viability and adhesion on 3D printed nanocomposite discs.
Representative images of live/dead staining of cells on SP10 (10% nHA), mSP10 (methacrylated AESO and 10%
nHA), SP30 (30% nHA), mSP30 (methacrylated AESO and 30% nHA) and HA (control) discs at day 1, 3, and 7
days after seeding. Calcein AM stains live cells green, and EthD-1 stains dead cells red. Scale bar represents 100

um.
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Figure 5-4. Differentiated MC3T3-E1 osteoblast cell proliferation on 3D printed nanocomposite discs; SP10 (10%
nHA), mSP10 (methacrylated AESO and 10% nHA), SP30 (30% nHA), mSP30 (methacrylated AESO and 30% nHA)
and HA (control). Proliferation of dMC3T3-OB cells as measured by XTT assay. Data are means + SD (n = 8 for
nanocomposite discs and n =5 for HA discs, from 4 experiments), (statistically significant * p <0.05, ** p <0.01,
*** n <0.001).

The alkaline phosphatase assay was performed over 4 experiments. The data for the first two
experiments are not shown as the samples were too diluted (1 ml collagenase/trypsin had been used for
collecting cells). The data for the third and fourth experiments are shown in which 0.5 ml
collagenase/trypsin was used to collect the cells for running the ALP assay (Figure 5-5). The amount of
ALP expressed by the dMC3T3-0B cells by day 3 was decreased relative to day 1(p < 0.001). The ALP
amount on all nanocomposites except SP30 and HA control increased by day 7 compared to day 1 (p <
0.01). The effect of nanocomposite composition on ALP data was clearly visible by day 7. dMC3T3-OB
cells on mSP10 and mSP30 nanocomposites expressed significantly higher ALP amount compared to SP10,

mSP10, and HA discs (p < 0.001).
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Figure 5-5. ALP expressed by differentiated MC3T3-E1 osteoblast cells cultured on the nanocomposite discs; SP10
(10% nHA), mSP10 (methacrylated AESO and 10% nHA), SP30 (30% nHA), mSP30 (methacrylated AESO and 30%
nHA) and HA (control). Data are presented as mean + SD (n = 4 specimens of each composition and n=3 for HA
control, from 4 experiments), (statistically significant * p <0.05, **p <0.01, ***p <0.001).

The amount of ALP is generally reported as ALP activity, which is normalized to the cell number
using the amount of DNA from the picogreen assay [187], [211], [212]. The picogreen assay was not
performed in this study, and therefore ALP activity was calculated as the amount of ALP normalized to the
XTT data, as XTT data can be related to cell number (Figure 5-6). The ALP activity on day 1 on the HA
discs was significantly different from the nanocomposites (p < 0.001). After 7 days, the ALP activity was
decreased significantly for SP30 and HA discs (p < 0.001). On day 7, the ALP activity on mSP10 and
mSP30 were significantly higher than the SP30 discs (p < 0.01). The two-way ANOVA analysis showed
that there was a significant difference within composition and time-points, and the interaction between
composition and time was significant (p < 0.001) which means our different compositions were creating

different responses over time.
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Figure 5-6. ALP activity of dMC3T3-OB cells cultured on the nanocomposite discs; SP10 (10% nHA), mSP10
(methacrylated AESO and 10% nHA), SP30 (30% nHA), mSP30 (methacrylated AESO and 30% nHA) and HA
(control). The amount of ALP was normalized to XTT data. Data are presented as mean + SD (n = 4 specimens of
each composition and n=3 for HA control, from 4 experiments), (statistically significant ** < (.01, statistically
significant from all nanocomposites # < 0.001).

5.3 Discussion

The MC3T3-E1 pre-osteoblast cells are widely used as a cell line to evaluate the biocompatibility
of implantable biomaterials [213]. These cells are recognized as an osteoblast progenitor committed to a
specific lineage [214] and MC3T3-EL1 cells can only differentiate to osteoblasts [215], representing a good
proxy for characterizing cell-material interactions with our nanocomposites. Mineral deposition capability
is a late-stage marker of osteogenic differentiation used to confirm that the MC3T3-E1 cells had reached
the mineralization phase to deposit mineralized ECM [216]. Fu et al. observed that Alizarin red staining
of differentiated MC3T3-EL1 cells was enhanced at day 21 on graphene oxide-impregnated poly (lactic-co-

glycolic acid)—gelatin nanofibrous matrices in comparison to only slight reddish dots observed in cells at
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day 14 [216]. This indicated that the osteogenic differentiation of MC3T3-E1 cells on their biomaterials
increased by day 21 as more calcium content was identified (through Alizarin staining) in the deposited
minerals. This confirmed our own observation for the differentiation of MC3T3-EL1 cells and also highlights
the importance of time in culture to allow the cells to lay down enough mineralized matrix to be detectable
and measurable. Many studies [216]-[220] culture MC3T3-E1 cells on the surface of biomaterials with
osteoblast differentiation medium. In this study, differentiated MC3T3-E1 cells (dAMC3T3-OB) were
seeded directly onto our nanocomposites to assess the ability of the nanocomposites to support osteoblast
proliferation. While some studies have shown that differentiation may take place within 14 days [206][221],
in accordance with previous studies on differentiation [215][222], dMC3T3-OB were obtained after
differentiation for 21 days in this work.

The first step in the interaction of cells with substrate materials is cell attachment which can affect
cell growth and proliferation on biomaterial surfaces [223][224]. Three factors affect cell behavior on
polymer substrates: surface chemical, topological, and mechanical features [225]-[228]. Functional groups
and grafted chains, surface characteristics and density of surface charges, surface energy, and adsorbing
proteins' capability are considered chemical parameters [225]-[227]. Surface roughness and patterns at the
micro- and nanoscales are related to topological factors [225]-[227]. The mechanical features of a polymer
substrate, such as substrate stiffness, have also been linked to cellular functions. The actin-myosin
interactions on the cell membrane can detect mechanical signals and transmit them to the nucleus, which
can then adjust Ca?* flux to control cell spreading, proliferation, and apoptosis [229]-[231].

HA can stimulate and enhance the proliferation of human and animal osteoblasts [219] and it was
hypothesized that a higher amount of nHA in the AESO-based nanocomposites would increase the
osteoblasts’ adhesion, proliferation, and activity. Our results show that the addition of 10 vol% of nHA
(SP10 nanocomposite) in the first study, and 30 vol% of nHA to the methacrylated AESO (mSP30
nanocomposite) in the second study, significantly increased cell viability and proliferation, verifying our
hypotheses around the effect of nHA in the 3D-printed nanocomposites on osteoblast-like cells. Our results
also further confirm previous studies that have shown that nHA promotes cell adhesion and proliferation.

60



The presence of exposed (i.e., on the surface) HA particles has been reported by Cia et al. [219] to impact
surface chemistry, increasing hydrophilicity and protein adsorption with higher amount of HA. Ma et al.
showed that adding nHA into polyetheretherketone (PEEK) also increased the composite's hydrophilicity
(nHA is more hydrophilic than PEEK), which improved the functions of osteoblasts [222]. The effect of
nHA on cells was studied by Lee et al. and suggested that nHA supported better initial attachment of
MC3T3-E1 cells [232]. Furthermore, nHA has been reported to promote MC3T3-E1 cell attachment,
proliferation, and differentiation on nanocomposites of photo-crosslinked poly(g-caprolactone) diacrylate
[219].

In this study, the ability of the nanocomposites to promote osteogenic differentiation of MC3T3-
E1 cells was not evaluated because differentiated cells were directly seeded on the nhanocomposites. Prior
studies have demonstrated that HA is bioactive and can induce and enhance osteogenic differentiation of
osteoblasts [219] on biomaterials, particularly nHA [170][233]. Further work is needed to characterize
osteogenic differentiation on the nHA-AESO nanocomposites.

The other component in our novel nanocomposites is PEGDA. Son et al. investigated the potential
of PEGDA as a hydrophilic co-monomer and crosslinker to increase biological properties of poly(N-
isopropylacrylamide) hydrogels [234]. It has been found that PEG-based hydrogels have great
biocompatibility, hydrophilicity, and able to prevent protein adsorption and cell adhesion [235][236]. In
this regard, the addition of nHA and PEGDA would have made the nanocomposites more hydrophilic,
making the surface more suitable for cell attachment and proliferation. In future work, the water contact
angle should be measured to confirm the presumed hydrophilicity of our nanocomposites.

The addition of methacrylate groups to the AESO (mSP10 and mSP30) increased the proliferation
and ALP activity of dMC3T3-OB cells compared to the non-methacrylated AESO-only composites. Our
results corroborate the study of Sukul et al. [190], which reported that a higher degree of methacrylation in
gelatin methacrylate hydrogels led to higher proliferation of primary human osteoblasts. Unlike our results,
they showed that the expression of ALP in the primary osteoblasts was not affected by the degree of
methacrylation of the hydrogels. The higher proliferation of cells on the mMAESO nanocomposites might be
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due to increased stiffness; the stiffness of the matrix enhances cell proliferation and the cytoskeleton of
cells on stiffer matrices are more organized, and focal adhesions are more stable [229]. Nichol et al. found
that increasing the degree of methacrylation increased the stiffness of gelatin methacrylate (GelIMA) [237].
Increased stiffness due to methacrylation was also observed on our samples, with a modulus of 3.5 GPa and
10.8 GPa for SP30 and mSP30, respectively (personal communication, Dr D. Mondal, November 2021).
Taken together, the higher cell viability, proliferation, and activity on the mAESO composites containing
30% vol nHA are likely due to the greater hydrophilicity (due to greater nHA volume fraction) and greater
stiffness (due to methacrylation of the AESO) in the nanocomposites.

ALP expression and activity of dMC3T3-0OB cells on our nanocomposites were measured. The
ALP activity decreased on all samples by day 7 as cell growth and proliferation increased. Ascorbic acid
and B-glycerophosphate have been reported to play essential roles in stimulating extracellular matrix
formation, synthesis of osteoblast-related protein, and increasing alkaline phosphatase [238], [239]. In our
study, the growth medium was supplemented with both ascorbic acid and p-glycerophosphate in higher
concentration. Hence, the reduction in ALP activity is not due to a lack of nutrients. In [222], cultured
MC3T3-EL1 cells on nHA/PEEK composites showed ALP mRNA levels that increased after 14 days but
decreased at day 21. Yazid et al. observed that MC3T3-EL1 cell differentiation was significantly impacted
by variations in cell seeding density, with lower initial seeding density resulting in increased ALP activity
[215]. Increasing seeding density of mesenchymal stem cells increased cell viability and cell growth
inhibition but resulted in reduction in cell function with higher density during cell culture. Therefore, these
data suggest that in order to run a longer-term study to measure ALP activity on the nanocomposites, cell
seeding density should be lowered.

As hypothesized, it was shown that AESO-based nanocomposites support osteoblast adhesion,
proliferation, and activity. Furthermore, increased nHA volume fraction combined with methacrylation of
the AESO resulted in an increase in dMC3T3-OB adhesion and proliferation; however, it did not affect

ALP cell activity (ALP/XTT index). On the other hand, ALP activity results at day 7 indicate that
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methacrylation of AESO increased dMC3T3-OB cell activity, presumably due to greater stiffness, as

increased stiffness was observed between SP10 and mSP10 as well SP30 and mSP30.
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6 Evaluation of dRAW-OC cells responses to the 3D-printed
nanocomposite discs: results and discussion

In order to evaluate dARAW-OC cell interactions with our 3D-printed nanocomposites, RAW?264.7
cells were differentiated, and isolated through serum gradient purification. dRAW-OC cells were cultured

on SP30 and mSP30 discs to investigate the effect of methacrylation of AESO on cell response.

6.1 Characterization of dRAW-OC cells on SP30 and mSP30 nanocomposite
discs

6.1.1 TRAP staining of dRAW-OC cells on nanocomposite discs

TRAP staining was used to assess the osteoclastic nature of the multinucleated cells on the SP30
and mSP30 nanocomposites after 7 days of culture and compared to HA controls. As shown in Figure 6-1,
TRAP-positive cells were observed on the disc surfaces and TRAP-positive cells were bigger and in higher
numbers on the mSP30 nanocomposite disc compared to SP30. It was challenging to compare TRAP

staining with HA disc due to the poor visibility under light microscopy, as shown in the figure below.
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Figure 6-1. dRAW-OC cells were cultured on nanocomposite discs with RANKL for 7 days and stained for TRAP.
Representative images of TRAP staining on SP30 (30% nHA), mSP30 (methacrylated AESO and 30% nHA) and HA
(control) discs on day 7 (n=3). The TRAP staining of the dRAW-OC cells on the HA discs was challenging to
observe due to background staining. Scale bar represents 100 pm.

6.1.2 F-Actin/DAPI staining of dRAW-OC cells on nanocomposite discs
The number of dRAW-OC cells on the two nanocomposites discs and the HA controls was
measured. A significantly greater number of osteoclast-like cells was measured on mSP30 (average 174.67

osteoclasts/cm?) compared to SP30 (average 0.66 osteoclasts/cm?) (p < 0.001) and HA (average 63.33
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osteoclasts/cm?) (p < 0.05). It is important to note that it was difficult to count all osteoclast-like cells on
the HA disc due to excessive proliferation of macrophages that covered the multinucleated cells on the
surface. Therefore, the number of osteoclast-like cells on the HA may be an underestimation. The number
of nuclei in each osteoclast-like cell was counted and as shown in Figure 6-2, the average number of nuclei
number on mSP30 and HA was significantly higher than that on the SP30 discs (p < 0.05). In order to count

nuclei, images were taken in the green channel as it was impossible to quantify the nuclei in the blue channel

Sample

Figure 6-2. dRAW-OC cells were cultured on SP30 (30% nHA), mSP30 (methacrylated AESO and 30% nHA) and
HA (control) discs for 7 days. Osteoclast-like cells were stained with DAPI and Alexa Fluor 488-Phalloidin, and the
number of nuclei per osteoclast was counted (3 discs per composition, on average 87 osteoclasts for mSP30, 32 for
HA and 1 for SP30 on discs).
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Figure 6-3. Morphology evaluation of osteoclast-like cells on mSP30 (methacrylated AESO and 30% nHA)
nanocomposite disc. dARAW-OC cells were stained with a) Alexa Fluor 488-Phalloidin (for the visualization of F-
actin filaments), b) DAPI staining (for the visualization of the cell nuclei) imaged in the green channel, and c)
merged green and blue channels. (scale bar represents 100 pm)
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Mature osteoclasts form clusters of dynamic, F-actin-rich adhesion structures with integrin
receptors called podosomes that self organize into actin rings at the cytomembrane periphery [240]. We
observed the effects of composition on actin ring formation using phalloidin staining (which binds to F-
actin) in combination with a nuclear stain (DAPI) to confirm the presence of multiple nuclei. As shown in
Figure 6-4, dRAW-OC cells, with multiple nuclei, formed F-actin rings on mSP30 and HA discs. The sizes
of actin rings on mSP30 and HA discs were similar but were significantly different from SP30 discs. As
shown in Figure 6-5, dRAW-OC cells formed significantly larger actin rings on mSP30 and HA than

dRAW-OC cells on SP30 (p < 0.05).

Figure 6-4. Morphological evaluation of osteoclast-like cells cultured on SP30 (30% nHA), mSP30 (methacrylated
AESO and 30% nHA) and HA (control) discs, stained with DAPI (for the visualization of the cell nuclei) and Alexa
Fluor 488-Phalloidin (for the visualization of F-actin filaments) (n=3). White and red scale bars represent 100 pm
and 50 um, respectively.
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Figure 6-5. dRAW-OC cells were cultured on SP30 (30% nHA), mSP30 (methacrylated AESO and 30% nHA) and
HA (control) discs for 7 days. Osteoclast-like cells were stained with DAPI and Alexa Fluor 488-Phalloidin, and the
diameter of actin rings on multinucleated cells was determined (3 discs per composition).

6.1.3 Calcein staining of nanocomposite’s surface to observe resorption pits

dRAW-OC cells were seeded on the surface of non-porous nanocomposite discs and cultured for 7
days. After removing the cells, the surface was stained with calcein to assess the formation of osteoclast-
mediated resorption pits. For each specimen, a control with no cells was also included whereby the disc
was treated and sterilized in the same manner and incubated in culture medium without RANKL (to reduce
cost) at 37°C, 5% CO,. As shown in Figure 6-6, no resorption pits on nanocomposite discs, SP30 and
mSP30, and HA were identified with calcein staining. A pit-like shape was observed on one SP30 disc;
however, this was identified as a defect from 3D-printing as similar pit-like structures could be observed
on the control disc (no cells). Similarly, pit-like structures were observed on HA discs with and without
cells, suggesting that no osteoclast-mediated resorption pits had formed on HA after 7 days of culture.

While we were unable to obtain an osteoclast-mediated resorption pit, a confocal image of a pit-
like structure was obtained as a proof-of-concept to perform image analysis and volume calculation (Figure

6-7). The calcein staining of the surface enabled us to visualize the pit on the nanocomposite discs. The pit
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and its depth can be viewed in slice, tiled, and 3D view in NIS-Elements AR software. In Figure 6-8, the
intensity profile of the surface is shown.

For measuring the volume, first the area of the pit was measured by using the draw function in the
ImageJ software. The highest visible point is on frame 7, and the lowest visible point is on frame 21. The
area for each frame was calculated and their sum was 31836.55 pm?2. This number was multiplied by 2.98

micron (the distance between each frame), and the volume of the pit shown in Figure 6-7 is 94872.91 pm?.

SP30

mSP30

HA

Figure 6-6. Representative images of calcein staining of nanocomposite discs (n=4) by fluorescence microscope.
dRAW-OC cells were cultured on SP30 (30% nHA), mSP30 (methacrylated AESO and 30% nHA) and HA (control)
discs for 7 days. Cells were removed from the surface and discs were stained with calcein (a, c, €). SP30, mSP30,
and HA control discs were incubated in media only (no cells) (b, d, f). Scale bar represents 100 pm.
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Figure 6-7. Pit 3D visualization by confocal microscopy on SP30 (30% nHA) disc. Calcein staining was done, and
confocal image stacks of fluorescence were collected. (a) Orange arrow shows the pit on the surface. (b) Slice view
showing depth of pit with white arrows. (c) Montage showing a sampling of single plane images (frames 1—25)
collected at 2.28 um z-steps. (d, e, f) Volume view of pit.

Figure 6-8. Pit 3D visualization by confocal microscopy on SP30 (30% nHA) disc. Intensity surface profile showing
the pit on the disc.
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6.2 Discussion

The concept of using osteoclasts to resorb bone graft materials while also directing new bone
formation and vascularization is based on bone biology principles [241]. This is the first study of osteoclast
interactions with AESO and mAESO-based nanocomposites. Many studies [29], [40], [68], [242], [243],
[244] have cultured RAW264.7 cells on the surface of biomaterials with osteoclasts differentiation medium
to assess osteoclast differentiation and cell-material interactions. In this study, RAW 264.7 macrophages
were differentiated first, purified, and the resulting dRAW-OC cells were seeded directly onto our
nanocomposites to directly assess the interaction of osteoclasts with the nanocomposites and their
resorbability by osteoclast activity. Different material may not support osteoclast differentiation to the same
extent and this variability was removed by seeding osteoclasts directly on the surfaces of our novel
biomaterials.

As this was the first time differentiated osteoclasts were used in our research group, the protocol
needed some optimization. Among others, based on our seeding density, RANKL concentration was
adjusted to 30 ng/ml as Song et al. reported that different commercial media and RANKL may result in a
different dosages of stimulator required for osteoclast induction [81]. Furthermore, several cell culture times
and seeding densities were tested. Density-gradient purified dRAW-OC were seeded at
5x10* cells/cm?with 30 ng/ml RANKL and cultured for 14 days. Significant color change (indicating
increase acidity in the medium) was observed in the medium starting at day 7 and samples were thus
removed from the silicone tube to allow for more medium to be added and ensure cells had enough nutrients.
On day 14, F-actin and nuclei staining was performed, and no cells were observed on the nanocomposites
tested (in these pilot studies, AESO, SP0, and SP30 discs) and excessive numbers of non-multinucleated
cells were seen on the HA. In a follow-up experiment, lower cell concentration (1x10* cells/cm?) was used
and XTT and SEM were performed to assess cell proliferation (2, 7, and 14 days) and morphology (14
days) (see Appendix 2 for more details). Due to cell death observed on day 14 on HA, interaction with the
biomaterials was limited to 7 days in all further experiments. Results with HA concurred with Chen et

al., where massive cell apoptosis occurred after 7 days [245]. Furthermore, they also observed resorption
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pits on HA discs at day 6-7 of culture, suggesting that this was a reasonable time frame for our experiments.
Based on this and our observations from the osteoblast study and the better mechanical properties of
the methacrylated nanocomposites, SP30 and mSP30 nanocomposites were thus chosen for a 7-day
osteoclast study.

Nanocrystalline HA and human bone mineral show similar interactions with osteoclasts and
osteoblasts and thus, nanocrystalline HA can be used as a synthetic material similar to natural bone in order
to improve a variety of orthopedic applications [246]. When compared to the HA control biomaterial,
mSP30, containing 30% nHA, showed similar or even better interaction with osteoclasts, further suggesting
the value of this nanocomposite for bone applications.

Osteoclast numbers, the presence of an actin ring and resorption pits are important measures of OC
development and activity that have not yet been investigated on AESO/nHA-based nanocomposites. Our
results showed that there was a significantly higher number of dARAW-OC cells on mSP30 and HA than on
the SP30 nanocomposite. It is possible that differences in surface roughness may have led to such a
difference, as Zhang et al. demonstrated that osteoclasts are sensitive to surface roughness [209]. They
found that smoother surfaces induced more osteoclast differentiation than rougher surfaces, as shown by
increased TRAP activity and higher gene expression of osteoclastogenic markers [209]. Prior studies also
claimed that greater surface roughness reduced osteoclast-associated parameters such as TRAP activity and
resorption capability [247], [248]. Based on these studies, we may hypothesize that the reduced adhesion
of osteoclasts on SP30 may be due to a rougher surface, but this should be confirmed by AFM. The
methacrylation may also lead to a smoother surface or may induce a specific response in osteoclasts. One
may also hypothesize that the increase in osteoclast adhesion and viability on mSP30 was due to increased
stiffness, since, as discussed in section 5.3, mSP30 is stiffer than SP30 (Espzo = 3.47 GPa, Emspso = 10.81
GPa) and that increase in stiffness has been reported to lead to higher bone cell viability and proliferation.
However, such effect of stiffness has only been reported for osteoblasts [190].

The effect of roughness has also been shown to play an important role on the actin ring.

Functionality of osteoclasts depends on the podosome belt which has an actin-rich integrin adhesion
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structure that allows tight adhesion of osteoclasts to the bone surface. The formation of the podosome belt
is strongly dependent on the local environment [249]. In [209], on smoother surfaces, larger actin rings
were identified, whereas on rougher surfaces, smaller actin rings were detected. The surface roughness was
also reported to affect the number of nuclei per osteoclast and size and number of osteoclasts. Smoother
surfaces had a higher number of nuclei per osteoclasts, larger size but a smaller number of osteoclasts than
rougher surfaces [209]. The larger size is explained by the fact that there are no topographical features on
smoother surfaces that impede cell fusion process; as a result, cells efficiently fuse to make fewer and bigger
osteoclasts [250]. The higher number of nuclei and larger actin rings observed on mSP30 and HA but not
SP30 may be explained by a difference in surface roughness, however as mentioned above, this needs to be
confirmed by AFM. An important point to note is that Zhang et al. also observed that primary osteoclasts
on glass surface did not show actin rings, possibly due to a short-lived actin ring formation [251]. The actin
ring might appear and disappear on the glass after 4 days of osteoclastogenic induction. This observation
underlines the importance of culture protocols and treatment time when studying osteoclasts and suggest
that our protocols for the nanocomposites were well defined, as we were able to observe the actin ring
during our cell culture experiments.

While many osteoclasts with actin rings were observed on mSP30 and HA, no resorption pits were
identified. Chen et al. have reported that nano-topography may impair the stability of the sealing zones for
resorption [245] and thus affect the formation of resorption pits due to “leakage”. However, this study
[245] and another [252] also indicated that nano-structured HA discs compared to the submicron-scale
dimension significantly impaired osteoclastic formation and function, as seen by inhibited cell fusion,
reduced osteoclast size, less-defined actin ring, increased osteoclast apoptosis, suppressed expression of
osteoclast specific genes and proteins, decreased TRAP-positive cells [245], which contradicts our
observation with mSP30, showing excellent osteoclast survival, defined actin rings and large
multinucleated osteoclasts. Thus, the sealing zones may be stable and other factors could be at play. If nHA
leads to resorption impairment, dARAW-OC cells could be cultured on mSP10 and mSP30 nanocomposite
discs to further characterize the effect of nHA in nanocomposite composition.
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Osteoclasts secrete reactive oxygen species (ROS) during bone remodeling. A prior study by Lu et
al has shown that nanocrystalline hydroxyapatite-lysin triisocyanate (nHA-LTI) nanocomposite degraded
faster than LTI-poly(caprolactone) triol polymer in oxidative medium (20% H.O. + CoCl,), which was
consistent with the observed resorption of nHA-LIT by osteoclasts [29]. Thus, assessing the oxidative
degradation rate can help in evaluating the potential resorption rate by osteoclasts. In our previous study on
biodegradation of AESO-based nanocomposites containing 0%, 5%, and 10% nHA in oxidative medium,
no significant biodegradation was observed after 28 days, suggesting limited oxidative degradation of the
nHA nanocomposites [198]. While we have not yet performed a degradation study in oxidative medium,
the lack of resorption pits on mSP30 may be due to a low oxidative degradation after 7 days.

The lack of resorption pits on our control HA material was unexpected. The adhesion, cytoskeletal
changes and resorptive activity of rat osteoclasts on crystalline synthetic hydroxyapatite (HA), carbonated
hydroxyapatite (C-HA) and natural calcium carbonate (C) have been investigated previously by Redey et
al. [253]. Actin rings, which are essential for resorption and were also observed on our HA material,
developed on all three biomaterials tested. The size of the actin ring and osteoclast spreading were higher
in osteoclasts cultured on HA and C-HA than C. Interestingly, despite this, HA and C-HA were not
resorbed, while C was. This was believed to be directly related to the biomaterial’s solubility. Further
characterization of the HA discs by Dr. Dibakar Mondal showed that these discs were 100% crystalline
which explains a lack of resorption of our control HA biomaterial.

HA and mSP30 supported dRAW?264.7 cells adhesion and differentiation as evidenced by the
presence of a cell population with TRAP activity and multinucleated cells with well-defined actin rings.
However, foreign-body multinucleated giant cells (FBGCs), another multinucleated cell type, are
frequently generated at implant/graft sites and related to foreign-body responses. FBGCs are formed by the
fusion of monocytes/macrophages, and hence have many properties similar to osteoclasts, such as
multinuclearity, TRAP expression, and actin rings [254]. The main difference between these two cell types
is that only osteoclasts express the matrix-degrading enzyme, Cathepsin K (CTSK) [254]. Thus, it is also
possible that our differentiated RAW cells were not osteoclast but FBGCs. While we should confirm the
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osteoclast phenotypes of our differentiated cells by measuring their CTSK gene expression, the lack of
resorption pits is an indication that the nanocomposites could not undergo cell-mediated degradation as
FBGCs also release degradation enzymes [255].

We assessed the utility of calcein as a marker for staining the nanocomposite discs and established
that this fluorescent probe is suitable for visualizing resorption pits on the surface. The idea of staining the
surface and visualizing the pit was obtained from Goldberg et al. study which used confocal imaging
technique to image resorption lacunae stained with Picro Sirus Red on dentin slices [68]. In our study, there
were no osteoclast-mediated resorption pits observed on the surface of nhanocomposite discs. The confocal
microscope and NIS-Elements AR software will enable us to observe any pits on the surface and the
Extended Depth of Focus (EDF) module will eventually be needed to do volume rendering of the confocal
image stack using z-depth color coding which reveals the three-dimensional shape of the Rpit and allow
for the measure of its volume. The current pit that was measured had no three-dimensional shape as it was
a simple hole due to a printing defect; as previously reported by Goldberg et al. an osteoclast-mediated
resorption pit will have a complex/uneven structure, which volume will not be as easily calculated with the

current approach [68].
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7 Conclusion, Limitations, and Recommendation for Future Work

7.1 Conclusion

The results presented in Chapter 5 and 6 verified most of the hypotheses that were presented in
Chapter 3. The increasing nHA concentration in the nanocomposites improved osteoblast-like cell viability,
proliferation, and activity, verifying our hypothesis 1.2. Osteoblast-like cell-interactions with our 30%
nHA composite (SP30) were comparable to the HA control (related directly to hypothesis 1.1). Moreover,
the additional functionalization of AESO (through methacrylation of residual hydroxyl group) resulted in
a significant effect with higher cell adhesion and proliferation, although it didn’t have detectable effect on
the cell activity, as measured by ALP (Hypothesis 1.3). At all time points (except day 1 and 3 for ALP/XTT
index), mSP30 performed similarly or even better than HA when interacting with the osteoblast-like cells,
dMC3T3-0B (Hypothesis 1.1). In the osteoclast study, compared to the AESO-based nanocomposite SP30,
the mAESO-based nanocomposite showed significantly greater cell adhesion, actin ring formation and
multinucleated cells, comparable to HA controls (Hypotheses 2.1 and 2.2).

In conclusion, osteoblast-like and osteoclast-like cells showed excellent interactions with the
MAESO-based composite containing 30% nHA. These interactions were comparable to the HA controls.
This suggests the future suitability of our novel nanocomposites as implantable biomaterial for
reconstruction of large bone defects upon further development. In vivo studies will be required to conclude
on the potential of our nanocomposites. Osteoclast-mediated resorption pits did not form on any of our
materials (AESO, mAESO, HA), suggesting that further work is required to better understand the

limitations of our current experimental model and of the biomaterials being tested.

7.2 Limitations
While this thesis makes significant contributions in the area of protocol development and
identification of suitable nanocomposite biomaterials for critical-size bone defects, there are limitations to

the studies that should be noted.
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One of the major limitations of our in vitro experiments was the sole use of bone cell lines to assess
cell-material interactions. As these cells have infinite growth potential, in the osteoclast study, although
serum gradient purification was performed to isolate differentiated cells, non-differentiated RAW264.7
cells (macrophages) on the discs were continuously observed on the discs and they proliferated over time
despite the presence of the differentiating agent RANKL. Similarly, in the osteoblast study, while dMC3T3-
OB cells were frozen after differentiation, the stage of differentiation (maturity of the cells) was not assessed
and as proliferation was observed in our experiments, the dMC3T3-OB may not have been fully
differentiated. While this does not affect the conclusion of our studies around cell-material interactions, a
better understanding of the maturity state of the cells after freezing would be valuable information.

In this study, a single cell type was cultured on nanocomposites to study the interaction of cells
with biomaterials. Several studies [256][257][258] have highlighted the importance of cross-talk between
osteoblasts and osteoclasts in vitro and the mechanism of molecular cooperation in order to mimic bone
turnover.

There are different factors affecting bone formation, bone resorption, and bone remodeling such as
blood components (platelet factors, leukocyte inflammatory molecules), different enzymes, and mechanical
stimuli [259]-[261]. All the experiments in this study were done under static conditions, in the absence of
any exogenous inflammatory factors, which have been shown previously to play a role in bone cell-material
interactions.

The 3D printed biomaterial discs were non-porous, and thus cells were not cultured on porous
material, or scaffold, with a homogeneous interconnected pore network, which is not only useful for tissue
engineering but also better mimic the physiological structure of bone.

In vitro tests are only a first step in the evaluation of a biomaterial, and pre-clinical animal trials
are required en route to clinical trial to finally prove a biomaterial and the clinical procedure associated. In
the in vivo experiments, the condition is not static and the effect of different factors such as exogenous

inflammatory factors on cell-material interactions can be investigated.
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7.3 Recommendation and Future Works

Based on the identified limitations of the studies as well as the results of the studies, there are many

guestions that remain unanswered and thus the following recommendations for future work are presented.

The in vitro model to characterize cell material interaction can be further improved by
developing a co-culture model and/or a model that allows for cells to be mechanically
stimulated.

In vitro experiments should be performed with human primary cells in addition to immortalized
cell lines. Although primary cells have a limited lifespan, it offers some advantages compared

to cell lines including consideration of age, medical history, race, and sex of donors.

For the osteoblast study:

Osteogenic differentiation should be assessed by culturing and differentiating MC3T3-E1 cells
on nHA-(M)AESO nanocomposites. While it is important to assess the interactions with
osteoblast cells, differentiation of progenitor cells also plays an important role in
biocompatibility and thus should be assessed.

Osteoblast-like cells should also be seeded at lower density in order to run longer-time studies
to better assess ALP activity.

As hydrophilicity and surface roughness may play a role in bone cell-material interactions,
characterizing these properties of the 3D printed nanocomposite discs should become standard
practice in order to understand the plausible role of surface properties.

Also, Picogreen assay is needed to perform quantitative analysis of DNA. This provides the
accurate number for ALP activity as the ALP amount should be normalized to corresponding

DNA content form the Picogreen assay.

For the osteoclast study:

Culture of dRAW-OC cells on SP10 and mSP10 should be performed in order to determine the

effect of a lower nHA amount in comparison to the mSP30 nanocomposite.
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The expression of digestive enzymes such as Cathepsin K by dRAW-OC cells should be
measured to distinguish these cells from foreign-body multinucleated giant cells.

The expression of integrins, such as a.f33 could be characterized to confirm the attachment of
dRAW-OC cells to the biomaterial surface and a sealed zone for the formation of resorption
pits.

Due to the limitations encountered with the HA control disc in relation to resorption pits (no
pits detected), the ability of dRAW-OC cells to resorb bone should be confirmed by culturing
these cells on Osteo Assay Surface plate (a commercially-available plate designed for
resorption assays).

The oxidative degradation of SP30 and mSP30 should also be evaluated to further confirm if
the nanocomposites are susceptible to such degradation.

The nanocomposite could be designed to undergo controlled resorption by osteoclasts [262] by
incorporating a Cathepsin K peptide or Matrix Metalloproteinases into the nanocomposite. A
volume-based method should be developed to do the depth and volume measurements of

resorption pits using calcein staining.
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Appendix 1 — Pilot study of osteoblast interaction with
nanocomposites containing 30% nHA

A pilot study of osteoblast interaction with nanocomposites was done on nanocomposite discs
containing 30% nHA (SP30-60S, 70S, 80S) that were 3D-printed using an extrusion-based Hyrel 3D-
printer. dAMC3T3-0B cells were cultured on these nanocomposite discs for 1, 3, and 7 days. The results of
this study were submitted as an abstract for the World Biomaterials Congress 2020 and accepted as a poster
presentation.

To make ink with a higher volume fraction of nano-hydroxyapatite (30%), first AESO was
dissolved in ethanol. Nano-hydroxyapatite particles were added gradually to the mixture and dispersed
using an ultrasonic homogenizer for 3 min at each step. The concentration of nano-hydroxyapatite powder
in ethanol was 50% (w/v). Afterward, PEGDA was added to the mixture and homogenized for
approximately 5 min. Finally, Igracure 819 was dissolved in acetone (10% wi/v) separately and then added
to the ink mixture at 1 vol% of total ink. The mixture was kept under the vacuum to evaporate the ethanol
and acetone. The nanocomposite ink was printed as cylindrical discs (9.4 mm diameter and 1 mm thickness)
after the complete evaporation of ethanol and acetone. Discs were printed by using an extrusion-based 3D
printer (Hyrel System 30M, USA) with simultaneous layer-by-layer UV curing (385 nm) (Figure 0-1).
Three nanocomposite inks were prepared with 30 vol% of nHA (30) with different AESO to PEGDA ratio
(AESO/PEGDA:60,70,80):

i) 42 vol% AESO (S) and 28 vol% PEGDA (P),

i) 49 vol% AESO (S) and 21 vol% PEGDA (P), and

i) 56 vol% AESO (S) and 14 vol% PEGDA (P).

These compositions hereafter are referred to as SP30- 60S, 70S, and 80S, respectively.
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Figure 0-1. Image of Hyrel 3D-printer and discs

After printing discs, a UV post-print curing step was done in a Creative CADworks curing unit
(CureZone, Canada). The nanocomposite discs were exposed to lower intensity UV light on each side for

5 minutes and then washed with ethanol 70% to remove any debris and uncured particles on the surface.

Osteoblast adhesion and proliferation on Acrylated Epoxidized Soybean Oil and Hydroxyapatite-
Based 3D-printed Nanocomposites

Zahra Haghpanah?, Dibakar Mondal®, Maud Gorbet?, Thomas L Willett!

1Composite Biomaterial Systems Laboratory, 2Material Interactions with Biological Systems
Department of Systems Design Engineering, University of Waterloo, 200 University Ave. West, Waterloo
N2L 3G1, Canada

Introduction: Ideally, a synthetic bone graft biomaterial would have similar or better mechanical
properties, biocompatibility, and osteoconductivity than allograft bone [1,2]. An ideal bone graft should be
non-cytotoxic and able to induce beneficial cell-material responses such as adhesion and proliferation of
bone cells in vitro [3]. We have recently developed 3D printable novel nanocomposites consisting of
Acrylated Epoxidized Soybean Oil (AESO), Polyethylene Glycol Diacrylate (PEGDA) and nano-
Hydroxyapatite (nHA). In this study, we evaluated the in vitro viability and metabolic activity of osteoblast
cells on these novel nanocomposites. We hypothesized that our nanocomposites support cell adhesion and
proliferation without depending significantly on the amounts of AESO and PEGDA.

Experimental methods: The nanocomposite inks were prepared by mixing AESO, PEGDA (Sigma
Aldrich Co.) and nHA (MKNano Inc. Canada) using an ultrasonic homogenizer. Three nanocomposite inks
were prepared with 30 vol% of nHA and, i) 42 vol% AESO and 28 vol% PEGDA (60S), ii) 49 vol% AESO
and 21 vol% PEGDA (70S), and iii) 56 vol% AESO and 14 vol% PEGDA (80S). Irgacure 819 photoinitiator
was used for UV curing. The inks were then printed as cylindrical discs (9.4 mm diameter and 1 mm
thickness) by using an extrusion-based 3D printer (Hyrel System 30M, USA) with simultaneous layer-by-
layer UV curing (385nm). For tensile test, inks were cast into dogbone-shaped mold and cured using UV.
These specimens were then tested in a Psylotech uTS (Psylotech Inc., USA) with strain measured and
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calculated using microscope-enabled digital image correlation. The 3D printed discs were washed with
ethanol, phosphate buffered saline, and incubated (at 37 °C, 5% CO_) in Minimum Essential Medium Alpha
medium overnight prior to cell seeding. Osteoblast cells were differentiated from mouse pre-osteoblast
MC3T3-E1 by using the osteogenesis assay kit (EMD Millipore). Hydroxyapatite (HA) discs (BioTek,
USA) were used as control. 3x10* osteoblast cells per disc were seeded. XTT (Trevigen USA) and
live/dead assay (Life Technologies Inc., CA) were performed on day 1 and day 3 post seeding. To study
cell adhesion and proliferation, cells were fixed using 4% paraformaldehyde and F-actin and nuclei were
then labelled using Alexa Flour 488 phalloidin (Life Technologies Inc., CA) and DAPI (Dojindo Molecular
Technologies Inc., Japan), respectively. The staining was imaged using a LSM 700 confocal microscope
(Zeiss, Germany).

Results and discussion: Ultimate tensile stress and modulus values increased with increasing PEGDA
content in the nanocomposites (Figure 0-2.A). Live-dead assay results after 1 and 3 days (Figure 0-2.C)
demonstrated excellent viability of osteoblasts with all three nanocomposites. XTT showed slightly better
cellular metabolic activity for 60S and 80S compared with the 70S nanocomposite at day 3 (Figure 0-2.B).
However, metabolism or proliferation was impaired relative to the HA controls at Day 3. Adhesion,
spreading and proliferation of osteoblasts are significant parameters that indicate good osteoconductivity
[4]. As illustrated in Figure 0-2.D, cells on 3D-printed nanocomposite discs showed a well-organized
network of actin filaments. These results clearly demonstrated excellent cell-material interactions on
AESO/PEGDA/nHA nanocomposites.

Conclusion: The novel nanocomposites made from AESO, PEGDA and nHA have good mechanical
properties and excellent cell-material interactions. PEGDA enhanced the tensile mechanical properties of
the nanocomposites without detectably affecting cell-material interactions. All 3D-printed nanocomposites
supported cell viability and metabolic activity of mouse osteoblasts, indicating a lack of cytotoxic response.

Acknowledgments: This work is supported by the Canadian Institutes of Health Research and the Natural
Sciences & Engineering Research Council-CREATE training program in Global Biomedical Technology
Research and Innovation.
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4 Phalloidin actin staining is used to observe cell adhesion and the organization of the cell cytoskeleton. Phalloidin is a fluorescent
probe that binds specifically to actin filaments. The fluorescent-labelled actin filaments are visualized using LSM 700 confocal
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Figure 0-2. A) Tensile strength and elastic modulus values of 3D printed SP30 nanocomposites. Data are mean +/-
SD [n=3]. B) Osteoblast metabolic activity as measured by the XTT assay. Values are mean +/- SD [n=3]. Two-way
ANOVA and Tukey's multiple comparison test were used for statistical analysis. *statistically significant, p<0.05,
estatistically significant from all samples, p<0.05. C) Live-dead assay showing live cells (green) and dead cells
(red). Few dead cells were observed. Scale bar: 300 um. D) Cytoskeletons of osteoblast cells seeded on the
nanocomposites for day-1 and day-3. F-actin and nuclei were labelled with phalloidin 488 (green) and DAPI (blue),
respectively. Scale bar: 100 pm.
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Appendix 2 — Osteoclast proliferation and morphology on
nanocomposite discs

On SPO, SP10, SP30, and HA discs, 1x10¢ cells/cm?of dRAW-OC cells were cultured with 30
ng/ml RANKL in the culture medium. The XTT experiment was done on SP0O, SP10, and SP30
nanocomposite discs with the same protocol for osteoblast study (Figure 0-1). The XTT assay was
performed after 48 hours, 7, and 14 days to study the proliferation of dRAW-OC cells on the discs. A
significant increase in proliferation (p<0.05) was observed on SP10 and HA discs at day 7 and day 14.
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Figure 0-1. dRAW-OC cells proliferation on 3D printed nanocomposite discs SPO (0% nHA), SP10 (10% nHA),
SP30 (30% nHA). Proliferation of dARAW-OC cells as measured using the XTT assay. Data are means + SD (n=4 for
nanocomposite and HA discs, *** statistically significant p <0.001).

The morphology of differentiated RAW264.7 cells on SP10 and SP30 nanocomposite discs was
observed with SEM using a Quanta FEG 250 (ThermoFisher Scientific, USA). Cells were washed with
0.2M sodium phosphate buffer (SPB) at pH 7.2. Afterwards, cells were fixed with 2.5% Glutaraldehyde in
0.2M SPB, dehydrated in a sequential series of ethanol, coated with gold, and then observed using SEM

(Figure 0-2). The morphology of osteoclasts can be seen in the SEM images of SP10 and SP30

120



nanocomposite discs; this confirms the presence of osteoclast cells on the surface of the nanocomposite

discs.

SP10 SP30

Figure 0-2. SEM images RAW264.7 and dRAW-OC cells grown on SP10 (10% nHA) and SP30 (30% nHA)
nanocomposite discs under RANKL stimulation at day 14.
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