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Abstract:

The development of bone regeneration materials to support new bone formation is an
active field of research. This report describes the development and characterization of a novel
composite scaffold made of a chitosan-alginate co-polymer hydrogel matrix and eggshell (ES)
particles. Scaffolds with ES particles or with nanotextured ES (NTES) particles following
treatment with phosphoric acid were compared to scaffolds without particles. The scaffolds
with particles exhibited a higher porosity and a larger median pore size. Their mechanical
strength remained low, but both scaffold types were more resistant to deformation following
compression than the scaffolds without particles. The osteogenic potential of the scaffolds was
then evaluated with human bone-marrow derived mesenchymal stem cells (MSCs) from four
different donors. Results showed that the inclusion of ES or NTES particles significantly
increased MSC adherence and viability, as well as alkaline phosphatase activity in the scaffolds.
A change of cell morphology and a small, although not statistically significant, increase of
osteogenic protein expression (RUNX2 and osteopontin) were also observed at later time points
(days 14 and 21). Overall, this research highlights the potential of ES for bone regeneration
applications, opening the door for a high-value repurposing of a current industrial waste

product.
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1.0 Background:

1.1 Current State of Treatments for Bone Regeneration:

Bone defects and loss of healthy bone mass as a result of disease, fracture, or aging are
a worldwide problem. After blood, bone is the second most commonly transplanted tissue
(Campana et al., 2014a). The worldwide incidence of bone defects and bone disease continues
to increase from year to year. This has been attributed to an aging population, as well as
environmental factors such as chemical pollutants in the air (Amini et al., 2012; US Department
of Health and Human Services, 2004). The autograft procedure, which is the most common
procedure for treatment of bone defects, was performed worldwide more than 2.2 million
times in 2008 (Neighbour, 2008), and is currently the gold standard for treatment of bone
defects. It involves harvesting healthy bone from a different area in the affected patient, and
grafting it to the defective area (Campana et al.,, 2014b; Oppenheim et al., 2002). While the
autograft procedure represents the most successful method for treatment of bone defects,
there is limited access to healthy bone and it is associated with a high degree of pain and
discomfort for the patient (Oppenheim et al., 2002). The lengthy surgical time required for the
autograft procedure also makes it very expensive in comparison to the allograft procedure and

other non-grafting treatment options (Cooper & Kaeding, 2010).

An alternative is the allograft procedure, which involves harvesting healthy bone tissue
from a donor or from a cadaver to graft it to the site of defect in the affected patient (Tuchman
et al., 2016). Allografts present a reduced risk of hyperacute rejection compared to xenografts,

which come from different species. However, graft rejection is still a possibility (Aro & Aho,



1993) and bone removal can also lead to donor-site morbidity for the donating patient

(Hilborne, 1998).

Due to the increasing incidence of bone defects and drawbacks associated with the
procedures described above, the development of bone substitutes using different biomaterials
has become a very active area of research (Christman, 2019). A biomaterial is an exogeneous
material that is implanted to repair, replace or mimic a tissue or organ (Winkler et al., 2018).
The following literature review evaluates the factors associated with an effective bone
regeneration biomaterial by examining bone mechanobiology and biochemistry of existing

bone regeneration biomaterials, in order to predict the features of a superior biomaterial.

1.2 Biochemistry and Mechanobiology of Bone Growth and Regeneration:

1.2.1 Basics of Bone Biology:

An important strategy for the development of a new tissue engineering construct is to
examine all features of the tissue that is to be replicated or repaired. Therefore, in the context
of bone tissue engineering, the basics of bone mechanobiology and biochemistry for normal
growth and regulation must be thoroughly understood. Bone is a composite tissue
characterized by two distinctly different regions: the cortical (hard, dense shell) exterior region
and the cancellous (spongy, porous) interior region (Buck & Dumanian, 2012a). The highly
porous cancellous region contains both large and small pore sizes in order to allow for cellular
movement and neovascularization, respectively. Vascularization of this region is necessary for

nutrient diffusion, waste removal and growth factor migration, in order to sustain cellular



viability (Rowe, 2008). Cells within this region include mesenchymal stem cells (MSCs) and
hematopoietic stem cells (HSCs), which terminally differentiate into either bone-secreting
osteoblasts or bone-resorbing osteoclasts, respectively (Buck & Dumanian, 2012b). Osteoblasts
produce bone extracellular matrix (ECM) by first secreting collagen fibres which help to create
the cancellous bone porous matrix (Buck & Dumanian, 2012b; Rowe, 2008). Within this matrix,
osteoblasts deposit calcium phosphate, encasing themselves within the mineralized matrix
while secreting additional ECM proteins. This process, known as osteogenesis, produces
apatite, the main mineral component of bone (Buck & Dumanian, 2012b; Rowe, 2008). It is
important to mention that while bone mineral is commonly referred to as hydroxyapatite (HA),
pure HA consists of only calcium, phosphate, and a hydroxyl counterion. Due to the ionic
complexity of the surrounding environment, bone mineral is more correctly defined as poorly
crystalline carbonated apatite, typically containing many cationic and anionic substitutions
(e.g., Na%*, Mg?*, F, CI) (Cacciotti, 2016). The MSCs are almost always the cells of choice for in
vitro investigation of biomaterial osteoconductivity, osteoinductivity, or osteogenicity, since
they are the precursors to the mineral-secreting osteoblasts, as well as many other cell types

(Buck & Dumanian, 2012a).

The mechanical properties of bone are also important to understand when designing a
new bone regeneration biomaterial. Since bone is load-bearing in many instances, it is usually
necessary to create a material that will have the appropriate mechanical properties. This
feature can provide durability of the material and ensure that cells remain viable by preventing
mechanical failure (Tozzi et al., 2016). There are a variety of mechanical factors that are

important for osteogenesis which will be discussed later in this literature review.



The properties of cancellous bone vary depending on a variety of factors, such as the
type of bone, as well as the age and the activity level of the person (Currey et al., 2007). The
cancellous region of bone has an average porosity between 70% - 80%, with a median pore size
between 100 pum — 500 um (Cowin & Telega, 2003). There are also many pores smaller than 70
um in diameter, which are important for vascularization (Karageorgiou & Kaplan, 2005).
Cancellous bone is often reported to have a compressive modulus (CM) in the high MPa to low
GPa range (Cowin & Telega, 2003). Overall, a bone regeneration biomaterial must not only be
physically and mechanically similar to bone, but must also support MSC differentiation into

osteoblasts.

1.2.2 Factors Involved in Osteogenic Differentiation:

MSCs have a large number of potential downstream lineages (Figure 1). Therefore, the
ability of a biomaterial to either directly induce or promote MSC differentiation into a specific
lineage based on the intended application is critical to its effectiveness. The process mediating
osteogenic differentiation is governed by a variety of chemical signaling pathways, growth

factors, chemotactic interactions, and physical cues (Figure 2).
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Figure 1. The mesengenic process. Mesenchymal stem cells are multipotent and possess the
ability to proliferate and commit to different cell types based on the environmental conditions.
They also may be redirected from one lineage to another. The figure and legend are from

Dimarino et al., 2013.
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Figure 2. Multiple factors control mesenchymal stem cell (MSC) differentiation. The lineage
commitment of MSCs can be regulated by three major cues, including chemical, physical, and
biological factors. Chemical factors have been proven to be important in directing adipogenesis
and osteogenesis of MSCs in vitro through regulating key transcription factors during MSC
differentiation. In vivo, the differentiation of MSCs can also be altered by physical factors in the
stem cell niche. Investigations into the regulation of MSC differentiation commitment by cell
shape, external mechanical forces, extracellular matrix or geometric structures have provided
very useful information for stem cell-based bone tissue regeneration/ engineering. Meanwhile,
tilted differentiation balance of MSCs is also observed during aging or other pathological
processes, arguing for the roles of biological factors in lineage commitment of MSCs. Taken
together, these three types of factors likely work closely and cooperate with each other to
regulate MSC differentiation. IBMX, isobutylmethylxanthine; BGP, B-glycerophosphate. The

figure and legend are from Chen et al., 2016.



Intracellular Signaling Pathways:

There are multiple signaling pathways that not only promote MSC differentiation
towards osteoblastic lineage, but also prevent their differentiation into the many other
available MSC lineages (Figure 3). The canonical Wnt signaling pathway is one of the primary
drivers for osteoblastic differentiation of MSCs, as it is responsible for activation of the
osteoblast differentiation “master switch”, Runt-related transcription factor 2 (RUNX2) (Komori,
2010). Wnt is also responsible for supressing transcription factors responsible for MSC
differentiation into non-osteoblastic lineages. Moreover, RUNX2 is responsible for the
activation of another transcription factor, Osterix (OSX), while also supressing pathways that
lead to differentiation to other lineages (Nakashima et al., 2002). These two transcription
factors are responsible for the activation and up-regulation of many osteogenic specific protein
transcripts (Chen et al., 2016). Almost all of these proteins are transcription factors or are

involved in creating the ECM. Some of these critical proteins include:

e Bone morphogenic proteins (BMP-2, BMP-4): transcription factors responsible for up-
regulation of osteogenic proteins (Luu et al., 2007)

e Bone-specific alkaline phosphatase (ALP): an enzyme responsible for the creation of
phosphate via inorganic pyrophosphate to inorganic phosphate (PPi = Pi) reaction. This
Pi also acts as a promoter of osteopontin through a glucocorticoid response element in

the OPN gene (Fatherazi et al., 2009; Golub & Boesze-Battaglia, 2007)



e Osteopontin (OPN): a membrane-targeted protein (also present in pre-osteoblastic
MSCs) which acts as a structural protein for the organic matrix. OPN is also involved in
osteoclast activity and the bone response to external stress (Noda & Denhardt, 2008;

Singh et al., 2018).

Patient age, metabolic rate, and disease state are very important factors that influence
osteogenic potential. Indeed, this potential is reduced with increasing age and slowing
metabolism, due to dysregulation of the Wnt signaling pathway caused by age-associated
radical oxygen species (ROS) damage to critical, as well as due to the diminishing pool of

endogenous MSCs (Infante & Rodriguez, 2018).
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Figure 3. Signaling pathways and key transcription factors in regulating the adipo-osteogenic
differentiation of mesenchymal stem cells (MSCs). The fine balance of adipogenic and
osteogenic differentiation of MSCs is achieved by the actions of critical signaling pathways and
key transcription factors. MSCs exist in specific microenvironments or niches, which is
composed of various extracellular matrix components, growth factors, cytokines, and
chemokines. Upon interaction with MSCs, these components activate or inhibit the lineage
commitment of MSCs. In addition, the initiated cellular signaling pathways can also interfere
with each other to form a fine regulatory network. Ultimately, this signaling network maintains
a delicate differentiation balance through regulating key transcription factors such as PPARy
and C/EBPs or Runx2 and Osterix for adipogenesis or osteogenesis, respectively. OPN,
osteopontin; FZD, Frizzled receptor; Hh, Hedgehog; Ptc, Patched; Smo, Smoothened. The figure

and legend are from Chen et al., 2016.



Adding to the complexity of the osteoblast differentiation pathways are extracellular
factors that strongly induce osteoblast differentiation via interaction with some of the

endogenous pathways previously discussed.

Chemical signals:

The most widely studied components inducing osteogenic differentiation are
dexamethasone (Dex), ascorbic acid (AA), and B-glycerophosphate (BGP). Dex is a corticosteroid
that induces transcription of four and a half Lin11, Isl-1, and Mec-3 domains protein 2 (FHL-2),
which potentiates B-catenin transport to the nucleus, leading to transcription of RUNX2 and
ultimately osteogenic differentiation (Langenbach & Handschel, 2013). AA has two functions in
osteogenic differentiation: it facilitates the proper protein folding of collagen fibres required for
collagen matrix crosslinking (Langenbach & Handschel, 2013), and it acts as a transcription
factor for ALP (Leboy et al., 1989). Finally, AA, in conjunction with BGP, which acts as an organic
phosphate source for ALP, leads to an increase in downstream transcription of OPN
(Langenbach & Handschel, 2013). Dex, AA and BGP are often used as in vitro cell culture
additives when evaluating the osteogenicity of a biomaterial. Finally, in addition to being a
primary mineral component of bone, calcium phosphate has also been shown to act as a
differentiating factor due to the available phosphate source being able to act as an inductor of
differentiation (Li et al., 2017). Other factors that induce osteogenic differentiation include
osteoblast-specific proteins (e.g., OPN, BMPs). Many of the osteogenic proteins are also
transcription factors for other osteogenic proteins through protein-receptor interactions.
Therefore, the addition of these proteins directly to cell cultures or biomaterials can often act

as differentiating factors (Elashoff et al., 2015).
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Mechanical signals:

One of the most important and complex stimuli leading to differentiation of MSCs is
mechanical stimulation (Figure 4). As described earlier, Wnt-activated RUNX2 leads to MSC
osteogenic differentiation. However, a preliminary signal must also exist to induce in vivo
osteogenic differentiation since the MSCs have such a wide variety of potential terminally
differentiated lineages. One of these precursory signals is mechanical stimulation. Much
research effort has gone into understanding MSC mechanobiology, and the nature of
mechanical factors that induce osteogenesis. One factor is the surface to which MSC adhere.
MSCs are more favorably adherent to rough rather than smooth surfaces (Boyan et al., 1996).
In fact, some rough surfaces are sufficient to induce MSC differentiation into osteoblasts (Boyan
et al., 2016). The uneven distribution of the cytoskeleton generates tension on the actin-myosin
complex, which acts as a differentiating signal. Dynamic compressive stimulation of MSCs
(cyclical loading and unloading of the cells) will strongly induce chondrocyte or osteoblast
differentiation, again through actin-myosin mediated tension (Michalopoulos et al., 2012; Tran
et al., 2011). The common factor is the application of a compressive or stretching force to the

MSC cytoskeleton (Miller et al., 2013).
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Figure 4. Physical factors regulating lineage commitment of mesenchymal stem cells (MSCs).
MSCs physically interact with various components in the tissue microenvironment in vivo. The
physical factors including cell shape, external mechanical forces, extracellular matrix, and
geometric structures are involved in stem cell fate decision. By regulating RhoA-ROCK signaling
pathway, spread cells tend to differentiate into osteoblasts while round cells tend to become
adipocytes (a). Different physical forces can also direct MSCs to differentiate into different
lineages via controlling myosin Il activity (b). Meanwhile, components of extracellular matrix,
such as osteopontin and fibronectin, can regulate the adipo-osteogenic balance of MSCs
through binding to integrin receptors (c). In addition, geometric cues such as nanoscale changes
can also effectively dictate the differentiation of MSCs (d). The figure and legend are from Chen

et al., 2016.
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Nanotexture:

Nanotexture is defined as a topographical feature at the nanometer scale, and has
various effects, such as influencing cellular adhesion, proliferation, and orientation in many cell
types (Gogolides et al., 2006; Islam et al., 2015). For example, a rough, disorderly patterned
nanotexture can strongly induce osteoblastic differentiation in MSCs (Khang et al., 2012). This
has been attributed to stretching of the MSC cytoskeleton (Lim & Donahue, 2007). Since a
rough and disordered nanotexture induces small increments of stretching across the entire
MSC cytoplasm, the degree of stretching necessary to induce differentiation is greatly reduced.
For example, an uneven nanopit array that allows MSC cytoskeleton to spread on large surface

area showed the greatest stimulation of OPN protein synthesis (Dalby et al., 2007).

In summary, the differentiation of MSCs into osteoblasts can be mediated through a variety

of chemical, mechanical, and physical factors.

1.3 Bone Regeneration Materials:

A variety of bone regeneration materials have been designed and tested. One common
property is that they provide a three-dimensional (3D) cellular environment. Cellular behavior
in two dimensions (2D) is extremely different than in 3D, due to dimensional changes affecting
cell-to-cell communication, nutrient diffusion, and cellular mechanics (Duval et al., 2017). In
addition, synthetic implantable biomaterials designed to replace endogenous bone should
mimic some or all mechanical properties of endogenous human bone (Polo-Corrales et al.,

2014).
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1.3.1 Bone Fillers:

Bone regeneration has been studied for almost a century. Some of the earliest bone
graft substitutes are known as bone fillers (Goldberg, 1992). These were hard-drying cements
composed of HA, calcium phosphate, or other calcium-based components (Kirkpatrick et al.,
2010), easily shaped to the contours of the defective site to fill a void. While there are only a
few successful examples of these fillers, they are still a viable option for sealing bone fractures
with minimal loss of bone tissue (Nusselt et al., 2014). Much of the reasoning behind the use of
these cements was their mechanical and compositional similarity to bone. However, the major
downside of most of the early bone filler cements was that they were either entirely non-
porous or did not have an adequate porosity or range of pore sizes (Kenny & Buggy, 2003). The
lack of porosity creates a very brittle and easily fractured material due to the high Young’s
modulus and prevents infiltration by endogenous MSCs. These materials would therefore not
support the bone remodelling process by both mineral-secreting osteoblasts and mineral-
resorbing osteoclasts. In addition, because of the crystallinity of the mineral in most cement
fillers, osteoclasts have a reduced ability to resorb the mineral, preventing the repair of
microfractures by bone homeostasis (Touaitahuata et al., 2014). Finally, the high mechanical
strength of bone fillers relative to the strength of endogenous bone can also lead to stress
shielding. Stress shielding is the reduction in bone density via osteoclast activity, caused by a
reduction in mechanical stress on endogenous bone by an implant (Weinans & Huiskes, 2015).
Therefore, porosity in bone regeneration biomaterials is critical for both cellular viability and

preservation of surrounding endogenous bone (Karageorgiou & Kaplan, 2005).

14



1.3.2 Porous Biomaterials:

Porous biomaterials represent the majority of the biomaterials that have been
developed. There are three generic classes of porous biomaterials: ceramics, metals and alloys,
and polymers. These biomaterials can also be combined to form composites. Porous
biomaterials have become widely used because they allow for nutrient diffusion and cellular
invasion. As well, the scaffold-like porous matrices present a biomimetic 3D environment that

allows for cellular growth and interactions.

Ceramics:

Modern porous ceramics have overcome the shortcomings of their predecessors due to
their inherent porosity. Many of these modern ceramics are injected or molded to the site of
defect, and release a gas (often CO;) during the hardening process which acts as a porogen (Xu
et al., 2006). They can also include growth factors or chemicals within the mineral that allows
for better interaction between endogenous proteins and the ceramic material (Combes & Rey,
2010). Porous ceramics, often composed of calcium carbonate or calcium phosphate, have
been used with some success in the medical field (i.e. Geistlich Bio-Oss’, Biocoral®) (Baghban et
al.,, 2009; Mangano et al., 2011; Piattelli et al., 1997). However, the main issue with these
materials, again, is that they are often very stiff and brittle, which can lead to fracture following
implantation (Kenny & Buggy, 2003). Finally, Bioglass 45S5, which bonds chemically to bone and
helps facilitate the growth of new bone tissue, has also been used in a clinical setting in particle
form or as a sintered scaffold (Fiume et al.,, 2018). Though very successful in regenerating

smaller bones, such as those in the inner ear, it has been less successful for large defects in
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weight-bearing bones due to its brittle mechanical properties (Jones et al., 2016; Baino et al.,

2018).

Metals and Alloys:

Porous metal biomaterials are often made of either Fe, Cr, Co, Ni, Ti, Ta, Mo, or W
alloys (lvanova et al., 2014). Most of these metals are non-cytotoxic at low concentrations
(Nakada et al., 2008). These types of biomaterials are favored mostly due to their very strong
mechanical properties, which increase implant durability (Ilvanova et al., 2014). Many titanium
porous scaffolds have been used as bone regeneration materials, due to their very strong
mechanical properties and controllable pore size and porosity (Prasad et al.,, 2017). Such
scaffolds are created through sintering or thermal-molding of titanium alloys and other alloy
metals (Torres-Sanchez et al.,, 2017). Metal alloy implants do not degrade due to their
compositions. However, these materials can potentially lead to an inflammatory response, as
research has shown that metal ions (i.e., Co?*, Cr3*) released from metal implants can be
potentially cytotoxic (Salloum et al., 2018). Also, these materials do not swell. Swelling can
facilitate the material to pull fluid into the core of an implanted material, allowing for fluid
equilibrium. Therefore, the absence of swelling can cause the core (3D center) of the material
to have low concentrations of nutrients and growth factors, leading to cell death (Zhao et al.,

2015).

Polymers:

Polymers for tissue engineering applications are either natural or synthetic. While there

are numerous sub-types of polymer scaffolds, the most widely used in bone tissue engineering
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are hydrogel-based scaffolds. Hydrogel scaffolds are formed using hydrophilic polymers that are
crosslinked covalently or non-covalently. The hydrophilicity of these types of scaffolds causes
the biomaterial to swell in aqueous environments, allowing the material to reach ionic/osmotic
equilibrium and better prevent/minimize the development of a necrotic core observed in
metallic biomaterials (Holback et al., 2011). However, necrotic core can still be an issue in
hydrogels. Some commonly used polymers include chitosan, alginate, collagen,

polyvinylpyrrolidone, polycaprolactone, and poly-lactic-co-glycolic acid (PLGA).

Hydrogels are extremely versatile materials because they permit a high degree of
“tailoring”; almost all of the properties of the hydrogels can be designed specifically to fit the
need of the material (Chai et al., 2017). The first level of selection is the type of polymer.
Polymers are chosen to exhibit mechanical properties similar to bone, while also degrading
after an appropriate amount of time for replacement by endogenous tissue. Injectable
polymers are preferred to minimize invasiveness of the implantation procedure. Chemically
modified polymers, or mixtures of multiple types of polymers can create scaffolds with different
physicochemical properties (Engelberg & Kohn, 1991). Moreover, the method of producing the
hydrogel (thermal molding, compression molding, chemical crosslinking, porogen leeching,
freeze-drying, 3D printing, etc.) will modify their physicochemical properties (Davidenko et al.,
2015). Hydrogels can encapsulate drugs, growth factors, cells, or other chemicals, while still
acting as a porous matrix (Peppas, 1997; Silva et al., 2009; Yuan et al., 2017). Proteins and
peptide sequences can be coupled to polymers to act as signaling molecules (Park et al., 2004).
Finally, hydrogel scaffolds are often easily degraded by endogenous proteases, and can be

designed to degrade and disappear once endogenous ECM is deposited (Pangburn et al., 1982).
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Nevertheless, the greatest shortcoming of hydrogel biomaterials as bone regeneration
materials is that they are often mechanically very weak, especially compared to ceramics or
metals (Anseth et al., 1996). Hydrogel scaffolds in bone tissue engineering are commonly
utilized as a component of composite materials. Bone fillers and metal alloy materials often
have great mechanical properties but lack important cellular viability properties, such as pore
size and porosity. Composite materials made of a hydrogel and ceramic, or hydrogel and metal,
possess a combination of favorable mechanical properties, with tailorable pore size and
porosity (Siddiqui et al., 2018). Because of this, composite materials with hydrogels have been

considered as some of the best bone regeneration materials.

1.4 Hydrogel Design:

As described in the preceding section, hydrogel scaffolds have a high degree of
customization, aside from those inherent to the polymer being used. This section will evaluate
some of the methods used to generate hydrogels with respect to modulation of the

physicochemical properties of the resulting material.

1.4.1 Pore Size and Porosity:

A variety of different methods can produce different pore sizes, porosities, and pore
structures in the biomaterial. Four of the most commonly used methods for pore generation

are gas foaming, porogen leeching, freeze-gelation, and freeze-drying.
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Gas Foaming:

Gas foaming is one of the simplest methods of pore production within a scaffold. In this
method, the pores are generated by in-gassing the polymer solution (Dehghani & Annabi,
2011), thereby creating bubbles within the gel solution. After crosslinking of the polymer,
pores remain at the site of the gas bubbles. Porosity and pore size can be controlled by varying
the type of gas, the length of in-gassing time, and the pressure at which the gas is introduced
into the gel solution (Sun et al., 2016). Gas foaming can also be performed chemically by acid-
base reaction with the gel solution to produce a gas prior to or during crosslinking. An example
of this would be the addition of sodium bicarbonate to an acidic chitosan solution (CS), which
induces both crosslinking due to neutralization, and gas formation due to CO; release from the
bicarbonate (Shen et al., 2007). Another approach is through the use of surfactants to induce

air bubbles by modifying the surface tension between air and the solution (Eiselt et al., 2000).

Porogen Leeching:

Porogen leeching is a pore-forming method where the polymer gel is loaded with a
porogen, followed by freezing or crosslinking, and then leeching to remove the porogen (Liao et
al., 2002; Figure 5). A porogen is any particle of a specific geometric shape and size that is
packed into the material. The porogen is soluble in a solvent in which the polymer is not, so
that only the porogen is dissolved while the polymer remains intact. A notable example of this
is the use of generated paraffin spheres as porogen (Ma et al., 2003). Briefly, melted paraffin
wax in a gelatin solution can be poured over swirling ice water to generate very small paraffin

wax spheres. These spheres can be sieved to a specific size, and varying amounts can be loaded
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into the material. Paraffin wax is soluble in most organic solvents (i.e., chloroform, hexanes),

which may not react with certain polymers, and can leech the spheres out of the scaffold to

leave spherical pores in their place. Other common porogen-solvent combinations include

sodium chloride-water, or glucose-water (Smith et al., 2017; Tran et al., 2011).
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Schematic diagram of solvent casting and particulate leaching technique. Adapted

from Sampath et al. (2016). This schematic diagram depicts the different stages of the solvent

casting and particulate leaching technique. The polymer material is dissolved in a solvent

system that dissolves only the polymer, and then is cast into a mold containing a porogen. The

solvent is evaporated to obtain a dry, porogen-loaded material, which is dissolved in a solvent

system that dissolves only the porogen. The structure is finally dried again to obtain a porous

scaffold.
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Freeze-Gelation and Freeze-Drying:

Both freeze-gelation (Figure 6) and freeze-drying (Figure 7) are based on ice-crystal
nucleation and growth to generate pores; however, these two methods differ in how the final
scaffold pore structure is produced when the ice crystals are eliminated. When water freezes,
ice crystals nucleate and grow away from the direction to which the cold temperature is
applied. If this occurs in a freezer, the freezing will start at the surfaces of the material and
proceed towards the centre. However, hydrogel scaffolds are often frozen in a unidirectional
manner, i.e., the freezing origin is applied to one surface of the material, while the other
surfaces are insulated. This forces the ice crystals to grow in only one direction, which creates a
well-organized pore system. The more multi-directionally the freezing temperature is applied,
the less homogeneous is the resulting crystal nucleation (Pawelec et al., 2015). Moreover, the
temperature at which the solution is frozen will greatly affect the resulting pore sizes generated
within the scaffold. Lower temperatures will result in smaller pore sizes, since this temperature
directly affects the rate of ice crystal nucleation and growth (O’Brien et al., 2004; Pawelec et al.,

2014).
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Figure 6. Schematic illustration of freeze-gelation. The polymer solution is frozen and
submerged in ice-cold ethanol, where freezing point depression facilitates the diffusion of the
frozen water molecules from the polymer. The resulting scaffold is air dried to obtain a porous,
dry scaffold. The figure is reproduced, with modification, from Tkalec et al. with permission of
The Royal Society of Chemistry (RSC). The original RSC article is available online:

http://dx.doi.org/10.1039/10.1039/C5RA14140K (Tkalec, Knez, & Novak, 2015).
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Figure 7. Scaffold formation by freeze-drying. A polymer in solution is frozen by applying cold
to only one side of the solution, inducing directional ice crystal nucleation growth. Sublimation
of the resultant ice crystals by freeze-drying removes the ice crystals without thawing, leaving

pores within the dry polymer. The figure was adapted from Wikimedia Commons.

Freeze-gelation is the process of eliminating ice crystals, through the addition of a
water-miscible solvent that remains in liquid state at the freezing temperature of the ice
crystals. It is believed that this solvent modifies the freezing temperature of the water, and
dissolves the ice crystals while maintaining the frozen state of the scaffold (Hsieh et al., 2007).

The most commonly used solvent for freeze gelation is an ethanol solution, which can produce
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porous scaffolds that are comparable to those from other methods such as freeze-drying (Ho et

al., 2004).

Freeze-drying (lyophilisation) is a different process to eliminate ice crystals from the
hydrogel by sublimation (Pikal & Shah, 1990). The interior of the lyophilizer is maintained at a
temperature lower than that of the material, such that when vacuum is applied, sublimation of
water molecules from ice crystals within the hydrogel occurs. For example, ice crystal
nucleation followed by lyophilization has been used to produce a dry, porous chitosan-sodium

hyaluronate scaffold (Ma et al., 2014).

1.4.2 Mechanical Strength:

The mechanical strength of a hydrogel is a characteristic of the polymer which it
is made of. However, choice of production method will modify the mechanical strength of the
resulting hydrogel, and will often lead to changes in other hydrogel characteristics, such as pore
size and porosity. Moreover, the inherent porosity and pore size of a polymer will also affect
the hydrogel mechanical strength (Bi & Liang, 2016). A simple example of this principle would
be the addition of a chemical crosslinker. Once the solvent is removed, the hydrogel structure is
based on a combination of hydrogen and covalent bonds between the polymer constituents.
However, this bonding is often incomplete since there are reactive groups which remain
available for crosslinking (Van Tomme et al., 2008; Wong et al., 2015). Reaction with a chemical
crosslinker (such as formaldehyde, glutaraldehyde or genipin) will mechanically strengthen the
material by crosslinking these groups further. lonic solutions can also create non-covalent

crosslinkages that increase polymer mechanical strength. A good example of this would be the
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addition of calcium chloride to an alginate solution (AS), which crosslinks via coordinate
bonding between the alginate carboxylate groups and divalent Ca%* ions (Nokhodchi & Tailor,

2004).

The mechanical strength of a hydrogel can also be modified by the addition of another
material or polymer, to produce a composite material (as discussed earlier). An inherently weak
hydrogel scaffold can be reinforced with a second polymer (forming a co-polymer system) or a
ceramic/metallic component to increase the overall mechanical strength (Gong et al., 2003).
Examples include calcium phosphate-alginate hydrogel scaffolds, and chitosan-alginate co-
polymer scaffolds (Li & Zhang, 2005; Zhao et al., 2015). Both of these have significantly higher

mechanical strength than their constituent hydrogel components alone.

1.4.3 Degradation:

Hydrogel degradation is an extremely important feature, and is critical for the purpose
of a biomaterial. Once endogenous tissue has been deposited, there is no further need for the
scaffold (Lyu et al., 2007). Aside from the material breakdown inherent to the type of polymer,
there are two major factors that modify the kinetics of material degradation: chemical
crosslinking and material plasticization. Degradation of a material in cell culture often occurs
through hydrolysis of chemical bonds within the hydrogel; on the other hand, in situ
degradation of an implanted scaffold involves more complex mechanisms. The most common
form of in situ degradation with carbohydrate polymers can be lysosomal (Xu & Ren, 2015) or

lysozyme-induced degradation (Hakkarainen & Albertsson, 2008; Pangburn et al., 1982).
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Chemical crosslinking and plasticization reduce the rate of material degradation by
blocking reactive groups on the polymer backbone, such as amine and carboxyl groups
(Bartnikowski et al., 2015), and reduces rates of hydrolysis or lysozyme degradation (Makadia &
Siegel, 2011; Yoshimura et al., 1988). Plasticization has a similar outcome, but without
modifying other material properties. Plasticization adds non-reactive hydrocarbons or different
reactive groups to either reduce or increase degradation, respectively (Sanyang et al., 2016;
Vieira et al., 2011). There are many plasticizers available, but one of the most widely utilized is

glycerol, which reduces degradation by blocking exposed functional groups (Epure et al., 2011).

1.5 Eggshell as a Bone Regeneration Material:

The common point of many of the biomaterials discussed previously is that they aim to
mimic the physical and mechanical properties of the type of tissue being regenerated, a
strategy often referred to as biomimetic. Attempts to use chicken eggshell (ES) as a bone
regeneration material can be described as both bioinspired and biomimetic. Researchers may
have initially been drawn by superficial parallels between the hard, calcium-based minerals that

form both ES (calcite) and human bone (HA).

1.5.1 Use of Eggshells as a Bone Regeneration Material:

Earlier research examining ES as a possible biomaterial utilized fragments of ES or ES
particles in a variety of ways. For example, multiple studies examined the implantation of ES
particle powders in skull bones or teeth in animal models (Baliga et al., 1998; Dupoirieux et al.,

1995; Dupoirieux et al., 2000). ES particles (400-600 um) have been evaluated as grafts in
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induced bone defects in both rat mandible and rabbit calvaria (Dupoirieux et al., 1995).
However, after two months of implantation within a defect, only fibrous tissue was observed
surrounding the ES particles in both animal models. No immune response was observed in
either case, and therefore ES was proposed for use as a suitable secondary component of bone
regeneration material (Dupoirieux et al., 1995). Chicken ES particles sandwiched between
sheets of polytetrafluoroethylene membrane were subsequently evaluated to serve as a guide
for cells external to the defect (Laurent Dupoirieux et al., 2000). Again, only fibrous tissue was
observed in the defect zone. The lack of porosity was underlined as a reason for the absence of

significant bone regeneration in the induced defects.

Chicken ES can serve as a precursor for synthetic calcium phosphate or HA, the latter
being the main mineral component of bone, since calcite can be chemically converted into HA.
A number of studies have examined methods for producing ES-derived HA (EHA) (Demirel &
Aksakal, 2016; Padmanabhan et al., 2015; Ramesh et al., 2016), and the bone regeneration
effects of EHA have been compared to synthetically-derived HA (SHA) (Kattimani et al., 2016).
Human patients between the ages of 20 to 45 years requiring maxillofacial cystectomy or
apicoectomy participated in a study where their graft was packed with either EHA or SHA
material. Again, the researchers noted the biocompatibility of the EHA, with no adverse
immune response being observed. Some bone regeneration occurred with either EHA or SHA,
shown by radiological evaluation of bone density, but with very little difference between the
two groups (Kattimani et al., 2016). In agreement with previous work, the possibility of coupling
ES with a porous matrix or growth factors to improve the outcome was proposed (Dupoirieux et

al., 2000; Kattimani et al., 2016).
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ES has also been used to reinforce polymer hydrogel scaffolds to form composite
mineral-hydrogel biomaterials (Dadhich et al., 2016). An ES slurry was created using acetic and
phosphoric acids, and combined with chitosan to create a printable solution. This suspension
was used to create a 3D scaffolds in an ethanol coagulation bath, followed by further sintering
of the resulting scaffold. These scaffolds were first evaluated with human MSCs from Wharton's
jelly, and osteogenic differentiation was observed through an increase in ALP activity over 7
days. This scaffold was also evaluated in a rabbit model through subcutaneous implantation.
Histological evaluation showed some markers of bone formation at 15 and 30 days, such as
increases in collagen and OPN. These markers at both time points were consistently higher in
the ES-coated chitosan scaffold than in both the calcium phosphate-coated chitosan scaffold
and the tricalcium phosphate scaffold, which was indicative of a greater degree of osteogenic

differentiation (Dadhich et al., 2016).

Finally, ES has been utilized as a template, rather than as a direct bone regeneration
material. The surface of ES was treated with hydrochloric and sulfuric acids to produce a
surface nanotexture, which was then imprinted using polydimethylsiloxane (PDMS) to create a
nanotextured PDMS membrane (Asghar et al., 2012). Human fibroblasts were cultured on the
surface of these PDMS templates, and an increase in fibroblast adherence and proliferation on

the membrane surface was found to be associated with the nanotexturing.

1.5.2 Biology:

Much of the research described in the previous section (Section 1.5.1) either used the

ES directly or utilized the ground ES for a reinforcing cement. The following sections (Sections
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1.5.2 and 1.5.3) will discuss the biology of the ES and why ES particles are a promising hydrogel

scaffold component.

The primary purpose of the avian ES is to protect the embryo growing within the egg
until it is fully matured and ready to hatch. The ES is inherently non-porous, likely due to its
function of providing mechanical protection, and being a barrier to bacterial contamination of
the content. While there is a small number of respiratory pores on the surface, the small
number and size of these pores (<20 um) are inadequate for cellular invasion (Riley et al.,

2014).

The avian ES is formed predominantly of calcium carbonate in the form of calcite
(Murakami et al., 2007; Hincke et al., 2012). ES mineralization occurs upon a collagen-based
fibrous meshwork (ES membranes). Following nucleation, the growth of elongated calcite
crystals towards the ultimate ES surface occurs in an acellular uterine fluid with elevated
calcium and bicarbonate ions (Nys et al., 2004). A large number of ES matrix proteins have been
identified, with some orthologs to non-collagenous constituents of bone, such as OPN and
matrix extracellular phosphoglycoprotein (MEPE) (Hincke et al., 1999; Hincke et al., 2008;

Hincke et al., 2012).

1.5.3 Future Considerations for Eggshell as a Bone Regeneration Material:

This introductory chapter has discussed the importance of porosity in bone regeneration
biomaterials, while also addressing the shortcomings of previous studies with ES as a bone
regeneration biomaterial. The poor performance of ES as a packing material for bone

regeneration has been attributed to its inherent non-porosity. While some researchers have
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used ES as a calcium source for coating of scaffolds, no research with ES particles embedded
into hydrogel scaffolds has been reported. The benefit of this approach is that ES matrix
proteins, such as collagens and OPN, are available as osteogenic factors to induce
differentiation. We predict that ES particles embedded in a hydrogel scaffold will allow cellular
interaction with these exposed proteins, and stimulate an osteogenic response. In addition, it
has been established that a nanotexture can be generated on the surface of ES particles. Thus,
ES particles can be acid-treated to introduce a surface nanotexture with exposed proteins. Both

of these factors could promote osteogenesis.

Overall, a composite scaffold made of ES particles embedded in a hydrogel matrix may

provide an environment for MSC differentiation in a novel bone regeneration biomaterial.
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2.0 Hypotheses and Objectives:

2.1 Hypotheses:

The hypotheses of this Master’s thesis were:

1. The addition of ES particles into a porous composite hydrogel matrix produces a
scaffold that induces more osteogenic differentiation of MSCs than the composite hydrogel

scaffold without particles;

2. ES particles with a nanotextured surface have a stronger osteogenic effect than ES

particles without a nanotextured surface.

2.2 Objectives:

The objectives of this Master’s thesis were two-fold:

1. Develop porous composite hydrogel scaffolds containing ES particles (with or
without a nanotextured surface) to mimic the physicochemical properties of bone;

2. Analyze the osteogenic potential of these scaffolds in vitro.
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3.0 Materials and Methods:

3.1 Preparation and Characterization of Particles:

3.1.1 Removal of Eggshell Cuticle and Membranes:

Whole white eggs from Lohmann White Leghorn hens (Burnbrae Farms, Lyn, ON) were
opened at the narrow end using a Dremel tool. The content was discarded and the interior was
washed thoroughly with Milli-Q water and Dulbecco’s phosphate-buffered saline without
magnesium and calcium (PBS; ThermoFisher Scientific, Waltham, MA). The washed shell was
cut in half and placed in 0.268M sodium hypochlorite (40°C, 15 min, under stirring) in order to
remove the surface cuticle and protein membrane of the ES halves. The shell halves were then
washed thoroughly with Milli-Q water and PBS. After drying overnight, the halves were
manually crushed for 60 s using a mortar and pestle. This powder was sieved (Keck Sieve Shaker
Kit; Cole-Parmer, Montreal, QC) to obtain particles sized between 229 umand 381 pum. This size
range was based on the pore size of the meshes inherent to the shaker kit. These ES particles

were stored at 4°C until used.

3.1.2 Preparation of Nanotextured Eggshell Particles:

ES particles underwent a nanotexturing treatment in order to produce the nanotextured
ES (NTES) particles. Particles (5 mg) were suspended in 1 ml of 0.250 M phosphoric acid (PA) for
10min at room temperature. The resulting NTES particles were collected through vacuum
filtration on Whatman qualitative filter discs (11 um pore size; Millipore-Sigma, Burlington, MA)
and washed thoroughly with PBS and Milli-Q water before air-drying overnight and storage at
4°C.
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Figure 8. Schematic depicting eggshell (ES) and nanotextured eggshell (NTES) particle

preparation.

3.1.3 Surface Topography and Elemental Analysis of Particles:

The surface topography of both ES and NTES particles was evaluated using images
obtained by scanning electron microscopy (SEM; TeScan Vega-ll XMU SEM, Brno, Czech
Republic) at a voltage of 20.0 kV after gold sputter-coating (5 min, under vacuum). SEM
micrographs were analyzed visually to discern morphological differences between the two
types of particles. Energy dispersive X-ray spectroscopy (EDS) was performed on samples after
acquiring the SEM micrographs using the INCA EDS detection system (Oxford Instruments,
Abingdon, United Kingdom) to determine the composition of particle surface elements.
Elemental weight percentages were calculated from the weight of the detected element

relative to the weight of all elements in the sample.
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3.1.4 Fourier-Transform Infrared Spectroscopy of Particles:

Fourier-transform infrared (FTIR) attenuated total reflection (ATR) spectroscopy was
performed on ES and NTES particles using an FTIR spectrometer at wave numbers from 0 to
4000 cm™ (Model 6200, JASCO Analytical Instruments, Japan). FTIR was used as a complement

to EDS analysis, in order to identify chemical bonds.

3.2 Preparation of Scaffolds:

Sodium alginate (AS; alginic acid from brown seaweed, My = 120 kDa — 190 kDa;
Millipore-Sigma) was dissolved in Milli-Q water to prepare a final solution of 2% w/v and
chitosan (CS; >75% deacetylated; My = 310 kDa — 375 kDa; Millipore-Sigma) was dissolved in
acetic acid (3% v/v) to prepare a 2% w/Vv solution. AS (750 ul) was aliquoted into a Peel-A-Way’
histology mold (22 mm squared, 20mm deep; Ted Pella Incorporated, Redding, CA). Particles
(ES or NTES; 20% w/v) were added to the AS solution and mixed manually with a metal stir-stick
until a homogeneous suspension was achieved. This concentration of particles was determined
to be the highest that would not affect the pore structure of the final scaffold (data not shown).
CS (750 ul) was then added to this suspension and mixed manually with the same flat-edged
tool until homogenously distributed. Finally, glutaraldehyde (0.03% v/v final concentration) was
added to this suspension and mixed thoroughly to initiate crosslinking. Scaffolds without
particles (blank) were generated following the same steps, without particles. These scaffold
samples were placed on a directional freezing apparatus (custom-made) and held at a

temperature of -20°C for 24 h. Only the bottom surface of the scaffolds was in contact with the
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cold plate in order to facilitate unidirectional ice crystal-nucleated pore formation. The frozen
scaffolds were then placed in a freeze-drying flask (Labconco, Kansas City, MO) and kept for 24
h in a Styrofoam box containing dry ice and frozen gel packs. The freeze-dried scaffolds were
stored in a desiccator until used. Overall, 3 types of scaffolds were generated for evaluation: ES

particle-based scaffolds, NTES particle-based scaffolds, and blank scaffolds (without particles).
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AS
jZO% w/v ES 2% chitosan
- " OrNTES B in 3% acetic
particles acid 0.03%
Insulation glutaraldehyde

Freeze for |
24hrs

Polymer solution

Frozen scaffold crosslinking

Freeze-dry
for 24hrs

Dried scaffold

Figure 9. Schematic depicting the fabrication of scaffolds containing ES, NTES or no particles.
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3.3 Scaffold Physicochemical Characterization:

3.3.1 Scaffold Microstructure Analysis and Pore Size Measurements:

Dried scaffolds (three of each type of preparation) were sectioned using a scalpel in
either parallel or perpendicular planes to the Z-axis. These cross-sectional surfaces were gold
sputter-coated as previously described (Section 3.1.3) and analyzed using scanning electron
microscopy (TeScan Vega-Il XMU SEM, 20.0 kV). The morphology of the scaffold microstructure
was evaluated qualitatively by visual examination of SEM micrographs (two for each scaffold
replicate). The size of twenty-five randomly selected pores on each cross-sectional image was
measured using image analysis software (FlJI, NIH). Data from both cross-sectional images were

pooled for statistical analysis.
3.3.2 Porosity Measurements:

The porosity of all scaffold types was evaluated using a fluid swelling test. After
recording their dry weight, the scaffolds were placed in warm (37°C) PBS and incubated under
cell culture conditions (37°C, 5% CO,, 95% humidity) for 30 min. Excess fluid on the scaffold
surface was removed by dabbing the surface with absorbent paper. The weight of the fluid-
filled scaffold was recorded and the scaffold final volume was measured using digital calipers
(Traceable® S/N 140408171; ThermoFisher Scientific). The percent porosity was determined

based on the change in the scaffold mass and total volume, using the following formula:

PPBS)

Porosity (%) = (A%x 100,
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where the density of the PBS solution (ppss) divided by the change in scaffold mass (AWs), then
divided by the volume of the wet scaffold (Vs), represents the empty pores that are filled with

PBS.

3.3.3 Mechanical Strength Analysis:

The stiffness and CM of the scaffolds were determined using a protocol adapted from
Bas et al. (Bas et al., 2017). Dried scaffolds were first equilibrated in PBS (37°C) for 30 min
before testing. All testing was performed on scaffolds submerged in PBS. Temperature (37°C)
was maintained during testing by using a heating plate. Scaffolds were submitted to an
unconfined compression test by applying a compressive load to achieve 70% of the scaffold
original height at a displacement rate of 0.01 mm/s using a 5N load cell in a universal testing
machine (UTM; MTS Sintech 1G; MTS Systems Corporation, Eden Prairie, MN). The stiffness and
the CM of the scaffolds were calculated from the linear regression of the load-displacement
curve and from the slope of the stress-strain plot generated by the UTM software, respectively.
The scaffold height was measured before and immediately after testing using digital calipers
(Traceable® S/N 140408171; ThermoFisher Scientific) to determine any damage to the scaffold

microstructure.

3.3.4 Scaffold Stability and Hydrolytic Resistance:

Scaffolds were submerged in PBS (37°C) and placed in an incubator under cell culture
conditions for 21 days. Scaffolds were taken out of the incubator every 7 days, patted dry to
remove excess fluid and placed in a 96-well plate (Corning, Tewksbury, MA). Optical density at

590 nm was read using a microplate reader (BioTek Eon; BioTek, Winooski, VT). Decreases in
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optical density of the scaffold compared to day 0 were attributed to loss of scaffold
microstructure due to degradation. The scaffold dimensions at day 0 and day 21 were
measured using digital calipers (Traceable® S/N 140408171) to correlate degradation with loss

in scaffold physical volume.

3.3.5 Analysis of Particle Distribution in Scaffolds:

Distribution of either ES or NTES particles in their respective scaffolds was quantitatively
evaluated using a homogeneity model developed for a micro-computed tomography scanner
(UCT; SkyScan 1174v2; SkyScan, Belgium). Scaffolds were imaged using the uCT scanner with an
unfiltered X-ray source (37 kV, 648 pA). Images were acquired every 0.7° over a 180° rotation.
An upper and lower frame of the image was drawn, and the integrated density of each frame
was determined. Integrated density was used to visualize the three-dimensionality of the
particles in the image. The integrated density values of the upper and lower frames were
blanked and subtracted from one another and the absolute value was recorded. This was
repeated for each rotation of the scaffold and all the data were presented as a distribution. The
integrated density of the blank scaffold (without particles) was used as a control. In this model,
subtraction of the upper and lower frame integrated density values would generate a

theoretical value of zero for perfectly homogeneous material.
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3.4 Seeding of Human Bone Marrow-derived Mesenchymal Stem Cells into Scaffolds:

3.4.1 Pre-Seeding Cell Culture:

Human MSCs (first passage) were thawed and grown to approximately 85% confluency
in a 150 cm? cell culture flask (Corning), using an initial seeding density of 5000 cells/cm?. Flasks
were filled with 30 ml of cellular growth media (CGM) prepared from a minimum essential
media (aMEM; Life Technologies, Carlsbad, CA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Millipore-Sigma, Burlington, MA). Once confluent, cells were detached with
0.25% trypsin-EDTA (Life Technologies). Trypsin was inactivated with the addition of fresh CGM,
and the cell suspension was centrifuged at 500 x g for 5 min. Cells were resuspended in fresh
CGM and seeded into new 150 cm? cell culture flasks at a seeding density of 5000 cells/cm? in
30 ml of CGM. This was repeated until MSCs were in their fifth passage, at which point cells
were seeded in the scaffolds. MSCs from four different donors (i.e., cells from 4 different lots: 3
from ATCC [PCS-500-012 Lot #64430737, Lot #70011721, Lot #70011720] and 1 from CET
[HMSC-BM-500 Lot #102]) were cultured for scaffold seeding. Data were generated for each lot

number.

3.4.2 Scaffold Sterilization and Preparation Prior to Seeding:

Dried scaffolds were submerged in 70% ethanol and placed in an incubator overnight
under cell culture conditions. The scaffolds were then washed with PBS (37°C), submerged in
scaffold growth media (SGM) prepared from CGM supplemented with 10 nM Dex (Millipore-
Sigma), 20 uM AA (Millipore-Sigma), 50 mM BGP (Millipore-Sigma) and 1% penicillin-

streptomycin (Life Technologies), and placed in an incubator overnight under cell culture
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conditions. After the overnight incubation, the scaffolds were used immediately for cell

seeding.

3.4.3 Scaffold Seeding and Culture:

MSCs in their fifth passage were pelleted and resuspended in SGM at 8334 cells/ul so
that a total of 250,000 cells would be seeded in each scaffold after pipetting 2.5 pl of cell
suspension 6 times on each scaffold. More specifically, 2.5 ul of MSC suspension were first
pipetted onto the scaffolds in two random spots, followed by a 30-min incubation. All
incubations occurred under cell culture conditions. After repeating this seeding step three
times, the scaffolds were incubated for 1 h, flipped 180° and the entire procedure was
repeated on this other side. Finally, the scaffolds were incubated for 1.5h after the addition of a
few drops of SGM, were placed in a 48-well plate (Corning), covered gently with SGM, and

incubated overnight under cell culture conditions.

The scaffolds were then transferred into cell culture inserts (0.4 um pore size;
ThermoFisher Scientific) placed in a 24-well plate (Corning) to help nutrient diffusion (Sekine &
Haraguchi, 2011). Both the interior and exterior of the cell culture inserts were filled with SGM
until the scaffold was submerged. Scaffolds were cultured for up to 21 days. SGM was
replenished every 2 days. The final experimental design (Figure 10) consisted of 3 scaffold types
(blank, ES particles, and NTES particles), each with 3 technical replicates for each of the 4 time

points analyzed (days O, 7, 14, and 21).
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Figure 10. Schematic depicting the cell culture workflow for all scaffold types.

3.5 Cell Retention and Viability:

3.5.1 Evaluation of Mesenchymal Stem Cell Retention in Scaffolds:

The retention of MSCs in the different scaffolds was evaluated using the AlamarBlue”®
assay. Scaffolds at the day 0 were washed thoroughly with SGM (37°C) to dislodge any poorly
adherent or dead cells. They were then bisected with a scalpel and both halves were incubated

for 3 h under cell culture conditions in SGM supplemented with 10% AlamarBlue® reagent
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(ThermoFisher Scientific). At the end of the incubation, a 100 ul aliquot was added to a 96-well
plate (Corning) and fluorescence was determined at an excitation/emission wavelength of 530
nm/590 nm (BioTek Eon, BioTek). The number of cells in the scaffolds was then determined
using a standard curve generated with known numbers of MSC. The numbers of cells from each
half of the scaffold were summed and compared to the number of cells initially seeded in each

scaffold (250,000) to determine the percentage of cells retained.

3.5.2 Evaluation of Mesenchymal Stem Cell Viability in Scaffolds:

The viability MSCs in the different scaffolds was evaluated using the AlamarBlue® assay.
Scaffolds at days 7, 14, and 21 were washed thoroughly with SGM. They were then bisected
with a scalpel and both halves were incubated for 3 h under cell culture conditions in SGM
supplemented with 10% AlamarBlue® reagent (ThermoFisher Scientific). At the end of the
incubation, 100 pl aliguot was added to a 96-well plate (Corning) and fluorescence was
determined at an excitation/emission wavelength of 530 nm/590 nm (BioTek Eon, BioTek). The
number of cells in the scaffolds was then determined using a standard curve generated with
known numbers of MSC. The numbers of cells from each half of the scaffolds were summed to

obtain the total number of cells in the whole scaffolds.
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3.6 Osteogenic Differentiation of Mesenchymal Stem Cells in Scaffolds:

3.6.1 Lysis of Mesenchymal Stem Cells in Scaffolds:

Following the AlamarBlue® assay at each time point, one of the scaffold halves was
washed with 1 ml of ice-cold PBS that was then aspirated, and incubated in 150 pl of ice-cold
lysis buffer (10% cOmplete protease inhibitor cocktail without EDTA (Roche, Basel, Switzerland)
and 90% CytoBuster™ (Millipore-Sigma)) for 30 min on ice. The scaffold in lysis solution was
then agitated on an agitator (5 min, 4°C). Following agitation, the scaffold in lysis solution was
centrifuged (16,500 x g, 25 min, 4°C) to pellet any scaffold and cellular debris. Supernatants
were transferred into new 1.5 ml Eppendorf tubes. An aliquot (50 pl) of each sample was
pipetted out and kept on ice (for ALP assay), while the remaining volume was stored at -80°C

for further use (for Western blot analysis).

3.6.2 Analysis of Alkaline Phosphatase Activity in Scaffolds:

The 50 pl aliquots of the fresh cell lysates on ice were added to a 96-well plate
(Corning). One hundred microlitres of previously prepared ALP assay buffer containing 100mM
diethanolamine (Millipore-Sigma), 0.5mM MgCl, (Millipore-Sigma), and 2mM para-
nitrophenylphosphate (pNPP) (ThermoFisher Scientific), adjusted to pH 9.8 with HCI, were
added to each sample in the plate. The plate was incubated for 1 h at room temperature, and
protected from light. ALP present in the cell lysates catalysed the cleavage of pNPP to produce
the chromophore p-nitrophenol. After the incubation, 50 pl of 2M NaOH were added to each
sample to stop the reaction. Absorbances at 405 nm were read using a plate reader (BioTek

Eon, BioTek). The activity of ALP in the lysates was determined by correlating the values
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obtained to an ALP standard curve, prepared with known ALP enzyme concentrations
(Worthington Biochemical Corp, Lakewood, NJ). ALP activity was normalized to the number of
metabolically active cells in the scaffold. The number of cells (determined using AlamarBlue®)
was used for normalization due to the unreliability of protein concentration, since medium FBS
is retained by the scaffolds. Importantly, a corrective factor was applied to the number of cells
counted at day 14 and day 21, by dividing the number by 1.6. Indeed, the cell counts of MSCs
grown in differentiating media increased at days 14 and 21 by a 1.6 fold, which was determined
in the literature to be caused by a change in metabolic rate in the differentiation pathway for
MSCs (Shum et al., 2016). This led to a change in the rate of mitochondrial-mediated reduction

of the AlamarBlue® reagent, necessitating the need for the corrective factor.

3.6.3 Analysis of Osteogenic Proteins RUNX2 and Osteopontin in Scaffolds:

Cell lysates (100 pL) were thawed on ice vortex-mixed with cold (4°C), freshly-prepared
deoxycholic acid (0.5%, 10 ul; Millipore-Sigma), and incubated at room temperature for 10 min.
Room temperature 72% trichloroacetic acid (TCA) (10 pL) was added to each sample. Samples
were then vortexed, incubated on ice for 10 min, and centrifuged (16,500 x g, 4°C, 10 min) to
obtain a protein pellet. The supernatants were discarded while the pellets were vortex-mixed
with 100 pL ice-cold acetone, and incubated on ice for 15 min. After another centrifugation
(16,500 x g, 4°C, 15min), the supernatants were discarded and the protein pellets were air-

dried at room temperature for 1 h.

The protein pellets were re-solubilized in 100 mM NaOH / CytoBuster™ (25 ul, room

temperature) for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
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Samples were mixed in a 1:1 ratio with loading buffer solution (2X LI-COR loading buffer (LI-COR
Biosciences, Lincoln, NE) containing 200 mM dithiothreitol (DTT) (Millipore-Sigma)), heated
(95°C, 5 min) and then vortexed. An aliquot of each sample (20 ul) was then loaded on a precast
gel (4% - 12% Novex” Bis-Tris, ThermoFisher Scientific). Samples were organized such that each
gel contained the cell supernatants for all time points of 1 technical replicate for 1 MSC donor
from both ES and NTES scaffolds. SDS-PAGE was performed using a Novex® gel box
(ThermoFisher Scientific) on ice at 110V for 120 min. Following separation, gels were washed
with Western blot transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol). A Western blot
transfer stack consisting of a low fluorescence polyvinylidene difluoride (PVDF) membrane (0.4
um pore size; Bio-Rad, Hercules, CA) and the SDS-PAGE gel was placed between blotting paper
and sponges, loaded into a cassette and placed in a wet-transfer tank (Bio-Rad) for electro-
transfer on ice (105 V, 80 min). Following transfer, the PVDF membrane was dried overnight on
filter paper. The membrane was then re-hydrated with 100% methanol, washed with Milli-Q
water and incubated in 0.1% Tween-20 in PBS (TPBS; ThermoFisher Scientific) for 5 min. The
membrane was then incubated with REVERT™ Total Protein Stain (LI-COR Biosciences) for 5
min on a shaker at low speed and protected from light. After discarding the stain, a de-staining
solution provided with the REVERT™ kit was used to wash the membrane twice. Finally, the
membrane was air-dried for 2 h and imaged at 700 nm using the LI-COR Odyssey (LI-COR

Biosciences) instrument.

In order to perform Western blotting, each membrane was re-hydrated with 100%
methanol, washed with water and TPBS, and blocked for 1h at room temperature in LI-COR PBS

blocking buffer (LI-COR Biosciences). It was then washed with TPBS for 10 min on a shaker at
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low speed, and incubated with monoclonal mouse anti-human RUNX2 antibody (ZR002, 3
ug/ml [ThermoFisher Scientific] in LI-COR PBS blocking buffer) at 4°C overnight in a black
Western blot incubation box (LI-COR Biosciences). Following the incubation, the primary
antibody was retained and stored at -20°C for re-use. The membrane was then rinsed 3 times
with TPBS in the black Western blot incubation box, washed with TPBS on a shaker (10 min, low
speed), then rinsed 3 more times with TPBS in black Western blot incubation box before
incubation with goat anti-mouse IRDye® 800CW secondary antibody (LI-COR Biosciences) in LI-
COR PBS blocking buffer for 1 h at room temperature. After the incubation, the membrane was
washed 3 times with TPBS, dried overnight (at room temperature, protected from light), and
imaged on the LI-COR Odyssey at 700 nm and 800 nm. Finally, the membrane was re-hydrated
as before, and the primary and secondary antibody procedures were repeated for OPN
(7C5H12, 1:500 [ThermoFisher Scientific] in LI-COR PBS blocking buffer), and GAPDH (AM4300,
2 pg/ml [ThermoFisher Scientific] in LI-COR PBS blocking buffer). Changes in protein expression
were quantified from the acquired images using ImageStudio software (LI-COR Biosciences).

GAPDH was used as a loading control.

3.6.4 Analysis of Mesenchymal Stem Cell Morphology in Scaffolds:

MSC morphology was visualized directly on scaffolds using a LIVE/DEAD Cell Viability
stain (Invitrogen Molecular Probes, 2005) according to the manufacturer’s protocol. Scaffolds
from culture at each time point were washed with PBS (37°C) and incubated with 1 ml of dye
solution (2 WM calcein-AM [ThermoFisher Scientific], 4 uM ethidium homodimer-1
[ThermoFisher Scientific], and 160 uM of Hoechst 33342 [ThermoFisher Scientific] in PBS) for 25

min under cell culture conditions. Calcein-AM stains green the cytoplasm of living cells,
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ethidium homodimer-1 stains red the nucleus of dead cells and Hoechst 33342 stains blue the
nucleus of living cells. After the incubation with the dye, scaffolds were washed once with
warm (37°C) PBS and then mounted on glass slides with PBS under coverslips that had built-in
1mm spacers (Imaging Spacers 70327-20S; Electron Microscopy Sciences, Hatfield, PA). Images
of MSCs on scaffolds were acquired using the LSM 880 with Airyscan confocal microscope
(Zeiss, Oberkochen, Germany), using tile-scanning and Z-scanning parameters to form large, 3-
dimensional images. Images were displayed using Imaris software (Bitplane, Zurich,

Switzerland).

3.7 Statistical Analysis:

3.7.1 Statistical Analysis for Physicochemical Characterizations of Scaffolds:

Statistical analysis was performed using SPSS v25 (IBM, Armonk, NY). Normality was
assumed for all data except for pore size and particle homogeneity analyses. Levene’s test was
used to determine if the assumption of homogeneity of variance was met. Porosity and
mechanical strength measurements were analyzed using a one-way analysis of variance
(ANOVA), followed by Tukey post-hoc tests. Pore size distribution and particle homogeneity
were analyzed using Kruskal-Wallis. Scaffold degradation was analyzed using a two-way ANOVA
with scaffold type and time as factors, and was followed by Tukey post-hoc tests. p<0.05 was
considered significant in all data. Data are presented as means * standard deviation (SD) or

medians with interquartile range, where appropriate.
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3.7.2 Statistical Analysis of Adhesion, Viability, and Differentiation of Mesenchymal Stem Cells in

Scaffolds:

Levene’s statistic and visual analysis of quantile-quantile plots were performed for all
data sets. All statistical analyses were performed using a mixed linear model constructed in R
(version 3.5.2) with cell donor used as a random factor and scaffold and/or timepoint used as
fixed factor(s). Pairwise comparisons were performed using Tukey post-hoc tests with a single-

step adjustment. All data are presented as the mean * standard error of the mean (S.E.M.).
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4.0 Results:

4.1 Characterization of ES and NTES Particles:

ES and NTES particles were prepared as described in Sections 3.1.1 -3.1.2.

4.1.1 Surface Topography:

The particle surface before and after the nanotexturing treatment was visualized
through SEM (Figure 11), in order to assess the morphology of the unaltered ES surface, as well
as to evaluate the effects of the phosphoric acid treatment. The surface of the unaltered ES
particles showed interspersed bumps, pores and fine striations at high magnification (Figure
11A, B). After the nanotexturing treatment, the surface of the NTES particles showed cuboidal
deposits (Figure 11C) and displayed a distinctly different surface morphology, with randomly

distributed pattern of grooves, ridges, and pores (Figure 11D).
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ES Particle

NTES Particle

Figure 11. Representative scanning electron microscopy (SEM) micrographs of eggshell (ES)
particles before (A, B) and after nanotexturing (C, D). In order to produce nanotexturing,
particles were treated with 0.250 M phosphoric acid for 10 min under stirring. Magnification:

100x (A, C) and 3000x (B, D).
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4.1.2 Chemical Analysis of Particles by EDS and FTIR:

EDS analysis was performed to detect changes in the elemental composition of the
particle surface associated with nanotexturing (data not shown). The elemental composition of
ES and NTES particles was similar, including mainly oxygen, calcium, and carbon, as well as

traces of magnesium. Phosphorus was only present on the surface of the NTES particles.

FTIR was performed in order to gain insight into the identity of the phosphorous-
containing compound(s) (Figure 12). The spectral profile was similar for both ES and NTES
particles, with the exceptions of new peaks (approximately 500 cm™, 1000 cm™, 1600 cm™ and
2800 cm™ to 3500 cm™) appearing in the NTES particle spectrum. According to FTIR database
guides, these peaks could be due to phosphate and protonated phosphate ions (PO4*, 500 cm™
and 1000 cm™%; HPO4* 1600 cm?), while the broad peak was likely associated with the protein

amide bonds (Coates, 2006; Jastrzbski et al., 2011).
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Figure 12. Fourier-transform infrared spectroscopy (FTIR) of eggshell (ES) and nanotextured
eggshell (NTES) particles. FTIR analysis was performed to determine the surface constituents
on ES before (black) and after (grey) nanotexturing treatment with 0.250 M phosphoric acid.
Peaks are attributed to PO4*> at 500 cm™ and 1000 cm™, protonated phosphate at 1600 cm,

and amide peptide bonds between 2800 cm™ to 3500 cm™.

4.2 Preparation and Characterization of Scaffolds:

Different methods for preparation of porous hydrogel scaffolds were initially compared
in order to determine the method that resulted in the most homogeneous ES particle
distribution without a reduction of scaffold porosity and pore size. Three preparation methods
were evaluated for pure 2% chitosan scaffolds: freeze-gelation, freeze-drying, and paraffin-

sphere porogen leeching.
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4.2.1 Scaffold Preparation

The freeze-gelation method produced scaffolds that were unstable due to inadequate
drying. Porogen leeching and freeze-drying approaches both reliably produced 2% chitosan /
2% alginate co-polymer scaffolds with a homogeneous particle distribution. However, porogen
leeching produced scaffolds that were mechanically weak. Overall, the freeze-drying method
led to the most promising results (Table 1) after a few optimization steps to prevent resorption
of the scaffold polymer into the frozen solvent. A Styrofoam box packed with ice packs and dry
ice was used to maintain the low temperature of the scaffold during freeze-drying, which
prevented the frozen solvent from thawing while still maintaining a temperature differential
appropriate for sublimation. Other optimizations included the order of addition of the
polymers, as well as the amount of crosslinking glutaraldehyde to use; both of which led to a
more homogeneous distribution of ES or NTES particles. The final scaffold preparation method

is described in details in Materials and Methods (Section 3.2.0).
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Table 1. Comparison of the different methods to produce chitosan scaffolds (without

particles).

- Consistently collapsed during drying, no further testing

- Excellent pore size and porosity

- Tedious preparation method

- Inconsistent physicochemical properties in resulting scaffold
- Mechanically very weak and easy degradation in solution

- Excellent pore size and porosity

- Mechanically strong

- Consistent physicochemical properties in resulting scaffold
- Easy and simple preparation method

- No observed degradation in solution

4.2.2 Microstructure:

The microstructure of the three scaffold types (containing no particles, ES particles, or
NTES particles) was qualitatively evaluated using SEM to compare the scaffold morphologies
and to observe how the particles were integrated into the pore walls (Figure 13). Ice crystal
growth occurred in the Z direction (the X-Y plane of the scaffold was in contact with the
freezing block). Two different planes (perpendicular and parallel sections) were examined for
each scaffold to evaluate the continuity of the pores in 3D. The morphology of the scaffold
walls appeared very smooth in the absence of either particle type (blank scaffolds, Figure 13A,
B). The walls appeared rougher with the inclusion of either ES or NTES particles (Figure 13C, D,

and Figure 13E, F, respectively). The microstructure of the scaffolds without particles consisted
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of well-ordered, consistently spaced pores. The inclusion of either ES or NTES particles resulted
in a loss of this morphology, and scaffolds with ES and NTES particles had a much more
disordered and randomly distributed pore structure than the scaffolds without particles.
Notably, ES or NTES particles in their respective scaffolds appeared to contribute to the pore

walls.

Perpendicular [§*
Cross Section &

500um

Figure 13. Representative scanning electron microscopy (SEM) micrographs of scaffolds. SEM
analysis was performed on scaffolds without particles (A, B), or with ES (C, D) or NTES (E, F)
particles. Scaffolds were cut either perpendicular or parallel to the Z axis (parallel to direction of
ice crystal nucleation) and imaged to observe their morphology. White boxes indicate examples

of visible ES or NTES particles.
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4.2.3 Pore Size Distribution:

Image analysis of SEM micrographs described in the previous section was performed to
determine the distribution of pore sizes in the different scaffolds (Figure 14), in order to predict
the suitability of the scaffolds for bone regeneration, as well as to determine differences due to
the inclusion of either ES or NTES particles. All scaffolds depicted pore size distributions that
were non-gaussian, and had a similar number of pores between 50 um to 300 um diameter
(Figure 14A — 14C). Comparison of the median pore size of scaffolds (Figure 14D) revealed that
scaffolds containing NTES particles had a greater median pore size (113 um [interquartile range:
88 um — 140 um]) than scaffolds with either ES particles and or no particles (94 um
[interquartile range: 75 um — um 112] and 99 um [interquartile range: 74 um — 135 um],

respectively) (p=0.011 and p<0.001, respectively).
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Figure 14. Distributions of the scaffold pore sizes. (A) Scaffolds without particles; (B) Scaffolds
with ES particles; (C) Scaffolds with NTES particles; (D) Comparison of the pore size
distributions. Pore sizes were measured as described in Materials and Methods (Section 3.3.2)
for three individually prepared samples of each scaffold type. Data are presented as binned
pore size distributions (A-C) and box-and-whisker plots (D) with median (horizontal line),
interquartile range (top and bottom of boxes), and minimum/maximum range (tails) of three
independent scaffolds for each type (50 measurements for each scaffold). Statistical analysis
was performed using Kruskal-Wallis followed by Dunn’s post-hoc tests with Benjamini-
Hochberg correction for multiple comparisons. An asterisk (*) and a triple asterisk (***)

indicate a significant difference with p<0.05 and p<0.001, respectively.
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4.2.4 Porosity:

The porosity of the different scaffolds was measured to determine if the scaffolds
depicted a suitable porosity for bone regeneration applications, as well as to observe any
changes after inclusion of either ES or NTES particles (Figure 15). Results showed that the
inclusion of ES or NTES particles significantly increased the scaffold porosity (81 + 4% and 89 +

5%, respectively), compared to the scaffolds without particles (59 * 5%) (p<0.01 in both cases).
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Figure 15. Porosity of scaffolds. Dry scaffolds were submerged in phosphate buffered saline
(PBS) under cell culture conditions (37°C, 5% CO», humidified atmosphere) for 30 min. Scaffold
mass and volume were measured before and after the incubation to determine the porosity
based on the correlated changes of those properties (see Section 3.3.1). Data are presented as
means + standard deviation of three independently prepared scaffolds of each type. Statistical
analysis was performed using a one-way ANOVA followed by Tukey post-hoc tests. A double
asterisk (**) and a triple asterisk (***) indicate a significant difference between a given scaffold

type and the scaffolds without particles, with p<0.01 and p<0.001, respectively.

59



4.2.5 Mechanical Strength:

The overall mechanical strength of scaffolds was assessed by measuring their stiffness
(Figure 16A) and CM (Figure 16B). The scaffolds with either ES or NTES particles had a slightly
larger stiffness than the scaffolds without particles (0.026 + 0.006 N/mm and 0.022 * 0.003
N/mm for the scaffolds with ES and NTES particles, respectively, vs. 0.017 + 0.001 N/mm for the
scaffolds without particles), although the difference was marginally significant and only
between the scaffolds with ES particles and the scaffolds without particles (p=0.048 ). Similarly,
the scaffolds with either ES or NTES particles had a slightly larger CM than the scaffolds without
particles (3.69 * 0.70 kPa and 3.14 + 0.62 kPa for the scaffolds with ES and NTES particles,
respectively, vs. 2.03 + 0.39 kPa for scaffolds without particles), but the difference was only

significant between the scaffolds with ES particles and the scaffolds without particles (p=0.031).

The height of the scaffolds before and after testing was also measured as an evaluation
of scaffold resiliency, with any permanent change in height from compression reflecting test-
induced damage to the scaffold microstructure (Figure 16C). The height recovery of the
scaffolds with either ES or NTES particles was significantly greater than that of the scaffolds
without particles (97 + 1% and 97 t+ 1% for the scaffolds with ES and NTES particles,
respectively, vs. 94 + 1% for the scaffolds without particles) (p=0.015 and p=0.022,

respectively).
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Figure 16. Mechanical properties of scaffolds: (A) Stiffness; (B) Compressive modulus (CM);
and (C) Scaffold height after compressive tests. Data are presented as means * standard
deviation of three independent experiments, each performed in duplicates. Statistical analysis
was performed using a one-way analysis of variance followed by Tukey post-hoc tests. An

asterisk (*) indicates a significant difference with p<0.05.
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4.2.6 Hydrolytic Degradation:

Scaffolds stored in a desiccator appeared to be stable for long periods of time (months).
Scaffold resistance to hydrolytic degradation in aqueous solution was evaluated over 21 days to
determine potential differences in the scaffold susceptibility to breakdown, as well as to

evaluate their suitability for long-term cell culture (Figure 17A).

Changes in optical density were assumed to reflect a loss of scaffold microstructure due
to hydrolysis. No significant change in optical density was observed during 21 days for the
scaffolds with either ES or NTES particles. On the other hand, the optical density significantly
decreased for the scaffolds without particles after 14 and 21 days (49 + 31% and 41 + 18%,

respectively), compared to their values at day 0 (p<0.001 in both cases).

The volume of each scaffold at day 0 and day 21 was also measured as another marker
of scaffold degradation. Results at day 21 showed that the scaffolds with ES or NTES particles
retained a significantly higher percentage of their initial volume, compared to the scaffolds
without particles (86 * 4% and 76 + 8% for the scaffolds with ES and NTES particles,

respectively, vs. 26 £ 10% for the scaffolds without particles; p<0.001 in both cases).
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Figure 17. Degradation of scaffolds under cell culture conditions in phosphate buffered saline:
(A) Change in the absorbance of the scaffolds (at 590 nm); (B) Change in the total scaffold
volume over 21 days. Data are presented as means * standard deviations of three
independently prepared scaffolds of each type. Statistical analysis was performed using a two-
way ANOVA followed by Tukey post-hoc tests (A) and a one-way ANOVA followed by Tukey

post-hoc tests (B). A triple asterisk (***) indicates a significant difference with p<0.001.
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4.2.7 Particle Distribution:

The distribution of ES or NTES particles within the scaffolds was evaluated by uCT
imaging (Figure 18). As described in Materials and Methods (Section 3.3.5), an integrated
density value reflecting the homogeneity of particle distribution was calculated. Scaffolds
without particles were used as control. Results showed that the differential integrated density
values were more scattered for the scaffolds with ES particles than for the scaffolds with NTES
particles (63.5 A.U. [interquartile range: 31.3 — 95.6] vs. 54.5 A.U. [interquartile range: 45.37 —
63.5], respectively). However, the difference was not statistically significant. The lower values
with the scaffolds with NTES particles suggest that these scaffolds had a consistently more
homogeneous particle distribution than the scaffolds with ES particles. Note that a scaffold with
perfectly homogeneous distribution of particles would display an integrated density value of

Zero.
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Figure 18. Micro-computed tomography (1CT) analysis of the particle distribution within the
scaffolds. uCT analysis was performed on scaffolds without particles (A) and scaffolds with
eggshell (ES) or nanotextured eggshell (NTES) particles (B and C, respectively) using the SkyScan
1174 uCT instrument. Integrated density values for the top and bottom halves of each scaffold
image per rotation was acquired through a custom ImagelJ macro. These upper and lower
halves were subtracted from each other, pooled, and compared for each scaffold type (D). Data
are presented as box and whisker plots with median (horizontal line), interquartile range (top
and bottom of boxes), and minimum/maximum range (tails) of the median of 264
measurements acquired from three independent scaffolds for each experiment, for each
scaffold type. Statistical analysis was performed using Kruskal-Wallis followed by Dunn’s post-
hoc with a Benjamini-Hochberg correction for multiple comparisons. An asterisk (*) indicated a

significant difference with p<0.05.

65



Table 2. Physicochemical properties of the prepared scaffolds. Summary table for the
physicochemical characterization of the three scaffold types, as well as the reported values for

cancellous bone (from Cowin & Telega, 2003).

59+5

814 89+5 70 - 80

99 [IQR: 74 — 135] 94 [IQR: 75 —-112] | 113 [IQR: 88 — 140] 100 - 500
0.017 £ 0.001 0.026 + 0.006 0.022 +£ 0.003 Not Reported
2.03+0.39 3.69+0.70 3.14+0.62 3,000

N/A

4.3 Scaffold Cytocompatibility:

Potential scaffold cytotoxicity in cell culture was initially evaluated using murine
RAW264.7 bone marrow macrophages in the scaffolds containing NTES particles (Appendix 1).
A significant increase in cell number was observed by day 7 (207 + 19% compared to day 0)
(p=0.002). Initial assessment with these cells were performed to verify the sterility of scaffolds
in cell culture after ethanol sterilization, as well as to optimize the cell seeding method. Adding
multiple low volumes of highly concentrated cells was a superior approach to obtain deeper
and better distributed cell seeding, rather than using larger volumes of a lower concentration of

cell suspension. In addition, gentle handling of the loaded scaffolds during medium changes
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was essential in order to prevent cell loss from the inside the scaffold. This optimal seeding

method is described in Materials and Methods (Sections 3.4.2 —3.4.3).
4.3.1 Retention of Mesenchymal Stem Cells in Scaffolds:

MSC retention in the scaffolds at day O after seeding was measured using the
AlamarBlue® assay (Figure 19). Results showed that the inclusion of either ES or NTES particles
into the scaffolds significantly increased the cell retention in the scaffolds (53 + 23% and 57
16% for scaffolds with ES and NTES particles, respectively, vs. 17 £ 10% for scaffolds without

particles; p<0.001 in both cases).
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Figure 19. Mesenchymal stem cell retention in scaffolds. Scaffolds were incubated in medium
containing 10% AlamarBlue’. Fluorescence measurements were made at excitation / emission
wavelengths of 530nm / 590nm, and compared to a standard curve to determine cell number.
Cell retention was calculated as a ratio between the experimentally determined number of cells
and the number of cells originally seeded into the scaffold. Data are presented as means *
standard error of the means of 4 experiments (each performed with a different cell lot
number). Statistical analysis was performed using a mixed linear model followed by Tukey post-
hoc tests with a single-step adjustment. A triple asterisk (***) indicates a significant difference

compared to both other scaffold types with p<0.001.
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4.3.2 Cell Viability in Scaffolds:

MSC viability was evaluated every 7 days over the 21-day culture period (Figure 20). For
all time points following day 0, the scaffolds with ES or NTES particles had a significantly higher
percentage of viable cells than the scaffolds without particles (p<0.05 in all cases). While a
decrease in cell viability was observed overtime in the scaffolds with either ES or NTES particles,
the decrease was not statistically significant with the exception of day 14 and day 21 for the
scaffolds with NTES particles (p=0.005 and p=0.022, respectively, relative to day 0). On the
other hand, cell viability in the scaffolds without particles significantly decreased at each time

point.

69



100- 'I' Il Blank

-]
(%))
1
—

H *

Viable Cells (%)
N 14
A

o
I

0 71421 0 71421 0 7 1421
Day

Figure 20. Mesenchymal stem cell viability in scaffolds. Scaffolds seeded with mesenchymal
stem cells (MSCs) were incubated for 21 days in cell culture conditions (37°C, 5% CO;, 95%
humidity). At each time point, cell viability was evaluated using AlamarBlue® (Section 3.5.2).
Fluorescence intensity (excitation/emission of 530 nm/590 nm) was compared to a standard
curve to determine the number of live cells in the scaffold. For each scaffold, the percentage of
viability at each time point was calculated based on the day O value. Data are presented as
means = standard error of the means of 4 experiments (each performed with a different cell lot
number and in triplicates). Statistical analysis was performed using a mixed linear model
followed by Tukey post-hoc tests with a single-step adjustment. An asterisk (*) indicates a
significant difference (p<0.05) compared to all other scaffold types. A number sign (#) indicates

a significant difference (p<0.05) compared to the same scaffold at day 0.
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4.4 Osteogenic Differentiation of Mesenchymal Stem Cells in Scaffolds:

4.4.1 Alkaline Phosphatase (ALP) Activity:

Levels of Intracellular ALP activity in all types of scaffolds were measured over 21 days
to evaluate early osteogenic differentiation (Figure 21). Results showed a time-dependent
increase in ALP activity in the scaffolds with either ES or NTES particles, up to 558% at day 21 in
the scaffolds with ES particles, and up to 540% at day 14 in the scaffolds with NTES particles
(p=0.006 and p=0.002, respectively, relative to day 0). ALP activity in the scaffolds without

particles did not significantly increase at any time point.
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Figure 21. Alkaline phosphatase (ALP) activity in mesenchymal stem cells in scaffolds. An
aliquot of mesenchymal stem cell protein lysate at each time point was incubated in a 96-well
plate with 5 mM MgCl,, 100 mM diethanolamine, and 2mM pNPP. Absorbance (at 405 nm) was
compared to a previously determined alkaline phosphatase (ALP) activity standard curve.
Results were expressed as percentages, relative to day 0. Data are presented as means %
standard error of the means of 4 experiments (each performed with a different cell lot
number). Statistical analysis was performed using a mixed linear model followed by Tukey post-
hoc tests with a single-step adjustment. An asterisk (*) indicates a significant difference
(p<0.05) compared to all other scaffold types. A number sign (#) indicates a significant

difference (p<0.05) compared to the same scaffold at day O.
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4.4.2 Synthesis of Osteogenic Proteins by Mesenchymal Stem Cells:

The levels of two osteogenic proteins, RUNX2 and OPN, in the scaffolds with either ES or
NTES particles were semi-quantified over 21 days (Figure 22), to evaluate a later stage of MSC
osteogenic differentiation. This analysis was not performed with scaffolds without particles,
due to the extremely low number of cells in these scaffolds at each time point (as seen in Figure
20). Although not statistically significant, an increase in both RUNX2 and OPN levels was
observed over time in the scaffolds with ES particles. A similar increase in both protein levels
was observed in the scaffolds with NTES scaffolds and was significant at day 21 for RUNX2

(p=0.022, relative to day 0).
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Figure 22. Western blot analysis of osteogenic markers of mesenchymal stem cells (MSCs) in
scaffolds. An aliquot of MSC protein lysate at each time point was concentrated by
trichloroacetic acid (TCA) precipitation, separated via sodium dodecyl sulfate — polyacrylamide
gel electrophoresis (SDS-PAGE), and transferred to a polyvinylidene fluoride (PVDF) membrane.
Western blotting was sequentially performed for RUNX2, osteopontin (OPN), and
glyceraldehyde phosphate dehydrogenase (GAPDH). The levels of RUNX2 and OPN were
normalized to GAPDH, and then expressed as a percentage of their level at day 0. Data are
presented as means * standard error of the means of 4 experiments (each performed with a
different cell lot number and in triplicates). Statistical analysis was performed using a mixed
linear model followed by Tukey post-hoc tests with a single-step adjustment. A number sign (#)

indicates a significant difference (p<0.05) compared to the same scaffold at day 0.
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4.4.3 Morphological Changes in Mesenchymal Stem Cells in Scaffolds:

Changes in MSC cytoskeleton and viability during the 21-day incubation period were evaluated
using live-cell confocal microscopy (Figure 23). Confocal images of all scaffolds were taken on
day 0 and day 21. Scaffolds with either ES or NTES particles depicted a high number of cells, at
both day O (Figure 23B and C) and day 21 (Figure 23E and F). In addition, cells displayed an
elongated and stretched morphology by day 21 (Figure 24). On the other hand, MSCs in the
blank scaffolds (scaffolds without particles) were much rounder than those in the scaffolds with
either ES or NTES particles. There was also very little change in either the cell morphology or

number between days 0 and 21 (Figure 23A and D), and the overall cell number was low.
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Figure 23. Mesenchymal stem cell morphology in scaffolds. Representative images of MSCs at
day 0 and day 21 in the blank scaffolds (scaffolds without particles) (A, D), in the scaffolds with
ES particles (B, E), and in the scaffolds with NTES particles (C, F). The scaffolds were incubated
for 20 min at 37°C/5% CO; in Dulbecco’s phosphate buffered saline (PBS) containing 2 uM
calcein-AM, 4 uM ethidium homodimer-1, and 160 uM of Hoechst 33342. At the end of the
incubation, the scaffolds were washed with 37°C PBS and mounted on glass slides with a 1 mm
spaced coverslip. Images were acquired using a confocal microscope (LSM 880) and processed
using Imaris image analysis software. In viable MSCs, the cytoplasm is green and the nucleus is
blue, while non-viable MSCs are red. The pink/purple background is due to autofluorescence of

the scaffold constituents.
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Figure 24. Mesenchymal stem cell morphology in scaffolds (higher magnification).
Representative images of MSCs at day 0 and day 21 in the blank scaffolds (A, D), the scaffolds
with ES particles (B, E), and the scaffolds with NTES scaffolds (C, F). The scaffolds were
incubated for 20 min at 37°C/5% CO; in Dulbecco’s phosphate buffered saline (PBS) containing
2 UM calcein-AM, 4 uM ethidium homodimer-1, and 160 uM of Hoechst 33342. Following the
incubation, the scaffolds were washed with 37°C PBS and mounted on glass slides with a 1 mm
spaced coverslip. Images were acquired using a confocal microscope (LSM 880) and processed
using Imaris image analysis software. In viable MSCs, the cytoplasm is green and the nucleus is
blue, while non-viable MSCs are red. The pink/purple background is due to autofluorescence of
the scaffold constituents.
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5.0 Discussion:

5.1 Preparation of Scaffolds and Particle-induced Changes in Scaffold Physicochemical

Properties:

This research was performed in two steps. The first part was to create and characterize
the ES and NTES particles. This was performed to establish the standard morphology and
elemental composition of the particles, and to identify changes in these characteristics due to
the nanotexturing treatment. The second part was to design, prepare, and characterize the
scaffolds, with and without particles, in order to assess their suitability for bone regeneration. A
variety of changes in particle properties were observed after acid treatment. Moreover, the
inclusion of particles in the scaffolds led to significant improvements in the scaffold
characteristics. The evaluation of these features and changes was critical in order to predict the

suitability of the hydrogel scaffolds with particles to promote osteogenic differentiation.

5.1.1 Changes in Eggshell Particle Properties Due to Nanotexturing:

ES particles were sieved to filter those in the 229 um — 381 um size range, followed by
treatment with PA to induce surface nanotexture. This acid treatment of the ES particles to
produce NTES particles led to a rough and disorganized surface texture at the submicron scale
(nanotexturing effect). SEM, EDS and FTIR analyses revealed cuboidal crystals on the surface of
NTES particles that were interpreted as calcium phosphate deposits. These deposits likely
resulted from a chemical reaction between ES (~94% CaCOs) and PA, leading to the formation
of insoluble Ca3(POa4), via the reaction 3CaCOs; + 2H3POs = Casz(PO4); + 3CO2 + 3H20. In

agreement with this interpretation, FTIR analysis of NTES particles detected phosphate bond
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peaks at 500 cm, 1000 cm™, and 1600 cm™. In addition, ES contains occluded matrix proteins
and their exposure on the particle surface after etching was suggested by FTIR peaks between
2800 cm™ and 3500 cm™, which correspond to the peptide bond that was only observed after
acid treatment. Overall, the nanotexturing treatment with PA created a surface nanotexture,

with the exposure of calcium phosphate deposits and occluded matrix proteins.

With regards to their potential use as a bone regeneration biomaterial, both ES and
NTES particles are predicted to exhibit osteogenic properties. Calcium carbonate affects the
adhesion properties of MSCs and may induce osteogenesis (Li et al., 2018; Neunzehn et al.,
2015). The NTES particles would have three additional distinct osteogenic features. Surface
nanotexture facilitates MSC adherence (Boyan et al., 2016) and induces osteogenic
differentiation via stimulation of cytoskeletal disorganization (Dalby et al., 2007; Roberts et al.,
2016). In addition, calcium phosphate deposits are well known to stimulate osteogenic
induction (Li et al., 2017; Midiller et al., 2008). Finally, the proteins exposed on the NTES particle
surface likely include collagens and OPN expression (among > 500 other ES matrix proteins
(Chien et al., 2008)), which have been shown to induce osteogenesis in MSCs (Chen et al., 2014;

Singh et al., 2018).

5.1.2 Optimization of Scaffold Preparation Method:

Optimal physicochemical properties of the hydrogel scaffolds for bone regeneration
were considered when selecting the polymers and the preparation methods. Biomimeticism is
important in biomaterials, so the ideal scaffold would be mechanically as strong as cancellous

bone with a high compressibility, while still possessing a high porosity and appropriate pore
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sizes in the range of 100 to 500 um. Some of the most popular polymers for bone regeneration
scaffolds include collagen, hyaluronic acid, and PLGA (Shi et al., 2016). A number of preparation
methods were tested, as described in the next paragraph. A variety of different polymers
(PLGA, chitosan, and alginate) were initially evaluated for scaffold creation. Chitosan has
excellent biocompatibility with success in bone regeneration applications, as well as a tailorable
pore size and porosity (Parisi et al., 2018). Alginate also possesses these properties, while
producing a mechanically stronger final material (Zmora et al., 2002). Therefore, the
combination of both chitosan and alginate was considered to have the potential to generate a

composite hydrogel with enhanced physicochemical properties.

Scaffolds were initially prepared using 2% chitosan (no alginate) and the three different
preparation methods (freeze-drying, gelation, and porogen leeching). However, each
preparation method led to the scaffold collapse during the drying phase. While keeping the
scaffolds in a frozen state prevented collapse, the freeze-gelation method continued to produce
scaffolds that would often collapse during drying, and therefore, this method was abandoned.
When evaluating scaffolds made of 2% chitosan and ES particles, the porogen leeching method
often produced scaffolds that were mechanically very weak and degraded rapidly in PBS.
Overall, the freeze-drying method led to the most promising results (Table 2). Due to their
opposite charges in solution, chitosan (+) and alginate (-) are expected to crosslink when
present in combination; however, the increased viscosity made it harder to homogeneously
distribute the particles, with corroborate a previous study from Lawrie et al. (2007). The
optimal method appeared to necessitate distributing homogeneously the particles (ES or NTES)

in the AS first, adding the chitosan and mixing again, and finally adding the glutaraldehyde.
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Ultimately, the 2% chitosan — 2% alginate co-polymer was chosen to prepare the scaffolds
(either without particles [blank], or with ES or NTES particles) for all subsequent experiments

conducted during this Master’s project.

5.1.3. Effects of Particle Inclusion on Chitosan-Alginate Co-Polymer Scaffold Microstructure and

Physicochemical Properties:

SEM analysis of the scaffolds showed that the inclusion of particles (either ES or NTES)
led to a much more unorganized structure, with an increase in porosity. In addition, the

stiffness, CM and scaffold stability increased in the presence of the particles.

The improvements in the scaffold microstructure (for the purpose of bone regeneration)
due to inclusion of particles may be partly explained by the method of scaffold preparation:
directional freezing, ice crystal growth and lyophilization. In the absence of particles, the
directional growth of ice crystals is uninterrupted, creating a very organized porous structure.
On the other hand, when particles are present in the co-polymer suspension, the ice crystals
are unable to penetrate the solid particles, and must terminate or grow around the particles,
which creates a disordered porous structure (Pawelec et al., 2015). The growth of ice crystals
around particles may also cause merging of adjacent ice crystals to create larger crystals, which
generates larger pores (O’Brien et al., 2004). Therefore, disruptions in the direction of ice
crystal growth by ES or NTES particles lead to an increase in the scaffold porosity and a
modified pore size distribution. The increase in stiffness and CM of the scaffolds with ES or
NTES particles (Table 2) could be due to the solid particles acting as a reinforcement of the

polymeric matrix (Torres-Sanchez et al., 2017). The physicochemical properties of the scaffolds
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with ES and NTES particles were quite similar (Table 2) except for a significant increase in the

median pore size of the NTES particle scaffolds.

The increases in particle homogeneity and pore size in the scaffolds with NTES particles,
in comparison to the scaffolds with ES particles (Table 2), is likely explained by chemical
interactions that occur between the particles and the co-polymers when the sol-gel is created.
Indeed, an ancillary experiment showed that the ES particles consistently sank to the bottom of
the AS before mixing, such that when chitosan and glutaraldehyde were added to induce
gelation, the particles were more heterogeneously distributed (data not shown). On the other
hand, the addition of NTES particles consistently caused the alginate to become more viscous,
allowing a more homogeneous distribution of the particles before the addition of the chitosan
and glutaraldehyde (data not shown). This increased viscosity, which keeps the particles in
suspension during the freezing step, may have come from an increase in H-bonding between
the exposed matrix proteins and the polymers (Lin et al., 2005) and/or an increase in calcium

phosphate-induced gelation due to ionic bonding (Alves Cardoso et al., 2014).

Finally, the greater resistance to hydrolytic degradation in PBS solution of the scaffolds
with either ES or NTES particles, in comparison to the scaffolds without particles (Figure 17),
was likely due to the scaffolds with particles having increased bonding capabilities with either
ES or NTES particles, whereas these bonds would not be available in the scaffolds without
particles. With fewer or weaker chemical bonds holding together the scaffold without particles,

the material would be more susceptible to hydrolysis (Ren et al., 2005).

82



5.1.4 Implications of Scaffold and Particle Features on Bone Regeneration Capabilities:

The goal of the material design process was to obtain scaffolds with a pore size and
porosity similar to those of cancellous bone. These two properties are critical for MSC growth,
nutrient diffusion, and waste removal. Cancellous bone has an average porosity of 70% — 80%
and a median pore size of 100um - 500um, depending on the bone (Cowin & Telega, 2003). The
scaffolds with ES or NTES particles depicted a porosity of 81 + 4% and 89 + 5%, respectively, and
a median pore size of 94 um [interquartile range: 75 um —112 um] and 113 um [interquartile
range: 88 um — 140 um], respectively. These values suggest that both scaffolds types (with ES or
NTES particles) are suitable as a bone regeneration material, in contrast to the scaffolds

without particles, which had a similar pore size but a porosity of only 59 + 5%.

Mechanical testing showed that the scaffolds with particles had slightly larger CM than
the scaffolds without particles (3.69 + 0.70 kPa and 3.14 + 0.62 kPa for the scaffolds with ES and
NTES particles, respectively, vs. 2.03 + 0.39 kPa for scaffolds without particles), but the
difference was only significant between the scaffolds with ES particles and the scaffolds without
particles, and the CM remained much lower than that of cancellous bone (approximately 3000
kPa [Chen & McKittrick, 2011; Currey et al., 2007]). The scaffolds containing ES or NTES
particles, however, did show resistance to microstructure damage after compressing the
scaffolds to a zero-nominal thickness while under a light load. Therefore, while the material
may not be appropriate for load-bearing applications, it may be suitable for non-load bearing
applications (e.g., fractures in hand or wrist). In addition, it has been reported that chitosan and
alginate scaffolds with low mechanical strength can be appropriate for bone regeneration

despite their low mechanical strength, particularly when a mineral component (nano-HA or
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nano-bioactive glass) is dispersed throughout the scaffold (Thein-Han & Misra, 2009; Srinivasan
et al.,, 2012). In fact, materials with a CM as low as 1.5 kPa have been observed to support

osteogenic differentiation (Winkler et al., 2018).

Overall, the scaffolds containing particles possessed more favorable physicochemical
properties than the scaffolds without particles. In addition, the inclusion of ES or NTES particles
into the scaffolds could provide a site for MSC-mediated remodeling of the ES calcium
carbonate into calcium phosphate, which has been seen with ES in some studies (Baliga et al.,
1998; Uraz et al., 2013), while the surrounding scaffolding should improve cell viability and cell
interaction with ES particles. Results also showed that the scaffolds with NTES particles
possessed more osteogenic-promoting factors than the ES counter-part, as well as a greater
median pore size. They also have calcium phosphate and exposed matrix proteins on the
particle surface (collagens, OPN), both of which are strong differentiating signals for MSCs (Li et
al., 2017; Lukasova et al., 2017). One of the objectives of this Master’s thesis was to evaluate
MSC differentiation in both types of scaffolds in order to detect possible differences in the

osteogenic potential of scaffolds with ES or NTES particles.

5.2 Mesenchymal Stem Cell Growth and Viability in Scaffolds:

With the scaffolds and particle characteristics well defined, the next step was to
examine cellular growth and viability in the scaffolds, since MSCs must adhere to scaffolds and
remain viable during the lengthy process of osteogenic differentiation. Initial cytotoxicity tests

were performed with RAW264.7 macrophages (see Appendix 1). The RAW264.7 macrophages
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demonstrated a proliferative response in the scaffolds with particles after 7 days in culture.
Cytotoxicity evaluations with the blank scaffolds were not performed, since chitosan and
alginate polymer scaffolds are well-known to be non-cytotoxic (Rodrigues et al., 2012; Sun &
Tan, 2013). Following these promising results, osteogenic differentiation in the scaffolds was
evaluated over 21 days using commercially available MSC lots from four different human
donors. Cells from these four different lots were evaluated to account for differences in age,

sex, race, and other genetic factors (Phinney et al., 1999; Stolzing et al., 2008).

5.2.1 Optimization of Cell Culture Conditions in Scaffolds:

The cell microenvironment in the cancellous region of bone is similar to normal
physiological conditions (37°C, pH 7.4, with low CO2 / high O2). However, two mechanical forces
act on the cells in this tissue: the shear force from blood flowing through the vasculature
(Etheridge et al., 2016), and the compressive force from weight bearing exerted upon the bone
(Michalopoulos et al., 2012). Ideally, a biomaterial should be evaluated in vitro under conditions
that mimic the site of implantation. In vitro, shear and dynamic compressive forces can be
mimicked in a perfusion bioreactor (e.g., the CartiGen C9-X from Tissue Growth Technologies),
where cells can experience similar mechanical forces to those that induce in vivo osteogenic
differentiation of MSCs (Tran et al., 2011). Unfortunately, after spending a significant amount of
time to master the programming and fine-tuning of appropriate aseptic techniques using the
CartiGen C9X bioreactor, a number of insurmountable technical issues were encountered. In
particular, particles of a few hundred microns in size constantly re-appeared after complete
cleaning of the bioreactor, even in the absence of cells and scaffolds. In spite of rebuilding

certain plastic parts of the bioreactor using 316-stainless steel, the particles, presumably
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derived from breakdown/degradation of some internal component(s), were repeatedly
observed. Due to time and financial constraints, the use of this perfusion bioreactor was

abandoned for the purpose of this project.

Instead, a static culture method was used, in which the media was supplemented with
low-dose of differentiation constituents, in order to promote a low osteogenic differentiation
and minimize the effects of the medium on osteogenesis. Cell culture inserts were also used in
24-well plates, to partly overcome nutrient diffusion limitations in thick (>1 mm) materials

(Gaspar et al., 2012).

5.2.2 Cellular Retention:

Scaffolds with ES or NTES particles both demonstrated a higher retention of the seeded
MSCs compared to the scaffolds without particles; consistent results were obtained with the
four lots of MSCs. This higher cell retention suggests cell adhesion inside the scaffolds, and is
likely due to two factors inherent to the particle scaffolds. The first is the increase of roughness
of the pore wall surfaces due to the presence of either ES or NTES particles. This increase in
roughness is due to changes in ice crystal growth patterns in the presence of particles and it has
been well documented that MSCs adhere better to rough surfaces than to smooth ones
(Tillotson et al., 2016). The second is the higher percentage of porosity in the scaffolds with

particles, which may have allowed greater MSC penetration into the scaffolds during seeding.

One hypothesis was that nanotexturing of the NTES particles would increase cell
adhesion; however, this was not observed. It is possible that the number of particles within the

scaffold was not high enough to have a large number of cells in direct contact with a particle
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during seeding (the polymer portion of the scaffold presents more surface area than the

particles).

5.2.3 Cellular Proliferation:

The number of cells present in the scaffolds was measured every 7 days, over a 21-day
period. The scaffolds without particles demonstrated a consistent, significant decrease in viable
cell numbers. On the other hand, the scaffolds with ES or NTES particles exhibited a non-
significant decrease in cell number over the 21-day period, with the exception of a minor, but
statistically significant, decrease at day 14 for the scaffold with NTES particles. This
improvement in the scaffold ability to maintain large numbers of viable cells was likely due to
the greater porosity of the scaffolds with particles in comparison to the scaffolds without
particles, since porosity is critical for the diffusion of nutrients and waste metabolites. It is not
entirely clear if the loss of cells in the scaffolds without particles was due to cell death (caused
by a lack of nutrient diffusion or inefficient waste removal) or due to poor adhesion of the cells
because of unsatisfactory conditions within those scaffolds. However, high levels of cellular
debris were observed with the blank scaffolds during the medium changes, which was not
observed with the scaffolds with either type of particles. There were no significant differences
in the number of viable cells between scaffolds with ES or NTES particles at each time point.
This demonstrates that nanotexture did not have any effect on cell viability, and confirms that

pore size and porosity are the main factors affecting cellular viability (Murphy & O’Brien, 2010).
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5.2.4 Importance of Cellular Adhesion and Proliferation for Bone Regeneration:

The observed increases in MSC retention and viability led to the hypothesis that
scaffolds with either type of particles would be a superior bone regeneration material than the
scaffolds without particles, for two reasons. Cellular adhesion is critical for an implantable
biomaterial, since the recruitment of cells in vivo and their retention in the scaffold are key
factors (Khalili & Ahmad, 2015). Additionally, the first step in MSC differentiation into
osteoblasts is adhesion; indeed, MSCs are unable to differentiate unless their pseudopodia are
attached to a surface (Wang & Chen, 2013). With respect to the viable cell number over time, a
greater number of osteoblast-differentiated MSCs in these scaffolds would lead to greater
secretion of new bone mineral. Therefore, it is critical for a biomaterial to sustain the viability of

the cells by facilitating proper nutrient diffusion and by promoting cell adherence.

5.3 Mesenchymal Stem Cell Differentiation in Scaffolds:

Osteogenic differentiation of MSCs seeded into the different scaffolds was evaluated by
monitoring three distinct properties: increased ALP activity, increases in the levels of osteogenic

proteins RUNX2 and OPN, and changes in MSC morphology.

5.3.1 Alkaline Phosphatase Activity of Mesenchymal Stem Cells:

ALP is one of the earliest markers of osteogenic differentiation, and has very low activity
in undifferentiated MSCs (Prins et al., 2014). Extractable ALP activity of MSCs seeded into the

different scaffold types was evaluated every 7 days for 21 days. In most studies, ALP activities
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are normalized to the total protein levels. However, in the present study, cells were lysed
directly in the scaffolds, which led to the extraction of proteins from the FBS in the culture,
thereby affecting the protein concentration of the sample. To overcome this issue, ALP activity

was normalized to the number of cells in the scaffolds, determined by AlamarBlue®.

ALP activity in the scaffolds without particles did not increase over 21 days, suggesting
that osteogenic differentiation did not occur. On the other hand, the time-dependent increase
in ALP activity was observed in the scaffolds with ES or NTES particles, suggesting that
osteogenic differentiation was occurring. The poor adhesion observed in the scaffolds without
particles, as well as the cell death or detachment would account for the lack of increase in ALP
activity in these scaffolds. Adhesion is a necessary step for differentiation to occur, and cells
that are stressed due to lack of nutrients will not differentiate. However, the scaffolds with ES
or NTES particles were able to sufficiently support the viability of MSCs, and a continual
increase in ALP activity was observed. Once again, no significant differences were observed
between the two scaffolds with particles, but ALP activity increased earlier in the scaffolds with

NTES particles (day 14) than in the scaffolds with ES particles (day 21).

5.3.2 Levels of Osteogenic Proteins in Mesenchymal Stem Cells:

Levels of the osteogenic proteins RUNX2 and OPN were measured in the cell lysates
from scaffolds with ES and NTES particles. Western blot analyses were not performed on cell
lysates from scaffolds without particles due to the extremely low number of cells and the high
levels of FBS in the lysate. Dilute protein lysates were concentrated through TCA precipitation.

Initially, the use of a total protein stain was considered to quantify the protein amount for
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Western blotting; however, the FBS present in the lysate skewed the protein determinations.
Therefore, a constant volume of lysate was loaded and samples were normalized to GAPDH
immunoreactivity. GAPDH is a housekeeping enzyme whose levels do not change during

osteogenic differentiation (Quiroz et al., 2010).

RUNX2 synthesis is an early marker for osteogenic differentiation, while OPN levels
increase during middle to late stage differentiation (Wagner et al., 2010; Zhang et al., 2011).
Results showed that RUNX2 levels tend to increase with time in the scaffolds with either ES or
NTES particles. This same trend was observed for OPN. However, the increase was not
statistically significant with the exception of RUNX2 at day 21 in the scaffolds with NTES
particles. Nevertheless, together with the increases in ALP activity observed in the scaffolds
with either particles, these results suggest that osteogenic differentiation was occurring. The
synthesis of OPN also suggests that the cells had progressed to become nearly mature
osteoblasts (Wagner et al., 2010). Again, no significant differences in the levels of either
proteins were observed between the scaffolds with the two types of particles, despite the

significant increase of RUNX2 at day 21 compared to day 0 in the scaffolds with NTES particles.

5.3.3 Changes in Mesenchymal Stem Cell Morphology:

Confocal microscopy was used to qualitatively assess the degree of MSC differentiation.
Indeed, MSCs differentiating into osteoblasts become more cuboidal (Rodriguez et al., 2004;
Yourek et al., 2007). Results showed that MSCs in the scaffolds without particles remained very
spherical from day 0 to day 21, indicating that the cells did not differentiate or interact strongly

with the scaffold. This shape may also indicate that the MSC pseudopodia were not extended
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for adhesion to the scaffold surfaces. Indeed, surface-adhered but undifferentiated MSCs have
a fibroblast-like (thin and elongated) morphology (Yourek et al., 2007). While there was no
change in the number of dead cells observed, it is likely that the washing steps used prior to
imaging would have removed dead and non-adherent cells. The extremely low cell density
observed in the images of scaffolds without particles correlated with the low number of viable

cells observed in Figure 20.

Cells in the scaffolds with ES or NTES particles at day O had a regular fibroblast-like
morphology that is a characteristic of adhered, undifferentiated MSCs. Cell density, similar to
the results of cell retention and viability (Figures 19 and 20, respectively), was also very high
compared to the scaffolds without particles, and very few dead cells were observed. After 21
days in culture, the MSCs in the scaffolds of either type of particles exhibited a cuboidal shape,
which confirms that the cells were undergoing differentiation. Interestingly, cells further away
from the particles appeared to have a more elongated morphology, which suggests that they
were not differentiated. It may also indicate cell-to-cell communication between differentiated
MSCs (Etheridge et al., 2016). Indeed, it is possible that when MSCs adhere to either ES or NTES
particles, start differentiating, and then transduce a differentiating signal to nearby MSCs that

are further away from particles, leading to the stretching appearance of remote cells.

5.3.4 Overall Differentiation Analysis:

Multiple parameters were used to determine if osteogenic differentiation was occurring
in the MSCs seeded in each type of scaffolds. However, since differentiation is such a complex

process, the results must be taken as a whole rather than examined individually. The scaffolds
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without particles clearly demonstrated that very few cells were retained, and that osteogenic
differentiation did not occur. Although the protein levels of RUNX2 and OPN in blank scaffolds
were not evaluated, the lack of changes in ALP activity in conjunction with the observed cell

morphology were consistent.

The scaffolds with either ES or NTES particles, however, exhibited increasing levels of
ALP activity, morphological changes, and a small, although not statistically significant, increase
in the levels of RUNX2 and OPN. The ALP activity in both scaffold types exhibited a plateau at
day 14, which is when ALP peaks have been shown to be correlated to MSCs approaching late
stage of differentiation (when mineralization begins to occur) (Beck et al., 2000; Hanna et al.,
2018). It is also at this time point that cells started to become more cuboidal. Therefore, the
scaffolds with either type of particles were found to facilitate osteogenic differentiation of

MSCs.

Overall, the results of this thesis showed that the scaffolds with either type of particles
facilitated osteogenic differentiation. However, no difference was observed between the
scaffolds with ES or NTES particles. This may be due to the fact that the concentration of
particles within the scaffolds may not have been high enough to be able to detect differences
between the effects of ES and NTES particles. Indeed, while it is possible that MSCs adherent to
NTES particles were more differentiated than MSCs on ES particles, the particle effects on cell
differentiation may have been minimized because of the low concentration of particles in the
scaffolds, leading to non-significant differences between the scaffolds with the two types of
particles. The particle concentration was however optimized to maximize their number without

sacrificing scaffold porosity and pore size.
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An important aspect of this research was that experiments were performed with cells
from four different human donors (individual results are detailed in Appendix 3). Results
showed some variability in the appearance of osteogenic markers, due in part to donor-to-
donor differences, as discussed earlier. However, a consistent trend was observed in all
measurements with MSCs from each individual donor, as well as in the pooled data (Figures 19-

22).
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6.0 Conclusions and Future Directions:

ES and novel NTES particles were generated from chicken ES, and then incorporated into
chitosan-alginate co-polymer scaffolds. The characterization of ES and NTES particles showed
that PA-nanotexturing treatment induced both a surface nanotexture and deposits of calcium
phosphate on the NTES particle surface. The presence of either ES or NTES particles improved
the scaffold physicochemical properties in all aspects related to the intended bone
regeneration applications. The inclusion of either ES or NTES particles also improved MSC
retention, and thereby likely adhesion, to the scaffolds, and increased the percentage of MSC
viability in the scaffolds over a 21-day cell culture. Finally, the inclusion of either ES or NTES
particles induced osteogenic differentiation of MSCs, assessed by ALP activity, levels of
osteogenic proteins RUNX2 and OPN, and changes in MSC morphology over time. Scaffolds
without particles did not show any of the characteristic features of osteogenic differentiation.
Finally, no significant differences in any of the physicochemical, material properties or cellular

comparisons were observed between the scaffolds with either ES or NTES particles.

A logical future direction for this research project would be to evaluate these novel
scaffolds in an animal model. The scaffolds with either ES or NTES particles were successful in
facilitating osteogenesis in culture, but the cell culture system is a much simpler system than a
living organism. The benefit of the animal model would be to confirm that bone regeneration is
actually facilitated by the scaffolds containing ES or NTES particles, in a living system with
multiple cell types and different growth factors. It is also possible that the animal model tests
would reveal differences between scaffolds containing ES or NTES particles. The first line of

investigation could be the assessment of cytotoxicity, inflammation, neovascularization, and
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potential ectopic mineralization following subcutaneous implantation of the scaffolds. A bone
defect animal model (e.g., rat calvarial defect) would then be required to evaluate bone
regeneration. Other experiments may include analyzing the effects of a larger number of
particles in the scaffolds. This may however require the use of a different polymeric scaffold,
since the particle concentration was optimized with the hydrogel composite used in the present
work to maintain a proper pore size and porosity. Finally, experiments using a perfused system
(bioreactor) under dynamic compression and with regular culture medium (as opposed to low-
dose osteogenic culture medium) would allow better perfusion of the scaffolds and may reveal
particle-specific effects by eliminating the confounding factors due to the use of an osteogenic

culture medium.
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7.0 Appendices:

7.1 Appendix 1:

Cytotoxic effects of the scaffolds were initially evaluated using RAW264.7 bone marrow
macrophages. These cells were also used to optimize the cell seeding and culturing protocols
prior to using the MSCs. The macrophages were cultured up to the third passage in 75 cm?
flasks (Corning) with Dulbecco’s modified eagle medium (DMEM; Gibco) supplemented with
10% FBS, and grown to approximately 85% confluency. Confluent cells were detached from the
flask using 0.25% trypsin-EDTA (Life Technologies). The trypsin-EDTA was inactivated with the

addition of fresh DMEM /10% FBS.

At the third passage. macrophages were resuspended in fresh DMEM/10% FBS at 8334
cells/ul, so that a total of 250,000 cells would be seeded in each scaffold after pipetting 2.5 ul of
cell suspension 6 times on each scaffold. Specifically, 2.5 ul of macrophage suspension were
first pipetted onto the scaffolds in two random spots, followed by a 30-min incubation. All
incubations occurred under cell culture conditions. After repeating this seeding step three
times, the scaffolds were incubated for 1 h, flipped 180° and the entire procedure was
repeated on this other side. Finally, the scaffolds were incubated for 1.5h after the addition of a
few drops of DMEM/10% FBS, were placed in a 48-well plate (Corning), covered gently with
DMEM/10% FBS, and incubated overnight under cell culture conditions. Following the overnight
incubation, scaffolds were transferred to a new 48-well plate (Corning) and approximately 1 ml
of DMEM/10% FBS was added to each well containing the scaffolds. The macrophage-loaded

scaffolds were cultured for a period of 7 days, with media changes every other day.
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The retention of macrophages in the different scaffolds was evaluated using the
AlamarBlue® assay. Scaffolds at day 0 were washed thoroughly with DMEM/10% FBS (37°C) to
dislodge any poorly adherent or dead cells. Scaffolds were then incubated for 3h under cell
culture conditions in DMEM/10% FBS supplemented with 10% AlamarBlue® reagent
(ThermoFisher Scientific). At the end of the incubation, a 100 pl aliquot was added to a 96-well
plate (Corning) and fluorescence was determined at an excitation/emission wavelength of 530
nm/590 nm (BioTek Eon, BioTek). The number of cells in the scaffolds was then determined

using a standard curve generated with known numbers of macrophages.
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Figure Al. Proliferation of RAW 264.7 bone marrow macrophages in nanotextured eggshell
scaffolds. Scaffolds seeded with RAW 264.7 bone marrow macrophages were grown for 7 days
in cell culture conditions (37°C, 5% CO;, 95% humidity). The scaffold was incubated with
Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum with 10%
AlamarBlue® for 3 h under cell culture conditions. Fluorescence intensity (excitation/emission of
530 nm/590 nm) was compared to a standard curve to determine the number of live cells in the
scaffolds. Data are presented as means +* standard deviation of 3 scaffolds. Statistical analysis
was performed using a Student’s t-test. An asterisk (*) indicates a significant difference of

(p<0.05).
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7.2 Appendix 2:

Lot #1 Lot #2

0] s ¥ ]
ATCC® Number: PCS-500-012™ ATCC* Number: PCS-500-012
Lot Number: 64430737 Lot Number: To01721
Name: Bone Marrow-Derived Mesenchymal Stem Cells; Normal, Human Name: Bone Marrow-Derived Mesenchymal Stem Cells; Normal, Human
Species: Human (Homo sapiens) Specles: Human (Homo sapiens)
Manufacture Date: 10AUG2016 Manufacture Date: 08JANZ018
Fill Volume: 1mL Fill Volume: 11mL
Passage Number: 1 Passage Number: 2
Donor Tissue Source: Fresh bone marrow Donor Tissue Source; Bone Marrow
Donor Gender: Female Donor Gender: Male
Donor Age: 34 years Doner Age: 21 years
Donor Race: Gaucaslan Donor Race: Asian/Vietnamese

Lot #3 Lot #4
ATCC® Number: PCS-500-012™ On Fri, Jul 27, 2018 at 4:23 PM, Rosemary Hill (Technical)
: semary. Hill@cedarlanelabs m> ve :
Lot Number: 70014720 <Rosemary. Hill@cedarlanelabs, cor wrote:
Hi again Nick
Name: Bone Marrow-Derived Mesenchymal Stem Cells; Normal, Human
Species: Human (Homo sapiens) | asked a few of our suppliers about lot a\_'ailabilily for their bone
Manufacture Date: 02JAN2018 marrow mesenc.hymall stem cells, | :arn still waiting to hear back from
some of them, but | did find one option for you so far, from Cell

Fill Volume: 1.1 mL Engi . .

ngineering Technologies:
Passage Number: 2
Donor Tissue Source: Bone Marrow
Donor Gender: Male Cedarlane cat# HMSC.BM-500 Human Bone Marrow Derived
Donor Age: 24 years Mesenchymal Stem Cells (Size: 500,000 cells) $694 (only
Donor Race: White one lot available, from a 25-year-old Caucasian male donor)

Figure A2. Mesenchymal stem cell donor information experimental lots. Information
regarding donor race, gender, and age for each of the 4 different mesenchymal stem cell lots

used for the experiments.
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7.3 Appendix 3:

The following graphs are the results of the cell retention, viability, and analysis of
osteogenic markers for each MSC donor that was used throughout this research (results from

pooled lots are presented in the results section of this thesis).
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Figure A3. Individual donor results of mesenchymal stem cell retention in scaffolds. Scaffolds
were incubated in medium containing 10% AlamarBlue®. Fluorescence measurements were
made at excitation / emission wavelengths of 530 nm / 590 nm, and compared to a standard
curve to determine cell number. Cell retention was calculated as a ratio between the
experimentally determined number of cells and the number of cells originally seeded into the
scaffold. Data are presented as means + standard deviation of 3 scaffolds. Statistical analysis
was performed using a one-way analysis of variance (ANOVA) followed by Tukey post-hoc tests.
An asterisk (*) and a triple asterisk (***) indicate a significant difference compared to the other

scaffold types with p<0.05 and p<0.001, respectively.
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Figure A4. Individual donor results of mesenchymal stem cell viability over time in scaffolds.

Scaffolds seeded with mesenchymal stem cells (MSCs) were grown for 21 days in cell culture
conditions (37°C, 5% CO,, 95% humidity). At each time point, cell viability was evaluated using
AlamarBlue®. Fluorescence intensity (excitation/emission of 530 nm/590 nm) was compared to
a standard curve to determine the number of live cells in the scaffold. For each scaffold, the
percentage of viability at each time point was calculated based on the day O value. Data are
presented as means * standard deviation of 3 scaffolds. Statistical analysis was performed using
a one-way analysis of variance (ANOVA) followed by Tukey post-hoc tests. An asterisk (*)

indicates a significant difference compared to the other scaffold types with p<0.05.
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Figure A5. Individual donor results of alkaline phosphatase activity of mesenchymal stem in
scaffolds. An aliquot of mesenchymal stem cell protein lysate at each time point was incubated
in a 96-well plate with 5 mM MgCl;, 100 mM diethanolamine, and 2 mM pNPP. Absorbance
(405 nm) was compared to a previously determined alkaline phosphatase (ALP) activity
standard curve. Results were expressed as percentages, relative to day 0. Data are presented as
means * standard deviation of 3 scaffolds. Statistical analysis was performed using a one-way

analysis of variance (ANOVA) followed by Tukey post-hoc tests. An asterisk (*) indicates a
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Figure A6. Individual donor results of Western blot analysis of osteogenic markers of

mesenchymal stem cells (MSCs) in scaffolds. An aliquot of MSC protein lysate at each time

point was concentrated by TCA precipitation, separated via SDS-PAGE, and transferred to PVDF

membrane. Western blotting was sequentially performed for RUNX2, osteopontin (OPN), and

GAPDH. Levels of RUNX2 and OPN were normalized to GAPDH, and then expressed as a

percentage of the level at day 0. Data are presented as means * standard deviation of 3

scaffolds. Statistical analysis was performed using a one-way analysis of variance (ANOVA)

followed by Tukey post-hoc tests. An asterisk (*) indicates a significant difference compared to

the other scaffold types with p<0.05.
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