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Abstract

Electrically conductive carbon-based materials are emerging as potential biomaterials for bone tissue
engineering. Their incorporation into organic-inorganic nanocomposites mimics the structural

composition and electrically conductive nature of bone.

The aim of this research was to design bone biomaterials from gelatin-based polymers, tertiary
bioactive glasses (BG) via a sol-gel method, and multiwall carbon nanotubes (MWCNT). The
incorporation of calcium into organic-inorganic nanocomposites plays an essential role in the
development of bioactive bone biomaterials. Calcium chloride and calcium ethoxide were investigated
as calcium sources in gelatin-BG-MWCNT nanocomposites. The resulting surface elemental
distribution was homogeneous, but the swelling, degradation and porosity properties of
nanocomposites differed due to the fate of calcium ions within the organic-inorganic network.
Mineralization on the surfaces of nanocomposites was observed after treatment in simulated body
fluid. Favorable cell adhesion, spreading, and viability were observed on nanocomposites, with
calcium ethoxide having more advantageous properties. Furthermore, an alternative synthesis
strategy comprising gelatin methacryloyl (GelMA), sol-gel derived tertiary BG containing calcium
ethoxide as calcium source, and MWCNT was developed to create nanocomposite organic-inorganic
hydrogels. Using this strategy, biomaterials possessed mechanical and electrically conductive
properties as a function of MWCNT loading. In addition, suitable electro-mechanical responses
similar to that found in endogenous bone were observed without affecting their bioactive and
biocompatibility properties. Nanocomposite hydrogels also supported mouse embryo multipotent

mesenchymal progenitor (10T1/2) cells and drove differentiation into an osteogenic lineage.

Mesenchymal stem cells derived from human-induced pluripotent stem cells (iMSCs) were also able
to attach to GelIMA-BG-MWCNT nanocomposite hydrogels. Cell adhesion onto the surfaces of
nanocomposite was improved when hydrogels were coated with fibronectin and seeding pre-
differentiated iIMSCs. Increased osteogenic differentiation and the formation of mature mineral
deposition were observed in hydrogels with increasing MWCNT concentration. Overall, the data
presented in this thesis demonstrated that nanocomposites containing MWCNT could potentially

become promising bioactive biomaterials for bone repair and regeneration applications.
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Summary for Lay Audience

Bone loss is clinically defined as a defect in the bone structure that is caused either by external factors
or deformation of existing bone, causing structural deterioration. The repair of bone fractures and
reconstruction of critical-size bone defects that exceed the healing capacity of the human body
represent a significant challenge. Currently, treatment for cases of orthopedic intervention involves a
grafting procedure that replaces the defected bone with autograft or allograft sources as well as
xenograft or synthetic bone substitutes, however, these procedures often lead to complications causing
hemorrhage and vascular lesions, limited quality of harvested bone as well as risk of disease
transmission and immune response. In addition, patients display limited anatomical and functional
recovery demonstrating the requirement for an alternative therapeutic solution that would ideally
degrade at a similar rate to the formation of new tissue to maintain the integrity of the repaired region
of bone. Although several materials such as organic polymers, inorganic phosphates, and organic-
inorganic hybrids have been extensively studied for bone tissue engineering solutions, new generation
of biomaterials that better mimic the bone's natural electrically conductive property may have

significant advantages.

In this research, nanocomposite biomaterials comprised of gelatin, bioactive glass (BG) and multiwall
carbon nanotubes (MWCNT) were developed to establish a favorable approach that incorporates all
three components for the development of a bone biomaterial. Comparison of the role of different
calcium sources in the gelatin-BG-MWCNT were evaluated. An improved strategy was further
developed to prepare bioactive nanocomposite hydrogels composed of gelatin methacryloyl (GelMA),
BG and MWCNT containing tunable electro-mechanical responses similar to those found in
endogenous bone during its regeneration and healing. The nanocomposite hydrogels were able to
induce osteogenic differentiation in mouse- and human-derived stem cells and enhanced protein

expression and mineralization in pre-differentiation human-derived stem cells.

In conclusion, organic-inorganic nanocomposite biomaterials containing an electrically conductive
component mimic the natural structural composition and electrical conductive properties of bone, and

may be good candidates for bone tissue engineering.
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Chapter 1

1. Introduction*!
1.1. Overview

By 2025, there will be over 3 million cases of bone fractures in the United States that require clinical
intervention, creating an increased medical system cost of $25 billion per year.! In Canada, the
healthcare system already faces an overall yearly cost of $2.3 billion for the treatment of osteoporosis
and osteoporosis-related fractures,% and as the aging segment of the population increases, an ever-
increasing financial burden will be imposed on the healthcare system. Repair of bone fractures and
reconstruction of critical-size bone defects that exceed the natural healing ability of the human body

thus represents a significant challenge.

Bone defects are caused by either external factors or deformation of existing bone, resulting in
structural deterioration.®! Current intervention strategies to treat bone defects involve the replacement
of the damaged region with donor bone either from autograft, allograft, or xenogeneic sources.
However, the use of donor bone sources possesses significant risks, including donor-site morbidity,
hemorrhaging, and an elevated risk of disease transmission.[! Of greater concern is their limited
availability, with autografts already in short supply and therefore unable to meet the increased demand
for our aging population. For these reasons, synthetic bone graft substitutes have received significant

attention.

Synthetic materials were first prepared as bone graft substitutes with the design purpose of matching
the physical properties present in natural bone, with minimal adverse response to the host.["l Sustained
research in this field developed biomaterials that could create a favorable interface between the
implanted material and the host tissue, promoting positive responses in the surrounding tissues within
the body.[®l One of the most studied bone biomaterials is bioactive glass (BG), originally the 45S5
BG invented by Hench,® which has gained great attention due to its ability to bond to bone through

*1 Part of this chapter has been published. Reprinted with permission from Arambula-Maldonado, R.,
Mequanint, K.; Carbon-based electrically conductive materials for bone repair and regeneration; Materials
Advances 2022, 3 (13), p.5186-5526.
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the formation of hydroxyapatite layers on its surface within a physiological environment. However,
the processing of synthetic bone graft substitutes into porous complex scaffolds for load-bearing
implantation sites can become challenging due to their brittle and stiff nature. In addition, patients
treated with scaffolds made entirely of BG displayed limited anatomical and functional recovery,
demonstrating the requirement for an alternative intervention solution.[*®! The new solution would
integrate natural or synthetic polymers to create a hybrid tissue-engineered bone that would ideally
degrade at a similar rate to the formation of new tissue to maintain the integrity of the repaired region
of bone which can physiologically and mechanically adapt to the natural environment, and local load
within the body.*

Although several materials such as organic polymers, inorganic phosphates, and organic-inorganic
hybrids have been extensively studied for bone repair and regeneration,*2**I new-generation
biomaterials that provide additional functionality for bone scaffolds such as conductivity,[*618l
fluorescence property, and drug delivery[*® are active areas of research being applied for bone tissue
engineering solutions. The native bone possesses endogenous conductive properties?®? and the
incorporation of a conductive element into a bone biomaterial could better mimic the bone natural
electrical conductivity, providing significant advantages at a physiological level.[??l Carbon-based
conductive materials have specifically been incorporated into polymer-based bone biomaterials as a
reinforcement element and as a component that can deliver electrical cues through the application of
electrical stimulation for the maturation of osteoblasts and promotion of the repair and regeneration
of bone defects (Fig. 1.1).

The overall objective of this work is to design and synthesize organic-inorganic biomaterials for bone
tissue engineering with the attempt to provide several of the above-mentioned features in a single

structure.
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Figure 1.1. Application of carbon-based conductive materials for bone repair and regeneration.
Electrically conductive bone scaffolds are developed through the incorporation of carbon-based
conductive materials into natural/synthetic polymers, creating a tissue-engineered bone that can be
implanted into regions of bone defects. The aim of the implanted electrically conductive tissue-
engineered bone is to degrade at a similar rate to the formation of new tissue to maintain the integrity
of the repaired region while acting as a load-bearing element until the scaffold is completely
remodeled and matches the original tissue’s mechanical strength. Electrical stimulation can be
delivered to the implanted conductive bone scaffold to promote cell proliferation, migration, and
maturation of bone.[#!

1.2. Thesis Outline

This thesis is divided into 6 chapters. Chapter 2 presents a thorough literature review on the principle
of bone tissue engineering, the electrically conductive nature of endogenous bone and the importance
of incorporating carbon-based conductive materials into organic-inorganic composites to develop
bioactive biomaterials that mimic the structural composition and electrical properties of endogenous
bone. In addition, the preparation strategies of different types of carbon-based conductive materials
are presented, focusing on their properties, applications, and physiological responses for bone tissue
engineering. Hypothesis and objectives are provided at the end of this chapter. Furthermore, chapter
3 describes exploratory experiments on the preparation and characterization of gelatin-BG-MWCNT
biomaterial to establish the best approach to incorporate all three components for the development of

a bone biomaterial. Following the conditions assessed in the exploratory experiments, chapter 4
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presents an efficient approach that incorporates GelMA, tertiary BG, and uniformly dispersed
MWCNT to create nanocomposite hydrogels. This chapter assesses the physicochemical, structural,
mechanical, and electrical characterizations of GelIMA-BG-MWCNT hydrogels, as well as their
biological evaluation. Chapter 5 evaluates the osteogenic differentiation of iMSCs on nanocomposite
hydrogels with the presence of electrical stimulation and their potential application in in vivo models.

Finally, the significance, limitations, and future directions of this research are defined in chapter 6.
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Chapter 2

2. Literature Review*?2

Overview: This chapter provides background information on the current clinical strategies for the repair of
bone defects, emphasizing on the importance of bone tissue engineering strategies leading to the types of
synthetic bone biomaterials and the importance of sol-gel-derived organic-inorganic bone biomaterials. The
chapter subsequently discusses the electrically conductive nature of bone and the properties and
characterizations of different carbon-based electrically conductive materials that are used as bone
biomaterials for their applications in bone tissue engineering solutions. At the end of the chapter, an outline of

the scope of this work and the objectives are provided.

2.1. The need for bone tissue engineering

Bone is a complex organic-inorganic composite tissue composed of 30 wt.% collagen and 70 wt.%
hydroxycarbonate apatite (HCA) [ where collagen fibers provide a framework in which the HCA
nucleates and grows.ld As a mineralized connective organ, bone undergoes natural tension and
compressive forces that provide structural support while protecting vital organs, serving as a mineral

reservoir that produces blood cells in our body.E!

Global statistics have shown that bone is one of the organs in the human body that has frequently
required repairing. Yearly cases of approximately 2.2 million bone graft procedures have been
reported, with the number of interventions estimated to increase by approximately 13% annually.*
Such bone graft procedures involve the replacement of the damaged region with donor's bone either
from autograft, allograft, or xenogeneic sources. Bone graft interventions are performed on critical-
size bone defects that are caused by the removal of osseous tumors, ! fracture regenerations” and the
repair of natural structural deteriorations, such as osteoporosis or birth defects.®] However, grafting
procedures often lead to complications causing hemorrhage and vascular lesions, limited quality of

harvested bone, as well as risk of disease transmission and immune response.l®! The limited

*2 Part of this chapter has been published. Reprinted with permission from Arambula-Maldonado, R.,
Mequanint, K.; Carbon-based electrically conductive materials for bone repair and regeneration. Materials
Advances 2022, 3 (13), p.5186-5526.
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availability of natural bone grafts is a cause of great concern since they cannot meet the increased
demand of our aging population. Therefore, the field of bone tissue engineering has been noticeably
developing bone biomaterials for the healing and regeneration of bone defects.

The aim of bone tissue engineering is to create biomaterials for critical-size bone defects that cannot
heal naturally.[*! Pre-osteoblasts and mesenchymal stem cells (MSC) are examples of cells that have
been previously used because they can readily differentiate to an osseous lineage.['>!! Bioactive
molecules also play a crucial role to direct regeneration of osseous tissue. The in vivo
microenvironment surrounding a cell is rich in biomolecular signals from other cells and the
extracellular matrix (ECM). Such biomolecular signals can be autocrine, which affects the same cell
that released the molecule, paracrine signals that affect proximal cells, or endocrine signals which
affects remote targets.*?l Bioactive molecules can be growth factors, cytokines, hormones or
transcription factors and thus can be introduced onto three-dimensional (3D) scaffolds to direct the
regeneration of skeletal tissues and interact with and modulate the activity of various bone cell
populations (Fig. 2.1).%1 Moreover, scaffolds are critically important providing a temporary
mechanical support and act as a temporal and spatial guide to promote cell attachment, migration,
proliferation, and differentiation during the development of new bone tissue.* Bone repair materials
should preferably be osteoinductive, osteoconductive, and capable of osseointegration.[*®! Ideally, to
maintain the integrity of the repaired region of bone, the biomaterials within the scaffold would be
resorbed and replaced over time and in tune with the body’s own newly regenerated biological

tissue.[1516]
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Figure 2.1. Tissue engineering components. The building blocks for bone tissue engineering
comprise functionally active osteoblastic cells to secrete new bone matrix (osteogenesis), bioactive
molecules (growth factors) to drive the regeneration process (osteoinduction), and scaffolds upon
which cells attach and signaling molecules can be delivered to the bone site to be regenerated
(osteoconduction) either in vitro or in vivo.[*!

2.2. Types of inorganic synthetic bone biomaterials
2.2.1. Calcium phosphate crystalline ceramics

Calcium phosphates (CaP), specifically hydroxyapatite (HA) (Cai0(POas)s(OH)2), B-tricalcium
phosphate (B-TCP) (Ca3(POs)2) and a combination of both producing biphasic CaP (BCP) ceramic are
accounted as the most widely used ceramic-based bone graft substitutes due to their osteoconductive
and bioresorbable properties.l*”2%1 The chemical composition of calcium ceramics is similar to the
inorganic phase of natural bone, which is composed of CaP in the form of carbonate apatite
nanocrystals.???21  Crystalline ceramics can be synthesized through solid-state reactions, thermal
conversion or direct precipitation,?*-?! in an attempt to mimic the natural nanocrystals. Furthermore,
dense CaP can be produced through sintering, a process in which ceramics in the form of powder go
through a thermal treatment at temperatures of 1000°C and above, to induce a three-dimensional
porous structure through ion diffusion at the grain boundaries.?®! However, the main property that is

considered to determine the mechanical strength of ceramics is the Ca/P molar ratio, which is related
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to the degree of crystallinity.?”?®] Metastable intermediate precursors are formed during the

crystallization process of CaP as follows.[?®!

i) Amorphous CaP

i) Brushite (CaHPO4-2H,0)

iii)  Octacalcium phosphate (Cag(HPO4)2(POs)4-5H,0)
iv)  Tricalcium phosphate (a(B)-Cas(POa)2)

V) HA (Ca1o(POs)s(OH)2)

Furthermore, Ca/P molar ratios also determine the rate at which the ceramics are reabsorbed; a high
crystallization delays the resorption rate, whereas amorphous or low crystallization ceramics have
higher relative solubilities.[?’l HA is the most crystalline ceramic with a Ca/P molar ratio of 1.67,3%
it is, therefore, very stable when implanted into damaged bone sites but possesses a very slow rate of
reabsorption. In contrast, B-TCP is a less crystalline ceramic with a Ca/P molar ratio of 1.5 than HA
and, therefore, reabsorbs more rapidly in the human body.[?*31 As B-TCP degrades, there is an
increased concentration of calcium and phosphate on the surface of the ceramic which enhances the
mineralization and formation of bone. However, the mechanical strength of B-TCP is lower due to the
rapid resorption in the body, compromising the intrinsic strength of the repairing bone at the site of
implantation. The high crystalline form of B-TCP can be achieved by sintering to obtain a
mechanically stronger ceramic; however, their reabsorption rate would become very slow, preventing

bone repair.

2.2.2. Non-crystalline bioactive glasses

BGs are amorphous, silicate-based materials that are based on a covalent random network of corner-
sharing silica tetrahedra containing Si-O-Si bridging bonds.’® The original BG (46.1%, SiO2, 24.4%,
Na20, 26.9% CaO, and 2.6% P»0s, in mol%), 45S5 Bioglass®, was developed by Hench and his
colleagues.®? Bioglass® was first produced through melt-quenching processing which involved
melting the oxide components in platinum crucibles at a temperature of 1370°C, followed by pouring
into a preheated mold or pouring the melt into water to quench, creating a powder or frit.*2%3 BG can

also be synthesized via the sol-gel process. The sol-gel process is a technique in which BGs are
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produced at room temperature. The process involves the synthesis of BGs where colloidal suspensions
(sol) of glass precursors undergo a series of hydrolysis and polycondensation reactions to form a gel,
an inorganic network composed of the glass elements forming covalent bonds.** Glass precursors are
present in the form of metal alkoxides with the structure of M-(OR)x, where a central metallic ion,
such as silicon (Si) is bound to functional organic groups (R) through oxygen linkage (0).[+%]
Common glass network formers used are metal alkoxides that can readily react with water, such as
tetraethyl orthosilicate (TEOS) and triethyl phosphate (TEP) and are used as silica and phosphate
precursors respectively (Equation 2.1).°! Sources of calcium can also be incorporated during the sol-
gel process in the form of calcium salt precursors, which act as network modifiers by breaking down
the glass network through the creation of non-bridging bonds. A gel is formed by polycondensation
of the silica species in the sol (Equation 2.2), forming a network of silica (Si-O-Si bridging bonds)
that subsequently goes through a heat treatment to remove the condensation by-products and remove
the nitrates in cases where calcium nitrate salt is used, due to the cytotoxic nature of nitrate.3%I |n
addition, different drying techniques for wet gels result in porous, structured materials known as
aerogels and xerogels.*®! Aerogels are low-density gels that are produced by the removal of liquid
from the interconnected pore network as a gas phase under supercritical drying; whereas xerogels,
generically called gels, are the resulting product from drying at or near ambient conditions by thermal

evaporation.[36:37]

Hydrolysis: Si-(OC2Hs)s + 4H,0 - Si(OH)4 + 4C2Hs-OH (2.1)
Self-condensation: Si(OH.) - SiO; + 2H20 (2.2)
Further self-condensation > QH OH OH
HO-S51-0-5i -0 -5 -0H
(‘)H (‘) (L)H

|

HO -5i -OH
|
OH

The advantage of sol-gel-derived over melt-quenching-derived BGs is the generation of different gel
products, such as aerogels and gels, that can be characterized for their applications as potential
bioactive bone biomaterials.[*33% One of the possible ways bone bonds to BG is through the formation

of a hydroxycarbonate apatite (HCA) layer on the surface of the glasses in contact with body fluid,
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similar to the apatite in bone, that would facilitate the formation of a strong bond through the plausible
interaction of collagen fibrils from the host bone and the HCA nodules forming on the glass.? This
process occurs through the release of soluble ionic species from the glass to form a high-surface-area
hydrated silica and polycrystalline HCA bilayer on the glass surface.*3 The formation of HCA layer
on the surfaces of glasses and bondage to bone can be achieved with compositions of 90 mol% silica
in the sol-gel method, whereas osteoconduction and osteoinduction property is achieved at a silica
content of 60 mol% or less in melt-derived BGs.[*" The increased bioactivity of sol-gel-derived BGs
is due to its enhanced surface area as a result of its nanoporous network, compared to the dense melt-
derived BGs, causing an increased rate of dissolution of the soluble ionic species of the BG

composition. (4142

BGs prepared through the sol-gel method have been widely used for bone repair and regeneration
applications.***°! The application of BG as a component to develop bone biomaterials has been of
great interest due to their biocompatibility, osteoconductivity, biodegradability, and ability to form
bone-mimetic mineral phases at their interfaces in physiological conditions.**3! BGs are, however,
brittle and require the incorporation of a polymer to induce toughness. In addition, an ideal bone
biomaterial should mimic the organic-inorganic composition of bone. Therefore, development of sol-
gel-derived organic-inorganic bone biomaterials have potential applications in the field of bone tissue

engineering.

2.3. Development of sol-gel-derived organic-inorganic bone biomaterials

The use of a degradable polymer and BG together mimic the organic (collagen-rich ECM) and the
inorganic (hydroxyapatite) components of bone, respectively.[*®! The development of sol-gel-derived
organic-inorganic bone biomaterials has gained much attention because of the advantages of
combining their properties while achieving bioactive features.*! In addition, tunable degradation
behavior and mechanical properties can be achieved by tailoring the concentrations of organic and

inorganic elements.’]

A common approach in preparing sol-gel-derived organic-inorganic bone biomaterials is by using
polymers as matrix and BGs as filler.*84% This method can also allow the modulation of the
degradation rate of the biomaterial by preparing various concentrations of the polymer and the
inorganic component.[“®l In addition to preparing tunable biodegradable biomaterials, the preparation

of different concentrations of the organic and inorganic elements allows for determining the most
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similar composition to bone. Additionally, the mechanical properties can be evaluated as a function

of the organic-inorganic ratio to investigate the effects of the prepared compositions.

Among the polymers that can be incorporated into the BG system, synthetic polymers offer increased
mechanical strength compared to natural polymers.[*>*°1 However, natural polymers are preferred
because they possess macromolecules that the biological environment recognizes and
metabolizes.’15?1 These recognizable macromolecules allow favorable interactions between cells and
the ECM which are regulated by an arginine-glycine-aspartic acid (RGD) sequence present within the
natural polymer structure, which also functions as a specific integrin recognition site that promotes
cell adhesion, preventing cells from apoptosis as well as accelerating tissue regeneration and therefore
functioning as a biomimetic peptide.*3° Therefore, combining both a natural polymer and sol-gel-
derived BG would create a biomaterial that mimics the hierarchical organic-inorganic structure of
bone that could potentially improve the mechanical and bioactive response of the biomaterial, as well

as its ability to support mineralization and the proliferation of cells.>

2.3.1. Incorporation of calcium in sol-gel-derived organic-inorganic bone biomaterials

Calcium is fundamental to the bioactivity of sol-gel tertiary BGs and a key component of osteogenesis
that could mimic bone’s natural inorganic composition.’®%¢1 Calcium ions are introduced to the
silicate network as a network modifier. The incorporation of calcium ions to the silicate network
occurs through ionic bonds with two non-bonding oxygens (NBO). Consequently, their incorporation
reduces the network connectivity of the silicate glass. Calcium nitrate has been conventionally used
as a calcium source to prepare BGs; however, its use has some disadvantages. The heterogeneity
caused by calcium-rich regions and thermal treatments (>400°C) to incorporate calcium ions into the
silicate glass network are some of the drawbacks.~¢°1 However, its major limitation comes from its
incompatibility to incorporate a polymer component for the preparation of organic-inorganic
biomaterials at room temperature because of the high-temperature treatment needed to thermally

decompose the nitrate. 6162

Different calcium precursors that can be used at lower temperatures are required for the synthesis of
sol-gel-derived organic-inorganic biomaterials. The use of calcium chloride, a calcium salt, entraps
calcium ions in the silicate network. However, the calcium ions are physically entrapped in the glass
network and can diffuse upon contact with water or biological fluids. The burst release of ions could
cause a change in ionic strength leading to an abrupt change in pH that could cause cytotoxicity.[®]
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Calcium alkoxides are another alternative of calcium sources that are used for the preparation of sol-
gel-derived organic-inorganic biomaterials.[*+®* Some examples of typical calcium alkoxides used in
the sol-gel method are calcium ethoxide and calcium methoxyethoxide. Calcium alkoxides readily
hydrolyze alongside other alkoxide precursors, such as silicon alkoxide and phosphorous alkoxide.
However, it is necessary to control the rate of the sol-gel reaction when using calcium alkoxides by
minimizing the amount of water used which could otherwise cause an uncontrollable hydrolysis
reaction resulting in inhomogeneous phases.®® The main advantage of using calcium alkoxides is that
the calcium ions can be incorporated into the silicate network at room temperature, which favors the

addition of a polymer for the preparation of organic-inorganic biomaterials.[562661

2.4. Fourth generation of bone biomaterials

Synthetic bone biomaterials have been evolving throughout the years until obtaining a bone
biomaterial that can mimic bone’s endogenous microenvironments. Starting with the first generation
of biomaterials, which were developed with the purpose to develop a bone substitute with physical
properties that matched that of natural bone and were biologically inert inside the human body.[”)
The second generation of biomaterials was characterized by their bioactive and resorbable properties,
followed by the third generation of biomaterials which stimulated cellular responses through the use
of immobilized biomolecules onto the materials and dissolution products from bioactive
materials.[3367681 The fourth generation of biomaterials are becoming more attractive because they are
able to mimic the electrical properties and natural environments in living organisms.[°! Development
of electrically conductive bone biomaterials could potentially become a fundamental step for the repair

and regeneration of bone.

2.5. Electrical conductivity of native bone

The electrical conductivity of bone was discovered in the 1950s when Fukada and Yasuda observed
that by applying mechanical stress to the bone in different directions, electrical signals were generated
within the bone and produced an endogenous electric field that supported osteogenic cell
proliferation.[’>72 Since then, it has been suggested that stress on the crystalline components of bone
produces current to flow and triggers healing and that electrical signals similar to those generated by

mechanical stress can enhance fracture-healing.l’®"4
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The endogenous electric field is generated by an applied mechanical load on the bone which creates
strain gradients, and these strain gradients produce pressure gradients which in turn allow interstitial
fluid to flow through small channels known as caniculae within the bone structure. Fluid flows from
areas of compression to areas of tension within the stressed bone, and as a result, electrical potentials
are generated (Fig. 2.2).["®1 Electronegative potentials are developed upon compression, producing
bone formation, whereas electropositive potentials are produced when bone is under tension, causing
bone resorption.[’”>"1 Therefore, administration of exogenous electrical stimulation at the site of a
bone defect can be applied as a way to mimic the normal formation of electrical potentials generated

on bone upon application of mechanical loads.

Since the discovery of electrically conductive properties of bone, various methods have been
investigated clinically to deliver electrical stimulation in an attempt to aid bone healing ranging from
treatment of non-union,””-"° bone fractures, 8% delayed unions, 284 osteotomies, 861 hone grafts
with electrical stimulation,’®-8% and aiding of osteonecrosis.®%®] Exogenous stimulation of bone
healing can be delivered electrically through three main methods. The first approach is an invasive
direct electrical current technique to stimulate bone whereby one or multiple cathodes are implanted
onto the site of injury and an anode is implanted on soft tissue to permit current flow.[’":92%1 However,
this technique carries a significant risk of infection and tissue reaction due to a lack of biocompatibility
from the electrodes. Therefore, the two other alternative non-invasive techniques, namely, capacitive
coupling and inductive coupling, have received significantly more attention in promoting bone
healing. Capacitive coupling uses two electrodes that are placed onto the skin between the bone
defects. The electrodes generate an alternating electric field which is delivered to the damaged
site.[®*%1 However, the need for a high voltage power source in this method is a major limitation since
the energy dissipated from the electric field decreases quickly. In the alternative, inductive coupling
uses non-invasive electromagnetic field stimulation.?®-% In this method, one or two current-carrying
coils are placed onto the skin, through which pulsed or sinusoidal electromagnetic fields are delivered
that subsequently induce an electrical field in the damaged area.[®® Amongst these three techniques,
inductive coupling best mimics the natural strain-generated potentials found in bone for its
repair.[*9%191 However, the principle behind all three techniques has made possible the development
of medical devices that have received FDA approvall*921%l to stimulate bone electrically for its

healing.[10%105]
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Figure 2.2. Generation of electrical potentials through mechanotransduction in bone.
Endogenous electrical potentials are generated in bone through the application of mechanical strain,
during which interstitial fluid flows through the caniculae canals from areas of compression,
generating electronegative potentials, to areas of tension, producing electropositive potentials. Bone
formation is induced upon compression. Adapted from Duncan and Turner.[’® (Used with
permission).

Although electrical activity on bone defects promotes accelerated healing, there are some drawbacks,
as mentioned above, related to the use of electrodes or the amount of energy required to promote bone
regeneration. However, incorporating a conductive material directly onto a polymer scaffold could
potentially eliminate the requirement for electrodes and could allow the effects of electrical
stimulation on bone regeneration to be explored. Electrically conductive materials are thus emerging
for bone tissue engineering due to the natural conductive properties of bone. Although conducting
polymers, such as polyaniline (PANI), polypyrrole (PPY), and polythiophene and their derivatives
have also been used for bone tissue engineering applications,1%171  carbon nanotubes (CNTS),
graphene, and reduced graphene oxide (rGO) have received the greatest attention for application in
bone tissue engineering solutions as they possess different geometrical and morphological structures
that can alter their physiological responses and thus enhance their potential to function and treat bone

defects.
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2.6. Types of carbon-based conductive materials and their preparation strategies

Carbon-based conductive materials are divided into zero-dimensional buckminsterfullerene (Ceo),
one-dimensional carbon nanotubes (CNTs), and two-dimensional graphene sheets.
Buckminsterfullerene (Ceo), also known as fullerene or buckyball, are hollow spheres typically
composed of 60 carbon atoms formed through a layer of stacked sp? hybridized carbon sheets arranged
in hexagonal rings.l!%l Buckyballs can exist in other forms and structures, such as ellipsoids or
buckytubes, which are also known as carbon nanotubes (CNTs). CNTs are made from single atoms
of sp? hybridized hexagonal carbon, a single atomic layer of graphitic sheet can be rolled up into a
single hollow cylinder creating a structure commonly referred to as single-wall CNT (SWCNT) with
typical diameters ranging between 0.5 to 1.5 nm.[*%1 Alternatively, between 2 - 50 graphitic sheets
can be rolled up into a coaxial tube with an outer diameter ranging between 2 and 100 nm forming
multi-wall CNT (MWCNT).}%1 A major feature of CNTS, is that they possess unique mechanical,
chemical, and electrical properties that resulted from their tubular shape and sp? hybridized C-C
bonds.[12% L astly, two-dimensional graphene is composed of a two-dimensional monolayer sheet of
carbon in which the carbon atoms are sp? hybridized, containing ¢ bonds that create a lattice structure
and conjugated m orbitals that form a delocalized electron network providing excellent conductive

properties.[11:112]

Carbon-based conductive materials can be produced predominantly based on a technique in which
gaseous carbon feedstock reacts in the presence of catalysts to form different shapes of carbon
allotropes.'%®131  An example of this is buckyballs, which were first produced through laser
ablation™4 and the process later adapted for the synthesis of MWCNTSs and SWCNTSs in the presence
of metal catalyst particles.*'5111  However, MWCNTs were first produced using arc discharge
fullerene reactors,*81% and were later applied for the synthesis of SWCNTs.[*% Currently, the most
affordable and scalable technique to produce CNTs is using chemical vapor deposition (CVD), during
which a gaseous carbon precursor is thermally decomposed under the presence of metal catalysts and
subsequently deposited inside a nanostructured tubing.[*?1221 The scalability of this approach ensures
the use of carbon-based materials remains an attractive avenue in clinical-scale production. However,
it is not the only method through which CNTs can be produced. CNTs and graphene can also be
synthesized either using bottom-up or top-down approaches.[!?3l  Bottom-up techniques include
epitaxial growth,[*24 pyrolysis, 11251261 and CVDI*?71 and operate based on the principle of depositing

gaseous precursors, typically graphite, onto a substrate. Top-down approaches, however, involve
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breaking down graphitic layers until obtaining graphene, and common techniques use exfoliation and

reduction processes.[123128.129]

Another set of popular graphene-based materials includes graphene oxide (GO) and its reduced form,
reduced graphene oxide (rGO). GO is synthesized using Hummer’s method, in which pristine
graphene is first oxidized and then exfoliated to obtain graphene oxide (GO).[*3-1%2 The resulting
GO has many oxygen-containing functional groups bound to sp® carbons, thus containing both sp?
and sp® hybridization.*3¥1 The change in hybridization reduces the electrical conductivity of GO via
disrupting the conjugated structure, in turn blocking conductive connecting pathways between the sp?
domains.**31 GO can be subsequently reduced to rGO via many different processes, including thermal
annealing, electrochemical reduction, or chemical reduction. The reduction process removes oxygen-
containing functional groups, resulting in a higher conductivity than GO but lower conductivity than

pristine graphene due to remaining oxygen groups.[*34

The different preparation strategies of zero-dimensional fullerene, one-dimensional CNT, and two-
dimensional graphene sheets allowed the development of various carbon-based conductive materials
that can be incorporated into different biomaterial systems to fabricate bone tissue engineering
scaffolds. Their applications in bone repair and regeneration bring significant advantages, leading to
the design of novel biomaterials that overcome some of the drawbacks of current bone repair materials
(Table 2.1).

Table 2.1. Types of carbon-based conductive materials and their role in bone tissue engineering.

Type of Carbon- Biomaterials System Role in Bone Tissue Engineering

based Conductive

Material
e Polyhydroxylated e Antioxidative capacity promotes
Fullerene Fullerene (fullerol)[3°] osteogenic differentiation and

e Polyethylene glycol mineralization(*3%]
(PEG)-functionalized Cego e Good biocompatibility and enhanced
fullerene derivativel'3l osteoblast proliferation(3]

o Aligned fullerene C60 e Good osteoblast adherence, aligned
nanowhiskersft371 oriented cell growth, low toxicity[*3"]

o  GelMA-fullerol e Antioxidant activity is able to quench
microspheres and bone intra- and extracellular reactive
marrow-derived oxygen species (ROS), promotion of
mesenchymal stem cells osteogenic stem cell differentiation in

vitro and bone healing in rat calvarial




(BMSCs)-laden GelMA-
fullerol microsphereslt3]

defects via modulating the ROS
microenvironmentl38]

CNT-hydroxyapatite (HA)

Good biocompatibilityt3°

SWCNT/MWCNT based nanocompositel**] Improved cell adhesion,
Functionalization of 3D- proliferation, and differentiation of
printed poly(propylene preosteoblast cells enabling
fumarate) (PPF) scaffolds modulation of cell behavior through
with single-stranded electrical stimulation(140]
deoxyribonucleic acid Targeted drug delivery, increased
(ssSDNA) bound mechanical properties, improved
CNTsl140] oste(_)ger_1ic propertie_s through the
SWCNT gel scaffold with apphcat!on ?Lelectrlcal
nanofibrous architecture st|mulz_;1t|on[ ] .
via pairing of heparin Inducthn of_ osteogenic gene
functionalized expression, increased protein
nucleobasesl4l] gdsorption and mi_neralization,
MWCNT compactst42 }Eﬁﬁiﬂﬁi of ectopic bone
xmgggd%grggli cate BG E_nhan_ced mechgnical prop_erties,
scaffolds43] bioactive behawor promoting
Chitosan-hydroxyapatite hydr_o_xyapatlte for_mqﬂpp, good cell
MWCNT nanocomposite V|_a1b|I|ty, osteogenic |_n|t|at|on[143]
filmsli44] Blocompatlble, electrically _
Polycaprolactone conducjuve, and good mechanical
(PCL)/MWCNT propertiesti®l - .
scaffolds45] Promotion of thick bone tissue
MWCNT reinforced forn_1at|on invivo, mcreasgad _
polyvinyl alcohol/Biphasic angiogenesis and m_lneral_lzatlon_ of
calcium phosphate _bon_e through e_IectrlcaI stimulation
(PVA/BCP) scaffold(149 in vivo, activation of _

147
MWCNT scaffold 47 Increased mechanical properties,
high interconnectivity, good
biocompatibility146]
Improved mechanical properties,
enhanced cell growth in vitro and in
vivo, increased osteogenic
differentiation and promotion of
bone defect repair in vivo (1471
Hyaluronic acid-chitosan Biocompatible and bioactive 3D
Graphene/GO/rGO with simvastatin[14€] scaffold with improved osteogenic

rGO coated collagen
scaffolds4

Graphene hydrogel
membranel!5°]

Gelatin methacrylate,
acryloyl-B-cyclodextrin,
and B-cyclodextrin-
functionalized rGO

properties*l

Enhanced mechanical properties,
good biocompatibility, and
proliferation of human bone
marrow-derived mesenchymal stem
cells (hBMSCs), increased bone
formation after implantation into
cranial bone defects in animal
model™4°

19
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nanocomposite hydrogel
patch[54

Vascularized GO-collagen
chamber modell52
GO-modified silk
fibroin/nanohydroxyapatite
scaffold loaded with urine-
derived stem cells
(SCs)115]

Polylactic acid (PLA)/GO
nanocomposite 3D
scaffold*54
Graphene/hydroxyapatite
nanoparticle composite
hydrogels[1%%
Collagen-rGO coated
scaffolds!*5e]

rGO-coated titanium
substrates(t57]

3D-printed B-tricalcium
phosphate (TCP)-based
scaffolds filled with
freeze-dried gelatin/rGO-
magnesium-arginine
matrix[58]

Guided bone tissue regeneration in
rat calvarial model, diffusion of
proteins and nutrients, promotion of
early osteogenesis and
mineralization to induce mature
bone formation in vivo [*5°]
Improved mechanical strength,
increased conductivity, good
biocompatibility, promotion of cell
proliferation and osteogenic
differentiation, enhanced in vivo
bone defect repair in rat skull
model[*5

Improved bone regeneration in vivo,
osteoinductive properties and anti-
fibrosis effects in animal model,
improved angiogenic, mineralization
and osteogenic differentiation of
BMSCsl[152]

Immunomodulation and promotion
of bone regeneration in vivo,
enhanced mechanical properties(t>l
Enhanced mechanical properties,
good biocompatibility and
promotion of cell proliferation and
mineralization(4

Mechanically strong, electrically
conductive, and biocompatiblel*%°]
Improved mechanical properties,
enhanced osteogenic capability*5¢]
Promotion of osteogenic
differentiation of hMSCs, increased
calcium phosphate deposition and
osteogenic potentiall'>7]

Enhanced mechanical properties,
improved cell proliferation and
osteogenic differentiation(5]

2.7. Relevant properties of carbon-based conductive materials for bone tissue engineering
2.7.1. Physico-chemical properties of carbon-based conductive materials

An interesting feature of carbon-based conductive materials is their ability to strongly adsorb most
organic compounds.*®®! Incorporating carbon-based conductive materials into polymers or ceramics
is thus beneficial in bone tissue engineering as carbon-based biomaterials have highly delocalized =-
bonds on their surfaces and can adsorb proteins.['®]  The addition of carbon-based conductive

materials is an important factor in fabricating a tissue-engineered bone since the grafted scaffold can
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interact with the host tissue through the materials’ protein absorption properties, permitting osteogenic
progenitor cells to adhere, implant, and begin to lay down their extracellular matrix (ECM).[6 The
establishment of a new ECM s the critical first step in scaffold remodeling and bone tissue
regeneration. Adsorption of proteins onto CNTs and graphene surfaces is mediated by several
different variables, including the geometry of carbon-based conductive materials and the formation of
non-covalent interactions.[*%%1621 The non-covalent interactions or physical adsorption of proteins
with carbon-based conductive materials involves the presence of different binding selectivity, which
is governed by the formation of hydrophobic interactions, - stacking interactions (van der Waals

forces and dispersion forces), electrostatic interactions, and H—r bonds.[160:163.164]

Hydrophobic interactions occur due to the great affinity of the hydrophobic regions of cell-binding
proteins with the hydrophobic carbon lattices present in the conductive material '85! Protein
adsorption on CNTs and graphene surfaces strongly depends on the electron density and geometry of
protein molecules.t®81 In the case of n-m stacking interactions, binding interactions occur when the
aromatic side chains of amino acids are oriented parallel with the plane of the carbon-based conductive
materials at different charged states.[**2167] Peptides possess different aromatic side chains, resulting
in different polarizability properties, which, in turn, influence the strength of binding with carbon-
based conductive materials. In general, the higher the polarizability of the protein aromatic side
chains, the greater the binding strength. Polarizability of aromatic protein side chains is in increasing
order of His<Phe<Tyr<Tryp.[168-170]

Another non-covalent interaction is electrostatic binding, which forms in the presence of different
charges between cellular proteins and carbon-based conductive materials. Surface charges vary in
carbon-based conductive materials due to the type of product synthesized and the variation of
preparation procedures. As an example, GO is a material with a surface rich in negatively charged
oxygenated functional groups. The strong negative charge generated by these groups facilitates GO
binding with proteins that have either negatively or positively charged surfaces, resulting in
electrostatic interactions with various degrees of stability.[*®®! The importance of material surface
structure and functionalization was demonstrated in a study by Chong et al.,*"in which the strength
of protein interactions with various carbon-based conductive materials was assessed.'’* The study
revealed that GO and rGO have an increased ability to adsorb proteins compared to SWCNT because
it is easier for proteins to bind onto the planar surfaces of graphene compared to the curved surfaces
of CNT.[174
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Incorporation of a carbon-based conductive material into a bone tissue engineering scaffold could be
beneficial for bone defect treatments since their ability to adsorb proteins allows osteoblasts to attach
to the bone scaffold. This step appeared to be crucial for the remodeling and regeneration of bone
tissue and as demonstrated in the following studies. Taale et al.[*”? developed bioactive carbon-based
hybrid 3D scaffolds composed of either CNT-bioactive glass nanoparticles (BGN) or CNT-
hydroxyapatite (HA) nanoparticles to assess their protein adsorption capacity using bovine serum
albumin (BSA) as a model protein.}"2l This study revealed that CNT-BGN had a higher protein
adsorption ability than CNT-HA scaffolds due to a plausible electrostatic interaction between the high
polarity of BSA and the BGN surface etching/sintering process to remove a sacrificial ZnO
template.t’?  Similarly, Fu et al.l'’®! incorporated GO into poly (L-lactic-co-glycolic acid)
(PLGA)/HA nanofiber scaffolds and observed that the addition of the carbon-based conductive
material significantly increased protein adsorption (Fig. 2.3A).X¥1  PLGA/GO/HA nanofibrous
matrices obtained the highest protein adsorption rate of nearly 1.46 and 1.25 times that of PLGA/HA
and PLGA/GO nanofibrous matrices, respectively, since the addition of GO and HA improved surface
properties resulting in higher specific surface areas.'”® Using materials that increase protein
adsorption can therefore promote cell adhesion and proliferation of preosteoblasts, enhancing bone
maturation and mineral deposition.'”®! Du et al.}" compared the osteogenic ability of MWCNTSs
and nanohydroxyapatite (nHA), the main inorganic component of bone, and showed that MWCNTSs
are more effective materials for the promotion of bone formation.'’¥ Results showed that MWCNT
compacts possessed a higher ability to adsorb fetal bovine serum (FBS) proteins than nHA (Fig. 2.3B).
High protein adsorption ability had a positive effect in further in vitro studies revealing that human
adipose-derived mesenchymal stem cells cultured on MWCNT compacts possessed a higher cell
attachment strength and proliferation than nHA specimens.l! In addition, MWCNTSs could induce
osteogenic differentiation better than nHA since an increased protein concentration modulates the
conformation of the adsorbed proteins driving differentiation of cells toward an osteoblastic lineage
by the activation of Notch signaling pathways.’  Translation of in vitro results was further
investigated in a rabbit model, where both MWCNTs and nHA compacts were implanted in the dorsal
musculatures. Results showed that MWCNT compacts were able to induce ectopic bone formation
while nHA did not (Fig. 2.3C) as a result of the increased ability of MWCNT compacts to adsorb

proteins and drive the formation of new bone tissue.[*74!
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Figure 2.3. Protein adsorption ability of bone tissue engineering scaffolds containing GO and
MWCNT promote bone formation. Different carbon-based conductive materials have been
incorporated into bone scaffolds to test their protein adsorption efficiencies, which can subsequently
drive bone differentiation and maturation. (A) Protein adsorption efficiencies of nanofibrous matrices
composed of PLGA, GO, and HA were assessed after 24 h using BSA as a model protein. Materials
containing GO displayed the highest level of protein adsorption.}”®l (B) Protein adsorption in
compacts composed of either MWCNTSs or nHA in an FBS protein model at increasing time points.
Compacts containing MWCNT displayed a higher ability to adsorb protein than those composed of
nHA.I'41 (C) In vivo, compacts containing MWCNT implanted into the rabbit dorsal muscle pouch
displayed higher levels of new bone and collagen formation as evidenced by hematoxylin and eosin
(H&E) and type | collagen staining that is not observed in the nHA compacts.*"# (Used with
permission).

2.7.2. Electrical properties of carbon-based conductive materials

Human cortical and cancellous bone have electrical conductivities of 0.02 S/m and 0.07 S/m,
respectively.['”® CNTs and graphene are two of the most attractive materials that are being used in
scaffolds for bone repair and regeneration applications[*43-145.149.151.153.157] a5 they possess very high
electrical conductivities of 108-10” S/m for pure CNT and 10 S/m for pure graphene.[!’® Therefore,
hybrid bone scaffolds containing a low amount of CNT or graphene can result in a conductivity that
recapitulates endogenous bone. The high conductivity of carbon-based conductive materials is a result
of their basic microstructural element in which a 2D single-layered graphene sheet is arranged in a

honeycomb grid of carbon atoms possessing four electrons in the outer shell, three of them are used
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for covalent bonds while the remaining electron is highly mobile promoting electrical conduction.[*”]
Therefore, the electrical conductivity of bone scaffold composites is more appropriately explained in
terms of the percolation threshold.

The percolation threshold is related to the addition of a critical volume fraction of conductive filler
within a hybrid material that results in the transition from an insulating state to a significant change
of the overall electrical conductivity caused by the formation of a continuous network of conductive
particles within the insulating matrix.}”®1 Percolation threshold is described by an empirical model
known as scaling law, expressed as o(®) = go(® — ®,)¢ where ®c is the percolation threshold
concentration and t the critical exponent.[!”! Below the critical volume fraction of the percolation
threshold, the conductivity of the composite remains electrically insulating since the conductive
particles are dispersed into small clusters. Above the critical volume fraction, however, the material
no longer behaves as an insulator, and its conductivity increases by many orders of magnitude.™8!
The aspect ratio of the conductive fillers determines the percolation threshold value. Graphene and
CNT have a length-to-diameter aspect ratio of 0.01 and 100, respectively, which differs due to their
different geometrical structures.[!”®! Therefore, hybrid bone biomaterials containing a low amount of
carbon-based conductive materials can significantly increase the overall electrical conductivity, thus

requiring a small amount of filler to achieve the percolation threshold.*6!

The advantages of incorporating a carbon-based conductive material directly onto a polymer bone
scaffold could, in principle, eliminate the requirement for electrodes that are normally used for the
treatment of bone defects since they possess electrically conductive properties (Fig. 2.4). Cells are
responsive to exogenous electric fields and have been shown to promote key signaling pathways that
accelerate osteogenesis and angiogenesis, the main processes for bone regeneration and remodeling,
upon application of different field strengths and current densities.[®88 In vitro studies have shown
that the application of electrical stimulation through direct, capacitive and inductive coupling induces
key molecular pathways at different cellular locations involved in osteogenesis, specifically through
the calcium/calmodulin pathway, resulting in minor alternative cellular responses (Fig. 2.5A).[83.181]
Direct and capacitive coupled stimulation exert their effects on the cell membrane, increasing the
intracellular Ca?* concentration and prostaglandin E2 synthesis through calcium translocation via
voltage-gated calcium channels.*82  Moreover, inductively coupled stimulation through
electromagnetic fields achieves its effects in the cytoplasm where intracellular calcium accumulation

is released from reservoirs, such as the endoplasmic reticulum.[*81 Application of these exogenous



25
stimulations results in cellular responses that increase calcium concentration, thus promoting activated
calmodulin levels to drive osteoblast cell proliferation, as well as an increased expression of vascular
endothelial growth factor (VEGF) and transforming growth factor (TGF)-p1.[181184.185]
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Figure 2.4. Carbon-based conductive materials incorporated into bone tissue engineering
scaffolds possess electrically conductive properties, eliminating electrodes in bone healing
treatments. Carbon-based conductive materials have been incorporated into bone scaffolds and
tested for their electrical properties. Electrical conductivities for CNT and CNT with water-soluble
single-stranded deoxyribonucleic acid (ssSDNA) (ssSDNA@CNT complex) were tested both in solution
at a concentration of 0.5 mg/ml (A) and in solid-state in the form of pellets (B).[**% Electrochemical
impedance of (C) BG/10 wt.% CNT and (D) BG/5 wt.% CNT powders before and after immersion in
simulated body fluid (SBF) for one and 2 weeks were measured.[*®®! (Used with permission).

The addition of carbon-based conductive materials into bone tissue engineering scaffolds improves
the effects of bone regeneration rate through electrical stimulation.[14:154187.188] |njectable conductive
hydrogels have gained significant attention in bone tissue engineering since they can be delivered into
irregular bone tissue defects while guiding new bone formation.[*8-291 As demonstrated in a study
by Liu et al.,® an injectable conductive hydrogel, BP-CNTpega-gel, composed of CNT-
poly(ethylene glycol)-acrylate (CNTpega) with black phosphorous (BP) was developed to support
bone regeneration.'?1 The inclusion of CNT as the conductive component in the hydrogel allowed

BP-CNTpega-gel to possess electrically conductive properties. The highest conductivity value
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reported was 0.008 S/m at a CNTpega concentration of 16 mg/ml and a BP nanosheet concentration
of 0.8 mg/ml.' Furthermore, in vitro studies showed that hydrogels with CNTpega effectively
respond to exogenous electrical stimulation resulting in increased cell proliferation and ALP activity,
as well as an upregulation of osteogenic genes and bone mineralization markers (Fig. 2.5B-E).[*%% In
another study, 3D conductive scaffolds composed of polycaprolactone (PCL) and MWCNTSs (0.75
wt.% and 3 wt.%) were developed by e Silva et al.'! to treat large calvarial bone defects in rats.
(1451 Conductive scaffolds were produced through extrusion-based additive manufacturing and cut to
fit the bone defect in animal skull models (Fig. 2.5F).1*31 The authors applied non-invasive electrical
stimulation to the grafted region for 5 min at 10 pA intensity twice a week for a 60 or 120 day period.
Prolonged stimulation at this frequency was considered appropriate for future clinical trials in
potential long-term treatment patients.[*451 Histomorphometry results from the study showed that
thicker tissue formation was present in treatment groups that contained scaffolds than the untreated
groups. Furthermore, groups treated with PCL scaffolds containing 3 wt.% MWCNT and additionally
underwent electrical stimulation showed elevated connective and denser bone tissue formation (Fig.
2.5G).['1 Therefore, incorporating MWCNT into PCL scaffolds and applying electrical stimulation
significantly promoted angiogenesis and mineralized bone tissue formation.*®! Similar findings have
also been reported in 3D printed PCL/graphene scaffolds in rat calvarial bone defect model.[*%] New
bone tissue formation was most effective with scaffolds containing graphene and electrical stimulation
in vivo, leading to organized tissue deposition and bone remodeling.**®! Collectively, these studies
demonstrate the translational potential for clinical approaches combining conductive materials into

bone scaffolds and electrical stimulation for accelerated repair and regeneration of bone defects.
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Figure 2.5. Incorporation of carbon-based conductive materials into bone tissue engineering
scaffolds promote osteogenesis and in vivo bone formation. (A) Cellular response of different
electrical stimulation techniques promotes osteogenesis through the activation of the
calcium/calmodulin pathway.[®  (B) Immunofluorescence staining images on MC3T3-E1l
preosteoblasts show a cellular response upon the application of electrical stimulation after 7 days post-
seeding. Cells were largely elongated and stretched in cell shape.? (C) Cell proliferation under
electrical stimulation was evaluated on the hydrogels at 1, 4, 7, and 14 days post-seeding. At days 1
and 4, CNTpega-gel and BP-CNTpega-gels showed significantly higher cell numbers than BP-gel and
oligo(poly(ethylene glycol) fumarate) (OPF) as the control.l*%l BP-gel, CNTpega-gel and
BPCNTpega-gel showed significantly higher cell numbers than OPF at day 7. However, BP-
CNTpega-gel had the highest cell density.[**? (D) Intracellular ALP activity was assessed in cells
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grown on hydrogels with or without electrical stimulation after 14 days of culture. Cells growing on
BP-CNTpega-gel possessed the highest ALP activity.['921 After treatment with electrical stimulation,
ALP activities increased for all hydrogels; however, the highest increase in ALP activity was shown
in cells growing on BP-CNTpega-gel.'%?1 (E) Determination of osteocalcin (OCN) content in cell
culture media after 21 days of culture with and without electrical stimulation. OCN was significantly
higher in cells grown on BP-CNTpega-gel under the presence of exogenous stimulation, indicating
potential mineralization enhancement.*%?1 (F) Image of bone defect in calvarial animal model as well
as the implanted PCL/MWCNT scaffold. Subsequent bone tissue formation with and without scaffold
was obtained at day 60 post-implantation.l**! (G) The cross-sections of bone tissue regeneration at
the bone defect for untreated, PCL and PCL/MWCNT (0.75 wt.% and 3 wt.%) groups after 60 days
and 120 days post-operation.**! PCL/IMWCNT 3 wt.% submitted to electrical stimulation formed
the highest connective and bone tissues at days 60 and 120.12451 (Used with permission).

2.7.3. Mechanical properties of carbon-based conductive materials

The mechanical properties of carbon-based conductive materials can greatly influence their
application and function in different types of biomaterials. CNTs and pristine graphene have different
mechanical properties (Table 2.2) due to their varied morphological and geometrical structures but
possess excellent mechanical strength of approximately 100 times greater than that of steel, but with
an extremely low density (1.3-2.0 g/cm?®) compared to metals or ceramics (>2.0 g/cm®).[% The high
mechanical and tensile strength of CNTs set them apart from other carbon-based materials. In
comparison to GO and rGO, both CNTs and graphene possess mechanical strengths greater than that
of GO and rGO. GO and rGO monolayers possess a Young’s modulus of 207.6 + 23.4 GPa and 250
+ 150 GPa, respectively.l*%1%] The lower strength of GO and rGO is predominantly due to the
chemical processes used in their production which decrease their stability originating from the sp2
bond that forms the hexagonal lattice.[**”) Mechanical strength is considered one of the most crucial
properties in the preparation of a scaffold for bone tissue engineering applications. It is imperative
that an implanted scaffold is strong enough to initially withstand the load that the bone tissue would
have carried, but it gradually decreases as it is being remodeled by new tissue that eventually takes
over the load. Therefore, it is important to know the mechanical properties of different types of bone
(Table 2.2) in order to establish what concentration of carbon-based conductive material is necessary
to design a bone substitute that can support the natural mechanical strength of the defective bone

region prior to its regeneration.
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Table 2.2. Comparison between the mechanical properties of carbon nanotube and pristine graphene

monolayer, cortical and cancellous bone.

Carbon Nanotube Tensile Strength
Compressive Strength
Young’s modulus
Surface Area

10-200 GPal8-201
~1 GPal?
0.27-1.47 TPal?002%2]
50-1,315 m?/g[te4

Pristine Graphene Tensile Strength
Monolayer Compressive Strength
Young’s modulus
Surface Area

130.5 GPal?%!
~416 MPal?%]
1 TPal?%l
2,391-2,630 m?/g?%®l

Cortical Bone Tensile Strength
Compressive Strength
Young’s modulus

50 -150 MPal?%]
100 -230 MPal27]
7-30 GPal?"

Cancellous Bone Tensile Strength

Compressive Strength

10-20 MPal"]
2-12 MPal?’]

Young’s modulus 0.5-0.05 GPal?’7]

Carbon-based conductive materials can be used by themselves, but given their overall higher
mechanical properties, stress shielding will likely cause bone resorption. Instead, they are
incorporated into polymers as secondary structural reinforcing agents to increase the mechanical
properties of two- and three-dimensional polymeric bone scaffolds. The unique structures and
properties of carbon-based conductive materials provide an ideal solution for creating a bone scaffold
that better matches the mechanical properties of natural bone tissue compared to previously explored
polymeric-based scaffolds.[208-211]

In a study by Lu et al.['* a multilayered graphene hydrogel (MGH) membrane was developed to
investigate whether the biomaterial possessed the ability to guide bone tissue regeneration in rat
calvarial model.*>@ Within the regenerating region, diffusion of proteins and nutrients took place
through the selective permeability of the MGH membranes promoting early osteogenesis and
mineralization which resulted in the formation of mature bone structure surrounded by external and
internal cortical bone after eight weeks of implantation.[**?  Although MGH membranes are very
flexible, they maintain a mechanical strength similar to that of rat braincase with a tensile modulus of
69 + 5 MPa.1!
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The mechanical strength of a biomaterial can be modulated by altering the proportion of carbon-based
material in the final composition. This principle was demonstrated in a study by Belaid et al.[*>4
which investigated biocompatible polylactic acid (PLA)-based scaffolds produced by 3D printing and
the effect of incorporating different concentrations of GO (0.1, 0.2, and 0.3 wt.%) as a reinforcement
element for bone healing applications. X1 Pure PLA scaffolds presented a Young’s modulus of 2
GPa, but this was significantly increased to 2.6 GPa upon the addition of 0.3 wt.% GO (Fig. 2.6A).[*%
In addition, materials containing 0.3 wt.% GO presented the highest tensile strength with a value of
39 MPa, whereas pure PLA presented the lowest tensile strength of 34 MPa (Fig. 2.6B).1*5 However,
GO concentrations of 0.1 and 0.2 wt.% showed a decreased tensile strength compared to 0.3 wt.% GO
since a lower filler concentration induced flaws at a local scale resulting in a weaker material.[*54]
Therefore, at higher GO concentrations, the filler is intrinsically stronger than PLA, resulting in a

stronger material 154

Qian et al.l**! developed a CNT gel scaffold that contained functionalized nucleobase pairing for
targeted drug delivery and in vitro osteogenesis.['*"!  The conductive gel scaffold was prepared by
functionalizing heparin (HP) with adenine (HP-A) and thymine (HP-T) which were subsequently
grafted to aminated CNTs forming CNT-HP-A and CNT-HP-T precursors.l**I The mixture of these
precursors resulted in a nucleobase paired CNT gel network. Dynamic time sweep rheological tests
were performed in order to investigate the gel network evolution during the gelation process at 37°C.
Results showed that CNT-HP-A/CNT-HP-T mixture formed a dynamic network within less than 5
min which was shown by the crossover of storage modulus (G”) and loss modulus (G”) (Fig. 2.6C).141]
In addition, after 14 min a structurally stable network was formed for both CNT and control (HP-
A/HP-T) gels, reaching a G’ value of around 100 Pa which could translate to the successful
development of gels capable of maintaining their 3D shape for therapeutic drug loading purposes.[*4!]
The structural integrity of the scaffold gels were also evaluated through compressive tests, and results
were compared before and after loading with bone morphogenetic protein 2 (BMP-2) as a potential
osteogenic drug loading model.**!] The compressive modulus of scaffold gels containing CNTs was
significantly higher (256 kPa) than that of HP-A/HP-T gels (83 kPa).['*! Loading of gels with 50
ng/ml BMP-2 did not affect the overall compressive strength of the gels, but CNT-containing scaffolds
presented a final modulus value of 264 kPa (Fig. 2.6D).[* Furthermore, Bahrami et al.[**¥] prepared
rGO coated collagen (Col-rGO) scaffolds by chemical crosslinking and freeze-drying method to

assess their mechanical strength for implantation into rabbit cranial bone defects.[**%] Compressive
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tests were performed on collagen and Col-rGO scaffolds to evaluate the elastic modulus of the
scaffolds.[**! Col-rGO scaffolds showed an elastic modulus of 325 + 18 kPa, whereas pure collagen
scaffolds presented a modulus of 115 + 16 kPa, which is not sufficient for rabbit cranial bone structural
support.t*1 The addition of coated rGO on collagen scaffolds not only increased the mechanical
strength of the material but enhanced cell viability and proliferation which translated into increased

in vivo bone formation after 12 weeks of implantation into rabbit cranial bone defects.[4°]
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Figure 2.6. Carbon-based conductive materials enhance the mechanical strength of bone tissue
engineering scaffolds. (A) Young's modulus and (B) Tensile strength at break of pure PLA scaffolds
and PLA scaffolds containing 0.1, 0.2, and 0.3 wt.% concentrations of GO as a reinforcement
filler.'>4 Higher concentrations of GO increased the mechanical properties of the PLA-based
scaffolds.*> (C) Dynamic time sweep rheological tests were performed to HP-A/HP-T control and
CNT-HP-A/CNT-HP-T to assess the gel network evolution at 37°C.1*1 A dynamic network was
formed in the CNT-HP-A/CNT-HP-T mixture within less than 5 min which was shown by the
crossover of storage modulus (G’: filled symbols) and loss modulus (G”: open symbols).1*! (D)
Compressive modulus of HP-A/HP-T control and CNT-HP-A/CNT-HP-T with or without BMP-2
loading at 37°C.[**Y The compressive modulus of scaffold gels containing CNTs was significantly
higher than that of control gels, especially with BMP-2 loading.[**! (Used with permission).



32

2.8. Cellular processing mechanisms of carbon-based conductive materials

Ideally, bone scaffolds should degrade at a similar rate to the formation of new tissue to maintain the
integrity of the repaired region of bone, which can physiologically and mechanically adapt to the
natural environment and local load within the body.[*3!1  Although carbon-based conductive
materials can be degraded through enzymatic oxidation using horseradish peroxidase, or
hydrolytically through lipases,?*®! the complete degradation and fate of CNTs and graphene-based
materials in the body are still relatively unknown. However, in vitro and in vivo studies have shown
that a variety of cell types such as macrophages,?*42%l endothelial cells,?*"l pulmonary
epithelia, 28219 intestinal epithelial®®® and neuronal cells??! can degrade and uptake carbon-based
conductive materials. Therefore, understanding how carbon-based conductive materials in bone
scaffolds are processed and degraded by the specialized cell types they will interact with will be

important for establishing safety in clinical translation.

In vitro studies have shown that carbon-based conductive materials can be internalized by cells; this
movement is promoted by the hydrophobic interaction between the material and cell membrane
imparted by the phospholipid bi-layer.[??22241 However, cellular internalization is still reliant either
on passive or active transport pathways present on the cell membrane. Passive diffusion transport is
a non-energy-dependent process in which carbon-based conductive materials land on the surface of
cell membranes and penetrate the phospholipid bi-layer, resulting in subsequent transport into the
cytoplasm.[?242251 On the other hand, the active pathways are energy-dependent processes and mainly
occur through endocytic mechanisms that control the internalization of foreign objects from the cell
membrane into cytoplasmic organelles called lysosomes, which can break down extracellular
material.[?24226] Although temperature and metabolic inhibitors potentially influence endocytosis, no
factors have been identified to date that governs the method or rate at which carbon-based conductive
materials are internalized into cells.??42?] acerda et al.??®! investigated the uptake mechanism of
functionalized MWCNT (f-MWCNT) with the presence of cell uptake inhibitors at different
temperatures and concluded that there was no single mechanism responsible for the transportation of
CNTs into cells since 30-50% of f-MWCNT were internalized into cells through an energy-
independent pathway, but the remaining f-MWCNT entered cells through endocytosis.[?%]

The diameter of the conductive nanomaterial appears to be a critical factor in determining degradation
post-internalization.  Several studies have reported that small agglomerates of carbon-based
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conductive materials are more easily degraded in macrophages through lysosomal and endosomal
activity, 2232292301 in contrast to larger agglomerates of carbon-based conductive materials that are
expelled from the cell through exocytosis.[212%21 Once internalized, materials on the nanoscale can
migrate to other subcellular organelles.?®2341  This internalization of material into cell and
subsequently through the subcellular compartments was first demonstrated by exposure of human
monocyte-derived macrophages to SWCNTSs ranging from 0.6-3.5 nm in diameter.[?332%] |n these
studies, SWCNTSs were observed to be localized solely within lysosomes two days after exposure,
however, after four days, they were observed to have crossed the nuclear membrane, as nanoparticle

sizes of less than 40 nm can enter the nuclear pore complex.

In addition to the diameter, the configuration of carbon-based materials can also influence how they
are processed cellularly. Work by Mu et al.?%1 showed that single MWCNT-COOH and MWCNT-
NH2 (20-30 nm diameter and ~1,000 nm average length) were transported into human embryonic
kidney epithelial cells (HEK293) through direct passive diffusion, whereas bundled MWCNTSs
entered cells through endocytosis.?**! The bundled MWCNTSs were also subsequently processed and
could release single MWCNTSs capable of endosomal escape and release into the cytoplasm.
Furthermore, those released single MWCNTSs of shorter length were also capable of achieving nuclear

translocation. 2%}

Internalization, degradation, and externalization of carbon-based conductive materials need to be
further investigated in osteoblasts and in vivo bone defects in order to understand their impact in bone
tissue engineering applications and targeted bone drug delivery. In addition, migration of carbon-
based conductive materials from bone scaffolds could occur as the scaffold is being remodeled and it

IS imperative to investigate whether their translocation causes any toxicity and adverse effects.

Processing techniques used to synthesize carbon-based conductive materials influence the physico-
chemical properties of the material, causing different potential toxicological interactions.[%6 Of key
concern within the field is the potential of a carbon-based conductive material to generate reactive
oxygen species (ROS), which can cause subcellular damage to organelles and processes, ultimately
resulting in cell toxicity.[?*1 Catalytic metal impurities left over from the material processing are
suggested to be one of the main reasons why ROS are formed.[?®®] The metal catalysts used during
synthesis can remain attached to carbon-based conductive materials which can subsequently influence

intracellular calcium concentrations, activate transcription factors, and modulate cytokine production
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via the generation of free radicals creating ROS and thus inducing acute toxicity.”*?1 However,
carbon-based conductive materials can undergo various treatments to achieve a higher purification to
reduce potential metal particles that induce ROS formation. Treatments include; chemical selective
oxidations and dissolution of metallic impurities or physical-based purifications that involve the

separation of impurities through their physical sizes and aspect ratios.[?4°]

In addition to impurities, the sizes of carbon-based conductive materials can influence immunological
effects in cells. Yoon et al.[?1 showed that smaller graphene nanoflakes (30.9 + 5.4 nm) have a
higher uptake affecting cell membrane function, thus inducing apoptosis compared to larger graphene
nanoflakes (80.9 + 5.5 nm) which were shown to be less toxic given that they were mostly aggregated
on cell membrane.?*] The effect of length and diameter of CNTs have also been shown to impact
toxicity, with shorter CNTs (sub-1 pm) can easily penetrate into cell membranes and internalize
accumulating in cell lysosomes,?*?l whereas longer CNTs (> 8 um in length and < 1.25 pm in
diameter) are not engulfed into cell membranes and degraded causing acute inflammation increasing
the production of ROS and cytokines thus exerting more significant biological effects.**31 However,
Zhang et al.?**l  showed that larger CNTs were taken up by macrophages and that the rope-like
structures of CNTs had similar properties to spherical nanoparticles where cytotoxicity increased upon
higher internalization concentration of CNTs causing cell death with levels above 20 pg/cell.l?#4
Another factor that influences cytotoxicity is the dose of carbon-based conductive materials to cells.
The effects of pristine GO concentrations on the viability of bone mesenchymal stem cells (BMSCs)
was investigated and showed that high concentrations (10 pug/ml) of GO inhibited proliferation of
BMSCs, while low concentrations (0.1 pg/ml) enhanced cell proliferation.>* Similar behavior was
observed in biphasic calcium phosphate (BCP) coated with different concentrations of rGO; osteoblast
viability was maintained above 80% at concentrations below 62.5 pg/ml, but significantly decreased

at concentrations above 100 pg/ml.[24]

Ultimately, the aim of designing tissue engineering scaffolds containing carbon-based conductive
materials is to utilize them for clinical translation. Therefore, understanding the cellular processing
mechanisms that one- and two-dimensional carbon-based conductive materials undergo and the
factors that influence their performance is important. Preclinical studies have shown that carbon-based
conductive materials can be excreted via the kidneys and urinary tract after intravenous injection when
graphene sheets are well dispersed and CNTs have a high degree of disaggregation.l?*-250 These
studies also provided evidence that the excretion of carbon-based conductive materials from the body
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is dependent on size and shape. Although CNTs of dimensions over 2000 nm length and over 30 nm
diameter, 249 and GO sheets of over 5 nm thickness?®® accumulated in the liver and spleen, they
showed very little toxicity in vivo and eventually cleared from the body.[?4%2%0 Since incorporating
carbon-based conductive materials into bone tissue engineering scaffolds is primarily for implants,
they are less likely to enter the bloodstream and translocate to other organs.?52521 Usui et al.[?>]
investigated the effects of pure MWCNT, with an average diameter of 80 nm and a length from 10 to
20 pm, in mouse skull and tibial defects to assess their compatibility and influence on bone
healing.?>®! Results showed that MWCNTSs caused a reduced local inflammatory reaction, possessed

high bone tissue compatibility and were able to integrate into new bone tissue formation.[?5!

Although in vitro and in vivo research have shown that developing bone scaffolds with CNTs or
graphene-based materials has positively influenced cell proliferation, mineralization and bone
regeneration with minimal toxicological effects and inflammation, 421522512541 fyrther investigations
are still required to better understand their impact in the human body and whether they can be degraded
or migrated for their excretion through the kidney and bile ducts for their future use in clinical

translation for bone tissue engineering solutions.
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2.9. Hypothesis and objectives

Hypothesis: Gelatin-based conductive and bioactive glass nanocomposites promote in vitro

biomineralization and osteogenic differentiation of stem cells.
Objectives:

(1) Synthesis and characterizations of calcium chloride- and calcium ethoxide-based organic-
inorganic nanocomposites.

(i) Preparation and characterization of electrically conductive, bioactive, and biodegradable
organic-inorganic nanocomposite biomaterials.

(i) Evaluation of in vitro cell studies on the effects of electrically conductive and bioactive
organic-inorganic nanocomposites to direct osteogenic differentiation on cells.
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Chapter 3

3. Sol-gel derived gelatin-bioactive glass nanocomposite biomaterials

incorporating calcium chloride and calcium ethoxide*?

Overview: The purpose of the study herein is to synthesize organic-inorganic hybrid biomaterials based on
gelatin, tertiary bioactive glass and multiwall carbon nanotubes using either calcium chloride or calcium
ethoxide as precursors in the sol-gel process. Characterizations of biomaterials were performed and the role

of calcium sources in the nanocomposites were evaluated.
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Scheme 3.1. Graphical abstract for Chapter 3.

*3 This chapter has been published. Reprinted with permission from Arambula-Maldonado, R., Mequanint, K;
Sol-gel derived gelatin-bioactive glass nanocomposite biomaterials incorporating calcium chloride and calcium
ethoxide. Polymers. 2024. 16(6), 747. https://doi.org/10.3390/polym16060747.
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3.1. Abstract

Calcium-containing organic-inorganic nanocomposites play an essential role in developing bioactive
bone biomaterials. Ideally, bone substitute materials should mimic the organic-inorganic composition
of bone. In this study, the roles of calcium chloride (CaCl,) and calcium ethoxide (Ca(OEt)2) were
evaluated for the development of sol-gel derived organic-inorganic biomaterials composed of gelatin,
bioactive glass (BG) and multiwall carbon nanotubes (MWCNTS) to create nanocomposites that
mimic the elemental composition of bone. Nanocomposites composed of either CaCl, or Ca(OEt)
were chemically different but presented uniform elemental distribution. The role of calcium sources
in the matrix of the nanocomposites played a major role in the swelling and degradation properties of
biomaterials as a function of time, as well as the resulting porous properties of the nanocomposites.
Regardless of the calcium source type, biomineralization in simulated body fluid and favorable cell
attachment were promoted on the nanocomposites. 10T1/2 cell viability studies using standard media
(DMEM with 5% FBS) and conditioned media showed that Ca(OEt).-based nanocomposites seemed
more favorable biomaterials. Collectively, our study demonstrated that CaCl, and Ca(OEt)2 could be
used to prepare sol-gel-derived gelatin-BG-MWCNT nanocomposites, which have the potential to

function as bone biomaterials.

Keywords: sol-gel, calcium, gelatin-bioactive glass-MWCNT biomaterials, nanocomposites,

bioactivity, bone biomaterial

3.2. Introduction

Biomaterials that mimic the structural composition of bone tissue are desired for the repair or
regeneration of fractures and defects. Native bone is composed of a complex hierarchical structure
comprised of collagen as the main organic component and hydroxycarbonate apatite as the inorganic
component.'®1 The selection of appropriate materials for the preparation of organic-inorganic

nanocomposites that simulate the composition of bone is crucial.

Bioactive glasses (BG) are ideal for use as an inorganic component for the preparation of bone
biomaterials since they readily bond to bone and stimulate both osteoconduction and
osteoinduction.[*®! BGs are amorphous, silicate-based materials that are based on a covalent random

network of corner-sharing silica tetrahedra containing Si-O-Si bridging bonds.®! The original BG
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(46.1%, SiO», 24.4%, Na20, 26.9% CaO, and 2.6% P20s, in mol%), 45S5 Bioglass®, was developed
by Hench and his colleagues.[l Bioglass® was first produced through melt-quenching processing
which involved melting the oxide components in platinum crucibles at a temperature of 1,370°C,
followed by pouring into a preheated mold or pouring the melt into water to quench, creating a powder
or frit.[® One of the potential ways bone bonds to BG is through the formation of a hydroxycarbonate
apatite (HCA) layer on the surface of the glasses in contact with body fluid, similar to the apatite in
bone, that would facilitate the formation of a strong bond through the plausible interaction of collagen
fibrils from the host bone and the HCA nodules forming on the glass.[’! This process occurs through
the release of soluble ionic species from the glass to form a high-surface-area hydrated silica and

polycrystalline HCA bilayer on the glass surface.®!

BG can also be synthesized via the sol-gel process. Sol-gel-derived BGs are produced through the
hydrolysis of alkoxide precursors to form a colloidal silica sol.[®l Metal alkoxides, such as tetraethyl
orthosilicate (TEOS) are commonly used as silica precursors due to their ability to readily react with
water.!% In addition, triethyl phosphate (TEP) and calcium salts are used to incorporate phosphate
and calcium into the sol-gel system, respectively.l'® A gel is formed by polycondensation of the silica
species in the sol, forming a network of silica (Si-O-Si bridging bonds) that subsequently goes through
a heat treatment to remove the condensation by-products and remove the nitrates in cases where
calcium nitrate salt is used, due to the cytotoxic nature of nitrate.®®! In addition, different drying
techniques of wet gels result in porous structured materials known as aerogels and xerogels.[
Aerogels are low-density gels that are produced by the removal of liquid from the interconnected pore
network as a gas phase under supercritical drying; whereas xerogels, generically called gels, are the

resulting product from drying at or near ambient conditions by thermal evaporation.[®!!]

The advantage of sol-gel-derived over melt-quenching-derived BGs is the generation of different gel
products, such as aerogels and gels that can be characterized for their applications as potential
bioactive bone biomaterials.[*>*%! In addition, the formation of HCA layer on the surfaces of glasses
and bondage to bone can be achieved with compositions of 90 mol% silica, whereas osteoconduction
and osteoinduction property is achieved at a silica content of 60 mol% or less in melt-derived BGs.*4!
The increased bioactivity of sol-gel-derived BGs is due to its enhanced surface area as a result of its
nanoporous network, compared to the dense melt-derived BGs, causing an increased rate of

dissolution of the soluble ionic species of the BG composition.[*>¢l In addition, the incorporation of
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an organic component is more viable in the sol-gel process since it does not necessarily require high-

temperature treatment, as would occur in the melt-derived BGs.

BGs are, however, brittle and require the incorporation of a polymer to induce toughness. The addition
of biodegradable  synthetic  polymers, such as poly(ester —amide) (PEA),
poly(caprolactone)(PCL),2*1 poly(lactic-co-glycolic acid) (PLGA),*®! and polydimexylsiloxane
(PDMS),?% into BGs have been extensively studied for bone tissue engineering.?!! Preparation of
monolithic silica/polydimexylsiloxane/calcium phosphate composites (70%Si20%PDMS10%CaP
and 60%Si20%PDMS20%CaP) have been prepared via the sol-gel process combined with micro-
molding technique at room temperature.?®! Evaluation of the bioactive properties of monolithic
composites were assessed for their role as filling scaffolds in bone surgery with possible drug
loading.”?®! Results showed an increase in surface mineralization on 70%Si20%PDMS10%CaP
composites which could potentially be wused as a bone filling material, whereas
60%Si20%PDMS20%CaP composites showed delayed initial mineralization with potential use as a

drug release material that bonds to bone. "]

Among the polymers that can be incorporated into the BG system, synthetic polymers offer increased
mechanical strength compared to natural polymers. However, natural polymers are preferred because
they possess macromolecules that the biological environment recognizes and metabolizes.!?? Hybrid
xerogels composed of silica (SiO2)/chitosan (CS) and SiO2/CS/tricalcium phosphate (TCP) have been
developed to evaluate the effects of washing treatments using either ethanol or water on the textural
and bioactive properties for their potential application in bone regeneration.?®! Gels washed in ethanol
resulted in an increased surface area, pore volume, and pore size compared to gels washed in water.
In addition, xerogels containing TCP presented a higher ability to form hydroxyapatite on hybrids,
promoting the adhesion of cells and proliferation of osteoblasts.[?]

Selection of a natural polymer that better mimics the organic component of bone would, however, be
beneficial for developing bone biomaterials. Due to the possible antigenic responses from collagen,?4!
gelatin, the hydrolyzed form of type I collagen, could be a suitable polymer. The application of gelatin
to develop bone biomaterials is relatively cheap, readily available, and can easily be dispersed in
aqueous solutions.[?>%1 Gelatins are polymers of a mixture of amino acid moieties joined by peptide
bonds ranging from 15,000 and 400,000 Da in molecular weight.[?”! The primary structure of gelatin

is comprised of more than twenty amino acids in different proportions in such a way that their
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molecules are composed of repeating sequences of glycine-X-Y triplets, where X and Y describe the
positions of the proline and hydroxyproline, respectively.?”l Moreover, interactions between cells and
the ECM are regulated by an arginine-glycine-aspartic acid (RGD) sequence present within the gelatin
structure, which also functions as a specific integrin recognition site that promotes cell adhesion,
preventing cells from apoptosis as well as accelerating tissue regeneration and therefore, functioning
as a biomimetic peptide.[?"?8 Furthermore, gelatin is able to molecularly interact with functional
groups of organic and inorganic components that can be tailored to present specific physical properties
necessary for the development of bioactive bone biomaterials. In the development of a tissue
engineered biomaterial for bone repair via a sol-gel process, gelatin has been used as a toughening
polymer since BGs are brittle and cannot be implanted in mechanically stressed bone sites.[?®! Gelatin
by itself would also be too weak to support a bone scaffold. Therefore, the development of a
nanocomposite material where BG and gelatin act as the inorganic and organic components,
respectively, would potentially improve the bioactivity while serving as a bone scaffold template for
the body to repair and regenerate itself.[>! Therefore, combining both gelatin and BG would create a

nanocomposite that mimics the hierarchical organic-inorganic structure of bone.

The development of organic-inorganic nanocomposites should possess bioactive features that would
enhance their applications as bone biomaterials. Calcium is fundamental to the bioactivity of sol-gel
tertiary BGs and a key component of osteogenesis.[**%! Calcium nitrate has been conventionally used
as a calcium source to prepare BGs; however, its use has some disadvantages. The heterogeneity
caused by calcium-rich regions and thermal treatments (>400°C) to incorporate calcium ions into the
silicate glass network are some of the drawbacks.[®>3% However, its major limitation comes from its
incompatibility to incorporate a polymer component for the preparation of organic-inorganic
nanocomposites at room temperature because of the high-temperature treatment needed to thermally

decompose the nitrate.*

Different calcium sources that can be used at lower temperatures are required for the synthesis of sol-
gel-derived organic-inorganic nanocomposites. The use of calcium chloride (CaCly), an alternative
calcium salt, or calcium ethoxide (Ca(OEt).), a calcium alkoxide, have been previously reported for
the development of nanocomposite bone biomaterials.[*218 A study has also investigated the effects
of various calcium sources, such as calcium methoxyethoxide (CME), calcium nitrate and CaClz, on

the properties of sol-gel-derived two-component (SiO.-Ca0O)-based BGs and found that CME was a
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more suitable calcium source for its potential application in nanocomposite synthesis.*% A separate
research also evaluated the effects and properties of binary (SiO2-CaO) BGs composed of the above-
mentioned calcium sources, including Ca(OEt),, and assessed their biocompatibilities in a chitosan-
BG composite model.*] Their findings showed that Ca(OEt), was the preferred calcium source,
showing higher calcium incorporation into the silicate network, homogeneity, bioactivity and
biocompatibility.!¥”! Another study has additionally compared the incorporation of calcium ions from
Ca(OEt),, calcium hydroxide, CaCls, calcium citrate and calcium acetate into the silicate network of
binary BGs.[Y Calcium hydroxide was selected as an alternative to calcium alkoxides for the synthesis
and characterizations of polycaprolactone-BG nanocomposite scaffolds synthesized at room
temperature.®* These studies have made possible the understanding of the role and function of
calcium sources in the silicate BG network and their application as a biomaterial that mimics the

composition of bone.

Furthermore, the addition of carbon-based conductive materials has also been incorporated into
organic-inorganic compositions as a new generation of biomaterials that provide additional
functionality for bone substitutes, namely conductivity.[?®3] Bone possesses natural conductive
properties,>%°! and the addition of a conductive element into an organic-inorganic bone substitute
could better mimic the natural electrical conductivity of bone, providing advantages at the
physiological and mechanical levels.[*14?1 Most importantly, carbon-based conductive materials could
deliver electrical signals within a bone biomaterial through the application of electrical stimulation
for the maturation of osteoblasts and to induce the repair and regeneration of bone defects.[*344]
Therefore, uniform distribution of a conductive component into organic-inorganic nanocomposites
without affecting the overall properties of the synthesized bone biomaterials is beneficial for electrical

stimulation future studies.

Herein, the effects of CaCl, and Ca(OEt). as calcium sources to develop an efficient approach that
incorporates gelatin, sol-gel-derived tertiary BG, and uniformly dispersed multiwall carbon nanotubes
(MWCNTSs) were reported to create bone nanocomposites that mimic the organic-inorganic
composition of bone with an electrically conductive element. Incorporation of distributed MWCNT
into gelatin-BG nanocomposites was possible and could allow the study of potential future exploration
of exogenous electrical stimulation on the maturation of osteoblasts. The main objective of this study
was to compare the physicochemical properties of CaCl,- and Ca(OEt).-based nanocomposites, as
well as their elemental distribution within the gelatin-BG-MWCNT biomaterials. In addition, the
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swelling, degradation behavior and porosity of the nanocomposites were evaluated. Finally, the in
vitro bioactive properties of nanocomposites and their suitability to support cell attachment and
spreading were explored. Our data showed that gelatin-BG-MWCNT nanocomposites containing
CacCl, or Ca(OEt), possessed different physicochemical properties due to the fate of their calcium ions
in the silicate glass network of the biomaterial. Although Ca(OEt).-based nanocomposites were most
likely to have more advantageous properties in bone repairing applications, both CaCl»- and Ca(OEt).-
based gelatin-BG-MWCNT nanocomposites have the potential to function as bone repair

biomaterials.
3.3. Materials and methods
3.3.1. Materials

Gelatin type A (porcine skin), pluronic F-127, multiwall carbon nanotube (MWCNT, >98% carbon
basis, O.D. x L 6-13 nm x 2.5-20 um), tetracthyl orthosilicate (TEOS, 98%), triethyl phosphate (TEP,
99.8 %), and anhydrous calcium chloride were purchased from Sigma-Aldrich (Milwaukee, WI,
USA). Calcium ethoxide was obtained from Gelest Inc. (Morrisville, PA, USA). Dulbecco’s Modified
Eagle’s Medium (DMEM), Hanks’ Balanced Salt Solution (HBSS), Fetal Bovine Serum (FBS),
penicillin/streptomycin (pen/strep) were acquired from Thermo Fisher. Alexa Fluor® 488 phalloidin
and 4’6-diamidino-2-phenylindole (DAPI) were purchased from Life Technologies (Burlington, ON,
Canada). Mouse embryo multipotent mesenchymal progenitor cells (C3H/10T1/2 cells) were obtained
from ATCC (Manassas, VA, USA).

3.3.2. Preparation of sol-gel derived gelatin-BG-MWCNT nanocomposites using calcium

chloride and calcium ethoxide

To prepare gelatin-BG-MWCNT nanocomposites based on calcium chloride (CaCl.), 20 mg/ml of
MWCNT was dispersed in Pluronic F-127 (PF-127) solution, which was previously dissolved in water
at a high temperature to a concentration of 20 mg/ml, followed by sonication for 2 h at 50°C and
stored at RT until further use. Gelatin type A (porcine skin) was dissolved in water at a concentration
of 10% wi/v. Meanwhile, BG was prepared by sol-gel process from TEOS, TEP, and CaCl> by adding
water and a catalytic amount of 1M HCI for 30 min at room temperature. To prepare 100 mg of BG,
248 ul TEQOS, 22 ul TEP and 49 mg of CaCl, were used. The mole ratio of water/TEOS was kept at
4:1, while 1M HCI was added at a volume ratio (water/HCI) of 3 to catalyze the TEOS hydrolysis.
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Viscous gelatin solution was added dropwise to the tertiary glass precursors solution, followed by
MWCNT (1 wt.%). Hydrolysis and polycondensation of TEOS were carried out in situ while the sol-
gelatin-MWCNT mixture was vigorously stirred at 40°C until it became a gel. BG had a final molar
composition of 70% SiO2, 26% CaClz, and 4% P.Os, and the organic-inorganic ratio was maintained
at 50 wt.%. Aging of gels was carried out at 55°C for one day, followed by drying under vacuum for
one day at 60°C. The final product was then ground to a fine powder. Table 3.1 presents the

nomenclature of the samples.

To prepare gelatin-BG-MWCNT nanocomposites based on calcium ethoxide (Ca(OEt).), PF-127 was
used to prepare MWCNT stock dispersions (20 mg/ml PF-127 and 20 mg/ml MWCNT). Dispersions
were sonicated for 1 h at 50°C and stored at RT until further use. Gelatin type A (porcine skin) was
dissolved in water at a concentration of 10% w/v. 1 wt.% MWCNT was added to the gelatin solution,
followed by sonication at 50°C for 30 min. BG (100 mg) was prepared by a sol-gel process,*#%1 which
consisted of hydrolyzing TEOS (248 pl) and TEP (22 ul) with a catalytic amount of 1M HCI under
vigorous stirring at RT. Calcium ethoxide was dissolved separately in 2-ethoxyethanol (54 mg/ml).
The hydrolyzed BG precursors were added dropwise to the gelatin-MWCNT mix, followed by
calcium ethoxide. BG had a final molar composition of 70% SiO2, 26% CaO, and 4% P,0s, and the
organic-inorganic ratio was maintained at 50 wt.%. Biomaterials were aged for one day at RT,
followed by drying under vacuum at 40°C. Fine powder was obtained from the final product by
grinding with a pestle and mortar. Sample nomenclatures are presented in Table 3.1.

Table 3.1. Nomenclature of gelatin-BG-MWCNT nanocomposites.

Gelatin-BG-MWENT  qejatin wt96)  BG wt9%) — MWCNT (wt.9)
Nomenclature

50-50-0 50 50 0
50-50-1 50 50 1

“MWCNT was used as an additional filler and the weight percentage added was with respect to the total gelatin-
BG composition, which is 100 wt.%.
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3.4. Characterization of nanocomposites
3.4.1. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Dried and powdered nanocomposites were used for FTIR spectroscopy, which was conducted using
a Thermo Scientific™ Nicolet™ Summit FTIR Spectrometer with the Everest ATR Accessory in the
transmission mode at a resolution of 4 cm™! and sample scans of 24 in the range of 4000 — 500 cm™.

3.4.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX)
analysis

Nanocomposite disks were prepared to visualize the surface morphology and elemental distribution
of their chemical composition through SEM and EDX, respectively. Briefly, 70 mg of dried gelatin-
BG-MWCNT were compress-molded at 121°C with a pressure of 145 psi for 50 min to obtain
nanocomposite disk samples of 6 mm diameter and 1.5 mm height. Disks were sputter-coated with
gold/palladium (K550X, sputter coater, Emitech Ltd., Ashford, UK), and SEM coupled to EDX was
performed by using a Zeiss 1540XB FIB/SEM instrument with an accelerating voltage of 5 kV (Carl
Zeiss: Oberkochen, Germany).

3.4.3. Swelling behavior of CaCl2- and Ca(OEt)2-based nanocomposites

Evaluation of the swelling behavior of nanocomposite disks (n=3) was performed in PBS for 6 days
at 37°C. The weights of the samples were recorded before (Wo) and after incubation in PBS after 1,
3, and 6 days of incubation (W;). The swelling ratio of samples was calculated according to Equation
(3.2):

Wo

. . W, —
Swelling Ratio (%) = ————
Wo

X 100 (3.1)

3.4.4. In vitro biodegradability of CaClz- and Ca(OEt)2-based nanocomposites

The weight loss percentage of nanocomposite disks (n=3) were determined by measuring the initial
weight of the samples (Wo) and subsequently incubating in PBS at 37°C. At 1, 3, and 6 days of
incubation, the samples were washed with deionized water and dried under vacuum at RT. The final
weights of the dried samples were recorded (Ws) and were used to calculate the weight loss

percentages of each sample, as presented in Equation (3.2).
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Wy— W
Weight loss (%)=°Tf x 100 (3.2)
0

3.4.5. Micro-CT imaging of CaClz- and Ca(OEt)2-based nanocomposites post-degradation

The morphology of nanocomposite disks after 6 days of degradation was imaged and studied using
microcomputed tomography (microCT) (eXplore Locus SP, GE Healthcare, Canada). Nanocomposite
disks were scanned at 20 um voxel resolution, using an exposure time of 0.45 s, 5 frames per view,
and a total of 900 views at an increment of 0.4°. Two-dimensional slice images were reassembled
from the isotropic slice data and compiled to generate a 3D image. 3D images were analyzed using
commercially available trabecular bone analysis software MicroView (GE Healthcare Biosciences).
The threshold values distinguishing the nanocomposite biomaterials from air was selected by using
air and water as control objects. Analyses of micro-CT images include porosity measurements, pore

wall thickness, pore sizes, and surface area to volume ratio of the nanocomposites.

3.4.6. In vitro bioactivity of CaClz- and Ca(OEt)2-based nanocomposites

Nanocomposite disks were incubated in simulated body fluid (SBF) solution at a concentration of 10
mg/ml at 37°C under constant shaking at 120 rpm for 7 days. SBF was refreshed every other day.
After SBF incubation, nanocomposites were rinsed with water, dried under vacuum at RT, and their
surfaces were visualized by SEM/EDX using Zeiss 1540XB FIB/SEM instrument with an accelerating
voltage of 5 kV (Carl Zeiss: Oberkochen, Germany). FTIR and X-ray diffraction (XRD) data were
acquired on dried samples. XRD data were obtained using an X-ray diffractometer Rigaku Ultima 111
operating on Cu Ka radiation with A = 1.5418 A at 30 kV and 15 mA in the 26 range of 2-90° at a
scanning speed of 2° /min and scanning width of 0.02°.

3.4.7. Cell adhesion and viability of CaCl2- and Ca(OEt).-based nanocomposites

10T1/2 cells were used to investigate cell adhesion onto nanocomposites. Nanocomposite disks were
disinfected under ultraviolet (UV) light and pretreated in HBSS (~10-15 min) to pre-wet the
samples.l 10T1/2 cells (cultured in DMEM with 5% FBS and 1% pen/strep) were subsequently
directly seeded onto nanocomposite disks that were placed in a 24 well plate. The nanocomposite

disks have a surface area of 0.3 cm?, thus the seeded cell density on nanocomposites was 98,956



68

cell/cm? and were incubated at 37°C in 5% CO,. After 24 h incubation, cells were fixed using 4%
paraformaldehyde (EMD Chemicals Inc. Gibbstown, NJ) and stained against DAPI (300 nmol in PBS)
and phalloidin (1:100) to visualize cell nuclei and F-actin, respectively. Live/dead cell staining kit was
used for 10T1/2 cells viability on standard media and conditioned media (extracts) after 24, 72, and
168 h according to manufacturer's protocol. Conditioned media was prepared by incubating
nanocomposites in fresh DMEM (5% FBS, 1% pen/strep) for 24 h at 37°C. In a typical experiment,
~70 mg nanocomposite disks (6 mm diameter and 1.5 mm height) were incubated in 7 ml DMEM,
corresponding to 10 mg/ml. After 24 h, the media which was conditioned with nanocomposite
extracts, was used as cell culture media to perform viability studies in a 24-well plate (working volume
was 1 ml conditioned media). The same number of cells that were plated onto nanocomposites were
evenly plated into a 24-well plate, resulting in a cell density of 15,625 cells/cm?. Standard culture
media and conditioned media were changed every other day. Cells seeded on a tissue culture plate
(TCP) were used as controls. Images were taken with a Leica DMi8 fluorescence microscope (Leica

Microsystems CMS GmbH, Wetzlar, Germany). Experiments were done in triplicate.

3.4.8. Statistical analysis

Statistical analysis of the data was performed using GraphPad Prism. Differences were tested by one-

way ANOVA, and a p-value of < 0.05 was used for statistical significance.

3.5. Results and discussion

3.5.1. Preparation of gelatin-BG-MWCNT nanocomposites from CaClz- and Ca(OEt)2 calcium

sources

Calcium is an important element in osseous tissue, and its presence in a nanocomposite biomaterial
could mimic bone’s natural inorganic composition. Evaluation of the effects of calcium sources on
the synthesized tertiary BG could provide a better understanding of their role in the glass network and

their function within nanocomposite bone biomaterials.

Figure 3.1 presents the FTIR spectra showing the different chemical groups of the PF-127 surfactant,
sol-gel precursors (Fig. 3.1A) as well as of gelatin, tertiary BG using calcium chloride (CaClz) or

calcium ethoxide (Ca(OEt)2) as calcium sources, and their corresponding organic-inorganic
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nanocomposites with their corresponding digital images (Fig. 3.1B). The bands associated for PF—
127 spectrum are 2877 cm™! (-C-H (aliphatic region)), 1473 cm™ (C-C stretching), 1341 cm™' (O-H
plane) and 1101 cm™! (region C-O) with three specific spots at 1061 cm™!, 1106 cm™! and 1145 cm™!
that also suggest C—-O—C stretching.[®! Peaks at 1286 cm™" and 1287 cm* correspond to CHa twisting,
whereas bands at 956 cm™! and 840 cm ™! are related to CH, wobbling.“®! The sol-gel precursors used
were TEOS and TEP, and the calcium sources were CaCl, and Ca(OEt). (Fig. 3.1A). TEOS, which
was used as the silica precursor in the sol-gel process, possessed characteristics peaks at 2979, 2887,
1394, 1104, 1078 and 956 cm™. The band at around 2979 cm™ is assigned to the stretching vibrations
of -C-H bond, while the band observed at 2887 cm™ corresponds to the absorption band of the methyl
(CHs) groups.i™ In addition, the peak at 1394 cm™ is attributed to the asymmetric bending of -C-H
bonds, 8 while the band presented at 1104 cm™ corresponding to the ethoxy group bound to the
silicon atom (Si-OCH,CHg3), was observed. The peak at 1078 cm™ is associated with the siloxane
bonds (Si-O-Si), whereas the band at 956 cm™ is characteristic of the -C-H rocking vibrations of
TEOS.[84 Fyrthermore, the P,Os precursor, TEP, also presented bands related to the symmetric
stretching vibrations of -C-H bonds at 2987 and 2907 cm™, as well as peaks related to the asymmetric
bending of the -C-H bonds at around 1500 and 1368 cm™.°% The prominent peak observed at 1018
and 965 cm™ corresponds to the -P-O valence vibrations, while the band at 1263 cm™ is attributed to
the -P=0 stretching vibrations of TEP.*% Moreover, CaCl, presented peaks observed at 3503 and
3393 cm* associated with the asymmetric -OH stretch, whereas the band at 1629 cm™ corresponded
to the H-O-H bending vibration of CaCl..552 Although anhydrous calcium chloride was used, its
hygroscopic nature during sample transfer is the likely source of the -OH stretch. The appearance of
the bands corresponding to -OH and H-O-H indicate the existence of different hydrogen bonding
environments resulting from interactions with chloride ions as well as water molecules.®!l Additional
peaks at around 650 cm™ are associated with the Ca-O stretching vibration.[®®! Lastly, Ca(OEt),
presented peaks between 3000 and 2800 cm™ due to the C-H stretching, as well as an alkane (-C-H)
bending at 1400 cm™.* In addition, the bands observed between 1100 and 1050 cm™ are

characteristic of the primary alcohol (-C-O) stretching.*!
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Figure 3.1. Chemical characterization of PF-127 surfactant, sol-gel precursors, organic,
inorganic and nanocomposites using CaClz and Ca(OEt)2 as calcium sources. (A) FTIR spectra
of PF-127 surfactant, sol-gel TEOS and TEP precursors, as well as CaCl, and Ca(OEt), calcium
sources. (B) Digital images of CaClz- and Ca(OEt).-based 50-50-0 and 50-50-1 nanocomposite disks.

FTIR spectra of gelatin, BG containing CaCl, and Ca(OEt)2, 50-50-0 and 50-50-1 nanocomposites
composed of either CaCl, and Ca(OEt)>.

The tertiary BG containing CaCl, presented characteristic peaks between 3496 and 3454 cm™ due to
the -OH stretching and bending vibrations of the self-associated silanol (Si-OH) groups (Fig. 3.1B).
In the Ca(OEt).-based tertiary BG, this peak is shifted slightly to 3370 cm™. However, the CaCl.-
based BG also presented an additional peak at 1630 cm™ due to the self-associated Si-OH groups!*®!
which overlapped with the peak associated with the residual water of CaCl,.[*1:5?1 In the BG containing
Ca(OEt),, there were bands associated to C-H vibrational modes at around 2900 and 1400 cm™. While
incomplete hydrolysis could be a suspect for these peaks, this cannot explain it fully, especially since
the experiment was repeated with longer hydrolysis and drying times (96 h). Interestingly, the peak at

around 2900 cm* has been observed even in a melt-derived CaO-SiO2 glass with no obvious source
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of CH2 groups and persisted even after SBF treatment.®® This small peak was also observed in a
previous study of SiO2-P20s system after 72 h hydrolysis and 7 days of aging.[*’! Therefore, the data
indicates that these peaks are not necessarily associated with incomplete hydrolysis of the inorganic
components. Furthermore, peaks at 1025 cm™ due to the asymmetric stretching of the siloxane bond
(Si-O-Si) as well as a band at around 800 cm™ associated with the bending Si-O vibration of the ring
structures of the glass for both CaCl,- and Ca(OEt),-based BGs were observed (Fig. 3.1B).% Both
CaCl,- and Ca(OEt),-synthesized BGs presented a band at around 450 cm™ corresponding to the
rocking motion of oxygen bridging two adjacent silica atoms from the Si-O-Si groups of the glass
network.*) BG containing CaCl; as a calcium source presented a peak at 943 cm related to the silanol
(Si-OH) groups from the incomplete polycondensation of the TEOS (Fig. 3.1B).[*°! In contrast,
evidence of peaks showing the incorporation of calcium ions to the silicate glass network was
observed in the Ca(OEt),-based BG as shown by the peaks at 984 cm™ and 887 cm™, corresponding
to the Si-O™-non-bridging oxygen (NBO) (Fig. 3.1B).51 Evidence showing the incorporation of
calcium ions to the silicate glass network was observed by the broader Si-O-Si bands in the Ca(OEt).-
based BG. The broader bands indicate increased disorganization and decreased polymerization within

the silicate glass network due to the incorporation of network-modifying calcium ions."]

Furthermore, gelatin showed distinguishing bands at 3270 cm™ and 2946 cm™ associated with amide
A and amide B, respectively. These bands corresponded to the stretching vibrations of the free N-H
and O-H groups and the asymmetric stretching vibrations of =C-H and -NH3" of the peptide fragments,
respectively. Peaks corresponding to amide | at 1627 cm™ as a result of the C=0 stretching vibrations
along the polypeptide backbone of gelatin was observed, as well as the presence of amide Il at 1524
cm® corresponding to the N-H bending and C-N stretching vibrations.®”*8 An additional band at
1234 cm™ was observed, indicating the presence of amide 111 which is associated to the wagging
vibrations of CHz groups from the glycine backbone and proline side chains as well as the presence
of the vibration of stretching C-N bonds and the vibration of bending N-H bonds.[%-64

Gelatin-BG-MWCNT (50-50-1) nanocomposites composed of CaCl, and Ca(OEt). showed peaks
attributed to both the inorganic sol-gel derived silica phase as well as the organic gelatin component
(Fig. 3.1B). In addition, Figure 3.1B shows the FTIR spectra of the 50-50-0 nanocomposites where
the same peaks corresponding to the organic and inorganic elements of the 50-50-1 biomaterials, are
observed. Therefore, no chemical shift is expected in the 50-50-0 nanocomposites. The presence of

both organic-inorganic groups within the nanocomposites shows the existence of a physical bond
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between these elements within the biomaterial. In addition, the band corresponding to amide 11 for
both CaCly- and Ca(OEt).-based 50-50-0 and 50-50-1 nanocomposites was decreased (Fig. 3.1B).
This characteristic feature has been observed before in another study and was reported to be due to
the interaction between the silicon hydroxyl (Si-OH) groups of BG and the amino (-NH2) groups of
gelatin polymer by electrostatic and hydrogen bonding.[®*! Finally, calcium ions from the Ca(OEt),-
based 50-50-0 and 50-50-1 nanocomposites were also incorporated into the silicate glass network.
This was observed from the peaks attributed to the NBO to form Si-O-Ca and the broader Si-O-Si

bands in the Ca(OEt),-based nanocomposites.”

3.5.2. Surface morphological and elemental distribution of 50-50-1 nanocomposites prepared
from CacCl2- and Ca(OEt)2 sources

Adequate dispersion of the elements of the nanocomposites is beneficial to ensure homogeneous
incorporation of all components in the organic-inorganic system. Calcium is fundamental to the
bioactivity of sol-gel BGs and a key component of osteogenesis.?%31 The surface morphology and
elemental distribution of nanocomposites using CaCl> (Fig. 3.2A-F) and Ca(OEt). (Fig. 3.2G-L) as
calcium sources for the preparation of 50-50-1 nanocomposites were visualized using SEM and EDX.
The tables in Figures 3.2B, H show the atomic percentages of the elements in the specific region
where the SEM was obtained. Although there is no elemental mapping for oxygen, its presence is
characteristic due to the oxides in the tertiary BG (SiO2, CaCl,, P>Os and SiO,, CaO, P.0Os). Both
CaClz and Ca(OEt).-based 50-50-1 nanocomposites showed uniform elemental distribution of their
organic and inorganic components. Carbon atoms were uniformly dispersed within the
nanocomposite, representing the presence of gelatin and MWCNT (Fig. 3.2C, 1), whereas silicon,

calcium, and phosphorous elements were attributed to the tertiary BG (Fig. 3.2D-F, J-L).

Chemically, CaCl, and Ca(OEt)2-based 50-50-1 nanocomposites are different since the calcium ions
from the Ca(OEt), calcium source are incorporated within the nanocomposite network. Although
evidence has shown that calcium chloride salts fail to enter the network even after applying any
elevated temperatures,® both CaCl, and Ca(OEt).-based 50-50-1 nanocomposites showed uniform
elemental distribution. The advantages of using CaCl, and Ca(OEt), as calcium sources for the
preparation of in situ sol-gel organic-inorganic nanocomposites are that they are synthesized at room

temperature, and good surface homogeneity of their elements was obtained.
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B H
Element Atomic % Element Atomic %
Carbon 26.63 Carbon 41.35
Silicon 18.37 Silicon 10.36
Calcium 5.49 Calcium 485
Phosphorous 0.03 Phosphorous 0.04
Oxygen 49.48 Oxygen 43.40

Figure 3.2. Surface elemental homogeneity in 50-50-1 nanocomposites using CaCl> and
Ca(OEt): as calcium sources. (A) SEM image, (B) atomic percentages of elements, and elemental
mapping of (C) carbon, (D) silicon, (E) calcium, (F) phosphorous for the CaCl,-based 50-50-1
nanocomposite. (G) SEM image, (H) atomic percentages of elements, and elemental mapping of (1)
carbon, (J) silicon, (K) calcium, (L) phosphorus for the Ca(OEt)2-based 50-50-1 nanocomposite.
Scale bar = 1 um.

3.5.3. Swelling behavior of nanocomposites composed of CaClz- and Ca(OEt)2 calcium sources

The swelling of nanocomposites is an important property that ensures nutrient transport and removal
of waste products for their application as bone biomaterials. Following the observation that CaCl. and
Ca(OEt)2-based nanocomposites are chemically different but show homogeneous incorporation of the
organic-inorganic element system, an assessment of the swelling behavior as a function of calcium
sources was conducted. Digital images of the swelling behavior of nanocomposite disks are shown
before and after incubation in PBS for 6 days (Fig. 3.3A&B). The digital images demonstrate that
Ca(OEt)2-based nanocomposites swell and their diameters increased to 9 mm. However, CaCl.-based
nanocomposites did not swell after incubation in PBS; instead, their weight was reduced, and the
diameter of the disks decreased by 1 mm. Therefore, the swelling ratio of the CaCl>-based
nanocomposites was not plotted in Fig. 3.3C since the water uptake of the biomaterials was not
applicable. However, for Ca(OEt)2-containing nanocomposites, swelling ratios of 130% (composition

50-50-0) and 226% (composition 50-50-1) were observed after 6 days of incubation. The increasing
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swelling behavior observed in the 50-50-1 nanocomposite could be due to the addition of MWCNTSs

to the organic-inorganic system, leading to a higher surface area and increasing its water uptake. 62

The difference in swelling behavior is explained by the sources of calcium used to prepare the
nanocomposites and the fate of gelatin in the system. Calcium ions in the Ca(OEt),-based
nanocomposites are incorporated into the matrix, therefore entrapping the gelatin into the
nanocomposite network, which causes swelling. In addition, the presence of strong ionic interactions
between the released calcium ions from the BG with the carboxylic groups in gelatin causes
aggregation of the polymer chains within the nanocomposite system.[64851 The calcium in CaCl,-
containing nanocomposites, however, are not bonded in the matrix which results in mass loss due to
the diffusion of calcium salts. In addition, the existence of weaker interactions between the organic
and inorganic components causes the gelatin to leach out faster and, therefore, limits the swelling of
the nanocomposite. Thus, Ca(OEt).-based nanocomposites, especially the 50-50-1, could function
better as a bone biomaterial and could likely lead to efficient nutrient transport and removal of waste

products for its application for the repair and regeneration of bone.
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Figure 3.3. Swelling behavior of 50-50-0 and 50-50-1 nanocomposites composed of CaClz and
Ca(OEt):2 calcium sources. Digital images of nanocomposites as-prepared in dry state (A) and after
(B) incubation in PBS for 6 days in wet state. (C) Swelling ratio of Ca(OEt),-based nanocomposites
throughout 6 days of incubation. *p < 0.05, **p < 0.01, ***p < 0.001.
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3.5.4. In vitro biodegradation study of CaClz- and Ca(OEt)2-based nanocomposites

The degradation behavior of 50-50-0 and 50-50-1 nanocomposites containing either CaCl, or
Ca(OEt), was performed for 6 days in PBS. Digital images were taken of the nanocomposite disks
before (Fig. 3.3A) and after (Fig. 3.4A) degradation. Nanocomposites containing CaCl; as a calcium
source were very brittle, as observed by the fragmented pieces after drying. In contrast,
nanocomposites containing Ca(OEt)2 as the calcium source were dimensionally stable (Fig. 3.4A).

The weight loss of 50-50-0 and 50-50-1 nanocomposites containing either CaCl, or Ca(OEt), are
shown in Figure 3.4B. Weight loss percentages of CaCl>-based 50-50-0 and 50-50-1 nanocomposites
were 50% after one day of degradation. However, Ca(OEt)2-based nanocomposites showed
significantly less weight loss percentages of 17% and 12% for the 50-50-0 and 50-50-1
nanocomposites, respectively. After 3 days of degradation, the 50-50-0 and 50-50-1 nanocomposites
containing CaCl> continued degrading and presented weight loss percentages of 66% and 63%,
respectively. In contrast, Ca(OEt).-based 50-50-0 and 50-50-1 nanocomposites showed a significantly
decreased degradation of only 22% and 18%, respectively. This tendency was observed throughout
the entire degradation period where at day 6 of degradation, CaCl.-based nanocomposites showed a
weight loss percent of 72%, but was low for the Ca(OEt)2-containing biomaterials which were of 30%
and 26% for the 50-50-0 and 50-50-1 nanocomposites, respectively. The significant difference in
weight loss is due to the calcium sources used to prepare the sol-gel BG. The considerable mass loss
of nanocomposites produced with CaCl, was due to the unsuccessful incorporation of the calcium
ions derived from the chloride salt to enter the silicate network.E71 However, the Ca(OEt), calcium
source was involved in the in situ inorganic polymerization of the sol-gel BG during nanocomposite
synthesis. This resulted in the incorporation of calcium ions into the silicate network,%58 as
confirmed in Figure 3.1B, causing a decreased weight loss percentage. As stated in the methods
section, 0.234g (0.001125mol) TEQS, 0.024 g (0.000132 mol) TEP and 0.049g (0.000441mol) CaCl;
or 0.541g (0.000416mol) Ca(OEt), were used to synthesize tertiary BG. After the stoichiometric
reaction, 0.001125 mol of SiO, 0.0000659 mol P.Os and 0.000441mol CaCl, or 0.000416 mol CaO
will be produced. These correspond to a molar composition of ~70% SiO2, ~4% P.Os and ~26% CaCl>
or CaO. Thus, the mass loss data for the CaClz-based system indicated that both gelatin and CaCl;
were lost (the sum of gelatin + CaCl: in the formulation was ~69.5% on the basis of mass). Our results
would, therefore, indicate that Ca(OEt)2-based nanocomposites could become a better calcium source

for synthesizing organic-inorganic bone biomaterials.



76

caCl, Ca(OEt),

50-50-0 50-50-1 50-50-0 50-50-1

0 MM 1
B
120 W 50-50-0 (CaCl;)  m 50-50-0 (Ca(OEt),)
50-50-1 (CaCl,) 50-50-1 (Ca(OEt),)
S 90
[
(2}
(¢]
-
5 2
S 7
%
Z
%

Figure 3.4. In vitro biodegradation study of 50-50-0 and 50-50-1 nanocomposites composed of
CaClz and Ca(OEt)2 calcium sources. (A) Digital images of CaCl,- and Ca(OEt).-based 50-50-0
and 50-50-1 nanocomposites after 6 days of degradation. (B) Biodegradation behavior of CaCl,- and
Ca(OEt),-based 50-50-0 and 50-50-1 nanocomposites within 6 days. SEM images of nanocomposites
before (C) 50-50-0 (CaClz), (D) 50-50-1 (CaCl), (E) 50-50-0 (Ca(OEt)2), (F) 50-50-1 (Ca(OEt)2) and
after (G) 50-50-0 (CaCly), (H) 50-50-1 (CaCly), (I) 50-50-0 (Ca(OEt)>), (J) 50-50-1 (Ca(OEt)2) 6 days
of degradation. Scale bar = 1 um. *p < 0.05.

The morphology of the nanocomposites before and after degradation was observed. Figures 3.4C-F
show the SEM images of the surfaces of 50-50-0 (Fig. 3.4C,E) and 50-50-1 (Fig. 3.4D, F) before
degradation where the calcium source used was either CaCl» (Fig. 3.4C,D) or Ca(OEt). (Fig. 3.4E,F).
A non-porous structure with some roughness due to the compression molding process of the
nanocomposites were observed for all nanocomposites. However, nanocomposites presented a porous
structure after the degradation period (Fig.4G-J). Formation of a porous structure post-degradation
was most evident in nanocomposites containing CaCl» (Fig. 3.4G,H) than Ca(OEt). (Fig. 3.41,J).
Degradation of BG occurs through hydrolysis of the Si-O-Si bonds of the glass structure, forming
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Si(OH)4 and silanol. The presence of calcium, as a network modifier, accelerates the degradation
process since it disrupts the silicate network. This is the case for nanocomposites composed of
Ca(OEt).. However, in the case of CaClz-based BG, the calcium ions are therefore entrapped
physically in the glass network and can diffuse out easily upon contact with water or biological fluids.
Pure BGs are inherently brittle regardless of the calcium sources that are being used, but toughness is
conferred upon addition of gelatin.’®l  Degradation of gelatin occurs hydrolytically and
enzymatically,[®”l and possesses a melting temperature of ~30°C. The gelatin component of the
synthesized gelatin-BG-MWCNT nanocomposite would be leaching out of the biomaterial, creating
a porous structure. For bone repair applications, the interconnected porous structure could potentially
allow cells to infiltrate the pores of the nanocomposites and lay down their extracellular matrix (ECM)

to remodel and regenerate bone.

3.5.5. Microstructure, pore size and porosity of CaClz- and Ca(OEt)2-based nanocomposites

Micro-CT imaging was obtained to better visualize the morphology and investigate the porosity, pore
wall thickness and pore size distribution of the nanocomposites after 6 days of degradation. Figure
3.5 shows the micro-CT isosurface images of 50-50-0 and 50-50-1 nanocomposites containing either
CaCl, or Ca(OEt)2 calcium sources. The CaClz-based nanocomposites depict a more porous and brittle
structure, where the biomaterial appears to have been disintegrating (lifted) as a result of the increased
degradation. In contrast, Ca(OEt).-based nanocomposites have a more compact and tougher structure.
The organic-inorganic nanocomposites post-degradation present reduced pore sizes and a decreased
porous structure because the gelatin component was added as the polymer matrix and leached out

throughout the whole nanocomposite.



78

Figure 3.5. Micro-CT images of CaCl2- and Ca(OEt)2-containing 50-50-0 and 50-50-1
nanocomposites after 6 days of degradation. (A-C) 50-50-0 (CaCl,), (D-F) 50-50-1 (CaCly), (G-1)
50-50-0 (Ca(OEt)2), (J-L) 50-50-1 Ca(OEt)2). (B, E, H, K) are horizontal cross sections of
nanocomposites. (C, F, I, L) are vertical cross sections of the nanocomposites.

The average porosity of the 50-50-0 and 50-50-1 nanocomposites composed of CaCl, were 24.48%
and 29.59%, respectively, whereas for the 50-50-0 and 50-50-1 nanocomposites composed of
Ca(OEt), were 5.03% and 5.84% (Table 3.2). The calcium in nanocomposites containing CaCl, was
expected to leach out since the calcium ions are not bonded in the nanocomposite matrix, therefore
resulting in more porosity after degradation. However, the low porosity found in Ca(OEt).-based
nanocomposites would most likely come from the gelatin that had been leached during degradation
since the calcium ions form part of the organic-inorganic matrix. Furthermore, pore wall thickness
increased with the Ca(OEt)2>-based nanocomposites. 50-50-0 and 50-50-1 CaCl,-based
nanocomposites presented pore wall thickness values of 0.49 um and 0.41 um, respectively, while the
values for Ca(OEt).-based nanocomposites were 1.64 um and 1.92 um. In addition, the pore sizes of
nanocomposites containing CaCl, were 0.16 pum for both 50-50-0 and 50-50-1 nanocomposites.
However, decreased pore size values were obtained for the 50-50-0 and 50-50-1 Ca(OEt).-containing
nanocomposites which were 0.06 pum and 0.10 pm, respectively. Although the pore sizes of the
nanocomposites are not large enough to allow cell infiltration into the porous structure, the generation
of micropores (0.1-10 pum pore size) improves cell attachment by creating a rough surface allowing
penetration of body fluids.[%85°1 In addition, the generation of nanopores (<0.10 um) creates a larger
surface area that increases the bioactive properties of the materials and stimulates greater ion exchange
and protein adsorption, which are favorable for bone repair applications.[®"!1 The surface area to

volume ratio was higher for CaCl>-based nanocomposites, where the values for 50-50-0 and 50-50-1
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nanocomposites were 4.08 mm™ and 4.90 mm, respectively, while the values for Ca(OEt).-based

nanocomposites were 1.22 mm™ and 1.04 mm, respectively.

Table 3.2. Pore properties and porosity of CaCl,- and Ca(OEt)>-containing nanocomposites.

. Pore wall Pore size (um Surface area to
Sample Porosity (%) thickness (um) (Hm) volume ratio (mm?)
50-50-0 (CaCly) 24.48 0.49 0.16 4.08
50-50-1 (CaCly) 29.59 0.41 0.16 4.90
50-50-0 Ca(OEt); 5.03 1.64 0.06 1.22
50-50-1 Ca(OEt), 5.84 1.92 0.10 1.04

3.5.6. In vitro bioactivity of CaClz- and Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites

Bone substitutes should be capable of possessing bioactive properties to promote the formation of
bone. Due to the nature of BG, its presence within the organic-inorganic nanocomposites should
provide bioactive features that induce the formation of hydroxycarbonate apatite (HCA) (Ca1o-x(POa)e-
x(CO3)x(OH)2-x) which is normally found in bone. The formation of HCA layers occurs through the
release of soluble ionic species from the tertiary BG component, such as Si, Ca?" and PO4* ions, into
the simulated body fluid (SBF) solution. The release of these ions is followed by their re-deposition
to form a high-surface-area hydrated silica and polycrystalline HCA bilayer on the glass surface,
similar to that of bone.*328] Evaluation of the HCA formation on the surfaces of the organic-inorganic
nanocomposite disks was performed by incubating in SBF. Figure 3.6A shows the SEM images of
nanocomposites after incubation in SBF for 7 days. Although the formation of HCA can be evaluated
at different time points ranging from day 0 to day 10,1*872 day 7 represents a time point in which the
HCA formation is comparable to that of further treatment periods in SBF. Regardless of the calcium
sources used for the synthesis of the inorganic component within the organic-inorganic
nanocomposite, characteristic spherical-shaped HCA crystallized particles were observed on the
surfaces of 50-50-0 and 50-50-1 nanocomposite disks after incubation in SBF for 7 days. Table 3.3
presents the atomic percentages of Ca and P before and after incubation in SBF, as well as the Ca/P
ratio of CaCl- and Ca(OEt).-based nanocomposites after SBF treatment. The results show that the
nanocomposites were enriched with Ca and P, the main components of HCA in bone, as observed in
the increased atomic percentages of Ca and P on the nanocomposites after SBF incubation (Table
3.3). Additionally, the resulting Ca/P ratios after SBF treatment were higher than the stoichiometric
Ca/P ratio of hydroxyapatite (Caio(PO4)s(OH)2), a typical artificial bone,[” which is between 1.67
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and 1.50. The increased Ca/P ratio in the nanocomposite could be due to the carbonate ion substitution
in the HCA structure.[’ In addition, the incorporation of 1 wt.% MWCNT did not interfere with the
formation of HCA layer on the surfaces of nanocomposites. The increased atomic percentages of Ca

and P in the Ca(OEt).-based nanocomposites depict enhanced bioactivity.

Table 3.3. Atomic percentages of Ca and P before and after SBF incubation including Ca/P ratio of
CaCl»- and Ca(OEt),-based nanocomposites after SBF treatment.

Sample Atomic % Ca Atomic% P  Atomic% Ca  Atomic% P Ca/P ratio
before SBF before SBF after SBF after SBF after SBF
50-50-0 CaCl; 6.40 0.03 16.93 8.76 1.93
50-50-1 CaCl; 5.49 0.03 17.93 9.62 1.86
50-50-0 Ca(OEt), 5.83 0.04 20.40 10.34 1.97
50-50-1 Ca(OEt), 4.85 0.04 20.20 10.53 1.91

Confirmation of the formation of HCA layer on the surfaces of the nanocomposites after SBF
incubation was assessed using FTIR (Fig. 3.6B) and XRD (Fig. 3.6C). The FTIR spectra of
nanocomposites presented peaks corresponding to the deformation vibration of PO4*> ions at 567, 600
and 670 cm™.128 The band at 600 cm™* was mostly prominent to the CaClz-containing nanocomposites,
whereas the peak at 670 cm™ was slightly more noticeable to the Ca(OEt),-based nanocomposites.
Some known bands overlapped with the peaks corresponding to the nanocomposites, but a
distinguished peak was observed at around 960 relating to the deformation vibration of PO4> ions.
Peaks corresponding to the CO3?>~ group were observed at 1550 and 1460 cm™! and were assigned to
the A- and B-types carbonation (Fig. 6B). A-type carbonation occurs when the carbonate ions replace
the hydroxyl ions, while the B-type carbonation appears when the carbonate ions enter the
hydroxyapatite lattice replacing the phosphate ions.[”4l In addition, a band at around 875 cm™ was
starting to form corresponding to the labile surface COs? functional group.l”>""1 The latter indicated
the substitution of CO3s? ions into the apatite, confirming the formation of HCA on the surface of
nanocomposite hydrogels.[?8757"1 An increase in the peak intensity at around 800 cm™, corresponding
to the Si—O—Si vibration, was observed for all nanocomposites. The increased band intensity suggests
the existence of a silica-rich layer.* Similarly, the asymmetric stretching of the siloxane bond (Si-
O-Si) at around 1025 cm™ became broader in the CaCl,-based 50-50-0 nanocomposite, which could
also indicate the formation of a silica-rich layer. Moreover, a peak at 2980 cm™ was observed due to

the presence of H-C-O functional group.[’”
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Figure 3.6. In vitro bioactivity of CaCl>- and Ca(OEt).-based 50-50-0 and 50-50-1
nanocomposites. (A) SEM images of the surfaces of nanocomposites after SBF incubation for 7 days.
Scale bar =1 um. (B) FTIR and (C) XRD spectra of CaCl,- and Ca(OEt),-based 50-50-0 and 50-50-
1 nanocomposites after SBF treatment for 7 days.

Further evaluation of the existence of mixed polycrystalline HCA layer on the surfaces of
nanocomposites was assessed by XRD. The 50-50-1 nanocomposites were not evaluated since,
according to Figures 3.6A and B, the bioactive properties of nanocomposites were not affected by the
addition of MWCNTSs in the gelatin-BG nanocomposites. Additionally, the 50-50-1 samples present

the same chemical groups as their respective CaCl, or Ca(OEt).-containing 50-50-0 nanocomposites.
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Figure 3.6C shows the XRD data of the 50-50-0 control and SBF-treated nanocomposites composed
of CaCl, or Ca(OEt),. Compared to the controls, which depicted an amorphous structure,®®
nanocomposites treated in SBF presented diffraction peaks corresponding to the formation of HCA.
These peaks were observed at 26 = 27°, 31°, 45° and 56° which were associated with the diffraction
planes (002), (211), (222) and (004) with reference to ICDD file #9-432.11828] The crystalline peaks
of the 50-50-0 containing Ca(OEt). were notably higher than the CaCl,-based 50-50-0. This could
imply that the formation of crystallinity obtained from Ca and P depositions after SBF incubation was
higher in the Ca(OEt)2-containing nanocomposites due to calcium ions in the silicate network. During
incubation in SBF, the nanocomposites degrade through the exchange between Ca?* ions from the
glass component and the H™ ions from the SBF solution, causing hydrolysis of the silica groups to
form silanol (Si-OH) and Si(OH)4.B*1 Condensation of the Si-OH groups subsequently occur,
leaving a silica-rich layer on the surfaces of the nanocomposites.l®] The Ca?* and PO4* groups then
migrate to the silica-rich layer surface where they form a film of CaO—P>0s which further crystallizes
as the OH™ and CO3? anions from the SBF solution incorporate to form a mixed polycrystalline HCA
layer on the surfaces of the nanocomposites.[® Since the calcium ions in the 50-50-0 nanocomposite
containing Ca(OEt), are incorporated in the glass network, the initial ion exchange between the Ca?*
ions from the BG and the H* ions from the SBF is promoted leading to enhanced mineralization on
the surfaces of Ca(OEt).-based nanocomposites. In the case of CaCl,-containing nanocomposites, the
calcium ions are leached out of the biomaterial and the rate of hydrolysis of the silica groups could
potentially be reduced resulting in a decreased formation of mixed polycrystalline HCA layer and
hence, lower intense crystalline peaks. Therefore, Figure 3.6 confirms that nanocomposites
containing either CaCl, or Ca(OEt)2 as calcium sources present bioactive properties and was higher
for those containing Ca(OEt). due to the incorporation of calcium ions to the silicate glass network
promoting hydrolysis by initial ion exchange. In addition, bioactivity of nanocomposites was not
affected by the incorporation of MWCNTSs since mineralization was contributed by the presence of
BG. Collectively, the bioactivity present in the 50-50-0 and 50-50-1 nanocomposites is a favorable
property in bone biomaterials which could contribute to the potential development of new bone tissue.
As stated in the introduction, this study aimed to evaluate the role of calcium sources (calcium chloride
vs. calcium ethoxide) in a gelatin-BG system in terms of their physicochemical properties. It was
shown that the calcium ethoxide-based nanocomposites formed Si-O-NBO bridges as evidence for
calcium incorporation to the silicate glass (Fig. 3.1B). Furthermore, it was demonstrated that the

reduced mass loss is attributed due to the network stability and lower porosity attributed to minimal
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leaching of the ions and gelatin (Fig. 3.4B, Table 3.2). Nanocomposites based on calcium ethoxide
had enhanced bioactivity in SBF indicating hydroxycarbonate apatite formation compared with
calcium chloride (Fig. 3.6C, Table 3.3). Taken together, our results collectively demonstrated the
advantage of the calcium ethoxide-based nanocomposites compared to calcium chloride. However,
calcium ion release studies which could have further strengthened the above-mentioned results, were
not conducted. Future studies should include quantifying the released calcium ions. As a limitation of
this study, further evaluations would have to be conducted to assess the thickness of HCA layer on
the surfaces of the nanocomposites to compare and confirm the robustness of the bioactive of the

different calcium-containing nanocomposites.

3.5.7. Mouse embryo multipotent mesenchymal progenitor 10T1/2 cell adhesion, spreading and

viability on CaClz- and Ca(OEt)2-based nanocomposites

Cell-materials interaction studies were performed on the 50-50-0 and 50-50-1 nanocomposites
prepared with CaClz and Ca(OEt).. Figure 3.7A shows the fluorescent images of 10T1/2 cells cultured
on tissue culture plate (TCP) as control and on the surfaces of nanocomposites for 24 h. Cells had a
favorable attachment and spreading to both CaCl, and Ca(OEt)2-based nanocomposites by forming a
uniform layer of elongated actin filaments onto the surfaces of the biomaterials. Entrapment of gelatin
in the inorganic network could potentially act as an initial integrin recognition site for cells. This
innate property of gelatin would be possible since it possesses an arginine-glycine-aspartic acid
(RGD) sequence that could further favor the cell-ECM interactions, thus promoting cell adhesion.["®]
Cells cultured on nanocomposites composed of CaCl> showed a more elongated morphology than
those composed of Ca(OEt).. This could be due to the presence of micropores in the nanocomposites
containing CaCly, as previously discussed in the micro-CT results, which could improve initial cell
attachment. Figures 3.7B-D show the viability of 10T1/2 cells cultured on the surfaces of
nanocomposites using standard and conditioned media for 24, 72, and 168 h accordingly. Cells
cultured on TCP were used as control. The live/dead staining presented in Figure 3.7B shows that
cells had good viability when cultured on the nanocomposites for different time points. Imaging cells
cultured on Ca(OEt).-based nanocomposites was challenging most notably at 168 h of culture as the
biomaterials seemed to have been stained. However, viable 10T1/2 cells were observed and are
indicated in orange arrows in the Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites. In addition,
it was observed that as the culture time increased, so did the viability of cells, which was comparable
to that of TCP, especially by 168 h of culture. An analysis of the number of live cells was performed



84

using conditioned media containing the extracts of nanocomposites (Figs. 3.7C,D). 10T1/2 cells were
not as viable at 24 h of culture with conditioned media, likely due to the calcium ions from the
biomaterials. This was especially observed in the CaClz-based nanocomposites, since the calcium ions
are physically bound to the matrix network, which can be easily diffused upon contact with the cell
culture media during the conditioning process. The calcium ions released in the conditioned media
could change the ionic strength, which can result in cell death.[’® The initial retained cells adapted to
the conditioned media and started to grow between 72 and 168 h of culture. At 168 h of culture,
10T1/2 cells had adapted to the conditioned media containing extracts, and cell viability was
favorable. Thus, cell density on cells cultured with conditioned media was higher at day 7. Although
nanocomposites containing Ca(OEt). showed a decreased number of live cells compared to TCP, the
difference in viable cells at 168 h of culture was not significant (Fig. 3.7D). However, the number of
viable cells on the CaCl>-based nanocomposites was considerably lower (p < 0.01) than TCP control.
In addition, the 50-50-0 Ca(OEt)> nanocomposite was significantly higher (p < 0.05) than the CaCl»-
containing biomaterials, whereas the 50-50-1 Ca(OEt), was only substantially higher (p < 0.05) than
the 50-50-0 CaClz nanocomposite.

The addition of MWCNTS to the gelatin-BG nanocomposites did not hinder the adhesion and viability
of cells, which could enable future studies aimed on their effects on osteogenic cells. The
incorporation of MWCNTS to organic-inorganic bone nanocomposites could not only mimic the
endogenous electrically conductive properties of bone, but could also potentially deliver electrical
signals for the maturation of osseous tissue.[*>*4 These results show that CaCl,- and Ca(OEt),-based

50-50-0 and 50-50-1 nanocomposites could be used as potential bone biomaterials.
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Figure 3.7. Attachment and viability of 10T1/2 cells on CaCl2- and Ca(OEt).-based 50-50-0 and
50-50-1 nanocomposites. (A) Fluorescent images of 10T1/2 cells after 24 h of culture. Scale bar =
100 pm at 10x magnification and scale bar = 50 um at 20x magnification. (B) Live/dead staining of
10T1/2 cells cultured on CaCl,- and Ca(OEt).-based 50-50-0 and 50-50-1 nanocomposites. Scalebar
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=200 um. (C) Live/dead staining on cells cultured with conditioned media (extracts). Scalebar = 200
pm. (D) Number of live cells at 168 h of conditioned media culture. *p < 0.05, **p < 0.01.

3.6. Conclusions

In this study, sol-gel derived gelatin-BG-MWCNT nanocomposites using CaCl, and Ca(OEt), were
prepared in an attempt to evaluate the different calcium sources for the development of bone
biomaterials with an electrically conductive component. The nanocomposites varied chemically and
were dependent on the calcium source used for their preparation. Calcium ions from the Ca(OEt).-
based biomaterials were incorporated in the silicate glass nanocomposite network, whereas the
calcium ions from CaCl,-containing biomaterials were not. However, the surface elemental
distribution was homogeneous for both CaCl,- and Ca(OEt).-containing nanocomposites.
Furthermore, swelling and degradation of nanocomposites occurred as a function of time and were
significantly different due to the fate of the calcium ions within the organic-inorganic network. The
calcium ions from the calcium sources used also influenced the resulting porosity of nanocomposites
post-degradation. The bioactivity of CaCl»- and Ca(OEt).-based nanocomposites was demonstrated
through the formation of hydroxycarbonate apatite on their surfaces after incubation in SBF for 7
days. Finally, 10T1/2 cells showed favorable adhesion and spreading on nanocomposites composed
of CaClz and Ca(OEt); at 24 h of incubation. Cell viability studies using standard and conditioned
media showed that Ca(OEt).-based nanocomposites seemed more favorable biomaterials. Uniformly
distributed MWCNTSs did not hinder any of the properties of nanocomposites, which was a desired
attribution to carry out future studies on their electrically conductive properties. Although Ca(OEt),-
based nanocomposites are most likely to have more advantageous properties in bone repair
applications, both CaCl,- and Ca(OEt).-based nanocomposites have the potential to function as bone

biomaterials to repair and regenerate osseous defects.
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Chapter 4

4. Bioactive and electrically conductive GelMA-BG-MWCNT nanocomposite

hydrogel bone biomaterials**

Overview: The purpose of this study is to synthesize electrically conductive organic-inorganic nanocomposite
hydrogels composed of gelatin methacryloyl, sol-gel-derived tertiary bioactive glass, and uniformly dispersed
multiwall carbon nanotubes. The nanocomposite hydrogels were processed to develop hydrogels with

enhanced electro-mechanical properties as a function of multiwall carbon nanotube loading.
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"4 This chapter has been published. Reprinted with permission from Arambula-Maldonado, R., Liu, Y., Xing,
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biomaterials. Biomaterials Advances. 2023, 154, 213616.
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4.1. Abstract

Natural bone is a complex organic-inorganic composite tissue that possesses endogenous electrically
conductive properties in response to mechanical forces. Mimicking these unique properties
collectively in a single synthetic biomaterial has so far remained a formidable task. In this study, a
synthesis strategy that comprised gelatin methacryloyl (GelMA), sol-gel derived tertiary bioactive
glass (BG), and uniformly dispersed multiwall carbon nanotubes (MWCNTS) was reported to create
nanocomposite hydrogels that mimic the organic-inorganic composition of bone. Using this strategy,
biomaterials that are electrically conductive and possess electro-mechanical properties similar to
endogenous bone were prepared without affecting their biocompatibility. Nanocomposite hydrogel
biomaterials were biodegradable and promoted biomineralization, and supported multipotent
mesenchymal progenitor cell (10T1/2) cell interactions and differentiation into an osteogenic lineage.
To the best of my knowledge, this work presents the first study to functionally characterize suitable
electro-mechanical responses in nanocomposite hydrogels, a key process that occurs in the natural
bone to drive its repair and regeneration. Overall, the results demonstrated GelIMA-BG-MWCNT
nanocomposite hydrogels have the potential to become promising bioactive biomaterials for use in

bone repair and regeneration.

Keywords: electro-mechanical response, electrical conductivity, bioactivity, nanocomposite
hydrogel, bone biomaterial

4.2. Introduction

The repair of bone fractures and critical-size bone defects that exceed the body's natural healing ability
represents a significant challenge and imposes an ever-increasing financial burden on healthcare
systems.*?l Natural bone is a complex organic-inorganic composite tissue with endogenous
electrically conductive properties in response to mechanical forces. Electrical signals are generated
by an applied mechanical load within bone tissue that is capable of supporting cell proliferation and
osteogenic homeostasis.**  Since the discovery of bone's electrically conductive properties, this
feature has been clinically targeted to promote the healing of a wide range of bone injuries. However,
most clinical applications have focused on augmenting the native bone with external electrical
stimulation delivered through electrodes. Despite the promising clinical utility of electrical stimulation
for bone healing, this application is limited to the reduction of pain and risk for radiographic nonunion

but functional outcomes were limited.[?!



96

For bones that do not heal naturally, the development of synthetic bone substitutes is becoming
increasingly important as the availability of donor bone sources, typically used to repair critical size
defects, becomes more limited.’® Incorporating electrically conductive components into a bone
biomaterial has been proposed to accelerate the maturation and success of repaired bone or engineered
bone tissue substitutes.l-*! Conductive polymers have the advantage of being easily synthesized while
possessing tunable electrical conductivity that can promote the differentiation of osteoblasts.[ %!l
However, to achieve the electrical conductivity required to match the native bone, conducting
polymers must undergo a doping process to form charge carriers.l*23! Furthermore, conducting
polymers have poor dispersibility and mechanical brittleness, which limits their application as
biomaterials for bone regeneration.[***° Therefore, more suitable alternatives are required to develop
electrically conductive biomaterials that can promote the repair of bone.

Recently, carbon-based electrically conductive materials, such as carbon nanotubes (CNTS),
graphene, and reduced graphene oxide (rGO) have been described as potential candidates for bone
tissue engineering solutions.*8*8 Unlike conducting polymers, carbon-based materials can be
synthesized in various geometrical and morphological structures that can alter their physiological
responses, potentially enhancing their capacity to treat bone defects.[*®) CNT and graphene possess
very high electrical conductivities of 10°-10° S/cm and 108 S/cm, respectively,?” suggesting that only
low concentrations of carbon-based electrically conductive materials are required to achieve
comparable electrical conductivity to bone. In addition, carbon-based electrically conductive materials
possess excellent mechanical strength, further demonstrating their suitability for the development of
bone biomaterials that repair and regenerate bone tissue.l*?* However, from a biological perspective,
bone substitutes composed solely of carbon-based electrically conductive materials do not resemble

the structure and composition of native bone.

Composite material approaches offer a solution to mimicking the various physiological properties
possessed by complex tissue systems.[?? Native bone possesses a complex hierarchical structure
comprised of both organic components, predominantly collagen, and an inorganic component
comprised of hydroxycarbonate apatite.[?>281 To mimic the nanocomposite and electrical properties
of native bone, previous studies have mostly focused on carbon-based electrically conductive
materials with either a polymericf*®?°! or an inorganic system.F%3H Alternatively, other studies have
developed biomaterials consisting of an organic-inorganic system predominantly comprised of

crystalline ceramic hydroxyapatite and an electrically conductive component.*2-*41 However, either
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the failure to mimic the organic-inorganic biological composition of bone or the lack of reabsorption
due to a high crystalline ceramic structure limits the application of these materials. Hence, there is a
need for composite osteoconductive and osteoinductive biomaterials having tunable electrical

conductivity.

Here, an efficient approach that incorporates gelatin methacryloyl (GeIMA), tertiary bioactive glass
(BG), and uniformly dispersed multiwall carbon nanotubes (MWCNTS)is reported to create
nanocomposite hydrogels that mimic the organic-inorganic composition of bone as well as its
electrically conductive and electro-mechanical properties (Scheme 4.2). The materials have a uniform
distribution of the components within the nanocomposite hydrogels and possess increasing
mechanical and electrically conductive properties as a function of MWCNT concentration while
having bioactive, cytocompatible features and the ability to promote osteogenic differentiation of
progenitor cells. Finally, the analyses show that nanocomposite hydrogels could be promising

biomaterials for bone repair and regeneration.
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Scheme 4.2. Synthesis approach of GelMA-BG-MWCNT nanocomposite hydrogels.
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4.3. Materials and methods
4.3.1. Materials

Gelatin type A (porcine skin) (G2500, gel strength (Bloom No.) 300 with viscosity average molecular
weight of 100 kDa), methacrylic anhydride (containing 2000 ppm topanol A as an inhibitor, 94 %),
potassium persulfate, pluronic F-127, diacrylated pluronic F-127, multiwall carbon nanotube
(MWCNT, >98 % carbon basis, O.D. x L 6-13 nm x 2.5-20 um), tetracthyl orthosilicate (TEOS, 98
%), and triethyl phosphate (TEP, 99.8 %) were purchased from Sigma-Aldrich (Milwaukee, WI,
USA). Calcium ethoxide was obtained from Gelest Inc. (Morrisville, PA, USA). N,N,N’,N’'-
tetramethylethane-1,2-diamine (TEMED) was purchased from Merck KGaA (Darmstadt, Germany).
Dulbecco's Modified Eagle's Medium (DMEM), Hanks' Balanced Salt Solution (HBSS), Fetal Bovine
Serum (FBS), penicillin/streptomycin (pen/strep), and live/dead cell imaging kit were acquired from
Thermo Fisher. Alexa Fluor® 488 phalloidin and 4'6-diamidino-2-phenylindole (DAPI) were
purchased from Life Technologies (Burlington, ON, Canada). Mouse embryo multipotent
mesenchymal progenitor cells (C3H/10T1/2 cells) were obtained from ATCC (Manassas, VA, USA).

4.3.2. Synthesis of gelatin methacryloyl (GelMA)

Gelatin type A (porcine skin) was mixed at 10 % w/v in phosphate-buffered saline (PBS) at 40 °C
until fully dissolved. A 10 % v/v of methacrylic anhydride was added dropwise under stirring to the
viscous gelatin solution and allowed to react for 1 h at 40 °C. To stop the reaction, a 5x dilution of
warm PBS was added and dialyzed against distilled water using a 12—14 kDa cutoff dialysis tube for
one week to remove unreacted components. The solution was vacuum dried at 40 °C, and GelMA

prepolymer was stored at 4 °C until use.
4.3.3. Synthesis of tertiary bioactive glass (BG)

BG was prepared by a sol-gel process which consisted in hydrolyzing TEOS and TEP with a catalytic
amount of 1 M HCI under vigorous stirring at room temperature (RT). Calcium ethoxide was dissolved
separately in 2-ethoxyethanol and was added dropwise to the hydrolyzed TEOS until a gel was
formed. The BG was aged for two days, followed by drying under vacuum at 50 °C to obtain a final
molar composition of 70 % SiO,, 26 % CaO, and 4 % P,0s. The final product was ground to a fine

powder and stored at RT until further use.[?3%]
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4.3.4. Preparation of GeIMA-BG-MWCNT nanocomposite hydrogel biomaterials

Two surfactants, pluronic F-127 or diacrylated pluronic F-127, were used to prepare MWCNT stock
dispersions. Surfactants were separately dissolved in water at high temperature to a concentration of
20 mg/ml followed by adding 20 mg/ml MWCNT. Dispersions were sonicated for 1 h at 50 °C and
stored at RT until further use for GeIMA-BG-MWCNT biomaterial preparation. GelMA prepolymer
was dissolved in water at a concentration of 10 % w/v. 1, 2, 3, and 5 wt.% MWCNT were added to
the GelMA prepolymer solution, followed by sonication at 50 °C for 30 min. BG powder was
subsequently added to GeIMA-MWCNT mix at different concentrations and was further sonicated for
30 min. KPS and TEMED were added separately as the thermal initiator and accelerator, respectively,
at concentrations of 0.5 % w/v with respect to the total prepolymer concentration to crosslink GelIMA
at 60 °C. Sample nomenclature is presented in Table 4.1.

Table 4.1. Nomenclature of GelMA-BG-MWCNT nanocomposite hydrogels.

GelMA-BG-MWCNT GelMA BG MWCNT

Nomenclature (wt.%0) (wt.%0) (wt.%0)
100-0-0 100 0 0
100-0-1 100 0 1
90-10-1 90 10 1
80-20-1 80 20 1

70-30-0 | 70-30-1 | 70-30-2 | 70-30-3 | 70-30-5 70 30 0]1]2]3]5

60-40-1 60 40 1
50-50-1 50 50 1

4.4. Characterization of biomaterials
4.4.1. *H Nuclear Magnetic Resonance (*H NMR) spectroscopy

The degree of methacryloyl functionalization was determined by using *H NMR at a frequency of 400
MHz (Varian Inova Spectrometer; Varian, Palo Alto, CA, USA) at 50 °C in deuterium oxide (D20) at
a concentration of 2 % wi/v. Solvent pre-saturation was applied solely to the H,O/D0 peak to reduce
the intensity of the residual water, and the degree of methacryloylation was calculated by Eq. (4.1)
where Molvai Leuile and Molyys Hiy represent the total number of moles of valine, leucine, isoleucine,
lysine, and hydroxylysine found in gelatin.®8%"1  The integration peak corresponding to the
hydrophobic alkyl side chains of valine (Val), leucine (Leu), and isoleucine (lle) is represented by
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(4.1)

4.4.2. Fourier Transform Infrared Spectroscopy (FTIR)

Dried and powdered biomaterials were used for FTIR spectroscopy which was conducted using a
Perkin Elmer FTIR Spectrometer (Waltham, MA, USA) in the transmission mode at a resolution of 4

cm* and sample scans of 24.
4.4.3. Thermogravimetric Analysis (TGA)

TGA experiments were performed using a TA Instruments Q600 SDT TGA analyzer. 20 mg of dried
BG and GelMA-BG were heated from 25 to 1000 °C under air at a heating rate of 10 °C/min. The
ratios of BG and GelMA-BG were calculated by recording the residual masses at 1000 °C.

4.4.4. Scanning Electron Microscope (SEM) and Energy Dispersive X-ray Spectroscopy (EDX)

analysis

Visualization of the surface morphology and elemental distribution of the chemical composition of
the biomaterials were assessed through SEM and EDX, respectively. Disk-shaped samples were
sputter-coated with gold/palladium (K550X, sputter coater, Emitech Ltd., Ashford, UK), and SEM
coupled to EDX was performed by using a Zeiss 1540XB FIB/SEM instrument (Carl Zeiss:
Oberkochen, Germany).

4.4.5. Swelling behavior of GelMA-BG-MWCNT nanocomposite hydrogels
Evaluation of the swelling behavior of nanocomposite hydrogels (n =6) was performed in PBS for 24
h at 37 °C. The weights of the samples were recorded before (Wo) and after incubation in PBS at

various time points (W;). The swelling ratio of samples was calculated according to Eq. (4.2):

. . Wy — Wy
Swelling Ratio (%) = ————
Wo

X 100 (4.2)
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4.4.6. Biodegradability of GeIMA-BG-MWCNT nanocomposite hydrogels

The weight loss percentage of nanocomposite hydrogels (n =6) was determined by measuring the
initial weight of the samples (Wo) and subsequently incubating in PBS at 37 °C. At various time points
(1, 4, 8, 16 and 20 days), the samples were washed with deionized water and dried under vacuum at
RT. The final weights of the dried samples were recorded (Wys) and were used to calculate the weight
loss percentages of each sample.

Wo — Wy
Weight loss (%) = — 100 (4.3)
0

4.4.7. Rheological properties of GelMA-BG-MWCNT nanocomposite hydrogels

Dynamic rheological tests were performed on hydrogels using a HAAKE Mars 60 Rheometer
(MARS, Germany). Hydrogels (10 mm diameter and 5 mm height) were loaded into 20 mm parallel
plates with a gap of 2.5 mm between the plates to perform strain amplitude sweeps (0.001-100 %) at
37 °C to determine the linear viscoelastic region. Assessment of temperature dependence on the elastic
modulus (G') and complex viscosity ([n*|) of gelatin, un-crosslinked GelMA and crosslinked GeIMA
hydrogels were determined through oscillatory temperature sweep tests. Tests were performed at a
constant angular velocity of 1 Hz at a fixed strain amplitude of 0.01 %, determined in the linear region,
with temperature scanning ranging from 20 to 60 °C. Oscillatory frequency sweep tests with constant
deformation were performed at angular velocities ranging from 0.01 to 10 Hz at a fixed strain
amplitude of 0.01 % at 37 °C. Angular velocities of up to 100 Hz were also tested in oscillatory
frequency sweep tests; however, a maximum frequency of 10 Hz was preferred since the data
displayed clear moduli changes as a function of BG concentration and MWCNT loading. Time sweep
tests for thermal crosslinking were performed at a constant angular velocity of 1 Hz with a fixed strain
amplitude of 0.01 % at 60 °C. Creep-recovery tests were done with applied shear stress of 40 Pa for 4

min followed by 4 min of recovery. All rheological measurements were performed in triplicate.



102

4.4.8. Electro-mechanical characterizations of GelMA-BG-MWCNT nanocomposite hydrogels

The electrical conductivities of GelMA-BG-MWCNT nanocomposite hydrogels were evaluated after
incubating biomaterials in water for 10 min, 24 h, and in PBS for 24 h. For electrical impedance
spectra (EIS), electrochemical tests were carried out using the electrochemical workstation (CS350,
CorrTest Instruments Inc., China) at RT. The sample film was sandwiched between two copper tape
electrodes with a frequency sweeping from 100,000 to 0.1 Hz. The surface resistivity of hydrogel
samples was measured by a ST-2258C digital 4-probe tester (Suzhou Jingge Electrical Co., Ltd.) under

a current range from 0.1 pA to 100 mA, with a linear probe head (2.0 mm space). Conductivity was
calculated through the following formula: ¢ o (%) = % , Where o is the electrical conductivity and

p is the resistivity in ohm-cm. Pressure-sensitive conductivity or strain/deformation-dependent
conductivity (for sensor application) of GelMA-BG-MWCNT nanocomposite hydrogels were
performed through cyclic durability tests conducted in an in-house built instrument via a combination
of an MTS (MTS criterion model 43) tester and a 2-wire high-performance digital meter (Keithley).
Resistance was obtained via two-probe measurement under a cyclic compression deformation of 50

% at a rate of 500 mm/min at RT.
4.4.9. In vitro bioactivity of GelMA-BG-MWCNT nanocomposite hydrogels

Nanocomposite hydrogels were incubated in simulated body fluid (SBF) solution at a concentration
of 10 mg/ml at 37 °C under constant shaking at 150 rpm for 7 days. SBF was refreshed every other
day. After SBF incubation, hydrogels were rinsed with water, dried under vacuum at RT, and their
surfaces were visualized by SEM/EDX using a Zeiss 1540XB FIB/SEM instrument (Carl Zeiss:
Oberkochen, Germany). FTIR and X-ray diffraction (XRD) data were acquired on dried samples.
XRD data were obtained using an X-ray diffractometer Rigaku Ultima III operating on Cu Ka
radiation with A = 1.5418 A at 30 kV and 15 mA in the 20 range of 2-90° at a scanning speed of 2%/min

and scanning width of 0.02°.
4.4.10. Cell adhesion and cytotoxicity of GelMA-BG-MWCNT nanocomposite hydrogels

Mouse embryo multipotent mesenchymal progenitor 10T1/2 cells were used to investigate cell
adhesion to the electrically conductive nanocomposite hydrogels. Hydrogels were disinfected under
ultraviolet (UV) light and pretreated in HBSS. 10T1/2 cells (cultured in DMEM with 5 % FBS and 1
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% pen/strep) were subsequently seeded with a density of approximately 10,500 cells/cm?. After 1 and
3 days, cells were fixed using 4 % paraformaldehyde (EMD Chemicals Inc. Gibbstown, NJ) and
stained against DAPI (300 nmol in PBS) and phalloidin (1:100) to visualize cell nuclei and F-actin,
respectively. Live/dead cell staining kit was used to detect 10T1/2 cells' viability after 1, 3 and 7 days
of culture and was used according to manufacturer's protocol. Tissue culture plate (TCP) was used as
control. Images were taken with a Leica DMi8 fluorescence microscope (Leica Microsystems CMS
GmbH, Wetzlar, Germany).

4.4.11. Osteogenic gene expression of mouse embryo multipotent mesenchymal progenitor
10T1/2 cells on GelIMA-BG-MWCNT nanocomposite hydrogels

For osteogenic differentiation of 10T1/2 cells on nanocomposite hydrogels, samples were disinfected
under UV light and pretreated in HBSS. 10T1/2 cells (cultured in DMEM with 5 % FBS and 1 %
pen/strep) were seeded with a density of ~15,500 cells/cm?. After reaching 70 % confluency, cell
culture media was replaced with osteogenic induction media (100 nM dexamethasone, 50 pg/ml L-
ascorbic acid, and 10 mM NaxHs.xPO4) for 7 days of culture. Cells differentiated on pure GeIMA
(100-0-0) hydrogels were used as a control to evaluate the effects of BG and MWCNT on osteogenic
differentiation induction. Total RNA was extracted from 10T1/2 cells using the Bio-Rad Aurum™
Total RNA Mini Kit (Mississauga, ON, Canada) according to the manufacturer's protocol.
Complementary DNA (cDNA) template was prepared by using 1 pg of total RNA primed with random
primers according to Promega™ Random Hexamers protocol (Thermo Fisher). Quantitative real-time
PCR (qRT-PCR) was conducted in 10 pl of reaction volumes using a CFX96™ Real-Time System
(C1000 Touch Thermal Cycler; Bio-Rad, Mississauga, ON, Canada), and measured with iQ™
SYBR® Green Supermix (Bio-Rad) according to the recommended procedures. The sequences of
primers are presented in Table 4.2. The results were analyzed with the comparative threshold cycle
method and normalized with mouse 18S as an endogenous reference and reported as relative values
(AA CT) to the control.

Table 4.2. Primers for mouse-specific mRNA amplification.
Gene Forward (5’ 3’) Reverse (5°2 3°)
Sp7 GCCAGTAATCTTCAAGCCAGA CCATAGTGAGCTTCTTCCTGG
Sppl ATCTCACCATTCGGATGAGTCT TGTAGGGACGATTGGAGTGAAA
BSP GAGCCAGGACTGCCGAAAGGAA CCGTTGTCTCCTCCGCTGCTGC
18S GCGGTTCTATTTTGTTGGTTT CTCCGACTTTCGTTCTTGATT

Sp7: Osterix; Sppl: Osteopontin; BSP: Bone sialoprotein.
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4.4.12. Statistical analysis

Statistical analysis of the data was performed using GraphPad Prism and data are expressed as mean
* standard error of the mean. Differences were tested by one-way ANOVA and a p-value of <0.05

was used for statistical significance.

4.5. Results and discussion
4.5.1. Synthesis of gelatin methacryloyl (GelMA) and tertiary bioactive glass (BG) biomaterials

Since GelMA is a semi-synthetic polymer derived from gelatin, the hydrolyzed form of type I collagen
found in bone, the application of this polymer for the synthesis of bone nanocomposite biomaterials
could bring a great benefit in the field of bone repair and regeneration. Some advantages of
synthesizing GelMA are that it allows control on the reproducibility, the degree of methacryloyl
substitution, and thus the initial mechanical properties of GelMA hydrogel. The degree of
methacryloylation (DM) is an important factor that influences the network density and stiffness of
GelMA.Bl Using *H NMR spectra, the successful functionalization of gelatin with methacrylamide
and methacrylate groups was assessed (Fig. 4.1A).581 In the GelMA H NMR spectra, five
characteristic peaks associated with the formation of new functional groups were observed. Peaks at
5.56 and 5.8 ppm were attributed to the acrylic protons of methacrylamide substituent groups of lysine
and hydroxylysine, while the third peak at 2 ppm was associated with the methyl protons of
methacryloyl groups. An additional small peak at 5.85 ppm corresponded to the acrylic protons of
methacrylate groups.*® Finally, the peak at 3.1 ppm showed a decreased intensity compared to the
unmodified gelatin which corresponded to the methylene protons of lysine groups, indicating a
successful reaction of the lysine residues with methacrylic anhydride.”*® A DM of 53.65 % for GelMA
was calculated from Eq. (4.1) by obtaining the integration of two reference peaks. The first integration
reference peak was at 5.8 ppm, whereas the second was at 1.06, representing the hydrophobic alkyl
side chain of valine (Val), leucine (Leu), and isoleucine (lle), which are chemically inert amino acids

that are not involved in the reaction with methacrylic anhydride.®"]

From FTIR spectra (Fig. 4.2A), GelMA prepolymer showed characteristic peaks at 3284 cm™ and

2945 cm™ corresponding to amide A and amide B, respectively, which were associated with the
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stretching vibration of the free N-H and O-H groups, and the asymmetric stretching vibrations of =C-
H and -NHs" of the peptide fragments, respectively. In addition, peaks at 1632 cm™ corresponding to
amide | as a result of the C=0 stretching vibrations along the polypeptide backbone of GelMA, and
1518 cm™ corresponding to amide Il from N-H bending and C-N stretching vibrations were
observed.[*4?1 Furthermore, an additional peak at 1236 cm™ was present in GelMA, indicating the
presence of amide 111 that corresponded to the wagging vibrations of CH. groups from the glycine
backbone and proline side chains as well as the vibration stretching of C-N bonds and the vibration of
bending N-H bonds.[*>*3 The sol-gel derived tertiary bioactive glass (BG) showed bands at 450 cm"
! due to the rocking motion of oxygen bridging two adjacent silica atoms from the siloxane groups
(Si-O-Si) of the BG, whereas the peak found at 800 cm™ was associated with the bending Si-O
vibration of the ring structures of the BG.[“? In addition, peaks at 1030 cm™ and 1170 cm™* showing
the asymmetric Si-O-Si stretching of the oxygen atom moving back and forth along the Si atoms were
observed. Finally, a broad peak at 3370 cm™ due to OH stretching vibrations of self-associated silanol

(Si-OH) groups was also observed.%!

The temperature-dependent rheological properties of gelatin demonstrated that the storage modulus
(G") of gelatin gels decreased drastically to 0.135 Pa above its melting point of ~30 °C due to the
weakening of the gelatin physical network (Fig. 4.1B).[*"#8 Un-crosslinked GelMA hydrogels had a
higher G’ of 0.322 Pa at 60 °C when compared with gelatin hydrogel due to the functionalization of
gelatin with the methacryloyl groups. In contrast, crosslinked GelMA hydrogels maintained a constant
storage modulus (G’) of 348 Pa as the temperature increased to 60 °C (Fig. 4.1B). Similarly, the effect
of temperature on the complex viscosity of gelatin, un-crosslinked GelMA and crosslinked GelMA is
shown in Fig. 4.1C. The complex viscosity of gelatin significantly decreased from 58.084 Pa-s to
0.033 Pa-s when the temperature reached 60 °C, whereas the initial complex viscosity of un-
crosslinked GelMA displayed a lower initial value of 36.498 Pa-s compared to gelatin gels due to the
functionalization of gelatin with methacryloyl groups. Increased temperature caused a significant
reduction in the complex viscosity of un-crosslinked GelMA, similar to that displayed by gelatin gels,
until reaching a value of 0.068 Pa-s at 60 °C. However, crosslinked GelMA hydrogels maintained a
constant complex viscosity of around 55.376 Pa-s as the temperature increased to 60 °C. Collectively,
these results showed that the methacryloylation of gelatin and subsequent crosslinking resulted in
increased stability of the hydrogel network and could be suitable for in vitro studies.
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The composition of the organic-inorganic components in GelMA-BG hydrogels was demonstrated
from TGA analysis (Fig. 4.1D). For pure BG, the first stage of degradation occurred below 275 °C
due to the elimination of moisture and impurities from the incomplete condensation of hydrolyzed
precursors, resulting in a 15 % weight loss. The second degradation stage was observed above 275 °C
resulting in a final residual weight of 65 % at 1000 °C. GeMA-BG nanocomposite (50 wt.% GelMA-
50 wt.% BG) (50-50) also showed two main stages of degradation. The initial mass loss occurred
below 145 °C due to moisture and impurities such as un-crosslinked GelMA. The second degradation
phase was observed above 150 °C due to the degradation of GelMA. The residual weight at 1000 °C
was 35 % of the initial GelIMA-BG nanocomposite. The organic-inorganic weight percent ratio
obtained from the TGA residual weight of GelMA-BG was 46-53, which was in good agreement with
the 50-50 theoretical estimation of the weight percent ratio of GelIMA-BG.

A «@3
AW
2 27 =
Pa ‘ ‘ E
~ M | ,Ms | ﬂ
— GelMA 2% wiv {\ ‘ ‘ ! l
Gelatin 2% wiv___ \ ‘ K f ] 'v:'”
| : ] .- s fh
Do W h’W\} Wi [ “M |
B AU ¥ LY. |1u AW 'LN iR Ul ]
(e s Y B e B AL 1 ® || crosslinked GelMA
A — R A A A e ® || un-crosslinked GelMA
F— Lt Lol © |n*| Gelatin
8.0 7.5 7.0 6.5 6.0 55 50 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 20 30 40 50 60
ppm Temperature (°C)
103 100
B D
tj—;_ . e @ - '] - & 0.0
10 801 \ o
\ ]
:
= o 8
g 104 2 e0f |/ 01 %
c e \ ] e
- 2 |
o C | 3
10° = 40 | &
1 | E
— ' 02>
%_W | =
101 20] | E
+ G' crosslinked GelMA —Bowex \/
* G un-crosslinked GelMA - ZSI'I“‘I’:[';Z“\;’:%
10-2L8.G Gelatin . i i o1 GelMA-BGderivative .
20 30 40 50 60 200 400 600 800 1000
Temperature (°C) Temperature (°C)

Figure 4.1. Characterization of GelMA and organic-inorganic biomaterials. (A) *H NMR spectra
of gelatin and GelMA.. (B) Temperature sweep test of gelatin, un-crosslinked GelMA and crosslinked
GelMA. (C) Complex viscosity of gelatin, un-crosslinked GelMA and crosslinked GelMA as a
function of temperature. (D) TGA curves and derivative of weight percent versus temperature curves
for pure BG and GelMA-BG nanocomposite biomaterials.
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4.5.2. Preparation of GeIMA-BG-MWCNT biomaterials

Proper dispersion of MWCNT in GelMA solution is an important step in preparing uniform and
mechanically acceptable nanocomposites. In this study, MWCNT dispersions were prepared using
either Pluronic F- 127 (PF-127) or diacrylated Pluronic F-127 (dPF-127) surfactants. The resulting
MWCNT dispersions were then added to the GelMA-BG composition and crosslinked. According to
the FTIR spectra shown in Fig. 4.2A, 50-50-1 GelMA-BG-MWCNT nanocomposite presented
characteristic peaks associated with the chemical groups of both GelMA and BG, showing the
existence of a physical bond between the organic and inorganic elements of the biomaterial. The
characteristic amide 111 band observed in GelMA disappeared in the 50-50-1 nanocomposite due to
the plausible interaction between the silicon hydroxyl (-Si-OH) groups of BG and the amino (-NH>)
groups of GelMA polymer.1! In addition, peaks that showed evidence of calcium incorporation into
the silicate network at 970 cm™ and 896 cm™, depicted as the Si-O-non- bridging oxygen (NBO) that
resulted from the disruption of calcium ions to the siloxane bridges, were observed.*! As shown from
the frequency sweep experiments (Fig. 4.2B), the nanocomposite hydrogels prepared with MWCNT
dispersed in dPF-127 had a higher storage (G’) and loss (G”) modulus of 226.7 and 13.8 Pa,
respectively, than hydrogels prepared with PF-127. This strongly suggested that the dPF-127
surfactant allowed homogenization and further crosslinking of the GelMA prepolymer due to its
diacrylate group, thus enhancing the elasticity and mechanical strength of the nanocomposite
hydrogels. Furthermore, SEM and EDX were used to visualize the morphology and homogeneous
elemental distribution of GelIMA-BG-MWCNT nanocomposite hydrogels (Fig. 4.2C, D). Uniform
elemental distribution of carbon, attributed to the organic GelMA polymer matrix and the MWCNT
of the nanocomposite, was observed, while silicon (Si), calcium (Ca), and phosphorous (P) were
associated with the presence of tertiary BG (SiO>-CaO-P20s) corresponding to the inorganic
component of the hydrogel (Fig. 4.2E-H). Based on the data collectively presented in Fig. 4.2, dPF-
127 was chosen as the surfactant to prepare MWCNT stock and for the preparation of nanocomposite

hydrogels.
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Figure 4.2. Chemical, mechanical, and elemental homogeneity in GelMA-BG-MWCNT
nanocomposite biomaterials. (A) FTIR of GeIMA, GeIMA-BG-MWCNT (50-50-1) nanocomposite
biomaterial and BG. (B) Comparison of frequency sweep test of 50-50-1 nanocomposite hydrogels
using two types of surfactants for the preparation of MWCNT dispersion, PF-127 (black) or dPF-127
(red) surfactant. (C) SEM image, (D) EDX spectra, and elemental mapping of (E) carbon, (F) silicon,
(G) calcium, (H) phosphorous for the 50-50-1 nanocomposite biomaterial. Scale bar = 1 um.

4.5.3. Swelling and degradation behavior of GelMA-BG-MWCNT nanocomposite hydrogels

The swelling of hydrogels plays a crucial role in the healing and regeneration of bone tissue since it
allows nutrient transport and removal of waste products through diffusion.”*®l Nanocomposite
hydrogels composed of different GeMA-BG percentages have different abilities to absorb water. Fig.
4.3B shows the percentage of swelling ratio behavior of hydrogels (digital pictures shown in Fig.
4.3A) after incubating in PBS for 24 h. All hydrogels reached their equilibrium swelling after 6 h of
incubation. The crosslinked GelMA containing 1 wt % MWCNT (sample 100-0-1) had a decreased
swelling ratio compared with the 100-0-0 control hydrogel due to the hydrophobic nature of MWCNT,
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but both showed a significant increase in swelling ratio compared to those hydrogels containing BG
due to the hydrophilic groups present in GelMA polymer chains. The swelling ratio of nanocomposite
hydrogels decreased as the concentration of BG increased from 10 wt.% (90-10-1) to 50 wt.% (50-
50-1) due to the strong interactions between the GelMA matrix network and the BG. These strong
interactions included ionic interactions between the released calcium ions from the BG with the
carboxylic groups in GelMA, causing aggregation of the polymer chains which resulted in a lower
swelling ratio due to the decreased hydrophilicity of the nanocomposite hydrogels.*%5! The lower
swelling ratio of nanocomposite hydrogels with increased BG concentration could also be due to
electrostatic interactions between the negatively charged silicon hydroxyl (-Si-OH) groups of the BG
surface with the positively charged amino (-NHz) groups of GelMA.Y Therefore, these results show
that nanocomposite hydrogels possess favorable swelling ratios that would correlate with the

efficiency of absorption of nutrient diffusion if transplanted into the body to regenerate bone.

The degradation of nanocomposite hydrogels was evaluated over 20 days of incubation in PBS, which
is the approximate time required for the bone to heal and remodel after fracture.®? As shown in Fig.
4.3C, the degradation of all hydrogels increased as a function of time, whereby 100-0-0 hydrogel had
the lowest degradation. However, the degradation of nanocomposite hydrogels depended on the BG
content, since higher concentrations of BG resulted in increased weight loss. The plausible
explanation for the increased degradation in hydrogels containing higher BG concentrations was due
to the diffusion of water into the silica glass network, causing hydrolysis of the siloxane (Si-O-Si)
bonds to form silanol (-Si-OH) groups. In addition, the presence of network modifiers, such as
calcium, accelerated the degradation process by disrupting the silicate network. Therefore, hydrogels
composed of 50-50-1 had the highest degradation rate since this composition contained the highest
concentration of BG. One of the crucial steps when developing nanocomposite hydrogels for bone
tissue engineering is the selection of a suitable organic-inorganic composition that resembles that of
natural bone. Natural bone is composed of 30 wt.% collagen and 70 wt.% hydroxycarbonate apatite
(HCA).5® However, the development of nanocomposite hydrogels composed of 30 wt.% GelMA and
70 wt.% BG would not be viable for bone repair and regeneration applications since it would result in
a hydrogel with an increased degradation rate than the 50-50-1 hydrogel, thus limiting its ability to
support bone healing. Collagen fibers found in bone, however, provide a framework in which the
HCA nucleates and grows.[ Therefore, the selection of the GelMA-BG hydrogel composition of
70-30 could provide a similar framework to that of natural bone, where the 70 wt.% GelMA would
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function as a template for the deposition of HCA in vitro formed from the release of soluble ionic
species from the 30 wt.% BG, hence promoting biomineralization while acting as a support for bone
regeneration. In addition, the 70-30 hydrogel composition possessed suitable degradation properties
that could potentially be studied in in vivo models. Further studies would enable the assessment of the
rate of degradation with the formation of new bone tissue until the biomaterial is completely
remodeled and matches the original tissue mechanical strength.[! Consistent with Fig. 4.2B, the use
of dPF-127 to disperse MWCNT decreased the degradation for the hydrogel composition of 70-30-1,
as shown in the inset of Fig. 4.3C, confirming higher crosslink density and hence hydrolytically stable

hydrogels.

4.5.4. Rheological and creep-recovery properties of GelIMA-BG-MWCNT nanocomposite
hydrogels

Bone undergoes natural tension and compression forces, and it is, therefore, crucial for bone
biomaterials to provide temporary mechanical support until tissue remodeling. For materials that
undergo macro- or micro-structural rearrangement with time, dynamic moduli are dependent on
frequency. The oscillatory frequency sweep test results for nanocomposite hydrogels containing
various concentrations of GelMA- BG at a fixed 1 wt.% MWCNT loading is shown in Fig. 4.3D. As
expected, the hydrogels showed an upward trend in their G and G” values with higher frequencies.
Regardless of the BG content, all hydrogel compositions had higher storage modulus (G') than the
counterpart loss modulus (G") which meant that hydrogels possessed an elastic behavior and high
resistance to deformation. As the percentage of BG increased, G” increased compared to the control
GelMA (100-0-0) hydrogel due to a decrease in viscosity as the BG increased and was more compact
in the polymer matrix. However, an opposite effect was observed in the resulting G’, where the
addition of BG did not significantly increase the elasticity of nanocomposite hydrogels. This was
evident for hydrogels composed of 70-30-1 and 60-40-1 where their G’ values were 178 Pa and 248
Pa, respectively, compared to 274 Pa for pure 100-0-0 hydrogels. However, 80-20-1 and 50-50-1
nanocomposite hydrogels possessed a higher G’ value of 375 Pa and 330 Pa, respectively, compared
to 100-0- 0. The resulting decrease of G’ could be explained by the fact that above 20 wt.% BG loading
within the nanocomposite hydrogels disrupted the GelMA network, which is responsible for an elastic
behavior, thus decreasing their G’ value. However, nanocomposite hydrogels require at least a BG

concentration of 50 wt.% to increase the G’ and hence, its resistance to deformation.
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The effect of MWCNT loading on G’ and G” for the 70-30 GelMA-BG composition, the chosen
hydrogel candidate for bone repair and regeneration applications, is shown in Fig. 4.3E. It was evident
that more elastic hydrogels resistant to deformation were prepared with increased MWCNT loading.
Nanocomposite hydrogels containing 5 wt.% MWCNT (70-30-5) therefore displayed the highest G’
of 632.2 Pa and G” of 38 Pa. These results concluded that the incorporation of MWCNT improved
the mechanical strength of the nanocomposite hydrogels, enhancing their moduli and their potential
suitability to support bone repair and regeneration. The role of the reactive dPF-127 surfactant used
to disperse MWCNT not only improved the homogeneity of the GelMA-BG- MWCNT
nanocomposites and slowed degradation, but also increased the mechanical strength and resistance to

deformation of nanocomposite hydrogels (Fig. 4.3F).
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Figure 4.3. Swelling ratio, biodegradation, and rheological properties of GeIMA-BG-MWCNT
nanocomposite hydrogels. (A) Digital image of hydrogels containing different concentrations of
MWCNT. (B) The swelling ratio of nanocomposite hydrogels reached their swelling equilibrium state
within 6 h. (C) Biodegradation behavior of GelIMA-BG-MWCNT nanocomposite hydrogels within
20 days. (D) Frequency sweep test of GeIMA-BG-MWCNT nanocomposite hydrogels containing
different concentrations of GeIMA-BG. (E) Frequency sweep test of 70-30 nanocomposite hydrogels
containing different concentrations (1, 2, 3, 5 wt.%) of MWCNT. (F) Comparison of frequency sweep
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test of 70-30-1 nanocomposite hydrogels using two types of surfactants for the preparation of
MWCNT dispersion, PF-127 (black) or dPF-127 (red) surfactant.

Notwithstanding the useful information obtained from oscillatory frequency sweep tests, time sweeps
directly provide kinetic information about how a material changes with time. The kinetics of the
crosslinking reaction in 70-30 hydrogels containing various concentrations of MWCNT was evaluated
at 60 °C. The pure crosslinked GelIMA, 100-0-0 hydrogel, became stiffer as the thermal crosslinking
time increased, reaching the gelation time (G'=G") at 8 s (Fig. 4.4A). Similarly, GelIMA-BG hydrogels
without MWCNT (70-30-0), reached gelation time after 9 s, suggesting that the incorporation of BG
into the GelMA matrix did not affect the crosslinking time (Fig. 4.4B). However, the 70-30-1 hydrogel
displayed two crossover points, but only one of them was the gelation point of the nanocomposite
hydrogel (Fig. 4.4C). The first crossover point occurred after 32 s, where the hydrogel behaved more
as a viscous material since the G” was higher than the G'. The second crossover point showed the
gelation point at 71 s, where the G’ became higher than the G”, resulting in a crosslinked hydrogel
with an elastic behavior. Therefore, the addition of 1 wt.% MWCNT into GelMA- BG hydrogels
delayed the crosslinking time which could be due to the interruption of the polymeric crosslinked
GelMA network after the addition of MWCNTSs. However, hydrogels containing 2, 3, and 5 wt.%
MWCNT (70-30-2, 70-30-3, 70-30-5) did not show a delayed gelation point since their G’ was always
higher than their G” (Fig. 4.4D, E,F). Two factors affect the gelation behavior in nanocomposite
hydrogels containing MWCNT. The first one involves the entanglement of the MWCNTSs themselves
as a result of their large aspect ratios and their intrinsic random curvature, while the second factor
involves the non-covalent interactions between the polymer chains and the MWCNTSs.P®  As the
concentration of MWCNTSs is increased within the nanocomposite hydrogels, the MWCNTSs form a
higher interconnected structure, similar to polymeric interpenetrating networks, that lead to a
decreased crosslinking time. Therefore, the resulting interconnected network of MWCNTS formed a
restrained structure that limited the relaxation of polymer chains.’>%! This implied that as the
MWCNT concentration increased in the nanocomposite hydrogels beyond 1 wt.%, the hydrogels had
faster thermal crosslinking kinetics showing a consistent elastic behavior throughout the curing
process which resulted in hydrogels that possessed enhanced resistance to deformation that could

potentially serve as suitable biomaterial for bone repair and regeneration.
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Figure 4.4. Rheological properties of 70-30 nanocomposite hydrogels as a function of MWCNT
concentrations. Time sweep test for thermal crosslinking of (A) 100-0-0 hydrogel, (B) 70-30-0, (C)
70-30-1, (D) 70-30-2, (E) 70-30-3, and (F) 70-30-5 nanocomposite hydrogels, (G) creep and recovery
test of 100-0-0 hydrogel, 70-30-0, and 70-30 nanocomposite hydrogels containing different
concentrations (1, 2, 3, 5 wt.%) of MWCNT.

For viscoelastic materials, dimensional recovery after stress removal is essential for its functionality
in cyclic loading.!*! From creep and recovery tests, it was found that all hydrogels had an instantaneous
deformation upon the application of constant stress (Fig. 4.4G). However, differences in the creep
strain profile were noted between hydrogels; with pure 100-0-0 hydrogel displaying an increase of
strain in a time- dependent trend until 37 s, after which the deformation became constant resulting in
a greater creep strain deformation than all other biomaterials. In contrast, 70-30 nanocomposite
hydrogels had a time-independent behavior at all times throughout force application and recovery.
The incorporation of MWCNT significantly improved the creep recovery of 70-30 nanocomposite
hydrogels. At 1 wt.% MWCNT loading (70-30-1), nanocomposite hydrogels showed the lowest creep
strain deformation and full recovery after the applied force was removed, likely related to the high
degree of randomly dispersed MWCNTSs in the form of single nanotube or small bundles.’”! However,
nanocomposite hydrogels containing >1 wt.% MWCNT had a higher creep level and unrecoverable
strain, especially for those hydrogels containing 3 wt.% (70-30-3) and 5 wt.% (70-30-5) MWCNT.
The loss of recovery post-strain in materials possessing higher levels of MWCNT would be

anticipated due to the strong hydrophobic and van der Waals interactions that exist between the
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MWCNTSs, which could limit their distribution within the GeIMA matrix and was most strongly
observed in 70-30-5 nanocomposite hydrogels.>”] Evidence of a heterogenous elemental distribution
was observed, which shows the SEM/EDX of the surface of the 70-30-5 hydrogel (Fig. 4.5). It was
observed that the organic-inorganic elemental distribution of the biomaterial was not uniform, where
the carbon element displayed high aggregations due to the increased concentration of MWCNTSs,
resulting in an impaired recovery to deformation. Therefore, 70-30-1 and potentially 70-30-2
hydrogels could become more suitable bone biomaterial candidates since they possess a better

recovery to deformation.

Figure 4.5. Elemental distribution of 70-30-5 nanocomposite biomaterial. (A) SEM image, (B)
EDX spectra, and elemental mapping of (C) carbon, (D) silicon, (E) calcium, (F) phosphorous for the
70-30-5 nanocomposite biomaterial. Scale bar = 1 um.
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4.5.5. Electro-mechanical properties of GelIMA-BG-MWCNT nanocomposite hydrogels

Since the 70-30 nanocomposite hydrogel composition was chosen to provide a similar
biomineralization framework to that of natural bone,® its electrical properties as a function of
MWCNT concentration were studied. Human cortical and cancellous bone have electrical
conductivities of 0.0002 S/cm and 0.0007 S/cm, respectively,8 and incorporating a low MWCNT
concentration into the nanocomposite hydrogels could potentially result in a conductivity that mimics
endogenous bone.!! In addition, investigating the electrical properties of potential tissue-engineered
bone by adding MWCNT would allow us to explore electrical stimulation in bone regeneration for
future research. Since hydrogels would be tested in vitro in their hydrated form, electrical
characterizations were performed in nanocomposite hydrogels after being incubated in either water or
PBS. Fig. 5 shows the impedance and conductivity of nanocomposite hydrogels containing different
MWCNT concentrations after incubation in water for 10 min (Fig. 4.6A, B, C) and 24 h (Fig. 4.6D,
E, F), as well as in PBS for 24 h (Fig. 4.6G, H, I). The impedance of nanocomposite hydrogels was
studied by electrochemical impedance spectroscopy (EIS) at different frequencies in an alternative
current (AC) system. All hydrogel compositions incubated in either water or PBS showed a frequency-
dependent behavior depicting that the hydrogels functioned as capacitors. This capacitive-like
behavior of nanocomposite hydrogels could be explained by the incorporation of BG into the polymer
matrix since the resulting graphs showed that impedance was higher in the 70-30-0 hydrogel than for
pure 100-0-0 hydrogel (Fig. 4.6A, D, G).

The decreased conductivity in the presence of BG could be explained due to the amorphous structure
of the tertiary glass network since the BG was not crystalline, which has been shown to increase
conductivity.[®® However, the aim of incorporating BG into nanocomposite hydrogels was to promote
a bioactive environment for bone regeneration, which is less likely to occur in crystallized BG since
degradation occurs at a slower rate reducing its bioactivity.l®%-621 Therefore, it was envisaged that the
presence of MWCNTs would provide electrical properties, and not surprisingly, the electrical
conductivities increased as a function of MWCNT concentration. The EIS data was consistent with
the data generated with the 4-probe tester used to measure the conductivity of hydrogels in both
positive (Fig. 4.6B, E, H) and negative (Fig. 4.6C, F, 1) current directions to mimic the sinusoidal
frequency in the EIS. Increased conductivity in both positive and negative current directions was
observed for hydrogels containing 3 wt.% MWCNT (70-30-3) after incubation in water or PBS, and
was further significantly enhanced in hydrogels with 5 wt.% MWCNT (70-30-5) (p <0.0001). The
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initial increase of conductivity in 70-30-3 hydrogels could be explained by the percolation threshold,
described as the critical volume fraction of MWCNT required to significantly increase the electrical
conductivity of hydrogels through the formation of a continuous network of conductive particles
within the polymer matrix.®¥l In addition, the existence of strong hydrophobic and van der Waals
interactions between the MWCNT particles increases with a higher MWCNT loading, resulting in a

significant increase of electrical conductivity in 70-30-5 hydrogels.

Furthermore, the type of solution and the time of incubation were two variables that also played a
crucial role in the resulting electrical conductivity of nanocomposite hydrogels. Incubation in water
for 24 h led to the lowest conductivity due to the high swelling ratio of hydrogels, causing a limited
interconnected network of MWCNTSs within the GeIMA matrix (Fig. 4.6E, F). However, hydrogels
incubated in PBS for 24 h (Fig. 4.6H, 1) had a significant increase in electrical conductivity since the
salts present in PBS facilitated the electric conduction between the MWCNT particles in the polymer
matrix. In addition, the electrical conductivity of nanocomposite hydrogels was not determined by the
effect of the current direction. The electrical conductivity of 70-30-5 hydrogels incubated in PBS for
24 h displayed a higher conductive value of 9.21 S/cm measured in the positive current direction (Fig.
4.6H) than in the negative current direction with a conductivity of 4.09 S/cm (Fig. 4.61). However,
70-30-5 hydrogels incubated in water for 10 min displayed a higher conductivity in the negative
current direction with a value of 1.39 S/cm (Fig. 4.6C) than in the positive current direction with a
conductivity of 0.72 S/cm (Fig. 4.6B).

The development of organic-inorganic hydrogels with electrically conductive properties has been
explored to mimic the complex hierarchical nanocomposite structure and electrical properties of bone.
Although previous studies have incorporated CNTs with either a polymeric or an inorganic
system,[163% they fail to mimic the organic- inorganic biological composition of bone. Alternatively,
other studies incorporated an electrically conductive component, specifically CNTSs, into an organic-
inorganic system, 333464 put lacked characterizing the electrically conductive properties of the
biomaterials. Furthermore, the present nanocomposite hydrogels possessed higher conductivities than
other studies that also characterized the electrical properties of their bone biomaterials composed of
an organic-inorganic system.326% Although the hydrogels possessed higher electrically conductive
properties than endogenous bone, nanocomposite hydrogels would function as an element to support
the healing of bone defects by providing an environment in which a low amount of energy of electrical

stimulation could potentially be delivered to promote the maturation of bone.
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Figure 4.6. Electrically conductive properties of 70-30 nanocomposite hydrogels as a function of
MWCNT concentrations. EIS spectra of electrically conductive hydrogels incubated in (A) water
for 10 min, (D) water for 24 h, and (G) PBS for 24 h. The conductivity of electrically conductive
hydrogels in positive current direction after incubating in (B) water for 10 min, (E) water for 24 h and
(H) PBS for 24 h. The conductivity of electrically conductive hydrogels in negative current direction
after incubating in (C) water for 10 min, (F) water for 24 h, and (1) PBS for 24 h. *p <0.05, **p <0.01,
***p <0.001, **** p <0.0001.

Endogenous bone generates electrical potentials through the application of mechanical strain
generating electronegative potentials upon compression, producing bone formation, and
electropositive potentials when a bone is under tension, causing bone resorption.[® To the best of

my knowledge, no other study has investigated this property in their biomaterials for bone tissue
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engineering applications. The current nanocomposite hydrogels also possessed an electro-mechanical
response, as shown in Fig. 4.7. The 100-0-0 hydrogels were not assessed for cyclic tests since they
could not withstand the load during cyclic compression due to hydrogel breakage during testing.
However, nanocomposite hydrogels underwent deformation of 50 % at a high compression rate of
500 mm/min. This high rate of deformation was required to obtain a good wave signal of resistance
in the digital meter. The repeated cyclic strains observed showed fluctuations between high and low
values in the resistance of all nanocomposite hydrogels. The resistance of hydrogels decreased as the
concentration of MWCNTSs increased in the GelMA-BG hydrogels, where 70-30-5 hydrogels had the
lowest resistance of around 40,000 Q (Fig. 4.71) compared to 70-30-1 hydrogels which reached a
higher resistance of approximately 70,000 Q (Fig. 4.7C). 70-30-0 hydrogels had the highest resistance
of approximately 80,000 Q (Fig. 4.7A), which confirmed that nanocomposite hydrogels without
MWCNT loading possessed the lowest electrical conductivity. These results were consistent with the
impedance and the electrical conductivity measurements obtained in Fig. 5, confirming that an
increase in electrical conductivity was dependent on the concentration of MWCNTSs with 70-30-5

hydrogels achieving the highest conductivity.

The stress-strain curves of nanocomposite hydrogels obtained from cyclic compression tests, as well
as the compressive modulus calculated from the stress-strain curves, also showed a similar
relationship between the dependency of stiffness and MWCNT loading concentration (Fig. 4.7B, D,
F, H, J). Since the compressive stress-strain curves were nonlinear, the compressive modulus was
calculated by taking the derivative of the best fit equation and evaluating it at 30% strain. This strain
was chosen since bone is likely not be deformed naturally beyond this point. A summary table showing
the compressive modulus of each nanocomposite hydrogel is presented in Table 4.3. The compressive
modulus of 70-30-0 was 24.8 kPa and subsequently increased as the concentration of MWCNTS was
incorporated into the GelMA-BG hydrogels. 70-30-1 and 70-30-2 hydrogels possessed a compressive
modulus of 32.5 kPa and 32.9 kPa, respectively, and further increased to 74.1 kPa in the 70-30-3
hydrogels. These results showed consistent behavior with the percolation threshold obtained in the
electrical conductivity measurements. 70-30-3 hydrogels not only contained a critical volume fraction
of MWCNT loading that significantly increased the electrical conductivity of hydrogels, but also
enhanced the mechanical strength of GelIMA-BG-MWCNT hydrogels.
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Strong hydrophobic and van der Waals interactions that existed between the high MWCNT loading
in the 70-30-5 hydrogels led to a significant increase in electrical conductivity values. However, this
high MWCNTS concentration in the 70-30-5 hydrogels caused heterogeneity within the gel matrix, ]
and resulted in a decrease in the compressive modulus to 48.3 kPa compared to 70-30-3 hydrogels.
Electro- mechanical properties of biomaterials are important to bone tissue engineering since they can
be stimulated both mechanically and electrically to accelerate tissue formation and repair. Electrical
responses in nanocomposite biomaterials would be beneficial since it has been shown in in vitro and
in clinical studies that healing of bone defects can be induced by applying stimulation at the injured
site at different currents and frequencies.[*®¢7-6%1 The application of mechanical stimulation in the form
of loading frequencies has also been shown to promote the regeneration of bone.’®72 Although
electro-mechanical responses for bone repair and regeneration are yet to be explored, its application

will be a step in the right direction for bone tissue engineering.
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Figure 4.7. Cyclic durability tests of 70-30 nanocomposite hydrogels as a function of MWCNT
concentrations. Cyclic electro-mechanical response of (A, B) 70-30-0, (C, D) 70-30-1, (E, F) 70-30-

2, (G, H) 70-30-3, and (I, J) 70-30-5 hydrogels.
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Table 4.3. Compressive modulus of nanocomposite hydrogels evaluated at 30% strain.
GelMA-BG-MWCNT Nomenclature ~ Compressive Modulus (kPa)

70-30-0 24.8
70-30-1 32,5
70-30-2 32.9
70-30-3 74.1
70-30-5 48.3

4.5.6. Bioactivity of GelMA-BG-MWCNT nanocomposite hydrogels

Ideal bone repair and bone scaffold materials should be capable of possessing bioactive features that
would enhance bone formation. Formation of hydroxycarbonate apatite (HCA) (Caio-x(PO4)s-
x(CO3)x(OH)2x) layers occurs through the release of soluble ionic species, such as Si, Ca and P ions,
from the BG to form a high-surface-area hydrated silica and polycrystalline HCA bilayer on the glass
surface, resulting in an apatite layer similar to that of bone, capable to stimulating the formation of
bone tissue.l’®™ To assess the ability of HCA formation on the surfaces of nanocomposite hydrogels,
samples were incubated in simulated body fluid (SBF). The 70-30-1 and 70-30-2 hydrogels were
chosen for the evaluation of bioactivity since they showed less deformation as a function of applied
force, and the effect of HCA formation as a function of MWCNT content could be assessed.
Regardless of the MWCNT loading, spherical-shaped HCA particles were observed on the
nanocomposite hydrogels following 7 days of incubation in SBF (Fig. 4.8A). The particles were
enriched with Ca and P, the main components of HCA in bone, on their surfaces. In comparison, no
enrichment of Ca and P was observed in the GelMA control 100-0-0 hydrogels, as depicted by the

smooth surface and a high concentration of carbon as shown in the EDX spectra.

Quantitative EDX data showed a Ca/P ratio of 1.69 + 0.09 for the 70-30-0 nanocomposite hydrogel
after incubation in SBF for 7 days. The resulting Ca/P ratio was slightly higher than the stoichiometric
Ca/P ratio of hydroxyapatite (Cai0(PO4)s(OH)2), a typical artificial bone,” which is between 1.67
and 1.50, which could be due to the carbonate ion substitution in the HCA structure.?>7 The addition
of 1 and 2 wt.% MWCNT did not interfere with the formation of HCA layer on the surfaces of the
nanocomposite hydrogels. However, the Ca/P ratio decreased from 1.69 to 1.44 and 1.58 for the 70-
30-1 and 70-30-2 biomaterials, respectively.
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To confirm the formation of a mixed polycrystalline HCA layer on the surface of nanocomposite
hydrogels after SBF incubation, XRD was used to assess crystallinity formation obtained from Ca and
P depositions (Fig. 4.8B). In the nanocomposite hydrogels, diffraction peaks associated with the
formation of HCA were observed at 20 =27°, 31.6°, 45° and 56° which corresponded to diffraction
planes (002), (211), (222) and (004) with reference to ICDD file #9-432.1"1 However, 100-0-0
hydrogels did not display any diffraction peaks, indicating that no crystalline HCA was formed on
their surface. From the FTIR spectra shown in Fig. 4.8C, nanocomposite hydrogels presented peaks
at 601, 655, and 979 cm™ corresponding to the deformation vibration of PO4* ions; and bands at 1039,
and 1051 cm* which were assigned to the stretching vibration of PO4* ions.[”®! Although some known
peaks overlapped with the peaks of the material itself, distinguished bands at 906 and 1520 cm™
pertaining to the CO3? functional group were observed, indicating the substitution of CO3? ions into
the apatite confirming the formation of HCA on the surface of nanocomposite hydrogels.l’8]
Furthermore, a peak at 3203 cm™ was observed due to the presence of surface hydroxyl groups.
Collectively, the SEM/EDX, XRD, and FTIR data confirmed that the bioactive properties of
nanocomposite hydrogels were not affected by the concentration of MWCNTSs in the GelMA-BG

biomaterials and was contributed by the presence of BG.

Previously, some studies that developed bone biomaterials comprised of an organic-inorganic system
with an electrically conductive component, specifically CNTs, were mentioned. Their common main
inorganic component was crystalline ceramic hydroxyapatite.[2-34651 However, hydroxyapatite lacks
reabsorption due to its high crystalline ceramic structurel” which is not an ideal inorganic material
to induce bone formation. BG, however, is reabsorbed and bonds to bone through the formation of an
apatite layer on its surface after implantation into the damaged bone.’® Although various polymers
have been used to develop organic-inorganic bone biomaterials, opting for a polymer that mimics the
natural bone's environment is crucial. Some studies have used synthetic or natural polymers, such as
chitosan or gelatin,[3646% for the development of an electrically conductive organic-inorganic bone
biomaterial. However, since gelatin is the hydrolyzed form of type | collagen found in bone, the
selection of this natural polymer would be ideal for creating an environment that mimics the main
organic component of endogenous bone. Gelatin by itself melts at body temperature and cannot
function as an ideal organic polymer to promote the healing of bone defects. Therefore, GelMA
provides the main advantage of resisting higher temperatures, thus having a slower degradation rate
compared to gelatin, as well as possessing higher mechanical strength. In addition, interactions
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between cells and the extracellular matrix (ECM) is regulated by an arginine-glycine-aspartic acid
(RGD) sequence present within the GelMA structure, functioning as an integrin recognition site which
promotes cell adhesion.® Collectively, GelMA-BG nanocomposite hydrogels are ideal biomaterials
that potentially mimic bone's natural biological environment while promoting the repair and

regeneration of bone.
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Figure 4.8. In vitro bioactivity of 70-30 electrically conductive nanocomposite hydrogel
biomaterials. (A) SEM images and EDX elemental spectra of the surface of electrically conductive
nanocomposite hydrogel biomaterials after incubation in SBF for 7 days. Scale bar = 1 um. (B) XRD
spectra and (C) FTIR spectra of electrically conductive nanocomposite hydrogel biomaterials after
incubation in SBF for 7 days.
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4.5.7. Mouse embryo multipotent mesenchymal progenitor 10T1/2 cell adhesion, spreading and
viability on GeIMA-BG-MWCNT nanocomposite hydrogels

Following the observation that the nanocomposite hydrogels possessed bioactive properties, cell
interaction studies were conducted. Fig. 4.9A shows the fluorescent images of 10T1/2 cells cultured
on the surface of 100-0-0 hydrogel and nanocomposite hydrogels for 24 and 72 h. Cells formed a
uniform layer of actin filaments on the hydrogels, especially on nanocomposite hydrogels, with
elongated morphology, suggesting favorable adhesion and spreading.[® Fig. 4.9B depicts the
live/dead staining images of 10T1/2 cells cultured on the hydrogels for 24, 72, and 168 h. Of all the
hydrogels tested, 70-30-1 hydrogel had the best viability after 24 h of culture, which was significantly
higher to cells grown on a tissue culture plate (TCP) (p <0.01). This could be due to the hydrophobic
nature of MWCNTSs which can adsorb proteins owing to their highly delocalized n-bonds.! The
protein adsorption property of MWCNTSs promotes an initial cell attachment to the nanocomposite
hydrogels, and, thus, an increase in cell growth. Similar studies have also shown this observation. 28l
After three days of culture, the proliferation and viability of 10T1/2 cells on 100-0-0 and 70-30-2
hydrogels remained low but significantly increased for the 70-30- 0 hydrogels (p <0.01). In addition,
cell proliferation on the 70-30-1 hydrogels continued to increase considerably (p <0.01) and cells
remained viable after 72 h of culture (Fig. 4.9C). After 168 h of culture, 10T1/2 cells grew
significantly on 100-0-0 hydrogels (p <0.01) compared to 24 and 72 h of culture, whereas cells grown
on 70-30-0 and 70-30-1 hydrogels were maintained and did not present significant cell death (Fig.
4.9D). These results indicated that cells grown on pure GelMA hydrogels likely require more time to
adapt to the substrate, while nanocomposite hydrogels required at least 72 h to adapt to the materials,
after which cells were proliferating. Although hydrogels containing 2 wt.% MWCNT (70-30-2)
possessed the lowest cell proliferation after 168 h of culture, there was no evidence of cytotoxic
response due to the addition of MWCNT, thus speculating an increase of cell growth and viability as
the cell culture time increases. The delayed cell proliferation observed in the 70-30-2 hydrogels was
due to the initial low cell adhesion/retention at 24 h which affects the cell numbers after 168 h.
Furthermore, cells struggle to adhere to higher concentrations of hydrophobic surfaces, such as
MWCNTSs, which was the reason why the cell attachment on the 2 wt.% MWCNT (70-30-2) hydrogels
were not as favorable. In contrast, hydrogels containing 1 wt.% MWCNT (70-30-1) showed higher
cell retention at 24 h, possessing a more favorable environment for cells to initially attach and
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proliferate, thus resulting in an increased cell density after 168 h compared to the 70-30-2 hydrogels.

Therefore, the 70-30-1 hydrogel could become a potential scaffold for bone tissue engineering.
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Figure 4.9. Attachment, spreading, and viability of 10T1/2 cells on GelIMA-BG-MWCNT
nanocomposite hydrogels. (A) Fluorescent images of 10T1/2 cells cultured on nanocomposite
hydrogels after 24 and 72 h of culture. Scale bar = 50 um. (B) Live/dead staining of 10T1/2 cells
cultured on nanocomposite hydrogels after 24, 72, and 168 h. Scale bar =200 pm. (C) Number of live
cells at 24, 72 and 168 h of culture. (D) Total number of cells at 168 h of culture. *p <0.05, **p <0.01,
***p < 0.001, **** p <0.0001.
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4.5.8. Osteogenic gene expression of mouse embryo multipotent mesenchymal progenitor 10T1/2
cells on GeIMA-BG-MWCNT nanocomposite hydrogels

After establishing that 10T1/2 cells were able to attach and proliferate on nanocomposite hydrogels,
their differentiation potential towards an osteogenic phenotype on GelMA-BG- MWCNT hydrogels
was next investigated. Fig. 4.10 shows the expression of three osteogenic genes in response to the
differentiation induction on nanocomposite hydrogels. Osterix is a key transcription factor for bone
differentiation and mineralization®®! and functions downstream of Runt-related transcription factor 2
(Runx2), a master regulator of osteoblast differentiation.[®* Studies have shown that endochondral
and intramembranous bone formation does not occur in osterix-null mouse embryos.[5861  After 7
days of culture, the osterix gene Sp7, was significantly upregulated in the nanocomposite hydrogels
containing 1 wt.% MWCNT (70-30-1) compared to 100-0-0 (p <0.01) and 70-30-0 (p <0.05)
hydrogels resulting in a 5.2-fold upregulation (Fig. 4.10A). However, no significant upregulation was
observed between the 70-30-1 and 70-30-2 hydrogels (p >0.05). Another essential role osterix
possesses is its attribution to induce the expression of different osteogenic genes, such as osteopontin
and bone sialoprotein (BSP).[878

Osteopontin, also known as secreted phosphoprotein-1 (Sppl), and bone sialoprotein (BSP) are two
major members of the non-collagenous proteins in bone extracellular matrix that are secreted by
osteoblasts and osteoclasts.[®%% The distinguished feature of both osteopontin and BSP is the presence
of an RGD motif that binds to integrins and allows bone cells to adhere to the mineralized matrix.[®!
Although osteopontin has been shown to be an inhibitor of mineralization in a dose- dependent manner
by binding to the HCA and inhibiting further growth,®l its presence promotes intrafibrillar
mineralization of collagen.®?  Furthermore, BSP promotes mineralization and is abundantly
expressed at late stages of differentiation in mature osteoblasts.[*®1 The presence of both osteopontin
and BSP is crucial for bone remodeling and mineralization. Significant upregulation of the expression
of osteopontin gene Sppl on cells differentiated on 70-30-1 nanocomposite hydrogels (p <0.01) was
observed and resulted in a 2.2-fold upregulation compared to 100-0-0 control hydrogels (p <0.0001)
(Fig. 4.10B). In addition, expression of BSP was significantly higher on 70- 30-0 and 70-30-1
hydrogels (p <0.05) with respect to pure GelMA (100-0-0) control hydrogels as shown in Fig. 4.10C.
Collectively, these results show that the osteogenic gene expression levels are mostly increased in the
nanocomposite hydrogels containing 1 wt.% MWCNT (70-30-1). This was mostly evident in the Sp7
and Spp1 genes. Sp7 is essential for osteoblast differentiation at early stages,’® while the expression
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of Spp1 increases concomitantly as osteogenic maturation progresses.l® These results indicate that
cells grown on nanocomposite hydrogels are at a pre-osteoblast stage. Expression of BSP is mostly
present in mature osteoblasts, which is the reason its expression on the 70-30-1 hydrogels is not
significantly upregulated. These results show that cells grown on GelMA-BG-MWCNT
nanocomposite hydrogels have the ability to differentiate into an osteogenic lineage where the 70-30-
1 hydrogel could become a plausible potential tissue-engineered bone that can be investigated for the
promotion of in vivo bone healing and further explore the effects of bone repair and regeneration

through the application of exogenous electro-mechanical stimulation.

mus-Sp7 mus-$pp1 mus-BP$

- -
L Ml

7
100-0-0 70-3040 70-30-1 70-30-2 100-0-0 70-30-0 70-30-1 70-30-2 100-0-0 70-30-0 70-30-1 70-30-2

v @
-~ @ &
= o o«

IS

(Fold Change)
N o

~

mRNA Expression
(Fold Change}
P
u}
i
¥
mRNA Expression

]

mRNA Expression
(Fold Change)

CRE

Figure 4.10. Osteogenic gene expression of 10T1/2 cells cultured on GeIMA-BG-MWCNT
nanocomposite hydrogels. (A) Sp7, (B) Sppl and (C) BSP mRNA expressions of 10T1/2 cells
cultured on nanocomposite hydrogels for 7 days. *p <0.05, **p <0.01, ***p <0.001, **** p <0.0001.

4.6. Conclusions

In this study, GeIMA-BG-MWCNT biodegradable nanocomposite hydrogels were prepared in an
attempt to mimic the organic-inorganic structural composition of bone with tunable electrical and
electro- mechanical properties. The MWCNTSs were uniformly distributed into the nanocomposite
hydrogels using a reactive surfactant. Furthermore, the mechanical and electrically conductive effects
of the organic-inorganic hydrogels as a function of MWCNT loading were assessed, which was related
to the concentration of uniformly distributed MWCNTSs added to the GeIMA-BG biomaterials. To the
best of my knowledge, this work is the first study investigating the electro-mechanical responses of
nanocomposite hydrogels, which is an essential process that naturally occurs in the native bone during
regeneration and healing. Furthermore, the bioactivity of nanocomposite hydrogels was demonstrated
through the formation of hydroxycarbonate apatite on their surfaces after incubation in SBF for 7

days, which could become a promising bone biomaterial solution in in vivo applications. Cell
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interaction studies were investigated, which showed good cytocompatibility properties allowing
embryonic multipotent mesenchymal progenitor cells to attach, proliferate and further promote
osteogenic differentiation upon induction onto the surfaces of the biomaterials for 7 days of culture.
Based on the characterizations performed on various MWCNT-based hydrogels, this study shows that
70-30-1 nanocomposite hydrogel is the optimal composition to be evaluated for further studies.
Electrically conductive GelMA-BG-MWCNT nanocomposite hydrogels could become a promising
bone bioactive biomaterial to further investigate the repair and regeneration of bone defects through

electro-mechanical stimulation.
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Chapter 5
5. Osteogenic Differentiation Potential of GelMA-BG-MWCNT Nanocomposite
Hydrogels*®

Overview: This study describes the effects of GelIMA-BG-MWCNT nanocomposite hydrogels as a bone
biomaterial that promotes osteogenic differentiation. Mesenchymal stem cells derived from human-induced
pluripotent stem cells (iMSCs) were cultured on nanocomposite hydrogels and cell interaction studies were
evaluated, followed by the osteogenic differentiation ability of cells cultured on nanocomposite hydrogels by

investigating their gene and protein expressions as well as the formation of mineralization.
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5.1. Abstract

The ability of bone biomaterials to promote osteogenic differentiation is crucial for the repair and
regeneration of osseous tissue. The development of a temporary bone substitute is of major importance
in which the growth and differentiation of human-derived stem cells into an osteogenic lineage is
enhanced. In this study, nanocomposite hydrogels composed of gelatin methacryloyl (GelMA),
bioactive glass (BG), and multiwall carbon nanotubes (MWCNT) were developed to create a bone
biomaterial that mimics the structural and electrically conductive nature of bone that can promote the
differentiation of human-derived stem cells. GelMA-BG-MWCNT nanocomposite hydrogels
supported mesenchymal stem cells derived from human induced pluripotent stem cells, hereinafter
named iMSCs. Cell adhesion was improved upon coating nanocomposite hydrogels with fibronectin
and was further enhanced when seeding pre-differentiated iMSCs. Osteogenic differentiation and
mature mineralization were promoted in GelMA-BG-MWCNT hydrogels and were most evidently
observed in the 70-30-2 hydrogels, which could be due to the stiff topography characteristic from the
addition of MWCNTSs. Overall, the results in this study showed that GeMA-BG-MWCNT hydrogels
coated with fibronectin possess a favorable environment in which pre-differentiated iMSCs can better
attach, proliferate, and further mature into an osteogenic lineage, which is crucial for the repair and

regeneration of bone.

Keywords: osteogenic differentiation, electrically conductive, nanocomposite hydrogels, cell

adhesion, mineralization
5.2. Introduction

The development of an electrically conductive composite is proposed as a promising biomaterial for
bone tissue engineering. Natural bone is a complex organic-inorganic composite tissue composed of
collagen-hydroxycarbonate apatite that possesses endogenous electrically conductive properties in
response to mechanical forces.[*! Composite material approaches offer a solution to mimicking the
various physiological properties possessed by complex tissue systems.[? Since Fukada and Yasuda
discovered the electrically conductive properties of bone,®! the development of electrically
conductive materials has been emerging for bone tissue engineering to mimic bone's natural structural
and electrically conductive nature. The greatest attention, however, has been the incorporation of an

electrically conductive component in bone biomaterials that can deliver electrical cues through the
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application of electrical stimulation for the maturation of osteoblasts and the promotion of the repair

and regeneration of bone defects.[*®]

The design and fabrication of any bone biomaterial should entail several requirements. Successful
bone reconstruction  requires  osteoproduction,  osteoinduction,  osteoconduction, and
vascularization.>”l Bone biomaterials undergo different processes in which they can be implanted
for clinical translation. In the first approach, cells are seeded to the biomaterial and are matured in a
bioreactor with constant media flow and mechanical stimulation conditions.! In the second method,
the bone biomaterials, with or without seeded cells, are implanted into the bone defect, in which the
patient’s body acts as a natural bioreactor to promote the regeneration of tissue.®! In both approaches,
the bone biomaterial serves as a temporary bone substitute in which the cells lay their extracellular
matrix (ECM) on the surface of the implant, which is eventually resorbed and replaced over time in

tune with the newly regenerated tissue.#!

Biodegradable nanocomposite hydrogels composed of gelatin methacryloyl (GeIMA), sol-gel derived
tertiary bioactive glass (BG), and uniformly dispersed MWCNTSs have been previously developed in
an attempt to mimic the organic-inorganic structural composition of bone with tunable electrical and
electro-mechanical properties.!  GelMA is derived from gelatin, which is the hydrolyzed form of
type | collagen found in bone. The application of GelMA as a polymer for developing a nanocomposite
is, therefore, ideal for creating an environment that mimics the main organic component of
endogenous bone. Its main advantage includes stability and possessing a slower degradation rate
compared to gelatin. In addition, GeIMA possesses an arginine-glycine-aspartic acid (RGD) that could
further favor the cell-ECM interactions, thus promoting cell adhesion.[**1 Furthermore, BGs have
long been studied for their osteoconductive and osteoinductive potential stemming from the release
of stimulatory ions, which promote bonding to bone.[*>!* One of the potential ways bone bonds to
BG is through the formation of a hydroxycarbonate apatite (HCA) layer on the surface of the glasses
in contact with body fluid, similar to the apatite in bone, that would facilitate the formation of a strong
bond through the plausible interaction of collagen fibrils from the host bone and the HCA nodules
forming on the glass.*? This process occurs by releasing soluble ionic species from the glass to form
a high-surface-area hydrated silica and polycrystalline HCA bilayer on the glass surface.l*31 Finally,
the incorporation of MWNCT into GeIMA-BG nanocomposites is proposed as a promising bone
biomaterial that can support cellular bioactivity, act as a reinforcement element, and promote the
formation and maturation of bone through the application of exogenous electrical stimulation. Carbon-
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based conductive materials, such as MWCNTS, have the advantage that they can be synthesized in
various geometrical and morphological structures that can alter their physiological responses and
hence, their ability to regenerate bone defects.!*!

Herein, GelMA-BG-MWCNT nanocomposite hydrogels were evaluated to assess their viability with
mesenchymal stem cells derived from human induced pluripotent stem cells, termed as iIMSCs. Since
IMSCs are human-derived, their in vitro applications with GelMA-BG-MWCNT nanocomposite
hydrogels could better resemble clinical translational outcomes. Good cytocompatibility properties
were observed on nanocomposite hydrogels, presenting an increased initial cell adhesion of pre-
differentiated cells after coating biomaterials with fibronectin, which was a crucial step to further
evaluate their osteogenic ability and matrix mineralization. GeIMA-BG-MWCNT nanocomposite
hydrogels could become promising biomaterials for the repair and regeneration of bone that could

potentially be applied for in vivo applications and further applications in clinical translation.
5.3. Materials and methods
5.3.1. Materials

Gelatin type A (porcine skin) (G2500, gel strength (Bloom No.) 300 with viscosity average molecular
weight of 100 kDa), methacrylic anhydride (containing 2,000 ppm topanol A as an inhibitor, 94%),
potassium persulfate, diacrylated pluronic F-127, multiwall carbon nanotube (MWCNT, >98% carbon
basis, O.D. x L 6-13 nm x 2.5-20 um), tetracthyl orthosilicate (TEOS, 98%), triethyl phosphate (TEP,
99.8 %), and Alizarin Red S were purchased from Sigma-Aldrich (Milwaukee, WI, USA). Calcium
ethoxide was obtained from Gelest Inc. (Morrisville, PA, USA). N,N,N',N'-tetramethylethane-1,2-
diamine (TEMED) was purchased from Merck KGaA (Darmstadt, Germany). Dulbecco’s Modified
Eagle’s Medium (DMEM), Hanks’ Balanced Salt Solution (HBSS), Fetal Bovine Serum (FBS),
penicillin/streptomycin (pen/strep), and live/dead cell imaging kit were acquired from Thermo Fisher.
Alexa Fluor® 488 phalloidin and 4’6-diamidino-2-phenylindole (DAPI) were purchased from Life
Technologies (Burlington, ON, Canada).
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5.3.2. Synthesis of gelatin methacryloyl (GelMA)

Gelatin type A (porcine skin) was mixed at 10% w/v in phosphate-buffered saline (PBS) at 40°C until
fully dissolved. An 10% v/v of methacrylic anhydride was added dropwise under stirring to the
viscous gelatin solution and allowed to react for 1 h at 40°C. To stop the reaction, a 5x dilution of
warm PBS was added and dialyzed against distilled water using a 12-14 kDa cutoff dialysis tube for
one week to remove unreacted components. The solution was vacuum dried at 40°C, and GelIMA
prepolymer was stored at 4°C until use.!!

5.3.3. Synthesis of tertiary bioactive glass (BG)

BG was prepared by a sol-gel process which consisted in hydrolyzing TEOS and TEP with a catalytic
amount of 1M HCI under vigorous stirring at room temperature (RT). Calcium ethoxide was dissolved
separately in 2-ethoxyethanol and was added dropwise to the hydrolyzed TEOS until a gel was
formed. The BG was aged for two days, followed by drying under vacuum at 50°C to obtain a final
molar composition of 70% SiO,, 26% CaO, and 4% P20s. The final product was ground to a fine

powder and stored at RT until further use.[*4
5.3.4. Preparation of GeIMA-BG-MWCNT nanocomposite hydrogel biomaterials

Diacrylated pluronic F-127 surfactant was used to prepare MWCNT stock dispersions. Surfactant was
dissolved in water at high temperature to a concentration of 20 mg/ml followed by adding 20 mg/ml
MWCNT. Dispersion was sonicated for 1 h at 50°C and stored at RT until further use for GelMA-
BG-MWCNT biomaterial preparation. GelMA prepolymer was dissolved in water at a concentration
of 10% w/v. 1 and 2 wt.% of MWCNT were added to the GelMA prepolymer solution, followed by
sonication at 50°C for 30 min. BG powder was subsequently added to GelIMA-MWCNT mix at
different concentrations and was further sonicated for 30 min. KPS and TEMED were added
separately as the thermal initiator and accelerator, respectively at concentrations of 0.5% w/v with
respect to the total prepolymer concentration to crosslink GeIMA at 60°C. Sample nomenclature is

presented in Table 5.1.

Table 5.1. Nomenclature of GelMA-BG-MWCNT nanocomposite hydrogels.

GelMA-BG-MWCNT Nomenclature GelMA (wt.%) BG (wt.%0) MWCNT (wt.%)

100-0-0 100 0 0

70-30-0 |  70-30-1 | 70-30-2 70 30 o | 1 [ 2
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5.3.5. Cytotoxicity of iMSCs cultured on GeMA-BG-MWCNT nanocomposite hydrogels

Mesenchymal stem cells derived from human induced pluripotent stem cells, hereinafter named
IMSCs (kindly donated by Dr. Dale Laird, Western University, Canada) were used for in vitro cell
culture studies. Tissue culture plates (TCP) used for iMSCs maintenance were coated with gelatin
diluted to 0.1% w/v in phosphate-buffered saline (PBS) and incubated at 37°C for 1 h before aspirating
gelatin solution and plating iMSCs. Cells were cultured in mesenchymal stem cell expansion media
(MSCEM, Cedarlane Labs, Burlington, ON, Canada; HMSC.E.MEDIA-450) supplemented with 10%
FBS and 1% pen/strep. Nanocomposite hydrogels were disinfected under ultraviolet (UV) light and
pretreated in HBSS followed by coating in 0.1% w/v gelatin. iMSCs were seeded directly onto
materials at a density of approximately 15,625 cells/cm?. Live/dead cell staining kit was used to detect
the viability of cells after 1, 3 and 7 days of culture and was used according to manufacturer’s protocol.
Tissue culture plate (TCP) was used as a control. Images were taken with a Leica DMi8 fluorescence
microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany). All in vitro experiments were
done in triplicate. Unless specified, all experiments were carried out in a 24-well plate with
nanocomposite hydrogel dimensions of 10 mm diameter and 5 mm height.

5.3.6. Adhesion of cells on gelatin- and fibronectin-coated GelIMA-BG-MWCNT nanocomposite
hydrogels

Nanocomposite hydrogels were disinfected under ultraviolet (UV) light and pretreated in HBSS
followed by coating in either 0.1% w/v gelatin or 5 ug/ml fibronectin and incubated at 37°C for 1 h.
IMSCs were subsequently seeded directly onto coated materials at a density of approximately 15,625
cells/cm?. Alternatively, iMSCs were pre-differentiated using osteogenic induction media (100 nM
dexamethasone, 50 pg/ml L-ascorbic acid, and 10 mM NaxH3zxPO4) for 5 days and then seeded at a
density of ~15,625 cells/cm? onto fibronectin-coated nanocomposite hydrogels. After 1 day of culture,
cells were fixed using 4% paraformaldehyde (EMD Chemicals Inc. Gibbstown, NJ) and were
permeabilized for 10 min with 0.5% Triton X-100 in PBS followed by blocking cells with 1% BSA
in PBS for 2 h at RT. Primary antibody incubation with anti-vinculin (1:100; MAB3574, clone VIIF9,
EMD Millipore) was incubated overnight at 4°C. After washing three times with PBS, Alexa Fluor
594 goat anti-mouse 1gG secondary antibody (1:300; Thermo Fisher, Canada) was used to detect
primary antibody binding. Cell cytoskeleton was stained with Alexa Fluor® 488 conjugated phalloidin
(1:100) and counterstained with DAPI (300 nmol in PBS) to visualize cell nuclei.
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5.3.7. Osteogenic gene expression of differentiated iMSCs cultured on GeIMA-BG-MWCNT

Nanocomposite hydrogels were disinfected under UV light and pretreated in HBSS. iMSCs cultured
in gelatin-coated dishes were differentiated for 5 days using osteogenic induction media (100 nM
dexamethasone, 50 pg/ml L-ascorbic acid, and 10 mM NaxHzxPOs). Pre-differentiated cells were
seeded at a density of ~15,625 cells/cm? onto fibronectin-coated nanocomposite hydrogels. After 15
days of further differentiation, total RNA was extracted from cells using the Bio-Rad Aurum™ Total
RNA Mini Kit (Mississauga, ON, Canada) according to the manufacturer's protocol for osteogenic
gene expression experiments. A complementary DNA (cDNA) template was prepared by using 1 pg
of total RNA primed with random primers according to Promega™ Random Hexamers protocol
(Thermo Fisher). Quantitative real-time PCR (qRT-PCR) was conducted in 10 pl of reaction volumes
using a CFX96™ Real-Time System (C1000 Touch Thermal Cycler; Bio-Rad, Mississauga, ON,
Canada), and measured with iQ™ SYBR® Green Supermix (Bio-Rad) according to the recommended
procedures. Table 5.2 presents the sequences of primers used. iMSCs differentiated on pure GelMA
(100-0-0) hydrogels were used as a control to assess the effects of BG and MWCNT on the induction
of osteogenic differentiation. The results were analyzed with the comparative threshold cycle method
and normalized with mouse 18S as an endogenous reference and reported as relative values (AA CT)

to the control.

Table 5.2. Primers for human-specific mRNA amplification.

Gene Forward (5' = 3) Reverse (5' = 3')
Runx2 CCCAGTATGAGAGTAGGTGTCC GGGTAAGACTGGTCATAGGACC
Sp7 TTCTGCGGCAAGAGGTTCACTC GTGTTTGCTCAGGTGGTCGCTT

Col2A1 AGCCTGGTGATGATGGTGAA ACTCTCACCCTTCACACCAG
OPN TCACCTGTGCCATACCAGTT TGTGGTCATGGCTTTCGTTG
18S GCGGTTCTATTTTGTTGGTTT CTCCGACTTTCGTTCTTGATT

Runx2: Runt-related transcription factor 2; Sp7: Osterix; Col2A1: collagen type Il alpha 1 chain, OPN:
osteopontin.

5.3.8. Western blot analysis of differentiated iMSCs cultured on GelMA-BG-MWCNT

Evaluation of the levels of osteogenic proteins was performed through western blotting. Pre-

differenitated cells were seeded onto fibronectin-coated nanocomposite hydrogels. In brief, after
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further differentiating for 15 days, cells cultured on nanocomposite hydrogels were lysed in buffer
containing 150 mM NaCl, 10 mM Tris-HCI (pH 7.4), 1 mM EDTA, 0.5% Nonidet P-40, and 1%
Triton X-100 and supplemented with protease inhibitor (Roche Applied Science, Indianapolis, IN,
USA). Protein concentrations were determined by Quick Start™ Bradford Protein Assay (Bio-Rad,
Mississauga, ON, Canada), and 50 pg of total protein lysate was resolved on 10% SDS-PAGE and
subsequently transferred to nitrocellulose membrane. The following primary antibodies were used for
immunoblotting: anti-Osteopontin (rabbit, 1:2000; Abcam, ab8448) and anti-Osteocalcin (rabbit,
1:250; Abcam, ab133612). Primary antibody labeling was detected using HRP-conjugated goat anti-
rabbit secondary antibody and the ECL detection system.

5.3.9. Immunofluorescence Microscopy

Assessment of osteogenic protein expression was evaluated on pre-differentated cells that had been
further differentiated for 15 days. Cells were fixed using 4% paraformaldehyde (EMD Chemicals Inc.
Gibbstown, NJ) and were permeabilized for 10 min with 0.5% Triton X-100 in PBS, followed by
blocking cells with 1% BSA in PBS for 3 h at RT. Samples were labeled with the following antibodies
overnight at 4°C: osteopontin (rabbit, 1:100; Abcam, ab8448), osteocalcin (rabbit, 1:100; Abcam,
ab133612). Primary antibody binding was detected using Alexa Fluor® 555 goat anti-rabbit 1gG.
Counterstaining with Alexa Fluor® 488 conjugated phalloidin (1:100) and DAPI (300 nmol in PBS)

were used to visualize phalloidin and cell nuclei.
5.3.10. Evaluation of mineralization of differentiated iMSCs on GelIMA-BG-MWCNT

The mineralization ability of pre-differentiated iMSCs co-cultured with nanocomposite hydrogels was
assessed by staining with Alizarin Red solution (pH = 4.2) for 5 min at RT. Glass coverslips were
placed in TCP followed by the addition of nanocomposite hydrogels (6 mm diameter and 2 mm
height). After 15 days of further differentiating cells co-cultured with GelMA-BG-MWCNT
hydrogels, glass coverslips were dehydrated in acetone and immersed in an acetone-xylene (1:1)
solution. Samples were cleared in 95% and 100% ethanol, followed by dipping in a xylene solution.
Coverslips were subsequently tipped onto a synthetic mounting media for visualization. For
quantification of Alizarin Red staining, pre-differentiated cells were cultured on the nanocomposite
hydrogels (10 mm diameter and 5 mm height) and further differentiated for 15 days. After the

differentiation period, samples were fixed with 70% ethanol at RT for 15 min followed by washing



146

with distilled water. 40 mM of Alizarin Red staining was added and incubated for 30 min at RT.
Unincorporated dye was aspirated, followed by washing four times with distilled water under shaking
for 5 min each time. 10% v/v acetic acid was added and incubated for 30 min under shaking at RT.
The monolayer was scraped from the nanocomposite hydrogels and transferred to a microcentrifuge
tube, followed by vortexing for 30 sec. The slurry was overlaid with mineral oil, heated to 85°C for
10 min and transferred to ice for 5 min. Samples were centrifuged and supernatants were transferred
to a new tube followed by the addition of 10% v/v ammonium hydroxide to neutralize the acid.

Samples were aliquoted in triplicate in a 96-well plate and absorbance was measured at 405 nm.[*]
5.3.11. Statistical Analysis

Statistical analysis of the data was performed using GraphPad Prism. Differences were tested by one-
way ANOVA, and a p-value of <0.05 was used for statistical significance.

5.4. Results and Discussion

5.4.1. Cell viability of mesenchymal stem cells derived from human induced pluripotent stem
cells (iMSCs) on GeIMA-BG-MWCNT nanocomposite hydrogels

Attachment and proliferation of targeted cells to the biomaterial is a fundamental step in tissue
engineering. To assess the viability of cells, the undifferentiated state of iIMSCs need to be maintained
by coating TCP surfaces with a biomimetic microenvironment in the form of adhesion or extracellular
matrix (ECM) proteins for their attachment.[!®18] Gelatin was used as a substrate to coat
nanocomposite hydrogels prior to seeding iIMSCs. Figure 5.1A depicts the live/dead staining images
of iIMSCs cultured on nanocomposite hydrogels for 24, 72, and 168 h. After 24 h culture, pure GeIMA
(100-0-0) hydrogel and nanocomposite materials containing 1 and 2 wt.% MWCNT presented a
significant decreased initial cell attachment (p < 0.05) compared to the 70-30-0 hydrogel (Fig. 5.1A-
B). The initial cell viability after 24 h culture of the 70-30-0 hydrogel was comparable to that of the
TCP control. Evaluation of the adhesion ability of human MSCs (hMSCs) has also been studied on
methacrylated hyaluronic acid (MeHA) hydrogels and MeHA hydrogels conjugated with cell-
adhesive ligands (RGD)-bearing silica nanoparticles (MeHA-SiO,).**1 The findings of this study
showed that hMSCs adhere better to the MeHA-SiO2 hydrogels, but failed to adhere or spread well
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on the MeHA hydrogels after only 24 h culture.l*®! It also revealed that mature focal adhesion points,
cell-ECM adhesion structures, were formed on the MeHA-SIO2 hydrogels since the immaobilization
of SiO2 nanoparticles conjugated with RGD was an important nanomaterial to incorporate in a soft
polymeric matrix to regulate critical cellular responses.*®! Similar to the results from the study, pure
100-0-0 hydrogels presented a decreased initial cell adhesion compared to the 70-30-0 hydrogels. The
BG in the 70-30-0 hydrogels plausibly function as anchorage points to enable cell attachment and
spreading. The viability and proliferation of cells increased at 72 h of culture for all nanocomposite
hydrogels, but it was significantly higher for the 70-30-0 and 70-30-1 hydrogels (p < 0.05) (Fig. 5.1B).
Furthermore, at 168 h of culture, iMSCs continued to grow considerably on the hydrogels with
minimal cell death, thus increasing their viability in function of culture time. These results indicate
that IMSCs take up to three days to adapt to the 100-0-0, 70-30-1, and 70-30-2 hydrogels, after which,
cell density and viability continue to increase. Although cell viability increased on the 70-30-2
hydrogel after 72 and 168 h culture, the rate in which cells proliferated was slower compared to the
rest of the biomaterials and did not show evidence of cytotoxic response due to the addition of 2 wt.%
MWCNT. The delayed cell proliferation observed in the 70-30-2 hydrogels was due to the initial low
cell adhesion/retention at 24 h which affected the cell numbers by 168 h of culture.™ In addition, it
takes more effort for iMSCs to attach to higher concentrations of hydrophobic surfaces, such as
MWCNTSs, which was the reason why the initial cell adhesion on the 70-30-2 hydrogels was not as
favorable.'! Moreover, the initial cell attachment at 24 h on the 70-30-1 hydrogel was low, after
which the cell density and viability considerably increased until reaching 168 h of culture. Although
it has been known that stem cells attach and spread well to a rigid substrate, such as TCP or a glass
coverslip,[2%21 MWCNT possesses a rough topography. It has been shown that the adhesion of
hMSCs is regulated by interfacial roughness, in which cell adhesion and spreading decrease as the
roughness of surfaces increases.?! However, after 24 h of culture, the 70-30-1 hydrogel might adsorb
proteins due to the highly delocalized m-bonds of the hydrophobic nature of MWCNT,®! thus
enhancing the spread of iMSCs on the nanocomposite hydrogel.!*]
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Figure 5.1. Viability of iMSCs on GelMA-BG-MWCNT nanocomposite hydrogels. (A) Live/dead
staining of iIMSCs cultured on nanocomposite hydrogels after 24, 72, and 168 h. Scale bar = 200 pm.
Number of live iMSCs after (B) 24 h and (C) 72 h culture. *p < 0.05.

Differentiation of cells takes place at the expense of proliferation and would normally be initiated at
a confluency of around 70%. However, according to the live/dead images, 70% confluency would be
reached between days two and three for the cases of all hydrogels (Fig. 5.1A) except for the 70-30-2,
which is significantly lower (p < 0.05) (Fig. 5.1B-C). In addition, cells growing on the 100-0-0
hydrogel are also low compared to the 70-30-0 and 70-30-1 hydrogels (p < 0.05) after 72 h culture
(Fig. 5.1C). Therefore, the assessment of the osteogenic ability of cells cultured on nanocomposite
hydrogels could not be evaluated since the initial cell density baseline is not even amongst the

biomaterials, limiting the performance of appropriate comparisons.

Understanding the interfacial interactions between iIMSCs and nanocomposite hydrogels allows to
determine which culture condition requires modification to improve the initial cell adhesion until

reaching an adequate and similar cell density amongst the biomaterials to induce osteogenic
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differentiation. Formation of focal adhesions is the initial stage of cell adherence, with the substrates
showing effective cell-biomaterial interactions necessary for cell migration, proliferation, and signal
transduction.??l Vinculin is a focal adhesion protein involved in anchoring actin filaments to integrin
adhesive molecules.?? Investigation of the presence of vinculin in cells cultured on nanocomposite
hydrogels allows the evaluation of the degree of integrin-mediated communication between the
IMSCs and the nanocomposite hydrogels. iMSCs were stained for vinculin (red) and nuclei (blue) at
24 h of culture to observe the cell-biomaterial interfacial interactions (Fig 5.2). It is observed that the
number of cells attached to the hydrogels is less than that in the control glass coverslip. This is mostly
evident for the 100-0-0, 70-30-1, and 70-30-2 hydrogels, which is similar to the results shown in the
live/dead staining (Fig. 5.1A). Although the 70-30-0 hydrogel has more cells, the presence of vinculin
Is not as prominent as in the control. These results indicate that the plausible reason why there is a
decreased initial number of iIMSCs attached to the hydrogels at 24 h of culture could be due to the
substrate used to coat the materials, namely gelatin. For this reason, a different substrate should be
evaluated to assess whether the initial cell adherence to the nanocomposite hydrogels could be
improved to enable the performance of differentiation studies.

TCP 100-0-0 70-30-0 70-30-1 70-30-2

100 pm 100 o 100 pm 100 g
) - - - - -

Figure 5.2. Immunofluorescence microscopy images of iIMSCs cultured on gelatin-coated
GelMA-BG-MWCNT nanocomposite hydrogels. Focal adhesions of iMSCs cultured on hydrogels
(blue = nuclei, red = vinculin) at 24 h of culture. 10x scale bar = 100 um. 20x scale bar = 50 pum.

5.4.2. Optimization of iMSC adhesion on GelMA-BG-MWCNT nanocomposite hydrogels

Although gelatin was used to coat TCP surfaces for the maintenance of iMSCs, its application as a
coating substrate for nanocomposite hydrogels did not provide an adequate environment for the
adhesion of cells. Therefore, a different protein substrate was used to evaluate whether the initial cell
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adhesion on biomaterials would improve, especially for the nanocomposite hydrogels containing 1
and 2 wt.% MWCNT. Fibronectin was chosen as an alternative cell attachment substrate since it has
been previously used for the proliferation and osteogenic differentiation of MSCs.['"2%1 Cells cultured
on fibronectin-coated hydrogels were stained for vinculin (red), F-actin (green), and nuclei (blue) after
24 h of culture (Fig. 5.3). A considerable increase of initial cell density was observed on the 100-0-0
hydrogel, which appeared similar to that of the control TCP. This indicates that iMSCs cultured on
the fibronectin-coated 100-0-0 hydrogel presented a better cell-biomaterial interfacial interaction than
the gelatin-coating substrate. This was also observed in the 70-30-0 hydrogel, which not only
presented an increased cell adhesion but also an elongated cellular morphology and the formation of

a uniform layer of actin filaments.

TCP 100-0-0 70-30-0 70-30-1 70-30-2
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Figure 5.3. Immunofluorescence microscopy images of iMSCs cultured on fibronectin-coated
GelMA-BG-MWCNT nanocomposite hydrogels. Focal adhesions of iMSCs cultured on hydrogels
(blue = nuclei, green = F-actin, red = vinculin) after 24 h of culture. 10x scale bar = 100 pm. 20x
scale bar = 50 um. 63x scale bar = 20um.

Cell attachment on the 70-30-1 and 70-30-2 hydrogels was not improved as observed in the 100-0-0
and 70-30-0 hydrogels. However, the expression of vinculin was showed at the periphery of cells
cultured on all hydrogels. This observation depicts the presence of integrin-mediated communications
between the iMSCs and the surfaces of the hydrogels. Collectively, these results indicate that the

initial adherence of iMSCs on materials is better after coating with fibronectin, especially for the 100-
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0-0 hydrogel, but could be further improved for the 70-30-1 and 70-3-2 nanocomposite hydrogels.
Although surface roughness could direct differentiation towards an osteogenic cell lineage,?%?4
IMSCs cultured onto the 1 and 2 wt.% MWCNT containing hydrogels could delay this process due to
the decreased attachment. The reduced cell adhesion could plausibly be due to the extended period
that the iMSCs require to adapt to stiffer surfaces. Bone cells, however, are adapted to proliferate and
differentiate on a stiff environment.[?*l For this reason, initial cell attachment was further evaluated
on pre-differentiated iMSCs to assess whether cell adhesion was enhanced on the 70-30-1 and 70-30-
2 hydrogels (Fig. 5.4). Osteogenic differentiation of iMSCs was induced for five days followed by
subsequent seeding onto hydrogels. Figure 5.4 shows the fluorescent images of pre-differentiated
IMSCs cultured on the surfaces of 100-0-0 hydrogel and nanocomposite hydrogels for 24 h. Favorable
pre-differentiated cell adhesion was observed on the 100-0-0 and 70-30-0 hydrogels, but was
improved in the nanocomposite hydrogels containing 1 and 2 wt.% MWCNT (Fig. 5.4) compared to
that of the undifferentiated iMSCs (Fig. 5.3). In addition, cells formed an increased layer of elongated
actin filaments on the hydrogels, suggesting favorable adhesion and spreading. Based on the results
collectively presented in Figures 5.3-5.4, initial cell adherence on nanocomposite hydrogels was
improved and more favorable after coating materials with fibronectin and seeding pre-differentiated
IMSCs. The determination of these conditions was crucial to obtain a similar cell density baseline
between each biomaterial to further investigate the osteogenic ability of cells cultured on
nanocomposite hydrogels.

TCP 100-0-0 70-30-0 70-30-1 70-30-2

Figure 5.4. Immunofluorescence microscopy images of pre-differentiated iMSCs cultured on
fibronectin-coated GelMA-BG-MWCNT nanocomposite hydrogels. Focal adhesions of iMSCs
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cultured on hydrogels (blue = nuclei, green = F-actin, red = vinculin) after 24 h of culture. 10x scale
bar = 100 pum. 20x% scale bar = 50 um. 63x scale bar = 20um.

5.4.3. Osteogenic gene expression of differentiated iMSCs cultured on GeIMA-BG-MWCNT

nanocomposite hydrogels

Following the observation that pre-differentiated cells attach better to fibronectin-coated materials,
their differentiation potential towards an osteogenic phenotype on GelMA-BG-MWCNT hydrogels
was subsequently investigated. Figure 5.5 shows the osteogenic expression of early and late
osteogenic genes in response to differentiation induction on nanocomposite hydrogels. Osteogenic
differentiation of iMSCs is a regulated process in which master transcription factors and their target
genes control the expression of numerous downstream target genes that code for proteins that
determine the osteoblast phenotype, which are necessary for the repair and regeneration of bone. 22!
There are two master transcription factors that regulate the expression of osteogenic target genes: runt-
related transcription factor 2 (Runx2) and transcription factor Sp7, also known as osterix. Runx2
initiates osteogenesis upstream of Sp7 early in the regulatory hierarchy of osteoblast development.[?”
Targeted deletion of either gene results in loss of osteoblast differentiation and bone formation. 2%
The differentiation of iMSCs cultured on pure GelMA (100-0-0) hydrogels was used as a control to
evaluate the effects of BG and MWCNT on the induction of osteogenic differentiation. After 15 days
of differentiation, the expression of Runx2 in the 70-30-1 and 70-30-2 nanocomposite hydrogels
resulted in a 0.2-fold downregulation with respect to the pure GelMA hydrogel control showing no
significance (p > 0.05) (Fig. 5.5A). However, Runx2 expression in 100-0-0 hydrogel and
nanocomposite hydrogels containing 1 and 2 wt.% MWCNT was significantly higher (p < 0.05) than
in the 70-30-0 hydrogel. Furthermore, Sp7 gene expression was significantly higher (p < 0.05) in the
70-30-0 hydrogel and in the hydrogels containing 1 and 2 wt.% MWCNT resulting in a 2.8-fold
upregulation (Fig. 5.5B). The expressions of Runx2 and Sp7 induce the expression of downstream
target genes, such as osteopontin and collagen, which are necessary for mineralization and

endochondral ossification for the repair and regeneration of bone. 2l

Osteopontin (OPN) presents an RGD motif that binds to integrins and allows bone cells to adhere to
the mineralized matrix.[?®! Although OPN has been shown to be an inhibitor of mineralization in a

dose-dependent manner by binding to the HCA and inhibiting further growth,*% its presence promotes
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intrafibrillar mineralization of collagen.®2 The major collagenous component of bone ECM is type
I collagen. Type 1 collagen has been shown to promote proliferation, survival, adhesion, and
osteogenesis in MSCs mediated by 02B1 integrin interaction.[**3% Another form of collagen found in
bone is type Il. Type Il collagen has been linked to the preformation of cartilaginous tissue during
bone fracture healing process.l®® It has been shown that chondrogenic pre-induction of B-TCP/MSC
composites presented a significant production of type Il collagen and enhanced full bone formation,
including marrow organization.*”] Therefore, type 11 collagen (Col2A1) serves as a modulator during
osteogenic differentiation of MSCs via the activation of Runx2 through a2p1 integrin-related FAK
signaling pathway and promotes healing of bone defects through endochondral ossification-like
process.®®! Significant upregulation of the OPN gene expression on iMSCs differentiated on 70-30-2
nanocomposite hydrogels (p < 0.05) was obtained, resulting in a 5-fold upregulation (Fig. 5.5C).
Furthermore, the expression of Col2A1 was higher in the 70-30-2 hydrogel compared to the 70-30-0
hydrogel (p < 0.05). However, Col2A1 expression significantly decreased in the 70-30-0 (p < 0.001)
and nanocomposite hydrogels containing 1 (p < 0.001) and 2 (p < 0.01) wt.% MWCNT, resulting in
a 0.73-, 0.6-, and 0.46-fold downregulation, respectively, compared to pure GelMA control (Fig.
5.5D). The smooth surface of 100-0-0 hydrogel could potentially facilitate the increased expression
of Col2A1, which is present in cartilage ECM and in the terminal process of endochondral ossification
in chondrocyte hypertrophic differentiation.®®l The expression of Col2A1 in nanocomposite
hydrogels could plausibly increase if there is a longer period of differentiation. In addition, the
incorporation of BG and MWNCT leads to a rougher and stiffer surface in which bone cells, or in this
case, pre-differentiated iMSCs, are prone to proliferate which resulted in the increased expression of
early and late osteogenic differentiation markers, as mainly observed in the cases of Sp7 (Fig. 5.5B)
and OPN (Fig. 5.5C) genes. The 70-30-1 and 70-30-2 hydrogels presented good early osteogenic
expressions (Fig. 5.5A,B) but was mostly enhanced in the 70-30-2 hydrogel for the expression of
OPN as a late osteogenic differentiation marker (Fig. 5C), which could be due to the possible rough
topography of the MWCNTSs which could further enhance maturation. These results collectively show
that GeIMA-BG-MWCNT nanocomposite hydrogels possess a favorable environment and ability to
further differentiate iMSCs into an osteogenic lineage that could potentially drive bone healing

through the process of endochondral ossification.
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Figure 5.5. Osteogenic gene expression of differentiated iMSCs cultured on GelMA-BG-
MWCNT nanocomposite hydrogels. (A) Runx2, (B) Sp7, (C) OPN and (D) Col2A1 mRNA
expressions of differentiated iMSCs cultured on nanocomposite hydrogels for 15 days. *p < 0.05, **p

<0.01, ***p < 0.001.

5.4.4. Osteogenic protein expression of differentiated iMSCs cultured on GeIMA-BG-MWCNT

nanocomposite hydrogels

After determining that iMSCs were able to further differentiate towards an osteogenic phenotype on

GelMA-BG-MWCNT hydrogels, western blot analysis was conducted to investigate the expression

of two non-collagenous proteins in differentiated cells cultured on nanocomposite hydrogels for 15

days. One of the characteristic properties to evaluate the transition towards a mature phenotype is the
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increase in expression of bone matrix proteins, OPN and osteocalcin (OCN).[*3%1 The secretion of
OPN and OCN should progressively increase as the mineralization process advances for the formation
of bone during its repair and regeneration.'*4%1 TCP was used as a control. Figure 5.6A shows that
the full-length (60 kDa) OPN protein was detected in all cultures, but was mostly expressed in the 70-
30-2 hydrogel. OPN is known to be cleaved by matrix metalloproteinases (MMPs) that break down
ECM proteins necessary for bone remodeling and regeneration.*4?l The cleaved 32 kDa OPN
fragment protein was also detected and was mostly observed in the 70-30-1 and 70-30-2 hydrogels,
but was not noticeable in the 100-0-0 hydrogel. Furthermore, OCN protein was only identified in cells
cultured on 70-30-0 hydrogels and nanocomposite hydrogels containing 1 and 2 wt.% MWCNT.
Furthermore, immunofluorescence staining was performed on differenitaited cells to confirm the
presence of OPN (Fig. 5.6B) and OCN (Fig. 5.6C) proteins. OPN protein was most prominently
expressed in differentiated iMSCs cultured on nanocomposite hydrogels, specifically on the 70-30-2
hydrogel. In addition, the OCN protein was not as strongly expressed as compared to the OPN
expression. These results are consistent with the western blot analysis. Collectively, the effects of BG
and MWCNT in nanocomposite hydrogels reveal that these components enhance the expression of
mature osteogenic phenotype marker proteins and have the ability to further drive differentiated cells
towards a mature osteogenic lineage. The applications of GelMA-BG-MWCNT hydrogels,
specifically the 70-30-1 and 70-30-2 hydrogels, could potentially be translated into in vivo models to
explore the augmentation of bone regeneration.
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Figure 5.6. Osteogenic protein expression of differentiated iMSCs cultured on GelMA-BG-
MWCNT nanocomposite hydrogels. (A) Representative western blot analysis of the osteogenic
proteins OPN and OCN after 15 days of further differentiation of pre-differentiated iMSCs on
nanocomposite hydrogels. Immunofluorescence staining of (B) osteopontin (OPN) and (C)
osteocalcin (OCN) in differentiated cells cultured on GelIMA-BG-MWCNT nanocomposite hydrogels
after 15 days of further differentiation. Cells were stained for nuclei (blue), F-actin (green), and OPN
or OCN (red). 10x scale bar = 100 um. 20x% scale bar = 50 pum.

5.4.5. Mineralization of differentiated iMSCs cultured on GeIMA-BG-MWCNT nanocomposite
hydrogels

Matrix mineralization is a definitive hallmark of osteoblast differentiation and the last phenotypic
stage of osteogenic tissue.[***3 Bioactive properties of GelMA-BG-MWCNT were previously shown
when incubated in simulated body fluid (SBF).I! The formation of hydroxycarbonate apatite (HCA)
(Ca10-x(PO4)sx(CO3)x(OH)2-x) layers occurs through the release of soluble ionic species, such as Si,
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Ca, and P ions, from the BG to form a high-surface-area hydrated silica and polycrystalline HCA
bilayer on the glass surface, resulting in an apatite layer similar to that of bone, capable to stimulating
the formation of bone tissue.l! The addition of osteogenic media also provides an exogenous source
of phosphate that assists mineralization. Alizarin Red staining was used to visualize and quantify the
mineral formation. Since the nanocomposite hydrogels are black due to MWCNTSs, visualization of
the mineralized tissue onto the materials was challenging. Instead, cells were co-cultured with
nanocomposite hydrogels to observe the mineral depositions as a function of hydrogel composition.
Glass coverslips were placed in TCP before seeding pre-differentiated iMSCs to ease visualization.
Figure 5.7A shows the optical images of mineral depositions of differentiated cells cultured in TCP
control and co-cultured with GeIMA-BG-MWNCTs after 15 days of further differentiation. A slight
increase of stained mineral deposition was depicted in cells co-cultured with 70-30-0 hydrogel and
with the nanocomposites containing 1 and 2 wt.% MWCNT, which was observed as dark red to brown
spots, evidencing the mineralized nodules. Quantification of the Alizarin staining of the iIMSCs
cultured on the surfaces of GelMA-BG-MWCNT nanocomposite hydrogels was subsequently
performed, and their results are shown in Figure 5.7B. The 70-30-2 hydrogel had the highest mineral
deposition after 15 days of further differentiating iMSCs. Mineralization of 70-30-2 hydrogels was
significantly higher than 70-30-1 and 70-30-0 (p < 0.05) hydrogels and was even more noticeably
higher than the 100-0-0 and TCP control (p < 0.01). The 70-30-1 and 70-30-0 hydrogels presented
similar mineral deposition but were significantly higher than the 100-0-0 and TCP control (p < 0.01).

These results show that cells cultured on pure 100-0-0 hydrogel presented a similar mineralization to
TCP control after 15 days of further differentiation, but could be insufficient to further enhance its
promotion if pure GelMA were to be used as a bone biomaterial. A significant increase in mineral
deposition was, however, observed upon the addition of BG and MWCNT. It could be assumed that
the release of soluble ionic species from the BG considerably facilitates the formation of calcium and
phosphorous depositions on the surfaces of the nanocomposite hydrogels. In addition, differentiated
cells proliferate more on a stiffer and rougher surface that would mimic that of an osseous
environment, such as those hydrogels containing BG and MWCNT. This was mostly evident for
differentiated iMSCs cultured on 70-30-2 hydrogels which presented the highest mineralization. The
increased mineral deposition in the 70-30-2 hydrogels was also in accordance with the OPN protein
expression (Fig. 5.6B), which could plausibly significantly promote the repair and regeneration of

bone defects in vivo.
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Figure 5.7. Mineralization of differentiated iMSCs. (A) Optical images of Alizarin Red staining of
pre-differentiated iMSCs co-cultured with GeIMA-BG-MWCNT nanocomposite hydrogels after 15
days of further differentiation. Mineral deposition is stained red. 10x scale bar = 100 pum. 20x scale
bar = 50 um. (B) Quantification of mineralization by extraction of Alizarin Red from pre-
differentiated iMSCs cultured onto the surfaces of GelIMA-BG-MWCNT nanocomposite hydrogels
after 15 days of further differentiation. *p < 0.05, **p < 0.01.

5.5. Conclusions

In this study, GelMA-BG-MWCNT hydrogels were prepared to evaluate the viability and osteogenic
ability of iMSCs cultured on the surfaces of nanocomposite hydrogels. iMSCs were chosen for the in
vitro studies since they are human-derived and could potentially resemble clinically driven outcomes.
Cell interaction studies showed good cytocompatibility properties when culturing iMSCs onto the
surfaces of gelatin-coated nanocomposite hydrogels for 7 days. However, the initial cell density was
not even amongst cells cultured on hydrogels and required further optimization to investigate the
osteogenic ability of iIMSCs on GelMA-BG-MWCNT hydrogels. Fibronectin was found to promote
cell adhesion and, hence, increase the proliferation of cells. This was further enhanced upon seeding
pre-differentiated iMSCs for 5 days onto nanocomposite hydrogels, especially for those materials
containing 1 and 2 wt.% MWCNT, possibly due to the rough and stiff surface topography in which
pre-differentiated cells are more favorable to mature. Further pre-differentiation of iIMSCs on
nanocomposites showed that GelMA-BG-MWCNT hydrogels possess a favorable environment in
which the differentiation towards an osteogenic lineage is promoted. In addition, nanocomposite
hydrogels have the ability to promote mature matrix mineralization, which was most evidently
observed on differentiated cells cultured on 70-30-2 hydrogels. Although exogenous electrical
stimulation was not assessed on cells cultured on nanocomposite hydrogels, it is suggested that its

application could further enhance in vitro osteogenic maturation and in vivo bone healing. GelMA-
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BG-MWCNT hydrogels could become a promising bone biomaterial that can promote the repair and

regeneration of bone defects.
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Chapter 6

6. General Discussion and Conclusions

Overview: This chapter summarizes the research of the overall work, discusses the strengths and limitations of
the thesis, and addresses some recommended future directions to this research.

6.1. Summary

The focus of the research was to develop organic-inorganic nanocomposites composed of a gelatin-
based polymer, tertiary bioactive glass, and multiwall carbon nanotubes (gelatin-BG-MWCNT and
GelMA-BG-MWCNT) as potential bone biomaterials for bone tissue engineering solutions. Bioactive
glasses (BG) have gained significant attention for bone healing applications due to their bioactive
nature promoting the formation of hydroxycarbonate apatite bilayer on the glass surface, similar to
that found in natural bone.*? The formation of hydroxycarbonate apatite occurs through the
interaction of the released soluble ionic species from the tertiary BG component, such as Si, Ca*, and
PO4* ions, with the physiological environment which promotes bonding to bone tissue. BGs are ideal
for use as an inorganic component for the preparation of bone biomaterials since they readily bond to
bone and stimulate both osteoconduction and osteoinduction.®4  Calcium is fundamental to the
bioactivity of sol-gel tertiary BGs and a key component of osteogenesis.>®!  Different calcium
precursors have been used for the synthesis of sol-gel-derived BGs. These include calcium chloride
and calcium ethoxide. The main advantage of using these calcium sources is its compatibility to
incorporate a polymer component for the preparation of organic-inorganic nanocomposites at room

temperature.l’-°!

Due to the brittle nature of BGs, a polymer component is necessary to induce toughness and provide
additional functionalities. In addition, the preparation of an organic-inorganic nanocomposite would
create a bone biomaterial that mimics the hierarchical structural composition of bone. Gelatin, the
hydrolyzed form of type I collagen found in natural bone, would work as an ideal polymer for creating
an environment that mimics the main organic component of endogenous bone. One of the drawbacks
of using gelatin, however, is that it melts at physiologic temperature and cannot function as an organic

polymer for the preparation of bone biomaterials. Therefore, gelatin methacryloyl (GelMA) provides
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the main advantage of stability at physiologic temperature and has a slower degradation rate compared

to gelatin, as well as possessing higher mechanical strength.

Moreover, native bone possesses endogenous conductive propertiesi® and the incorporation of a
conductive element into a bone biomaterial could better mimic the bone’s natural electrical
conductivity, providing significant advantages at a physiological level.*  Multiwall carbon
nanotubes (MWCNT) have been incorporated into organic-inorganic bone biomaterials as an element
that can mimic the natural electrically conductive properties of bone as well as a component that can
deliver electrical cues through the application of electrical stimulation for the maturation of

osteoblasts and promotion of the repair and regeneration of bone defects.[?!

Chapter 3 presented the preparation of sol-gel-derived gelatin-BG nanocomposites containing either
calcium chloride (CaCly) or calcium ethoxide (Ca(OEt)2) as calcium precursor sources for the sol-gel
synthesis. MWCNTSs were also added to the organic-inorganic nanocomposites and did not hinder any
of the properties of the biomaterials, which was a desired attribution to carry out future studies on
their electrically conductive properties. The surface elemental distribution was homogeneous for both
CaClz- and Ca(OEt).-containing nanocomposites. However, the calcium ions from the Ca(OEt).-
based nanocomposites were incorporated in the silicate glass nanocomposite network, whereas the
calcium ions from CaClz-containing nanocomposites were not. The fate of the calcium ions influenced
the swelling, degradation, and the resulting porous properties after degradation of the organic-
inorganic nanocomposites. Both CaCl,- and Ca(OEt).-containing nanocomposites presented bioactive
properties through the formation of hydroxycarbonate apatite on their surfaces after incubation in
simulated body fluid. Favorable cell adhesion and spreading were observed in 10T1/2 cells cultured
on CaClz- and Ca(OEt),-containing nanocomposites. Nanocomposites composed of Ca(OEt)
presented more advantages than CaCl,-based nanocomposites in terms of degradation, bioactivity,

and cell interaction properties.

Since GelMA could function better as an organic component due to its decreased biodegradation rate,
and calcium ethoxide presented more advantages for the synthesis of sol-gel-derived BGs compared
to calcium chloride, chapter 4 discusses the preparation of organic-inorganic nanocomposite
hydrogels using GelMA, tertiary BG and MWCNT. GelMA-BG-MWCNT hydrogels were prepared
in an attempt to mimic the organic-inorganic structural composition of bone with tunable electrical

and electro-mechanical properties. The mechanical and electrically conductive effects of the organic-
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inorganic hydrogels were evaluated as a function of MWCNT loading, which was related to the
concentration of uniformly distributed MWCNTSs added to the GelMA-BG biomaterials. GelMA-BG-
MWCNT nanocomposite hydrogels presented bioactive properties and showed good

cytocompatibility properties that could further promote osteogenic differentiation.

The viability and osteogenic ability of human-induced pluripotent stem cells (iMSCs) were further
evaluated on GeIMA-BG-MWCNT nanocomposite hydrogels which is discussed in chapter 5. Cells
presented good cytocompatibility properties on gelatin-coated nanocomposite hydrogels. However,
optimization of the initial cell density baseline cultured on hydrogels was required for the induction
of osteogenic differentiation. Fibronectin-coated nanocomposite hydrogels improved iMSC adhesion,
but was further enhanced in the 70-30-1 and 70-30-2 hydrogels by culturing pre-differentiated iMSCs.
GelMA-BG-MWCNT hydrogels presented a favorable environment for the upregulation of

osteogenic differentiation and enhanced mineralization, especially on the 70-30-2 hydrogel.
6.2. Strengths and limitations

The preparation of sol-gel-derived gelatin-BG-MWCNT containing calcium chloride or calcium
ethoxide allowed understanding the role of calcium ions in the organic-inorganic network. In addition,
the chemical and physical characterizations of nanocomposites allowed a better understanding of the
resulting compositions of biomaterials. An improved strategy was further developed to obtain
nanocomposite hydrogels composed of GelMA, tertiary BG containing calcium ethoxide as a calcium
precursor, and MWCNT with tunable electrical and mechanical properties.

To the best of my knowledge, this is the first work that has evaluated the electro-mechanical responses
of GeIMA-BG-MWCNT nanocomposite hydrogels, which is a fundamental process that naturally
occurs in bone especially during its regeneration and healing. In addition, the nanocomposite
hydrogels presented higher conductivities than other studies that also characterized the electrical
properties of organic-inorganic systems in bone biomaterials.['*41 A similar compositional
framework to that of natural bone was developed, composed of 70 wt.% GelMA and 30 wt.% BG.
Here, the GelMA would act as a template for the deposition of hydroxycarbonate apatite formed from
the release of soluble ionic species from the BG composition, promoting biomineralization while
acting as a support for bone repair and regeneration. Furthermore, the use of diacrylated Pluronic F-

127 as a reactive surfactant allowed homogenization and further crosslinking of the GelMA
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prepolymer due to its diacrylate group and enhanced the elasticity and mechanical strength of the
GelMA-BG-MWCNT hydrogels.

GelMA-BG-MWCNT nanocomposite hydrogels showed that they have the ability to promote
osteogenic differentiation in mouse embryo multipotent mesenchymal progenitor cells (10T1/2 cells)
and mesenchymal stem cells derived from human induced pluripotent stem cells (iMSCs). Enhanced
protein expression and mineralization of iMSCs was observed in nanocomposite hydrogels containing
MWCNT.

Although GelMA-BG-MWCNT hydrogels increased the osteogenic ability of mouse- and human-
derived cells, the application of exogenous electrical stimulation on cells cultured on nanocomposite
hydrogels was not performed due to time constraints. The selection of human-derived iMSCs was to
perform in vitro studies since they could potentially resemble clinically driven outcomes. However,
in vivo studies on the potential repair and regeneration of bone are necessary to investigate whether
GelMA-BG-MWCNT nanocomposite hydrogels augment the healing of bone defects and whether

bone regeneration is accelerated through the application of exogenous electrical stimulation.
6.3. Future directions

The current thesis work reported an approach to develop sol-gel-derived gelatin-BG-MWCNT
nanocomposites containing calcium chloride and calcium ethoxide as calcium precursors. This
approach allowed us to improve the synthesis strategy to develop nanocomposite hydrogels comprised
of GelMA, sol-gel-derived tertiary BG, and uniformly dispersed MWCNT to create nanocomposite
hydrogels that mimic the organic-inorganic composition as well as the electro-mechanical properties
similar to endogenous bone. Future studies can broaden the potential applications of nanocomposite

hydrogels for bone tissue engineering solutions.

1. Investigating the effects of exogenous electrical stimulation. The application of exogenous
electrical stimulation is suggested to further enhance the differentiation of bone tissue in
vitrol*® and accelerate the healing of bone defects in vivol*? in bone biomaterials containing a
carbon-based electrically conductive material. The evaluation of osteogenic differentiation,
maturation, and regeneration of bone tissue could be assessed in GelMA-BG-MWCNT

nanocomposite hydrogels.
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2. Evaluation of the effects of additional inorganic components. The composition of tertiary BG
in the first study was of SiO2, P20s, and CaClz or CaO, which showed that calcium ethoxide
precursor was the best source of calcium used for the synthesis of sol-gel-derived tertiary BG.
The use of additional ions, such as boron,® magnesium,i*®! and strontium!*”! have been
incorporated into sol-gel-derived BGs to promote osteo-stimulative effects. It would be
insightful to investigate the addition of different elements to evaluate their potential biological
effects.

3. Investigating the cellular processing mechanisms of MWCNTS. The complete degradation and
fate of MWCNTSs in the body are still relatively unknown. However, in vitro and in vivo studies
have shown that a variety of cell types such as macrophages,®2% endothelial cells,!!
pulmonary epithelia,?22% intestinal epithelia,*! and neuronal cells?! can degrade and uptake
carbon-based conductive materials. Therefore, understanding how the MWCNT component
in nanocomposite hydrogels is processed and degraded by the specialized bone cells they

interact with will be important for establishing and ensuring safety in clinical translations.
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