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Abstract of the dissertation
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Candidate for Doctor of Philosophy Degree

Materials Science and Engineering
Stony Brook University
2015

One- and two-dimensional (1-D and 2-D) nanomaterials possess extraordinary
physiochemical properties such as large surface area, excellent mechanical properties, high
surface energy and good dispersivity in organic and biological solvents, therefore, they have
been extensively used as reinforcing agents to improve the mechanical properties of polymeric
scaffolds for bone tissue engineering applications. Carbon nanomaterials such as carbon
nanotubes and graphene have been used as reinforcing agents for biodegradable polymeric
scaffolds and composites, however, their short- and long-term in vitro cytotoxicity and in vivo
biocompatibility is an area of extensive debate. In this study, we have systematically investigated
the effects of addition of low concentrations (0.01-0.2 wt. %) of 1-D and 2-D carbon
nanomaterials (graphene oxide nanoplatelets, graphene oxide nanoribbons and carbon nanotubes)
and inorganic nanomaterials (boron nitride nanotubes, boron nitride nanoplatelers, tungsten

disulfide nanotubes and molybdenum disulfide nanoplatelets) on the mechanical properties,



cytocompatibility, and bioactivity of poly(propylene fumarate) (PPF) nanocomposites towards
their potential applications as porous and nonporous implants for bone tissue engineering.
Addition of nanomaterials in the PPF matrix improved the compressive and flexural mechanical
properties of non-porous crosslinked PPF nanocomposites and porous PPF scaffolds. Our results
suggest that in addition to high surface roughness and surface area of the nanomaterials, the
presence of functional groups on the surface of nanomaterials leads to an increased
nanomaterial-polymer interaction and a uniform dispersion of nanomaterials in polymer matrix
which may be the key factors responsible for an improved mechanical reinforcement. The in
vitro studies showed an excellent cytocompatibility for both carbon and inorganic nanomaterial
reinforced PPF nanocomposites and scaffolds. Protein adsorption studies and in vitro osteogenic
differentiation studies also showed that addition of these 1-D and 2-D carbon and inorganic
nanomaterials leads to an improved protein adsorption that promotes osteogenic differentiation
and calcium mineralization in vitro. and good cytocompatibility of PPF nanocomposites. The
long term implication of this research focuses on the development of mechanically strong,
biocompatible, biodegradable and bioactive nanocomposites that can potentially replace
commercial bone grafts that often lack the required mechanical properties for load bearing bone

tissue engineering applications.
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Chapter 1: Introduction

1.1. Bone defects and clinical need for bone grafts

Bone defects occur due to accidents (fractures), aging (osteoporosis), diseases (such as
obesity and osteosarcoma) and surgical procedures. When the bone defect is larger than a critical
size (~15mm [1]), external intervention for bone healing is required. The external intervention
for small and simple non-critical bone defects is keeping the damaged bone fixed using external
fixtures. However, severe and complex bone injuries require surgical procedures that implant
artificial bone grafts or implants in the defect site. In the United States, more than 2.2 million
surgeries to assist bone regeneration were performed in 2007 with >4 billion dollars being spent
annually on bone grafts [2, 3] and an annual growth rate of 6-9% is expected through year 2019
for biomedical implants market [4]. Furthermore, due to obesity and aging population, the rapid
rise in the incidences of bone fractures, injuries and trauma have highlighted the pressing need
and importance of developing novel technologies and strategies for the development of the next-

generation of multifunctional biomaterials for bone tissue engineering.

Depending on the type of bone fracture, the intervention may be passive or active.
Passive intervention is performed by using inert orthopedic components that are usually made of
non-biodegradable metals such as titanium, stainless steel, gold, and other alloys. Active
intervention involves the use of bone grafts (usually fabricated using synthetic materials or
natural bone) that are gradually excluded from the body and replaced by newly synthesized bone.
Based on the source of natural bone grafts, they are categorized as: (1) autografts, (2) allografts
and (3) xenografts. Autografts are harvested from patient’s own body, allografts are harvested

from a donor and xenografts are extracted from a different species than the recipient. Passive



intervention usually utilizes non-porous devices with desirable properties such as high
mechanical strength, biocompatibility and ease of application and its focus is on providing
mechanical support to bone during wound healing, On the contrary, the focus of active
intervention is not only to provide passive mechanical support but additionally promote
ossification (formation of new bone) by assisting the bone regeneration processs by providing
osteoinductive and bioactive cues for accelerated bone healing. Furthermore, passive
intervention require a secondary surgery for implant extraction whereas active intervention do

not since the implants are biodegradable.

In order to address the clinical need for multifunctional, mechanically stable,
biocompatible, biodegradable, and bioactive bone grafts, interdisciplinary research focusing on
integrating material properties with bone physiology and tissue engineering methods has to be
performed [5]. Furthermore, novel approaches such as external graft stimulation, drug delivery,
and bioimaging could be combined with conventional bone defect treatments to allow a better
control and simultaneous non-invasive monitoring of bone healing processes. In this study, the
focus is towards developing new biomaterials for active bone healing that possess
multifunctional attributes that have the potential to be harnessed for the abover mentioned next-

generation tissue engineering approaches.

1.2. Implantable bone grafts

1.2.1. Properties of a desirable bone graft

Bone grafts should exhibit similar mechanical properties comparable to that of natural
bone (Table. 1.1). These properties include (but are not limited to) yield strength, elastic modulus

(tensional, compressive and flexural) and toughness. An implant with superior mechanical



properties than native bone leads to abnormal bone growth and bone atrophy due to stress
shielding whereas an implant with lower mechanical properties than native bone may fail under
external load experienced by the body. Lower toughness will cause graft failure under
instantaneous loading which will require expensive follow-up treatments such as replacement
and corrective surgeries. In order to promote new bone formation, the graft should be
osteoconductive (support extracellular matrix deposition, osteogenic differentiation of
mesenchymal stem cells, and bone mineralization) and osteoinductive (ability to induce new
bone formation) [6, 7]. Scaffolds are porous structures fabricated using biocompatible,
biodegradable polymers that support bone formation, however, their mechanical properties are
low making them unsuitable for load bearing bone tissue engineering applications [8].
Furthermore, the synthetic bone grafts need to be safe for clinical use, their safety and efficacy
needs to be evaulated first in-vitro using cell lines (cytocompatibility) followed by small and
large animal studies (biocompatibility) before moving towards clinical trials and eventual human

use.

1.2.2. Types of bone implants
Based on the source, the bone grafts are categorized as natural or synthetic. The natural

grafts are usually taken from living sources and are categorized as: autografts (from patient own
body), allografts (from other donor patients), and xenografts (from other animals/different
species). The use of natural bone grafts is often associated with several risks such as disease
transfer, lack of consistent supply and donor site morbidity [9]. The synthetic bone grafts can
easily be synthesized in bulk-scale with controlled physical and chemical properties.

Furthermore, synthetic graft allow ease of sterilization and lack of immunogenity compared to



their natural counterparts. Synthetic bone grafts have been around for two centuries, and recently
an extensive amount of effort has been devoted towards their development [10]. Synthetic
biomaterials such as metals, ceramics, polymers and their composites have been used as bone

grafts. Table 1.2 summarizes the mechanical properties of some of these synthetic biomaterials.

1.2.2.1. Metals

Several inert metals such as stainless steel, titanium, magnesium, and nickel have been
used as implants to support bone healing [11]. As Table 1.2 shows, the mechanical properties of
metallic implants are significantly higher than native bone, which is beneficial for load bearing
applications but may lead to stress shielding and abnormal tissue growth at bone-implant
interface [12]. Although biodegradable magnesium implants [13] have been developed recently,
the majority of metallic implants release toxic metallic ions when they undergo corrosion, and

they need to be extracted by a follow-up surgery.

1.2.2.2. Ceramics

Ceramics such as alumina, zirconia, titania, and calcium phosphate compounds have been
used towards the fabrication of bone implants [14]. As seen in Table 1.2, these ceramics usually
have higher mechanical properties compared to the native bone that might lead to concerns such
as stress shielding. Furthermore, majority of the ceramics are brittle and have low toughness,

therefore, they might fail when subjected to tensional or flexural forces or sudden impacts [15].



1.2.2.3._ Polymers
Different polymers such as: poly(l-lactide) (LPLA), poly(glycolide) (PGA), poly(dl-

lactide) (DLPLA), poly(dioxanone) (PDO), poly(dl-lactide-co-I-lactide) (LDLPLA), poly(dl-
lactide-co-glycolide) (DLPLG), poly(glycolide-co-trimethylene carbonate) (PGA), poly(l-
lactide-co-glycolide) (LPLG), poly(e-caprolactone) (PCL), poly(ethylene glycol) (PEG),
poly(propylene fumarate) (PPF), polyurethane (PU), poly(lactic acid) (PLA), poly(glycolic acid)
(PLGA), poly(butylene succinate) (PBSC) have been used to fabricate polymeric bone implants
[16-22]. Interestingly, some of these polymers such as PPF can undergo in situ crosslinking after
injection and undergo biodegradation. Injectable implants can be applied through minimally
invasive methods and can their crosslinking can be triggered by heat, photo-thermal waves, and
electro-magnetic waves at physiological temperatures. However, a general limitation of
polymeric scaffolds is their low mechanical properties (especially for porous scaffolds) that may

lead to failure under physiological loads making them unsuitable for load bearing applications.

1.2.2.4._Composites
To combine the advantages of metals, ceramics and polymers several multi-phasic

implants have been developed with polymer/metal, ceramic/polymer and ceramic/metal
compositions both at the macro-scale (such as metal/polymer hybrid components) as well as the

micron-scale (ceramic incorporated polymers).

1.3. Development of mechanically-strong composite polymeric bone grafts

Over the last decade, several strategies have been used to improve the mechanical
properties of polymeric composites and scaffolds for bone tissue engineering applications such
as 1) Synthesis of polymers with higher mechanical strength by tailoring molecular weight, type
of crosslinker and crosslinking conditions, 2) Optimization of the implant fabrication process to
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eliminate defects and inhomogeneity in the structure and 3) Introduction of secondary phase
materials with higher mechanical properties (such as nanomaterials, powders and fibers). Among
these methods, fabrication of polymeric nanocomposites (reinforcement using nanomaterials) has
shown to be an effective method of improving their mechanical properties. With recent advances
in nanotechnology, several multi-propose nanostructured polymeric nanocomposites have been
developed [23]. There is a high demand for such bone grafts; the global bone implant market is

~29 billion dollars (2007) [3] with a 15% market share for bioresorbable bone grafts [24].

Based on physical properties of polymers such as viscosity, melting point, and attributes
such as thermosetting or thermoplastic, various methods such as solution casting, extrusion,
injection molding have been used to prepare nanomaterial-reinforced polymeric nanocomposites
[25]. Methods such as casting after rotavaporation combined with sheer mixing or micro-wave
assisted dispersion of nanomaterials result in a better control over microstructure homogeneity in
the polymer. Moreover, techniques such as salt leaching [26], melt-spinning, electro-spinning,
drawing, sol-gel, and solid free-form fabrication (or 3-D printing) [27] have led to the fabrication
of nanocomposite structures with complicated shapes, uniform porosity, and matrix homogeneity
(uniform dispersion of nanomaterials in the polymer matrix) which is challenging both at the
macro scale (pore size, distribution and morphology) and the micron scale (nanomaterials
dispersion). For amorphous injectable polymers such as bone cements, the control over the
microstructure is more limited compared to their dense counterparts and the options for
controlling the microstructure are very limited. To address this challenge, multi-phase polymeric
nanocomposites with different degradation rates have been used to produce uniform porous

structures [28-32].



1.4. Emerge of polymeric nanocomposites for bone tissue engineering applications

The use of nanomaterials with high surface energy, increased surface roughness, high
specific surface area, structural defects and excellent mechanical properties as polymeric
reinforcing agents results in an efficient load transfer from polymeric network to the
nanomaterials [23]. Functionalization of nanomaterials with groups such as oxy, epoxy,
oxysulfide, nitrate and carboxy etc results in a uniform dispersion of nanomaterials in the
polymer matrix and increase in the crosslinking density of the polymer that improves the
mechanical properties of the nanocomposites [33-35]. Due to these potential benefits, several
inorganic nanomaterials (such as alumoxane [36], hydroxyapatite [37], titania [38], zirconia [39],
alumina [40], silica [41] and aluminosilicate [42]), as well as organic nanomaterials (such as
carbon nanotubes [43] and graphite [44]) have been used as reinforcing agents. However, the
study of nanomaterials for bone tissue engineering applications has been limited to materials
such as aluminosilicate [42] or calcium-phosphate reinforced polymeric nanocomposites [45]. A
systematic study on the possible effects of nanomaterials with varied morphology and
extraordinary physiochemical properties (inorganic and organic one- and two-dimensional (1-D
and 2-D) nanomaterials such as carbon nanotubes [46] and graphene [47, 48]) on the mechanical

properties of biodegradable polymeric nanocomposites needs to be investigated.

A variety of characterization methods such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), atomic force microscopy (AFM), optical microscopy
(OM), Brunauer-Emmett-Teller (BET) specific surface area measurement, X-ray microcomputed
tomography (microCT) porosimetry, and viscometry have been widely used to evaluate
structural  characteristics of nanomaterials and nanomaterial-reinforced  polymeric

nanocomposites [26, 49, 50]. Mechanical properties (tensile, compressive, flexural, hardness,



fatigue and toughness) of the polymeric bone grafts has been reported prior to implantation, in
contact with cells, and post-implantation using in vitro and in vivo studies. Although intrinsic
mechanical properties of the polymer nanocomposites can be derived from mechanical testing
before implantation, the true mechanical properties of bone grafts after implantation can only be
assessed using in vivo models that include data on body/biomaterials interactions [3, 51, 52].
This research will use many of the aforementioned methods for development of new

multifunctional nanocomposite bone grafts.

1.5. Motivation of this study

There is a need for development of multifunctional and mechanically robust polymeric
bone implants for load bearing applications as majority of the FDA-approved polymeric
composite grafts such as Allofuse®, Boneplast®, Healos®, Opteform® and Mastergraft® utilize
demineralized bone matrix (DBM, derived from euthanized animals) or calcium phosphate
compounds [53] which cannot be stimulated using external sources, and they cannot be
monitored in vivo for tissue regeneration. Although such secondary phase materials have shown
various degrees of improvement in the mechanical properties of polymeric bone grafts, their
mechanical properties are low to permit the tissue engineering of load bearing bones [2].
Furthermore, it is desirable to have the capability to control and monitor bone healing post
scaffold implantation. Towards this aim, we decided to use one- and two-dimensional (1-D and
2-D) carbon and inorganic nanomaterials as polymeric reinforcing agents to improve the
mechanical properties of PPF polymer due to the following factors:

a) These nanomaterial have high intrinsic mechanical properties, defects in their structure,

high surface energy and specific surface area. Therefore, potentially, these nanomaterials



can provide effective mechanical reinforcement against tensile, compressional and
flexural loading at low nanomaterial loading concentrations [54].

b) Unlike DBM that is associated with risks of disease transfer, these synthetic
nanomaterials are easy to sterilize and synthesize.

c) Responsiveness of these nanomaterial to light [55] and electro-magnetic waves [56]
which may enable forming, curing, shaping and monitoring of the nanocomposite post
surgical or injectable implantation [57-60].

d) High thermal conductivity, large specific surface area and the presence of functional
groups on the surface of these nanomaterials can improve the crosslinking density of
polymeric nanocomposites even at lower crosslinking temperatures thereby improving
the mechanical properties.

e) These nanomaterial for are highly functionalizable, therefore, their physical properties
can be further modified for multifunctional stimulus responsive applications such as drug
delivery and treatment monitoring [61, 62].

f) An increase in the surface energy of nanocomposites due to the presence of
nanomaterials can lead to improved biomaterial/cell interactions, critical for tissue

engineering and regenerative medicine applications [63].

Based on these potential benefits, we propose that by incorporation of 1-D and 2-D
nanomaterials with extraordinary physiochemical properties mentioned above, we can increase
the load transfer ability from the polymer matrix to underlying nanomaterials and improve the
crosslinking density of polymeric networks. These effects can significantly increase the
mechanical properties of nanocomposites even at low nanomaterial loading concentrations.

Additionally, the electrical and magnetic properties of these nanomaterials can be exploited to



fabricate stimulus responsive scaffolds capable of in situ forming (via controlled crosslinking),
for real-time non-invasive monitoring (to investigate the accuracy of injection, the integrity of
implant during healing process and ossification) and drug delivery (by delivering bone
morphogenic growth factors) applications. Moreover, it is expected that the increased surface
energy and roughness of nanomaterials will improve cell proliferation, extracellular matrix
(ECM) deposition, and eventual differentiation of stem cells to osteoblasts [64-66]. To show the
potential application of these nanocomposites for bone tissue engineering applications, we also

investigated their in vitro cytocompatibility and bioactivity.

1.6. Selection of nanomaterials for this study

As we reviewed earlier, various inorganic and organic 1-D and 2-D nanomaterials such as
single- and multi-walled carbon nanotubes (SWCNTs and MWCNTSs), boron nitride nanotubes
(BNNTS), tungsten disulfide nanoplatelets (WSNTS), single- and multi-walled graphene oxide
nanoribbons (SWGONRs and MWGONRSs), graphene oxide nanoplatelets (GONPS), boron
nitride nanoplatelets (BNNPs) and molybdenum disulfide nanoplatelets (MSNPs) were used in

this study. This section provides a introduction of their physiochemical properties.

1.6.1. Single-walled carbon nanotubes (SWCNTSs)
SWCNTs (Figure 1.1) are 1-D carbon nanostructures that have been widely used for

electronics (transistors [67]), energy (supercapacitors [68], batteries [69] and hydrogen storage
[70]) and biomedical (drug delivery [71], photo-thermal therapy [72] and bioimaging [73])
applications. SWCNTs exhibit excellent compressive modulus (~1600-6000 GPa [74]) and have

been used as reinforcing agents for PLGA [75], PU [74], PCLA [76], PLLA [77] and PPF [78]
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polymers. Functionalization of SWCNTSs and their effect on mechanical properties of polymeric
nanocomposites has been reported previously [79]. Shi et al. have reported the in vitro
cytocompatibility [80] and Sitharaman et al. have reported the in vivo biocompatibility of
SWCNTs reinforced PPF nanocomposites and scaffolds in a rabbit model [81]. Li et al. have

reported the osteoinductivity of SWCNTSs [82] for bone tissue engineering applications.

1.6.2. Multi-walled carbon nanotubes (MWCNTS)

MWCNTSs (Table 1.1) are 1-D carbon nanostructures that have been used in energy
storage (supercapacitors [83] and batteries [84]), electronic devices [85], gas sensors [86] and
biomedical (bioimaging [87] and drug delivery [88]) applications. MWCNTSs exhibit a high
compressive modulus (~1800 GPa [89]) and, therefore, have been used as reinforcing agents to
improve the mechanical properties of PLGA [90], PCLA [91], PLA [92] and PU [93] polymers
for bone tissue engineering applications. Addition of MWCNTS has resulted in the improvement
of fracture toughness [94] and tensile strength of polymeric nanocomposites [95] at low
nanomaterial loading concentrations (>0.3 wt.%). Zhang et al. have reported cytocompatibility of
MWCNT-PLLA nanocomposites for tissue engineering, Abarrategi et al. reported the
cytompatibility of MWCNT-chitosan nanocomposites using myoblastic mouse cells [96] and
Sahiti et al. [97] have reported the osteoinductivity of MWCNT reinforced PLA polymer for
bone tissue engineering applications. Carbon nanotubes also have been used to trigger cell

stimulation [98] and to fabricate shape memory components [91].
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1.6.3. Boron nitride nanotubes (BNNTS)
BNNTSs are 1-D inorganic nanostructures (Figure 1.1) and have been used for energy

storage (hydrogen storage [99]), electronic devices [100], force sensors [101], pH sensors [102]
and biomedical (biosensors [103], bioimaging [104] and drug delivery [105]) applications.
Because BNNTSs exhibit an excellent compressive modulus (~600 GPa [106]), they have been
used as reinforcing agents to improve the mechanical properties of PLGA [107] polymer for
bone tissue engineering applications. Additionally they have shown improvement in fracture
toughness of ceramics [108]. Ricotti et al. [107] and Ciofani et al. [109] have reported the in
vitro and in vivo cyto- and bio-compatibility of BNNTSs. Moreover, Li et al. showed an increased
osteoinductivity in presence of BNNTs [110]. Addition of BNNTSs results in an improved
thermal conductivity in polymeric nanocomposites [111]. BNNTs have also been investigated as

stimulus responsive materials for inducing osteogenic differentiation [112].

1.6.4. Tungsten disulfide nanotubes (WSNTYS)
WSNTs are 1-D inorganic nanostructures (Figure 1.1) that have been used in energy

storage devices (batteries [113]), electronic devices [114], lubricants [115] and biosensors [116].
WSNTSs show an extra-low friction constant [117] and a high compressive modulus (~200 GPa
[118]) and therefore they have been used as reinforcing agents to improve the mechanical
properties of PLGA polymer [119] for bone tissue engineering applications. Moreover, WSNTs
have extremely low coefficient of friction and, therefore, they may potentially be beneficial to
improve the injectability of polymeric nanocomposites by reducing viscosity [120]. Goldman et

al. showed cytocompatibility of WSNTSs for biomedical engineering applications [121].
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1.6.5. Single-walled graphene oxide nanoribbons (SWGONRS)
SWGONRs are 2-D carbon nanostructures (Figure 1.1) synthesized by unzipping of

SWCNTs through ion bombardment [122] or by using strong oxidizers (KMnQO,) [123]. They
have been used in energy applications (thermally conductive components [124]), electronic
devices [125], and biomedical engineering applications (drug delivery [126]). They possess a
high compressive modulus (~250 GPa [127]) and have been used as reinforcing agents to
improve the mechanical properties of epoxy resins [128] for industrial applications. Moreover,
SWGONRs have structural defects due to unzipping reaction [129] that increases
nanomaterial/polymer interface. Tian et al. and Akhavan et al. have reported the cyto- and bio-

compatibility of SWGONRs for biomedical applications [130, 131].

1.6.6. Multi-walled graphene oxide nanoribbons
MWGONRSs are 2-D carbon nanostructures (Figure 1.1) synthesized by the longitudinal

unzipping of MWCNTSs [123] and have been used in energy storage (supercapacitors [132]),
electronic (devices [133]), and biomedical (biosensors [134] and drug delivery [135])
applications. Although the mechanical properties of MWGONRSs have not been investigated
independently, we expect them to exhibit similar defects and mechanical properties to
SWGONRSs [128]. Based on these potential benefits, they have been used as reinforcing agents to
improve the mechanical properties of PVA [136], PLGA [137] and PU [138] polymerc for
biomedical applications. Furthermore, electrical properties of reduced graphene oxide have been
harnessed towards the development of shape memory polymeric nanocomposites [139].
Chowdhuri et al. [135] and Zhang et al. [140] have reported the cyto- and bio-compatibility of

MWGONRSs for biomedical engineering applications.
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1.6.7. Graphene oxide nanoplatelets (GONPS)
GONPs are 2-D carbon nanostructures (Figure 1.1) synthesized by exfoliating graphite

powder [141] using a modified Hummer’s method for preparation of graphitic oxide [142].
GONPs have been used in energy devices (photo catalysts [143], supercapacitors [144] and
batteries [145]), electronic devices [146], and biomedical applications (bioimaging [147],
biosensors [148] and drug delivery [149]). GONPs are semiconductor [150] and have excellent
mechanical properties similar to other carbon nanostructures (compressive modulus of ~1000
GPa [151]) and therefore have been used as reinforcing agents to improve the mechanical
properties of chitosan [152] and PLA [153] polymers for biomedical applications. Wu et al.
[154] and Zhan et al. [155] have reported the cyto- and bio-compatibility of GONPs for tissue
engineering applications, respectively, and Bressen et al. have reported the osteoinductivity of

GONPs [156].

1.6.8. Boron nitride nanoplatelets (BNNPs)
BNNPs are 2-D inorganic nanostructures (Figure 1.1) synthesized by chemical

exfoliation of boron nitride powder [157] and have been used in energy applications (thermally
conductive components [158]), electronic devices [159], lubricants [160] and biomedical
applications (bioimaging [161] and biosensors [162]). BNNPs show excellent mechanical
properties (compressive modulus ~200 GPa [163]) and an increased fracture toughness [158].
Therefore, they have been used as reinforcing agents to improve the mechanical properties of
epoxy [164] and PBS [16] for industrial applications, respectively. Weng et al. demonstrated

cytocompatibility of BNNPs for biomedical applications [165].
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1.6.9. Molybdenum disulfide nanoplatelets (MSNPs)
MSNPs are 2-D inorganic nanostructures (Figure 1.1) synthesized by chemical vapor

deposition (CVD) [166]. They have been used in energy storage (batteries [167], photo catalysts
[166]), sensors [168], electronic devices [169] and biomedical (bioimaging [170] and drug
delivery [171]) applications. MSNPs have a extremely low coefficient of friction [172] and
excellent mechanical properties (~150 GPa compressive modulus [118]). MSNPs have been used
as reinforcing agents to improve the mechanical properties of chitosan polymer for biomedical
applications[173]. Additionally they exhibit a very low coefficient of friction and therefore may
potentially be beneficial to improve the injectability of polymeric nanocomposites by reducing

viscosity. Wu et al. have reported their cytocompatibility for biomedical applications [174].

1.7. Selection of polymer for this study

Poly(propylene fumarate) (PPF) polymer was used in this study as the polymer matrix
and N-vinyl pyrrolidone (NVP) was used as the crosslinker (Figure 1.2). PPF is a biocompatible,
biodegradable and injectable polymer [19, 175-177] widely used in bone tissue engineering [178,
179], bioimaging [180] and drug delivery [181] applications. PPF is synthesized via a two-step
reaction of propylene glycol and di-ethyl fumarate [175] and has similar mechanical properties
compared to cancellous bone with a compressive modulus of ~1 GPa [19]. NVP crosslinker is a
cytocompatible [182] and biodegradable [183] polymer. Studies have elucidated the crosslinking
mechanism of PPF polymer. Briefly, an exothermic crosslinking reaction starts as the free radical
initiator breaks down the C=C double bonds in NVP and C=0 bonds in PPF. Post bond cleavage,

the radical centers coalasce leading to the crosslinking of PPF and NVP [19].
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1.7.1. Previous studies on PPF nanocomposites

Carbon nanomaterials such as single-walled carbon nanotubes (SWCNTSs) [184], carbon
fullerenes (Cgp) [185] and inorganic nanomaterials such as hydroxyapatite (HAP) [186-188],
silica [189], titania [190], zirconia [191] and alumoxane [192-194] have been used as reinforcing
agents to improve the mechanical properties of PPF nanocomposites [26]. Among these
nanomaterials, only carbon nanotubes exhibit a large aspect ratio and are stimulus responsive.
Shi et al. [80] and Sitharaman et al. [49, 195] have reported cytocompatibility, mechanical
properties and biocompatibility of SWCNT reinforced PPF nanocomposites. Horch et al. [196]
and Mistry et al. [194, 197] have reported the mechanical properties, cytocompatibility and

biocompatibility of alumoxane reinforced PPF nanocomposites.

1.8. Outline of this research

As a first step towards the application of nanomaterial reinforced PPF nanocomposite as
potential bone grafts, their mechanical properties and in vitro cytocompatibility need to be
thoroughly investigated. Toward this goal, we first investigated the efficacy of 1-D and 2-D
carbon and inorganic nanomaterials as reinforcing agents to improve the mechanical properties
of non-porous and porous PPF nanocomposites at low (0.01-0.2 wt. %) loading concentrations.
Next, we investigated the in vitro cytotoxicity and protein adsorption capabilities of porous and
non-porous PPF nanocomposites using MC3T3 pre-osteoblast cell line and various (collagen-I,
fibrin, and fibronectin) proteins. Finally, we investigated the effects of nanostructure loading on
the expression of extracellular matrix (ECM) proteins such as integrin and fibronectin and
calcium mineralization by MC3T3 cells cultured on porous and non-porous PPF

nanocomposites. Our results provide new insights towards the use of novel 1-D and 2-D carbon
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and inorganic nanomaterials towards the fabrication of mechanically strong, biodegradable,
biocompatible and bioactive multifunctional polymeric nanocomposites for bone tissue

engineering applications.
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1.8.1. Tables

Table 1.1. Mechanical properties of human bone [198].

Type of Compressive Bending Compressive Fracture Toughness
bone strength (MPa) | strength (MPa) modulus (GPa) (MPa m"?)
Cancellous 2-12 — 0.05-0.5 —
Cortical 100-230 50-150 7-30 2-12

Table 1.2. Mechanical properties of clinically used orthopedic biomaterials [199, 200].

Density Elastic modulus
Material Modulus/density
(g/ml) (GPa)
Alumina 3.9 345 88.5
Hydroxyapatite 3.2 279 87.2
Aluminum 2.7 70 25.9
Stainless steel 8.0 193 24.1
Titanium 5.0 114 22.8
Zirconium 6.5 83 12.8
Graphite 1.8 276 153.3
Cortical bone 2.1 20 9.5
Cancellous bone 1 0.1 1
Poly(methyl methacrylate)
1.2 3 2.5
PMMA)
Poly (propylene fumarate) (PPF) 1.4 1 0.7

1.8.2. Figures
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Figure 1.1. Structural representation of 1-D and 2-D nanomaterials used in this study (created
using ChemDraw® software). SWCNTSs (single walled carbon nanotubes), MWCNTSs (multi
walled carbon nanotubes), BNNTs (boron nitride nanotubes), WSNTs (tungsten disulfide
nanotubes), GONPs (graphene oxide nanoplatelets), SWGONRs (single walled graphene oxide
nanoribbons), MWGONRs (multi walled graphene oxide nanoribbons), BNNPs (boron nitride
nanoplatelets) and MSNPs (molybdenum disulfide nanoplatelets).
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Figure 1.2. Chemical structure of (a) polypropylene fumarate and (b) N-vinylpyrrolidone
(created using ChemDraw® software).
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Chapter 2: Materials and methods

This chapter describes the materials, methods, and experimental techniques used in this

study. The flowchart in Figure 1 describes the experimental procedure followed in this study.

2.1. Purchased Materials

Diethyl fumarate, hydroquinone, N-vinyl pyrrolidone (NVP), potassium permanganate,
zinc chloride, benzoyl peroxide (BP), graphite, molybdenum trioxide, sulfur and multi-walled
carbon nanotubes were obtained from Sigma Aldrich (St. Louis, MO, USA). Other analytical
grade materials such as hydrogen peroxide, ethyl ether, sodium sulfate, methylene chloride,
isopropanol, ethanol, chloroform, hydrochloric acid, phosphoric acid, sulfuric acid and calcium
hydroxide were purchased from Fisher Scientific (Pittsburgh, PA, USA). Propylene glycol was
purchased from Acros Organics (Pittsburgh, PA, USA). SWCNTs were purchased from
CheapTubes Incorporated (Battleboro, VT, USA) and WSNTs were donated by Nanomaterials
Ltd. (Yavne, Israel). BNNTs and BNNPs were purchased from Daekin University (Daekin,
Victoria, Australia) and PHmatter (Columbus, OH, USA), respectively. Nanomaterials were not

subjected to any chemical treatment (i. e. functionalization) for this study.

2.2. Synthesis of PPF polymer

PPF was synthesized according to a well established method following a two-step

reaction of propylene glycol and diethyl fumarate [175]. The molecular weight of the synthesized
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PPF polymer was monitored throughout the synthesis process using gel permeation

chromatograph (GPC, Thermo Fisher Inc., Vernon Hills, IL, USA).

2.3. Synthesis of nanomaterials
SWGONRs, MWGONRs, GONPs, and MSNPs were synthesized for this study. Single-

and multi-walled graphene oxide nanoribbons were synthesized according to an oxidative
unzipping method developed by Kosynkin et al. [123] from single- and multi-walled carbon
nanotubes, respectively. GONPs were synthesized according to a modified Hummer’s method
[201]. MSNPs were synthesized reaction of molybdenum trioxide and sulfur at high

temperatures inside a tube furnace using a blanket of inert gas [202].

2.4.Characterization of materials and structures

2.4.1. Characterization of the synthesized polymer

The structure of polymer was characterized using a 500Hz Oxford proton nuclear
magnetic resonance spectroscope (NMR, Oxford, UK). Samples were dissolved in 0.5 ml of
deuterated- chloroform (d-chloroform Sigma Aldrich, St. Louis, MO) prior to analysis and
transferred to NMR tubes (Norell, Landsville, NJ, USA). The molecular weight of the polymer
was characterized by gel permeation chromatograph (GPC, Thermo Fisher Inc., Vernon Hills,

IL, USA).
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2.4.2. Raman spectroscopy of nanomaterials

A ProRaman-L spectroscope (TSI, Shoreview, MN, USA) was used to acquire Raman
spectra of nanomaterials in 100-3000 cm™ wavenumber range. The nanomaterials were dispersed
in a 50:50 mixture of ethanol:distilled water, bath sonicated for 15 minutes (FS30H, Fisher
Scientific, Madison, CT, USA), and probe sonicated for 2 minutes (2 sec ‘on’, 1 sec ‘off” cycle,
LX750, Cole-Parmer, Vernon Hills, IL, USA) in microcentrifuge tubes (Eppendorf AG,
Schonenbuch, Switzerland). Next, the tubes were subjected to centrifugation at 10,000 rpm for 5
minutes and 20 pL of supernatant was drop casted onto fresh cleaved silicon wafers (Ted Pella,

Redding, CA, USA), air-dried, and used for Raman spectroscopy.

2.4.3. Transmission electron microscopy (TEM) of nanomaterials

TEM was used for morphological characterization of nanomaterials and nanocomposites.
The nanomaterial dispersions used for Raman spectroscopy were drop casted, on TEM grids
(mesh size: 300, holey lacey carbon grid, Ted Pella, Redding, CA, USA). Then, the grids were
air-dried overnight and used for microscopy. Imaging was carried out using a TECNAI BioTwin

G2 TEM (FEI Technologies, Hillsboro, OR, USA) at an accelerating voltage of 80 kV.

2.4.4. Surface area analysis of nanomaterials

The surface area analysis of nanomaterials was performed using a Brunaur-Emmett-
Teller (BET) method by gas adsorption at 77 K using nitrogen (for WSNTs, SWCNTs and

MWCNTSs) and krypton (for SWGONRs, MWGONRs, GONPs and MSNPs).
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2.5. Fabrication of porous and nonporous nanocomposite samples
2.5.1. Preparation of nonporous nanocomposites

PPF Polymer nanocomposites were fabricated as reported in literature [50, 62]. The 0.01-
0.2 wt. % loading concentration of each nanomaterial (listed in Table 2.1) was selected because
this concentration of nanomaterials does not lead to a viscoelastic behavior in the
nanomaterial/polymeric blend and elliminates difficulties while injection (like trapped air
bubbles) [50, 62]. Briefly, PPF and NVP were mixed in chloroform followed by addition of of
BNNTs, SWCNTs, MWCNTs, WSNTs, SWGONRs, MWGONRs, GONPs, BNNPs and
MSNPs. The blend of PPF, NVP, and nanomaterials were subjected to bath sonication for 30
minutes (FS30H sonicator, Fisher Scientific, Madison, CT, USA) followed by probe sonication
for 2 minutes (2 sec ‘on’ and 1 sec ‘off” cycle; LPX-750 sonicator, Cole Parmer, Vernon Hills,
IL, USA). Chloroform was removed from the mixture using a rotavaporator (R-215, Biichi, New
Castle, DE, USA), and thermal cross-linking of nanocomposite was initiated by addition of 1 wt.
% benzoyl peroxide (BP) as radical initiator. The crosslinking of nanocomposites was completed
overnight at 60 °C inside custom made Teflon molds (Mcmaster-carr, Princeton, NJ, USA).
Cylindrical specimens with diameter of 6.5 mm and height of 14 mm were cut into disks with 1
mm thickness by a low-speed diamond saw (Model 650, South Bay Technology, Redondo

Beach, CA, USA).

2.5.2. Preparation of porous nanocomposite scaffolds

For fabrication of porous scaffolds, nanocomposite mixtures were prepared similarly to
the previous section. After the nanocomposite blends were subjected to rotavaporation (R-215
Rotavap, Bichi, New Castle, DE, USA) for chloroform removal, thermal crosslinking of

nanocomposite was started by adding 1 wt. % benzoyl peroxide (Sigma Aldrich, St. Louis, MO,
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USA). The nanocomposite mixture was then mixed with sodium chloride (Fisher Scientific,
Agawam, MA, USA) to induce porosity (weight of NaCl was calculated as described by Shi et
al. [26] for 85% porosity). Crosslinking of the nanocomposite/salt blend was completed
overnight in Teflon molds at 80°C (Mcmaster-carr, Princeton, NJ, USA) and cylindrical
nanocomposite samples with 6.5 mm diameter and 16 mm height were fabricated. Then, the
cylinders were placed inside sealed glass containers and immersed in DI water (refreshed every
day) for 14 days on a shaker table at 100 rpm. Porous samples were used for mechanical testing,
structural characterization, in vitro cytocompatibility, protein adsorption studies, and bioactivity

assesment.

2.6.Structural characterization of nanocomposites

2.6.1. Transmission electron microscopy (TEM) of nanocomposites

Structure of nanocomposite was analyzed using TEM. The nonporous nanocomposite
specimens were cut into 500 nm thick slices using an ultra-microtome and mounted on TEM
grids (mesh size:400, Copper grid, Ted Pella, Redding, CA, USA). Imaging was performed using
a TECNAI BioTwin G* TEM (FEI Technologies, Hillsboro, OR, USA) at an accelerating voltage

of 80 kV.

2.6.2. Scanning electron microscopy (SEM) of scaffolds

SEM was used to study the microstructure of nanocomposite scaffolds. The scaffolds
were fixed on SEM sample holders using a double-sided tape (Ted Pella, Redding, CA, USA),
and sputter coated with gold (Au). Secondary electron imaging was carried our an accelerating

voltage of 5 kV using a JOEL 7600F high resolution SEM (Peabody, MA, USA) at the Center of
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Functional Nanomaterials (CFN) located at Brookhaven National Laboratory (BNL, Upton, NY,

USA).

2.6.3. Sol-fraction analysis
Sol-fraction analysis was performed to assess the crosslinking density of PPF

nanocomposites as reported previously [50, 62]. The rationale of sol-fraction analysis is based on
the fact that non-crosslinked polymer is soluble in methylene chloride whereas the crosslinked
polymer is not [184]. Nanocomposite samples after crosslinking were crushed, and
approximately 2.5 gram of their crushed powder was placed inside a sealed vial containing 20
mL of methylene chloride. The vials were kept on a shaker plate at 100 rpm for 14 days at room
temperature. After 14 days, the contents were passed through a filter paper (Whatman® N.40
filter, Madison, CT, USA). The respective weights for solid residual material were recorded

(accuracy 0.0001 gram), and the sol-fraction was calculated using the following equation:

* 100

Sol-Fraction (%) = w

Where W; is the initial weight of nanocomposite, Wrs., is the weight of filter paper and recovered
nanocomposite specimen after 14 days, and W, is the weight of filter paper. PPF polymer served

as a baseline control, and a sample size of n=5 was used for each experimental group.

2.6.4. Apparent density measurement of scaffolds

The weight change and dimensions of scaffolds before and after salt leaching were

recorded, and the apparent porosity of scaffolds was calculated using following equation:

€ (%) :100*VN3C1/(VNaCl+Vnc)
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Where ¢ stands for apparent porosity, Vnac IS the volume of NaCl progen and V. is the volume
of nanocomposite. Vnaci and V. were calculated based on theoretical density of NaCl (2.16

g/cm®) and crosslinked PPF nanocomposites (1.50 g/cm?®).

2.7. Mechanical testing
2.7.1. The mechanical properties of nonporous nanocomposites

2.7.1.1. Compressive mechanical testing

The compressive mechanical testing of the nonporous specimens was carried out using an
uniaxial mechanical testing system (Instron 4010, Norwood, MA, USA) according to American
society of testing materials (ASTM) standard D695-08 [203]. The cylindrical specimens were
compressed along their longitudinal axis at 0.1 mm/min strain rate with a 10 KN load cell. The
force-displacement data was recorded and converted to stress-strain curve. The compressive
modulus was determined as the slope of the initial linear portion of stress-strain curve whereas
the compressive yield strength was determined as the maximum recorded stress for each
specimen before plastic deformation (offset yield strength at 0.2% strain). A sample size of n=5

was used for compressive mechanical testing and PPF scaffolds was used as a baseline control.

2.7.1.2. Flexural mechanical testing

The flexural mechanical testing was performed on nonporous nanocomposites according
to ASTM standard D790-07 [204] using a three-point bending setup. The samples (strips with 10
mm width and 70 mm) were placed on spans 55 mm apart and load was inserted midway until
failure. Force and displacement were recorded, and the following equations were used for

calculation of flexural modulus and flexural strength, respectively:
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EF = L3S/4Wd3

Fy = 3PL/2wt?

2.7.2. Mechanical testing of porous nanocomposites
2.7.2.2. Compressive mechanical testing

Compressive mechanical testing of nanocomposite scaffolds was performed using an
uniaxial Instron 4301 mechanical testing system (Norwood, MA, USA) according to American
society of testing materials (ASTM) standard (D695-02a) [205]. Compression testing was carried
out along longitudinal axis of scaffolds at a 0.2 min™ strain rate using a 220 N load cell. The
force versus displacement was recorded during compressive testing and then converted to a
stress-strain curve with respect to gauge length. The slope of linear portion in stress-strain curve
showed the compressive modulus, intersection of stress-strain curve and a line parallel to linear
portion at 0.2% strain represented the offset yield strength and the maximum stress in sample
represented ultimate strength for the scaffolds. The crosslinked PPF scaffolds served as baseline

control and three specimens (n=3) were studied for compression mechanical testing.

2.8. Protein adsorption studies

A well-established solution depletion method was used to study protein adsorption (from
a solution with knows protein concentration) on the surface of the crosslinked nanocomposites
and porous scaffolds using bicinchoninic acid (BCA) assay [206]. The bicinchoninic acid
chelates with Cu* ions (formed as a result of Cu*? reduction present in cupric sulfate reagent).
The reduction of Cu® ions is directly proportional to protein concentration in the solution that
can be quantified using a plate reader [207]. Solutions of fetal bovine serum (FBS), bovine
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collagen-1, human fibronectin and mouse fibrin (Sigma Aldrich, St. Louis, MO, USA) were used
for this study (concentration of 400 pg/dL). Briefly, collagen-I was dissolved in 1 mL acetic acid
(Fisher Scientific, Madison, CT, USA) and fibrin was dissolved in a 0.01 N sodium hydroxide
solution (Fisher Scientific, Madison, CT, USA). Fibronectin and FBS were dissolved in DPBS.
Solutions containing FBS, collagen-I, fibrin and fibronectin were then added to DPBS to prepare
experimental protein solutions. The nanocomposite disks or scaffolds were placed inside 24-well
plates and incubated at 37°C with protein solutions for 1, 5 and 9 days. After each time point, 15
uL of supernatant was transferred to a fresh 96-well plate in order to quantify its protein
concentration using BCA assay (Thermo Scientific, Madison, CT, USA). For the assay, 200 uL
of working solution was added to each well, then, the plates were incubated for 30 minutes, and
the absorbance was recorded at 562 nm using a spectramax-M2 plate reader (Molecular Devices,
Sunnyvale, CA, USA). A standard curve was prepared according to the manufacturer’s protocol
using bovine serum albumin (BSA) solution at different concentrations as standards. The fraction

of adsorbed proteins on the specimens was calculated using the following equation:

Fraction of adsorbed protein (%)= (%) *100

Where C; is the initial concentration of proteins in the solution and Cs is the concentration of
proteins in the solution after incubation. For protein adsorption studies, polystyrene (PS) 24-well
plates (non-plasma treated to minimize erroneous protein adsorption by substrate) were used.
Wells containing protein solutions served as positive controls, wells containing DPBS served as
negative controls, and PPF polymer served as a baseline control. Six samples (n=6) were tested

for each experimental group.
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2.9. Cell culture

2.9.1. Cell culture for cytotoxicity study of nonporous nanocomposites
MC3T3 pre-osteoblasts and NIH3T3 fibroblasts were used for in vitro cytotoxicity

studies. MC3T3 cells (passages 10-14) were suspended in minimum essential medium-alpha
(MEM-a, Gibco, Grand Island, NY, USA) and NIH3T3 cells were suspended in Dulbecco’s
minimum essential medium (DMEM, Gibco, Grand Island, NY, USA). Both MEM-a and
DMEM were supplemented with 10 vol. % fetal bovine serum (FBS, Gibco, Grand Island, NY,
USA) and 1 vol. % antibiotics (Penicillin-streptomycin, Gibco, Grand Island, NY, USA) and
seeded inside tissue culture polystyrene (TCPS) petri-dish with 10 cm diameter (Sarsdedt®,
Newton, NC, USA). The cells were incubated in a humidified atmosphere at 37°C with 5%
carbon dioxide (95% air). For cytotoxicity studies, MC3T3 cells were washed using Dulbecco’s
phosphate buffer saline (DPBS, Gibco, Grand Island, NY, USA), trypsinized using 0.05%
Trypsin-EDTA (Gibco, Grand Island, NY). Then, the cells were seeded in 96-well plates (BD
Falcon, Franklin Lakes, NJ, USA) at a density of 5000 cells/well. The cells were incubated for
24 hours before commencement of the assays. For cell attachment study, MC3T3 cells were

seeded at a density of 50,000 cells/well in 6-well plates (Corning Inc., NY, USA) for 24 hours.

2.9.2. Cell culture for cellularity study of porous nanocomposite scaffolds

MC3T3 pre-osteoblasts were used for in vitro analysis of cellularity and collagen-I
expression. Briefly, the frozen MC3T3 cells (passages 10-14) were suspended in minimum
essential medium-alpha (MEM-a, Gibco, Grand Island, NY, USA) supplemented with 10 vol. %
fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and 1 vol. % penicillin-streptomycin
antibiotics (pen-strep®, Gibco, Grand Island, NY, USA). The suspension was centrifuged, and

cells were seeded in tissue culture polystyrene petri-dish (TCPS, Sarsdedt®, Newton, NC, USA)
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containing MEM-a media. Next, the petri-dishes were stored in a humidified incubator at 37°C
with of 5% carbon dioxide (95% air). After 85% confluency (observed under light microscope)
the cells were detached using 0.05% Trypsin-EDTA (Gibco, Grand Island, NY) and seeded on
sterilized (under UV for three hours) scaffolds inside 6-well plates (Corning Inc., Corning, NY,
USA) at a density of 100,000 cells/specimen. Cell suspensions were gradually added to the
scaffolds (in 20 pL portions) to ensure attachment to the scaffolds. After 24 hours of incubation
at 37°C, the scaffolds were transferred to a fresh 6-well plate containing MEM-o media. The

cellularity and collagen-I expression on scaffolds were studied later.

2.9.3. Cell culture for differentiation study of MC3T3 cells on nanocomposite scaffolds
MC3T3 pre-osteoblasts were used for in vitro analysis of osteogenic differentiation and

calcium mineralization studies. Briefly, frozen MC3T3 cells (passages 10-14) were thawed in
minimum essential medium-alpha (MEM-a, Gibco, Grand Island, NY, USA) supplemented with
10 vol. % fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and 1 vol. % penicillin-
streptomycin antibiotics (pen-strep®, Gibco, Grand Island, NY, USA). After centrifugation, the
cells were seeded in polystyrene tissue culture dishes (TCPS). After reaching 85% confluency,
the cells were trypsinized (Gibco, Grand Island, NY, USA) and subsequently seeded on sterilized
scaffolds (under ultraviolet light for 3 hours) inside 24-well plate (BD Falcon, Franklin Lakes,
NJ, USA) at a density of 50,000 cells/scaffold. After 24 hours of incubation at 37°C, the
scaffolds were transferred to a fresh 24-well plate (in order to eliminate the cells adhered to the
wells) and 1 ml osteogenic media was added to each well. To prepare osteogenic media, 50

mg/ml ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA) and 10mM B-glycerophosphate
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(Sigma-Aldrich, St. Louis, MO, USA) were dissolved in MEM-a. The media was changed at 2

day intervals throughout the entire study.

2.10. In vitro studies on nonporous nanocomposites
2.10.1. Invitro assays

2.10.1.1. Presto Blue assay

Cell viability was assessed using a resazurin-based Presto Blue® assay (Invitrogen,
Grand Island, NY, USA) according to the manufacturer’s protocol. To determine the viability of
cells using Presto Blue, the enzymatic reduction of cell permeable resazurin dye into highly
fluorescent pink resorufin dye was measured. The reduction happens only in the presence of
viable cells that can be quantified by measuring the color change [208]. After 24 hours of
exposure to the experimental media, 10 uL of Presto Blue working solution was added to each
well. After 2 hours of incubation in the dark, fluorescence spectra of plates were recorded using a
spectramax-M2 plate reader (Molecular Devices, Sunnyvale, CA, USA) at excitation and
emission wavelengths of 560 and 590 nm, respectively. Cell numbers were determined using a
standard curve. Wells containing known numbers of viable cells served as live (positive) controls
whereas blank wells containing only media (without cells) served as dead (negative) controls.
Six wells (n=6) were tested for each experimental group. The fraction of live cells for each

experimental group was calculated using the following equation:

Fs—Fb
Fc—Fb

Viability (%) = * 100

Where F; is fluorescence of tested specimen, Fy, is the background fluorescence for the blank

media and F. is the fluorescence of live (positive) control.
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2.10.1.2. Lactate dehydrogenase (LDH) assay
The membrane integrity of cells was investigated as an indicator of cytotoxicity using an

enzyme based lactate dehydrogenase assay (LDH-TOX7; Sigma Aldrich, St. Louis, MO, USA)
according the manufacturer’s protocol. Thia assay measures the cytotoxicity by quantifying the
amount of intracellular LDH enzyme released in the media by apoptotic or necrotic cells [209].
After 24 hours of exposure to experimental solutions, 96-well plates were subjected to
centrifugation at 4000 rpm to remove cellular debris. 50 puL of supernatant was transferred to a
fresh 96-well plate and mixed with 100 pL of LDH working solution. After 45 minutes of
incubation in dark, absorbance of each well was recorded using a spectramax-M2 plate reader
(Molecular Devices, Sunnyvale, CA, USA) at an absorbance wavelength of 492 nm. To compare
cytotoxicity among experimental groups, LDH release was determined by normalizing the
measured absorbance of experimental wells to reference wells (with 5000 lysed NIH3T3 or
MC3T3 cells) and using a standard curve. Wells containing lysed cells (exposed to 20 puL of lysis
buffer for 15 minutes) served as a positive (dead) control whereas wells containing only cell
culture media (without cells) served as a negative (live) control. Six wells (n=6) were tested for

each experimental group. The LDH release was calculated using the following equation:

LDH release (%) = % ¥ 100

Where A is the absorbance of experimental sample, Ay is the back ground absorbance of blank

media, and A, is the absorbance of positive control (lysed cells) [135].

2.10.1.3. Calcein-AM (LIVE) staining

Calcein-acetoxymethyl ester (calcein-AM) staining has been widely used to selectively

stain metabolically active cells [80]. Briefly, 5 uL of calcein-AM stock solution (40mM, Sigma
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Aldrich, St. Louis, MO, USA) was mixed with 10 mL DBPS to prepare a working concentration
of 4 uM. The working solution was added to each well containing nanocomposite specimens
(after cells culture) and was incubated at 37°C for 25 minutes. Specimens were rinsed with
DPBS and placed in 35-mm glass bottom petri dishes (Mattek Corp., Ashland, MA, USA) for
confocal fluorescence microscopy at 485 excitation wavelength and 530 nm emission
wavelength. TCPS wells with same surface area (compared to nanocomposite samples), after
seeding at 5000 cells/well and 24-h incubation, served as positive (live) control whereas PPF
disks after seeding at 5000 cells/well and 24-h incubation after 15 minutes treated with lysis

solution served as negative controls. Two samples (n=2) were stained for each experimental

group.

2.10.2. Cytocompatibility studies on nanocomposites
2.10.2.1. Cytocompatibility study of nanomaterials

To evaluate the cytotoxicity of nanomaterials, a direct extraction method according to
ISO 10993-5 [210] standard was used. Cytotoxicity of all carbon nanomaterials at concentrations
used in this study has been studied before, therefore, cytotoxicity analysis was performed only
for BNNTs and BNNPs. Briefly, the nanomaterials were dispersed in MEM-o media and
subjected to bath sonication for 30 minutes (FS30H, Fisher Scientific, Madison, CT, USA).
Stock solution of nanomaterial dispersions at 100 pg/mL concentration were prepared and
further diluted using blank media to prepare 10 pg/mL and 1 pg/mL dilutions. Then, media
containing 100, 10 and 1 pg/mL nanomaterials were added to 96-well plates containing MC3T3

cells at a density of 5000 cells/well. Finally, after incubation for 24 hours at 37°C, cell viability
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was evaluated using Presto Blue and LDH assay. Six samples (n=6) were studied for each

experimental group.

2.10.2.2.Cytocompatibility study of components prior to crosslinking

To evaluate the cytotoxicity of nanocomposite components before crosslinking, blends of
PPF/NVP and PPF/NVP/Nanomaterials were prepared by dispersing nanomaterials at 0.2 wt. %
concentration in non-crosslinked PPF/NVP (50:50) blend. After UV-sterilization, cytotoxicity
evaluation was performed according to the extract dilution testing method [210]. The blends
were incubated with MEM-o. or DMEM media for 24 hours (0.33 mL media per cm? contact
area). After incubation, the supernatant was extracted and diluted 10 and 100 folds to prepare
1X, 10X, and 100X experimental media. MC3T3 or NIH3T3 cells were exposed to 1X, 10X, and
100X experimental media for 24 hours. Cell viability was evaluated using Presto Blue assay
whereas cytotoxicity of non-crosslinked nanocomposites against NIH3T3 and MC3T3 cells was

quantified using LDH assay. Six samples (n=6) were studied for each experimental group.

2.10.2.3. Cytocompatibility study of the crosslinked nanocomposites

Cytotoxicity of crosslinked nanocomposites was assessed using an extract-dilution
method as previously described [210]. Crosslinked nanocomposite disc specimens (6 mm
diameter, 0.5 mm thickness) were UV-sterilized for 3 hours, washed with DPBS, and incubated
with MEM-a or DMEM media for 24 hours (0.33 mL per cm? contact area). MC3T3 cells were
treated with extracted media (1X) and their 10X and 100X dilutions for 24 hours. Cell viability

was evaluated using Presto Blue. The cytotoxicity of crosslinked nanocomposites for MC3T3

35



and NIH3T3 cells was quantified using LDH assay. Six samples (n=6) were studied for each

experimental group, and PPF composite served as a baseline control.

2.10.2.4. Cytocompatibility study of nanocomposite degradation products

Crushed nanocomposite powders were subjected to accelerated degradation using
calcium hydroxide (Ca(OH),, Fisher Scientific, Madison, CT, USA) and phosphoric acid
(H3POy, Fisher Scientific, Madison, CT, USA) [80]. 2.5 grams of the crushed nanocomposite
powder were added into a 20 mL glass vial containing 1N Ca(OH), and placed on a shaker table
at 100 rpm for 14 days. The degradation products were then neutralized (pH ~7.4) using H3PO4
and filtered. Due to the absence of ingredients and supplements for cell survival in the
degradation products, after neutralization and filtering, the degradation mixture was added to cell
culture media at a 1:1 ratio to prepare 2X experimental media. 10X and 100X experimental
media were prepared by 10 and 100 fold dilutions of the degradation products. MC3T3 or
NIH3T3 cells were incubated with 2X, 10X, and 100X experimental solutions for 24 hours. Cell
viability was evaluated using Presto Blue assay and cytotoxicity of degradation products was
quantified using LDH assay. Degradation products of crosslinked PPF polymer were used as a

baseline control. Six samples (n=6) were used for each experimental group.

2.11. Cell attachment and spreading on the surface on nonporous nanocomposites
2.11.1. Quantifying attached cells on the surface of nonporous nanocomposites

UV-sterilized crosslinked nanocomposite disc specimens were placed inside 6-well
plates. Autoclaved stainless steel rings were placed on top of each disk and NIH3T3 and MC3T3

cells were seeded at a density of 20,000 cell/specimen inside the steel rings gradually over a span
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of 30 minutes. After another 30 minutes of incubation, 100 uL. MEM-a or DEM media was
added inside each ring and incubated for 90 minutes. Next, the rings were removed, and 1.8 mL
MEM-a or DEM media was added to each well. After 24-h incubation, cells were trypsinized
and counted using a hemacytometer (Fisher Scientific, Madison, CT, USA). Cell attachment

(fraction of attached cells) was calculated for n=3 samples using the following equation:
Cell attachment (%) = (+)*100

Where Ns is the number of cells counted using hemocytometer and N; is the initial number of
cells. Fraction of cells attached to TCPS with the same surface area was recorded for

comparison.

2.11.2. Cell spreading evaluation by confocal fluorescence microscopy

NIH3T3 and MC3T3 cells were seeded onto nanocomposite disk specimens at a cell
density of 5 x 10* cells/specimen and incubated for 5 days. Then, the disks were washed with
phosphate buffered solution (DPBS), incubated with calcein-AM (4uM) for 25 minutes (for
selective staining of viable cells [211]), and placed in a glass-bottom petri-dish (Mattek
Corporation, Ashland, MA, USA) for fluorescence imaging using a confocal laser scanning
microscope (LSM 510 META, Carl Zeiss, Thornwood, NY, USA) equipped with a 10X
objective lens. Imaging was carried out at excitation and emission wavelengths of 488 and 515
nm, respectively. Tissue-culture polystyrene (TCPS) samples with same surface area after
seeding and incubation for 24 hours were used as positive controls whereas cell cultured PPF
after 15 minutes treatment with lysis solution served as negative controls. PPF composites were

used as a baseline control. Two samples (n=2) were imaged for each experimental group.
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2.11.3. Study of cell spreading by Scanning electron microscope (SEM)
The cellular attachment and spreading of MC3T3 cells on nanocomposite surfaces were

investigated by SEM. The nanocomposite disks used for confocal microscopy were fixed using
2.5 % glutaraldehyde (Electron Microscopy Sciences Inc., Hatfield, PA, USA) solution, washed
twice using DBPS, dehydrated in gradient series of ethanol solutions (70%, 80%, 90% and 100%
ethanol), and vacuum dried overnight. The disks were sputter coated using gold (coating
thickness: 3 nm) and imaged at 5 kV using a high resolution 7600F HRSEM (JEOL, Peabody,
MA, USA) at the Center for Functional Nanomaterials (CFN) in Brookhaven National

Laboratory (Upton, NY, USA).

2.12. In vitro cell studies on porous scaffolds
2.12.1. Cellularity study using double stranded-DNA (ds-DNA) assay
Number of viable MC3T3 cells (cellularity) on each scaffold was quantified for n=5

samples using quantifluor®-ds DNA assay (Promega, Madison, WI, USA). Briefly, after 1, 5
and 9 days of incubation, scaffolds were washed twice using ice cold DPBS (Gibco Life, Grand
Island, NY, USA) and placed inside microcentrifuge tubes (Eppendorff AG, Hamburg,
Germany) and subjected to double freeze-thawing cycles followed by 30 minutes of bath
sonication (FS30H, Fisher Scientific, Madison, CT, USA) to lyse the attached cells. The cell
lysates were then centrifuged for 5 minutes at 10000 rpm to expel cellular debris. Finally, 100
ML of supernatant was collected and placed in a fresh 96-well plate and mixed with 100 pL of
Quantifluor® working solution to determine ds-DNA content according to manufacturer’s
protocol. After mixing the lysate with working solution and 10 minutes of incubation in dark, the
florescence spectra was recorded using a spctramax-M2 palate reader (Molecular devices,

Sunnyvale, CA, USA) at an excitation wavelength of 480 nm and an emission wavelength of 570
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nm. PPF scaffold without cells served as a negative control and PPF scaffolds (with cells) served

as a baseline control.

2.12.2. Study of cell spreading on the scaffolds using confocal florescence microscopy
Spreading of the cells on nanocomposite scaffolds was studied using a LSM 510-META

laser scanning microscope (Carl Ziess, Thornwood, NY, USA) for n=2 samples. After 5 days of
incubation, the scaffolds were washed twice using ice-cold DBPS and stained using 0.05 vol. %
calcein-AM solution in DPBS (40 mM, Life Technologies, Grand Island, NY, USA). After
incubation in the dark for 45 minutes, the scaffolds were placed inside glass-bottom petri-dishes
(Mattek Corporation, Ashland, MA, USA) and laser confocal images were acquired at excitation
and emission wavelengths of 488 nm and 515 nm, respectively. PPF scaffolds (without cells)

served as a negative control whereas PPF scaffolds (with cells) were used as baseline controls.

2.12.3. Study of cell spreading using scanning electron microscopy (SEM)

SEM imaging was performed to visualize cell spreading and attachment on the
nanocomposite scaffolds. Briefly, after 5 days of incubation, the scaffolds were washed twice
with ice-cold DPBS and fixed using a 2.5 % glutaraldehyde solution in DPBS (Electron
Microscopy Sciences Inc., Hatfield, PA, USA) for 45 minutes. Then, the samples were washed
with gradient series of ethanol (70%, 80%, 90% and 100%), dried in air and vacuum-dried
overnight. Next, SEM samples were sputter coated with gold (Au) and imaging was carried out
at 5 kV using a high resolution 7600F HRSEM (JEOL, Peabody, MA, USA) at the Center for

Functional Nanomaterials (CFN) in Brookhaven National Laboratory (Upton, NY, USA).
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2.13. Immunohistochemistry (IHC) study of protein expression
2.13.1. Immunohistochemistry (IHC) of collagen-1 expression

Collagen-1 expression by MC3T3 cells on nanocomposite scaffolds was studied as
reported previously to assess the formation of extracellular network (ECM). Two (n=2) samples
were used for analysis [212, 213]. After 5 days of cell culture, the scaffolds were fixed using 2.5
% glutaraldehyde in DBPS. Next, the samples were blocked using a buffer containing 0.3 M
glycine and 1 % bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) for 30
minutes. Next, the scaffolds were washed using immunofluorescence buffer (IFB, 0.1% BSA in
DPBS) and placed inside 6-well plates for antibody staining. For primary antibody staining, the
scaffolds were incubated with a working solution (2 pl/ml in IFB) of mouse collagen-I
monoclonal antibody produced in mouse (cat. No. C 2455, Sigma-Aldrich, St. Louis, MO, USA)
for 60 minutes. The scaffolds were washed twice using IFB and incubated for 60 minutes in
secondary antibody working solution. For secondary antibody staining, the scaffolds were
incubated in a 6-well plate with a 2 pl/ml working solution of rhodamine (TRITC)—conjugated
anti-mouse secondary antibody (cat. No. T 2402, Sigma-Aldrich, St. Louis, MO, USA) in IFB.
Finally, the scaffolds were washed twice using IFB and used for confocal microscopy. The
confocal microscopy was carried out using a LSM 510-META laser scanning microscope (Carl
Ziess, Thornwood, NY, USA) at an excitation wave length of 600 nm and an emission

wavelength of 688 nm.

2.13.2. Immunohistochemistry (IHC) of integrin B-1 expression

To analyse the expression of integrin -1, the nanocomposite scaffolds after 7 days of cell
culture at 37°C were fixed using 2.5 % glutaraldehyde in DPBS. Cells were permeabilized for 10

min using aqueous 0.1 % Triton 100X solution (Fisher Scientific, Pittsburg, PA, USA) in DPBS.
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Then, the scaffolds were immersed in a blocking buffer of 0.3 M glycine and 1 % bovine serum
albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) in DPBS for 30 minutes. The Scaffolds
were then washed with immunofluorescence buffer (IFB, 0.1% BSA in DPBS) and placed inside
6-well plates for antibody staining. First, the scaffolds were incubated with primary mouse anti-
integrin (B-1) antibody (2 pl/ml in IFB, Abcam, Cambridge, MA, USA) for 60 minutes, then the
scaffolds were washed twice using IFB. Next, the scaffolds were incubated for 60 minutes at
37°C in dark using mouse secondary antibody working solution (2 pul/ml in IFB) of rhodamine
(TRITC)—conjugated anti-mouse secondary antibody (cat. No. T 2402, Sigma-Aldrich, St. Louis,
MO, USA). Then, the scaffolds were washed using IFB (2x). Fluorescence imaging was carried
out using a LSM 510-META confocal microscope (Carl Ziess, Thornwood, NJ, USA) at an
excitation wave length of 600 nm and an emission wavelength of 688 nm for n=2 samples. PPF
scaffold without cells served as negative control while PPF scaffold after 7 days of cell culture

served as a baseline control.

2.14.Study of bioactivity on nanocomposite scaffolds
2.14.1. Measurement of alkaline phosphatase (ALP) activity
To quantify ALP activity, 100 pL of the cell lysate was mixed with 100 pL of 1 mg/mL

p-nitrophenyl phosphate (Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37°C for 30
minutes. The reaction was then stopped by adding 50 pL of 2N sodium hydroxide (NaOH, Fisher
Scientific, Pittsburg, PA, USA) and absorbance spectra was recorded at 405 nm using a spectra
max-M2 plate reader (Molecular devices, Sunnydale, CA, USA). The standard curve was
prepared according to manufacturer’s protocols. This value was then normalized to number of

cells on the scaffolds. The activity of intracellular alkaline phosphatase (ALP) of MC3T3 cells
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after 14, 21 and 28 days of incubation at 37°C in osteogenic media was quantified using five

(n=5) samples from each experimental and control group.

2.14.2. Measurement of calcium mineralization

To assess calcium mineralization, 100 pL of cell lysate was mixed with 100 pL of 1M
acetic acid (Fisher Scientific, Pittsburg, PA, USA) and incubated overnight. Then, 20 uL of
solution was transferred to a fresh 96-well plate and 300 pL of Arsenazo-lll assay (Fisher
Diagnostics Inc., Middleton, VA, USA) solution was added. After 60 seconds of incubation in
the dark, the absorbance spectra was recorded at 650 nm using a spectra max-M2 plate reader
(Molecular devices, Sunnydale, CA, USA). A standard curve for calcium contentment was
prepared according to the manufacturer’s protocol and normalized with respect to the number of
cells quantified using Quantifluor assay. The calcium content in cell lysate after 14, 21 and 28
days of incubation at 37°C in osteogenic media was studied using three (n=3) samples from each

experimental and control group.

2.15. Osmolarity measurements

To assess the cytotoxicity of nanocomposite degradation products against NIH3T3 or
MC3T3 cells, the osmolarity of 2X, 10X and 100X experimental solutions was measured using a
3D3 osmometer (Advanced Instruments Inc., Norwood, MA, USA) for n=3 samples.
Degradation extracts of PPF composites and scaffolds were used as a baseline control. The
osmolarity of DEM, MEM-o media, filtered 400 ug/ml Cas(PO)4 suspension was also recorded

for comparison purposes.
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2.16. Statistical analysis

All statistical analysis was performed for a 95% (p<0.05) confidence interval and using
GraphPad Prism® software. To determine the significant differences among results, a single
factor analysis of variance (one way ANOVA) followed by Tukey’s post-hoc test [214] was

performed. Data is reported as mean * standard deviation.
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2.17. Tables

Table 2.1. Experminetal groups used in this study.

Abbreviation Name
PPF polypropylene fumarate
SWCNTs single-walled carbon nanotubes
MWCNTs multi-walled carbon nanotubes
SWGONRs | single-walled graphene oxide nanoribbons
MWGONRs | multi-walled graphene oxide nanoribbons
GONPs graphene oxide nanoplatelets
WSNTs tungsten disulfide nanotubes
BNNTs boron nitride nanotubes
MSNPs molybdenum disulfide nanoplatelets
BNNPs boron nitride nanoplatelets
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2.18. Figures
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Figure 2.1. Flow chart of depicting the preparation of porous and nonporous nanocomposites for
experiments.
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Chapter 3: Characterization of PPF polymer and

nanomaterials

Preface

The data in this chapter have been reproduced with permission from the following

articles:

[1]. Farshid, Behzad, Gaurav Lalwani, and Balaji Sitharaman. "In vitro cytocompatibility of
one-dimensional and two-dimensional nanostructure-reinforced biodegradable polymeric
nanocomposites.” Journal of Biomedical Materials Research Part A, 103(7), 2015, 2309-21.

[2]. Lalwani, Gaurav, Allan M. Henslee, Behzad Farshid, Priyanka Parmar, Liangjun Lin, Yi-
Xian Qin, F. Kurtis Kasper, Antonios G. Mikos, and Balaji Sitharaman. "Tungsten disulfide
nanotubes reinforced biodegradable polymers for bone tissue engineering." Acta biomaterialia 9,
no. 9 (2013): 8365-8373.

[3]. Lalwani, Gaurav, Allan M. Henslee, Behzad Farshid, Liangjun Lin, F. Kurtis Kasper, Yi-
Xian Qin, Antonios G. Mikos, and Balaji Sitharaman. "Two-dimensional nanostructure-
reinforced biodegradable polymeric nanocomposites for bone tissue engineering."”

Biomacromolecules 14, no. 3 (2013): 900-90

The authors of these articles have contributed to the data presented in this chapter.
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3.1. Introduction

This chapter discusses the various phyisochecmical properties of PPF polymer and
nanomaterials. Structural and chemical characterization of nanomaterials was performed using
transmission electron microscope (TEM) and Raman spectroscopy whereas PPF polymer was
characterized using nuclear magnetic spectroscopy (NMR, structural characterization) and gel

permeation chromatograph (GPC, molecular weight characterization).

3.2. Characterization of PPF polymer
The NMR spectra of PPF polymer (Figure 3.1) showed two major peaks at ~7 PPM and

~1.5 PPM along with two peaks of moderate intensity at ~4 PPM and ~5.7 PPM. Additionally,
other minor peaks were observed in the NMR spectra. The molecular weight of PPF was ~3138

Da with a poly dispersity index (PDI) of ~1.38.

3.3. Characterization of nanomaterials
3.3.1. Raman spectroscopy of nanomaterials
Figure 3.2 displays Raman spectra of SWCNTs, MWCNTs, BNNTs, WSNTs,

SWGONRs, MWGONRs, GONPs, BNNPs and MSNPs. Carbon nanomaterials (SWCNTSs,
MWCNTSs, SWGONRs, MWGONRs, and GONPs) showed two peaks at ~1330 cm™ and ~1580
cm™ wavenumbers. Raman peaks at 1330 cm™ and 1584 cm™ were observed for SWCNTSs
(Figure 3.2.A). The peaks at 1340 cm™ and 1573 cm™ were observed for MWCNTs (Figure
3.2.B). SWGONRs (Figure 3.2.C) showed peaks at 1332 cm™ and 1586 cm™ while MWGONRSs
(Figure 3.2d) showed peaks at 1336 cm™ and 1584 cm™. GONPs (Figure 3.2.E) showed peaks at
1338 cm™ and 1574 cm™. WSNTs (3.2.F) showed peaks at 350 cm™ and 420 cm™ whereas

BNNTSs (Figure 3.2.G) showed three major peaks at 474 cm™, 1366 cm™ (E2g peak) and 2414
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cm™. MSNPs (3.2.H) showed six peaks at 230 cm™, 274 cm™, 330 cm™, 400 cm™, 816 cm™ and

1000 cm™. BNNPs (Figure 3.2.1) showed peaks at 1370 cm™ (Eyq peak) and 2444 cm™.,

3.3.2. Transmission electron microscopy (TEM) study of nanomaterials
Figure 3.3 displays TEM images of various nanomaterials used in this study. SWCNTSs

and MWCNTs were present as individual and bundled nanotubes. The diameter and length of
SWCNTSs were ~1-2 nm and ~20-30 pum, respectively. The diameter and length for MWCNTS
were ~20-30 nm and ~200 pm, respectively. TEM images of SWGONRs and MWGONRs
showed a smooth planar structure with few edge defects and indicated the complete unzipping of
SWCNTs and MWCNTS into nanoribbons (width of nanoribbons ~z x diameter). The width and
length of SWGONRs were ~4 nm and ~20-30 um, respectively. The width and length for
MWGONRs were ~20-30 nm and ~200 pm, respectively. GONPs were disk shaped with ~200-
1600 nm diameter and ~5 nm thickness. MSNPs were hexagonal nanoplatelets with ~100 nm
diameter and ~8 nm thickness. WSNTSs were tube-shaped with ~15-100 nm diameter and ~4 pm
length. BNNTSs showed characteristic tubular morphology with ~100 nm diameter and 1-2 pm
length. BNNPs were stacks of polygonal-shape platelets with smooth planar structure. BNNPs

had diameter between 200-1800 nm.

3.3.3.  Atomic force microscopy (AFM) study of nanomaterials
Figure 3.4 displays the structural characterization of nanostructures by AFM. AFM

analysis of SWGONRs (Figure 3.4.A), and MWGONRs (3.4.B) showed their single and multi-
layered ribbon-like shapes, respectively. Their nanoribbon structure was uniform and smooth,

with few edge defects. AFM images of SWGONRs showed that they possess an average width of
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3—6 nm and length 500—1000 nm; confirming complete unzipping of SWCNT (diameter 12
nm, length 1-1.5 um, width of nanoribbon =  * diameter). Due to the displacement of the sp°
hybridized carbon, and the presence of oxygen, SWGONRs are expected to be slightly thicker
than pristine graphene sheet, which possesses a van der Waals thickness of 0.34 nm similar to the
reports in the literature [215, 216]. AFM height profile indicates that SWGONRs are single-
layered graphene oxide sheets (Z =~ 1 nm). MWGONRs have an average width of 60—90 nm
corresponding to the complete unzipping of MWCNTSs possessing diameter ranging from 20 to
30 nm (n *diameter). MWGONRs show 500-1500 nm length and have a height (Z) of about 7
nm (AFM height profile) corresponding to ~21 graphene layers (the value was calculated
assuming single layer graphene thickness of ~0.34 nm). GONPs (Figure 3.4.C) were disk-shaped
with ~10—40 nm diameter and 3—5 nm height, corresponding to ~9—14 graphene layers. MSNPs
(Figure 3.4.D) had a hexagonal morphology, with diameters between 50 and 200 nm and height
(Z) =8 nm. WSNTSs (Figure 3.4.E) existed as individually dispersed sharp needle-like nanotubes

possessing a mean outer diameter of ~100 nm and length between 1-15 pm.

For comparison purposes, AFM images of SWCNTs and MWCNTSs are also included.
SWCNTs (Figure 3.4.F) and MWCNTSs (Figure 3.4.G) were present as individual and bundled
nanotubes. The AFM height profile indicated the existing of SWCNTs as bundles of 2-5
nanotubes (considering the height (Z) of SWCNTs ~1 nm). Additionally, thick bundles of
SWCNTSs (~20-25 nanotubes) were also imaged. SWCNTSs possess an average diameter of 1-2
nm and length of ~2-5 um. MWCNTSs were also imaged as individual and bundles of nanotubes
possessing diameters of ~40-70 nm and lengths of ~0.5-2 um. The nanotube structure of
SWCNTs, MWCNTs and WSNTs appears smooth without any edge defects. Based on AFM and

TEM analysis, the aspect ratio of nanomaterials were calculated and presented in Table 3.1.
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3.3.4. Brunauer-Emmett-Teller (BET) analysis to measure specific surface area of
nanomaterials

The specific surface area of nanomaterials used for this study is presented in Table 3.2.
Results showed higher surface area for carbon nanomaterials compared to inorganic
nanomaterials. Among nanomaterials, SWCNTs with specific surface area of 353 m2.g™
exhibited the largest specific surface area while MSNPs showed the minimum specific surface
area (17 m*g™). The specific surface area of SWCNTs, MWCNTs and MWGONRs were
between ~200-300 m?.g™}, SWGONRs and GONPs exhibited specific surface area of ~95 m2.g™

and 45 m%.g™?, respectively.

3.4. Discussions

Raman spectroscopy analysis of nanomaterials (Figure 3.2) shows that SWCNTSs,
MWCNTs, SWGONRs, MWGONRs, and GONPs exhibit the characteristic D (1330-1340 cm™),
G (1573-1586 cm™) and G' (2650 cm™) bands of graphene. Structural defects and functional
groups are the cause of the first order D band (one phonon double resonance resulting from the
disruption of C=C bonds [217]), the G band is a result of in-plane vibrations involving
sp? hybridized carbon atoms. G' band (also called 2-D) is a second order mode of the D band.
Raman spectroscopy analysis of SWCNT and MWCNTs showed a low D/G ratio (Ip/lg)
suggesting a pristine structure of nanotubes. SWGONRs, MWGONRSs, and GONPs showed an
increase in the intensity ratio (Ip/lg) which suggests the presence of structural defects due to

functional groups that disrupt the sp® -bonds of carbon atoms [217-219].

Raman spectra of BNNTs and BNNPs show intense peaks around ~1370 cm™ for both

nanomaterials due to the Epy vibration mode in the hexagonal structure of boron nitride (in
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opposite directions, parallel to x axis in x-y plane) [220, 221]. The other minor peak at ~474 cm™
can be attributed to presence of boric acid residues from synthesis [220], whereas peaks at 2414
cm™ and 2444 cm™ (for BNNTs and BNNPs, respectively) are due to the presence of impurities,
functional groups and/ or structural defects. For MSNPs, the peaks at 274 cm™ and 400 cm™ can
be attributed to E4 vibration modes in the crystalline MoS; and its nano-hexagonal structure,
respectively [62]. For molybdenum disulfide, the J, peak at 230 cm™ shows presence of 2a,
superlattice while J; peak at 330 cm™ is due to structural distortion. The peaks at 816 cm™, and
1000 cm™ are due to oxysulfide functional groups [50, 222]. For WSNTSs, the peak at 350 cm™ is
due to Eyy atomic vibrations for tungsten and sulfur atoms in x-y plane (in opposite directions
parallel to x axis), whereas the peak at 420 cm™ corresponds to Aaq vibration mode of sulfur

atoms in x-y plane (in opposite directions and parallel to y axis) [62, 223].

TEM images (Figure 3.3) confirm the tubular morphology of SWCNTs, MWCNTS, and
WSNTSs; ribbon morphology of SWGONRs and MWGONRs; disc-shaped morphology of
GONPs and hexagonal morphology of MSNPs [50, 62, 135, 195, 224]. Also, TEM analysis
confirmed the characteristic tubular morphology of BNNTs and hexagonal structure of BNNPs.
AFM analysis was in agreement with TEM structural characterization of SWCNTs [225],
MWCNTs [226], SWGONRs [227], MWGONRs [228], GONPs [216], MSNPs [229] and

WSNTSs [230].

BET analysis (Table 3.2) showed that all of the nanomaterials exhibit a large surface
area. The formation of SWGONRs aggregates (during unzipping of SWCNTS) (as seen in Figure
3.3) led to less specific surface area for SWGONRs compared to MWGONRSs. Our results were
in agreement to the values reported in the literature. Specific surface area of ~80-1500 m%.g™,
~20-1300 m*.g*, ~430-510 m*g™?, ~30-470 m*g*, ~8 m%.g*, ~10-60 m*.g*, ~220 m?.g* and
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~230 m%.g™* were observed for SWCNTs [231], MWCNTSs [232], MWGORs [233], GONPs

[234], WSNTs [235], MSNPs [236], BNNTSs [237] and BNNPs [238], respectively.

3.5. Summary

In this chapter, we reported the structural characterization and chemical analysis of PPF
polymer and the various organic and inorganic nanomaterials used for the preparation of PPF
nanocomposites. The nanomaterials showed a large specific surface area and the presence of
functional groups on their surface. The presence of functional groups and large surface area can
affect the nanocomposite microstructure and in turn dictate cellular-material interactions which

are reported in subsequent chapters.
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3.6. Tables

Table 3.1. Aspect ratio of nanomaterials used in this study.

Nanomaterial | Aspect ratio
SWCNTs ~1000
MWCNTs ~10-400

SWGONRs ~80-350

MWGONRs ~5-25
GONPs ~1
WSNTs ~100-400
MSNPs ~1
BNNTSs ~500-200
BNNPs ~1

Table 3.2. Specific surface area of nanomaterials.

Nanomaterial | Specific surface area (m“/g)
SWCNTs 353
MWCNTs 211
SWGONRs 96
MWGONRs 384
GONPs 45
WSNTSs -
MSNPs 17
BNNTSs -
BNNPs 35
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Figure 3.2. Raman spectra of nanomaterials.

54



Figure 3.3. TEM images of nanomaterials.
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Figure 3.4. AFM images of a) SWGONRs, b) MWGONRs, ¢) GONPs, d) MSNPs and e)
WSNTSs (continued on the next page).
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(nm)

Figure 3.4. AFM images of f) SWCNTSs and g) MWCNTSs (Continued from the previous page).
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Chapter 4. Mechanical properties of nonporous 1-D

and 2-D nanocomposites

Preface

The data in this chapter have been reproduced with permission from the following

articles:

[1]. Lalwani, Gaurav, Allan M. Henslee, Behzad Farshid, Priyanka Parmar, Liangjun Lin, Yi-
Xian Qin, F. Kurtis Kasper, Antonios G. Mikos, and Balaji Sitharaman. "Tungsten disulfide
nanotubes reinforced biodegradable polymers for bone tissue engineering.” Acta biomaterialia 9,

no. 9 (2013): 8365-8373 (with permission from Elsevier publishing group).

[2]. Lalwani, Gaurav, Allan M. Henslee, Behzad Farshid, Liangjun Lin, F. Kurtis Kasper, Yi-
Xian Qin, Antonios G. Mikos, and Balaji Sitharaman. "Two-dimensional nanostructure-
reinforced biodegradable polymeric nanocomposites for bone tissue engineering."”
Biomacromolecules 14, no. 3 (2013): 900-90 (with permission from American Chemical

Society).

The authors of these articles have contributed to the data presented in this chapter.

4.1. Introduction

The limitations in clinical treatment of bone defects using autologous or allogenous bone

grafts and permanent prosthetic implants has led to emergence of bone tissue engineering
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strategies [239]. Especifically, there has been a growing interest to develop nanoparticle-
reinforced biodegradable polymer nanocomposites for bone tissue engineering applications [49,
90, 194, 240-243]. A major motivation behind these studies is to enhance the mechanical
properties of the biodegradable polymer for tissue engineering of load bearing bones. Carbon
nanostructures such as fullerenes, single- and multi- walled carbon nanotubes, ultra-short carbon
nanotubes, single- and multi-walled graphene oxide nanoribbons and graphene oxide

nanoplatelets have been investigated as reinforcing agents [26, 49, 50, 78, 81, 184].

Reinforcing agents possessing high intrinsic mechanical property allow efficient load
transfer, enhancing the load bearing capability of the nanocomposites. Theoretical studies show
that although individual carbon nanotubes possess exceptionally high mechanical properties
(Young’s modulus in TPa range) [244], the effective Young’s modulus of CNTs in polymeric
composites is significantly lower (= 500 GPa) [245]. It has been shown that in order to achieve
significant improvements in the mechanical properties of polymers, the presence of reinforcing
agents as individual particles in the polymer matrix is highly recommended [246]. However, due
to strong van der Walls interactions and n-m stacking (0.5 eV/nm) [247, 248], pristine carbon
nanotubes exist as micron sized aggregates in the polymeric matrix resulting in stress

concentration and failure [78].

In addition to carbon nanotubes, 2-D carbon nanostructures such as graphene oxide
nanoribbons (single- and multi-walled) and graphene oxide nanoplatelets (GONPs) and show
remarkable mechanical properties [249-251]. Additionally, inorganic 1-D and 2-D nanomaterials
such as tungsten disulfide nanotubes (WSNTSs), boron nitride nanotubes (BNNTS), boron nitride

nanoplatelets (BNNPs) and molybdenum disulfide nanoplatelets (MSNPs) show high mechanical
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strength and have been used to reinforce polymeric scaffolds and nanocomposites [50, 164, 252-

254].

Graphene has been predicted to have remarkable mechanical stiffness comparable to
graphite, and fracture strength similar to SWCNTs [255, 256]. Therefore, for a 2-D carbon
nanostructure-reinforced polymer nanocomposite under mechanical stress, nanostructure
possessing high stiffness should allow efficient transfer of load from the polymer matrix [48].
Moreover, 2-D carbon nanostructures show high surface area, structural defects, and possess
functional groups (hydroxyl, carboxyl or sulfide groups) on the surface that should allow
formation of good interfaces with the polymer matrix; key requirements for efficient load
transfer [48]. Similarly, inorganic nanomaterials such as tungsten disulfide nanotubes (WSNTS),
boron nitride nanotubes (BNNTSs), boron nitride nanoplatelets (BNNPs) and molybdenum
disulfide nanoplatelets (MSNPs) have been used as reinforcing agents to improve the mechanical
properties of epoxy and poly(methyl methacrylate), and other polymers [50, 164, 252-254]. As
discussed in chapter 1, these nanomaterials exhibit very high mechanical properties, structural
defects, carry functional groups (such as sulfide and oxy-sulfide) on their surface, and can be
readily dispersed in organic solvents and polymers [15]. The unique physical properties of these
nanomaterial makes them good candidates for development of smart biomaterials responsive to
external stimulus (pH, electrical and magnetic fields, thermal, acoustic and light waves) for an
active control over shape and microstructure of the polymeric nanocomposites and may be
utilized for multifunctional applications such as drug delivery and bioimaging. Based on these
potential benefits, the efficacy of 2-D carbon nanostructures, as well as organic metallic sulfide

nanomaterial fillers, needs to be systematically investigated.
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In this study, poly(propylene fumarate) (PPF), an injectable, cross-linkable,
biocompatible and biodegradable polyester, widely investigated for bone tissue engineering
applications was used as the polymeric matrix [81, 178, 257]. WSNT, MSNP, SWGONR and
MWGONR and GONP nanocomposites at 0.01-0.2 wt. % loading concentration were fabricated,
and their mechanical properties were compared to carbon nanotube-reinforced nanocomposites
(SWCNT, MWCNT) that were used as positive controls. Crosslinked PPF composites without
nanomaterial loading were used as baseline control. Mechanical properties (compression and
flexural), crosslinking density and dispersion state of nanomaterials in the polymer matrix were

investigated (flowchart is shown in Figure 4.1).

4.2.Results

4.2.1. Compressional and flexural mechanical properties of nanocomposites

The mechanical properties (compressive modulus, compressive yield strength, flexural
modulus and flexural yield strength) of the nanocomposites as a function of nanomaterial
concentration (0.01-0.2 wt. %) are presented in Figures 4.2.A-D. Also, included are the
mechanical properties of crosslinked PPF baseline control, and SWCNT and MWCNT
nanocomposites (positive controls). Table 4.1.A-D tabulates the highest compressive modulus
and vyield strength, flexural modulus and bending yield strength, the corresponding loading
concentration for each nanocomposite, and the percentage (%) increase compared to the baseline

and positive controls.

A significant increase in the compressive modulus (Figure 4.2.A) and yield strength
(Figure 4.2.B) was observed for all the nanocomposites at various loading concentrations
compared to PPF baseline control. Importantly, most of the 2-D nanomaterials at various loading

61



concentrations exhibited a significant increase in the compressive modulus and yield strength
compared to 1-D nanotube-reinforced SWCNT, MWCNT and WSNT nanocomposites. The
highest compressive modulus values (Table 4.1.A) for 2-D nanocomposites were 35-108%
greater compared to PPF composites, and up to 78% greater compared to the positive controls.
The highest compressive yield strength values (Table 4.1.B) for the 2-D nanocomposites were
27-93% greater compared to PPF baseline controls, and up to 81% greater compared to the
positive controls. On the other hand, inorganic 1-D nanocomposites showed lower compressive
yield strength compared to 2-D nanocomposites. However, the compressive modulus (Figure
4.2.A) and compressive yield strength (Figure 4.2.B) of WSNT nanocomposites at all loading
concentrations were significantly higher than PPF baseline controls. On the other hand, WSNT
nanocomposites at various loading concentrations also showed a significant increase in the
mechanical properties compared to positive controls. The highest compressive modulus for
WSNT nanocomposites was ~60% greater compared to baseline control and ~12-48% greater
than positive controls (Table 4.1.A). The highest compressive yield strength values for WSNT
nanocomposites were ~55% greater than PPF baseline controls, and ~5-48% greater than positive

controls (Table 4.1.B).

The flexural modulus (Figure 4.2.C) and flexural yield strength (Figure 4.2.D) for all the
2-D nanocomposites, at all nanomaterials loading concentrations, also show a significant
increase compared to PPF baseline controls. The majority of 2-D nanostructure nanocomposites,
at various loading concentrations, showed significant increase in the flexural modulus and
flexural yield strength compared to 1-D nanocomposites and PPF baseline control. The highest
flexural modulus (Table 4.1.C) for 2-D nanocomposites were 15-53% greater compared to PPF

control, and up to 47% greater compared to the 1-D carbon nanocomposites. The highest flexural
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yield strength values (Table 4.1.D) for the 2-D nanocomposites were 102-262% greater
compared to PPF control, and up to 237% greater compared to the positive controls. On the other
hand, inorganic WSNT nanocomposites had lower flexural strength and flexural modulus
compared to 2-D nanocomposites, but they still showed a significant increase in the flexural
modulus (Figure 4.2.C) at 0.02-0.2 wt. % nanomaterial loading concentration compared to PPF
baseline controls. A significant increase in the flexural modulus, compared to positive controls
was also observed at 0.05 wt. % WSNTs loading concentration. Additionally, WSNT
nanocomposites showed a significant increase in the flexural yield strength at all concentrations
compared to the baseline control, and at various concentrations (0.05-0.2 wt. %) compared to
positive controls. The highest flexural modulus value for WSNT nanocomposites was ~28%
greater than PPF control, and ~1-32% greater than positive controls (Table 4.1.C). The highest
flexural yield strength value for 2D nanocomposites was ~191% greater than baseline control

and ~28-127% greater than positive controls (Table 4.1.D).

4.2.2. Sol-fraction analysis of nanocomposites

The sol-fraction values for various nanocomposites is reported in Figure 4.3. The sol-
fraction values for PPF, SWCNT, and MWCNT composites was ~14%, ~12.9-14.2% and ~12.1-
14.2%, respectively. The sol-fraction for 2-D nanocomposites was ~10.2-12.2% for SWGONR,
~8.7-11.6% for MWGONR, ~9.5-12.3% for GONP and ~8.5-10% for MSNP nanocomposites.
WSNT nanocomposites showed a lower sol-fraction (~7.7-9.8%) compared to PPF baseline
control and positive controls. The highest crosslinking density was observed for all loading

concentrations of MSNPs. Additionally, higher loading concentrations (0.1-0.2 wt. %) of GONPs
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and MWGONRs also resulted in significant increase in the crosslinking density of

nanocomposites compared to the positive and baseline controls.

4.2.3. Transmission electron microscopy (TEM) of nanocomposites

TEM was performed on the crosslinked nanocomposites to characterize the nanomaterial-
polymer interface and assess the dispersion state of 1-D and 2-D nanostructures in the PPF
matrix (Figure 4.4). TEM analysis was performed with special consideration to minimize local
heating and prevent specimen damage. No solvent dissipation was observed. TEM images show
that all nanostructures were coated with a thin layer of PPF polymer, and embedded in the PPF
matrix. The analysis indicated that SWCNTs and MWCNTSs were present in the nanocomposites
as bundles of ~2-4 and ~2-3 nanotubes, respectively (Figures 4.4.A and 4.3.B). SWGONRs were
dispersed as bundles of a few (~2-5) nanoribbons, and MWGONRs existed as individual
nanoribbons (Figures 4.4.C and 4.4.D). GONPs and MSNPs also existed as individual
nanoplatelets in the PPF matrix (Figures 4.4.D and 4.4.E). TEM images showed a defect-free

nanomaterial/polymer interface in WSNT nanocomposite (Figure 4.4.F).

4.3. Discussions

For load-bearing applications, a bone graft with mechanical properties similar to the
native bone is desired. Bone tissue engineering implants with lower or higher mechanical
properties compared to the native bone could elicit structural failure or stress shielding in the
surrounding bone tissue, respectively. One strategy to increase the mechanical properties of
biodegradable polymers for bone tissue engineering application is the incorporation of secondary
phase with higher intrinsic mechanical properties (compared to the native polymer). Towards

this end, PPF nanocomposites were prepared by dispersing 1-D and 2-D organic (single- and
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multi-walled carbon nanotubes, single- and multi-walled graphene oxide nanoribbons and
graphene oxide nanoplatelets) and inorganic (molybdenum disulfide nanoplatelets and tungsten
disulfide nanotubes) nanomaterials as reinforcing agents for the biodegradable polymer PPF at
various loading concentrations (0.01-0.2 wt. %). PPF nanocomposites were fabricated using a
radical-initiated thermal crosslinking method using benzoyl peroxide as the radical initiator.
Compression and three-point bending tests were performed according to ASTM standards to
characterize the mechanical properties of the nanocomposites. Sol-fraction analysis was
performed to detect the changes in crosslinking density of the polymer in the presence of the
nanomaterials. TEM analysis was performed on the crosslinked specimens to characterize the
nanomaterial/polymer interface and assess the nanomaterial dispersion in the polymer matrix.
The results were compared to carbon nanotubes (single-and multi-walled carbon nanotubes) -
reinforced PPF nanocomposites which were used as the positive controls and PPF polymer

without nanomaterial loading that served as a baseline control.

A few reports have investigated the mechanical properties of polymeric nanocomposites
reinforced with 2-D and 1-D carbon or inorganic nanostructures [136, 258-261]; several studies
have investigated the use of carbon nanotubes [49, 78, 81, 90, 184, 262]. Song et al. reported
~74% increase in the Young’s modulus of polypropylene composites compared to pristine PPF
polymer controls at 0.42 vol. % loading of exfoliated graphene platelets [259]. Koratkar et al.
reported ~31% and ~30% increase in the Young’s modulus of epoxy composites at ~0.1 wt.%
loading of graphene platelets [260] and 0.3 wt.% loading of MWGONRSs [233], respectively.
Pinto et al. reported ~100% increase in the yield strength and Young’s modulus of PLGA
nanocomposite films (compared to pristine PLGA films) at 0.4 wt. % loading of exfoliated

graphene oxide nanosheets and graphene nanoplatelets [259]. Chatterjee et al. reported ~80%
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increase in toughness at 0.5 wt. % loading of surfactant dispersed graphene nanoplatelets in
thermoplastic poly(amide) polymer [42]. Zhou et al. reported ~28% increase in the storage
modulus and ~24% increase in the tensile strength upon the addition of 1-5 wt. % exfoliated
molybdenum disulfide nanosheets in poly(vinyl alcohol) (PVA) [263]. The results of these
various reports cannot be compared to each other directly, because of differences in fabrication
methods and the chemical state (pristine or functionalized) of the nanomaterials. Nevertheless,
these studies corroborate a salient result of this study that the 2-D and 1-D nanostructures can
substantially enhance the mechanical properties of polymer nanocomposites even at very low

loading concentrations.

The structural and chemical characterization of nanomaterials was discussed in chapter 3.
SWGONRs, MWGONRs, GONPs, MSNPs, and PPF were synthesized according the well-
established methods [123, 175, 202, 264]. As discussed in chapter 1, the presence of functional
groups such as oxysulfide in GONPs, GONRs, WSNTs and MSNPs can act as handles for
improved nanomaterial polymer interaction, thereby improving the mechanical properties of
polymeric components [48]. The results of the mechanical properties (Figures 4.2.A-D and
Tables 4.1.A-D) indicate a clear and consistent trend in the values for the nanocomposites:
MSNP > GONP > MWGONR > SWGONR > WSNT > MWCNT > SWCNT> PPF controls.
Results show that 2-D nanocomposites exhibit better mechanical properties compared to 1-D
nanocomposites. The results taken together also indicate that, among the 2-D nanostructures,
nanoplatelets are better reinforcing agents than nanoribbons and inorganic nanostructures and
better reinforcing agents than carbon nanostructures. Among 1-D nanostructures, inorganic
nanotubes WSNTs reinforce PPF polymer better than carbon nanotubes (SWCNTs and

MWCNTSs). The values of compressive (Young’s) modulus, compressive strength, flexural
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modulus and flexural strength for the PPF nanocomposites are lower than the mechanical
properties of cortical bone, but greater or comparable to trabecular bone [265]. The higher
mechanical properties of 2-D and 1-D nanocomposites compared to the baseline PPF control
attribute to a complex interplay of several factors such as surface area, aspect ratio, surface
energy and roughness, dispersion state of nanomaterials, and the crosslinking density of
polymeric matrix. Several studies have reported that a high surface area of nanoparticles
dispersed in polymer permits an efficient load transfer from the polymer matrix to the embedded

nanoparticles [233].

Brunauer-Emmett—Teller (BET) was used to analyze surface area of the nanomaterials.
The measured BET surface areas for all the nanostructures are listed in Table 3.2 (Chapter 3).
The values follow the following trend: MWGONRs > SWCNTs > MWCNTs > SWGONRs >
GONPs > MSNPs > WSNTSs. Surface area values of SWCNTs, MWCNTs, MWGONRs,
GONPs, and MSNPs, are within the range reported in the literature [123, 231-233, 236, 266,
267]. The values for SWGONRSs have not been reported previously and are lower than SWCNTSs.
Interestingly, the surface area of graphene nanoparticles (SWGONRs, MWGONRs, and GONPs)
are lower than the theoretical value of 2630 m%g™ for individual isolated graphene sheets. The
surface area of WSNTs was 8.43 m2.g™, significantly lower than previously reported values for
SWCNTs and MWCNTSs [50]. It is important to note that, for the solid nanostructure samples, a
significant surface area is not available for nitrogen absorption due the presence of nanoparticles
as aggregated bundles [268, 269]. However, during the preparation of polymeric
nanocomposites, sonication could disrupt these aggregates, and further increase the surface area
of the nanostructures. There is no method that allows a direct quantification of the surface area of

nanostructures embedded in the polymer matrix. Nevertheless, the above results suggest that the
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surface area of nanostructures may not be the major factor responsible for the observed trends in

the mechanical properties.

The aspect ratio of fillers has been reported to affect the mechanical properties of
polymeric composites [270]. The aspect ratio (length divided by diameter) values were
calculated by measuring length and diameter of nanotubes from multiple TEM and AFM images,
and were reported in Table 3.1 (Chapter 3). The values follow the trend: nanoplatelets <
nanoribbons < nanotubes; an opposite trend compared to the results of mechanical properties.
This trend suggests an inverse relationship between the aspect ratio (an important measure of
size) of nanostructures and the mechanical properties of the nanocomposites. However, this
relationship cannot be extrapolated for hydrophilic polymers reinforced with other
nanomaterials. For instance, a recent study on pristine graphene-reinforced poly(vinyl alcohol)
(PVA) nanocomposites showed an increased Young’s modulus as the aspect ratio of graphene

sheets increased [271].

Sol-fraction analysis was performed to assess changes in the crosslinking density of PPF
in the presence of 2-D and 1-D nanostructures, since changes in the crosslinking density have
been shown to alter the mechanical properties of nanoparticle-reinforced polymer
nanocomposites [272]. The decrease in sol-fraction values of PPF nanocomposites compared to
PPF baseline control signifies an increase in the crosslinking density of the polymer [184]. The
sol-fraction results suggested the following trend: 2-D nanostructure nanocomposites > 1-D
nanostructures nanocomposites > PPF baseline control. The presence of substantially higher
number of hydroxyl, carboxyl, and sulfide functional groups on the 2-D nanostructures and
WSNT nanotubes [123, 202, 223] compared to carbon nanotubes could lead to increased

interactions between the nanostructures and the surrounding PPF matrix, and thus, a higher
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crosslinking density. Therefore, the crosslinking density of nanocomposites is an important
parameter responsible for the observed differences in the mechanical properties of various

nanocomposite groups investigated in this study.

TEM imaging was performed to investigate nanomaterial/polymer interface and assess
the dispersion state of nanomaterials in the polymeric matrix post thermal crosslinking. A
uniform individual dispersion of nanoparticles in the polymer matrix is recommended for an
efficient load transfer; presence of nanoparticles as aggregates in the polymer matrix can cause
slippage between nanostructures leading to poor mechanical reinforcement [273]. These
aggregates can also act as sources of stress concentration or crack initiation, especially under
external loading. The existence of MWGONRSs, GONPs and MSNPs as individual nanoparticles
further corroborates the hypothesis that during the preparation of nanocomposites, sonication
might effectively disrupt the aggregates of nanostructures, thereby increasing the surface area
available for interaction with the polymer. TEM images indicate that SWCNTs and MWCNTSs
were present as micron sized aggregates, whereas WSNTSs were present as individually-dispersed
nanotubes. For WSNT nanocomposites, based on the consistently higher compressive and
flexural mechanical properties compared to positive and baseline controls, it can be inferred that
in addition to the changes in the crosslinking density, a uniform dispersion of nanoparticles in the
polymer matrix might act as a key factor for the observed increased mechanical properties
compared to baseline and positive controls. Additionally, these results also suggest that chemical
composition of nanostructures is an important factor for the enhanced mechanical reinforcement,

and inorganic nanotubes, in general, are better reinforcing agents compared to carbon nanotubes.

The results of this chapter taken together suggest that differences in surface energy,

chemistry, surface area, aspect ratio and structural defects may be the key factors for the
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observed increases in the mechanical properties of PPF nanocomposites compared to the baseline
PPF control and carbon nanotube positive controls. Interestingly, the presence of structural
defects and functional groups could bring about a better nanomaterial-polymer physiochemical
interaction, leading to an increase in the crosslinking density in the nanocomposites [274].
Among the 2-D nanocomposites, based on the consistently higher values in the mechanical
properties for nanoplatelets compared to nanoribbons, it can be inferred that other than
differences in crosslinking density, the lower aspect ratio of nanoplatelets compared to
nanoribbons may be responsible for their better mechanical reinforcement because of less stress
concentration. Importantly, equivalent or better mechanical reinforcement using MSNPs suggest
that chemical composition of the nanostructures may also play a role and inorganic 2-D
nanostructures maybe more suitable to achieve enhancement for certain mechanical properties
(e.g. compressive mechanical properties) compared to carbon and tungsten disulfide nanotubes.
Among 1-D nanotubes, inorganic WSNTSs were better reinforcing agents than carbon nanotubes.
The range of the mechanical properties of these nanocomposites was comparable to the reported
values of trabecular bone (Young’s modulus ~ 300-5000 MPa, compressive yield strength ~0.1-
13 MPa, flexural modulus ~40-50 MPa, flexural yield strength ~1.8-10 MPa) [275-277].
However, the mechanical properties of nanocomposites are significantly lower than cortical bone
(Young’s modulus ~12,000-20,000 MPa, compressive yield strength ~170-190 MPa, flexural

modulus ~5000-23,000 MPa, flexural yield strength ~130-295 MPa) [278-281].

This work significantly contributes to existing body of work on 2-D and 1-D
nanostructure-reinforced polymer nanocomposites by providing direct comparisons of the
efficacies of various nanostructures as reinforcing agents of polymer nanocomposites.

Additionally, the promising mechanical property results of the 2-D and 1-D nanostructures
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reinforced PPF nanocomposites for bone tissue engineering application opens avenues for in

vitro and in vivo studies to assess their safety and efficacy.

4.4. Conclusions

In conclusion, biodegradable polymeric PPF nanocomposites reinforced with various 1-D
and 2-D carbon and inorganic nanomaterials (single- and multi-walled carbon nanotubes, single-
and multi-walled graphene oxide nanoribbons, graphene oxide nanoplatelets, molybdenum
disulfide nanoplalets and tungsten disulfide nanotubes) at low nanomaterials loading
concentrations were fabricated and their mechanical properties were investigated towards the
development of mechanically robust polymeric bone implants. The mechanical properties
(compressive modulus, compressive yield strength, flexural modulus and flexural yield strength)
of all the 2-D nanocomposites were significantly higher in comparison to 1-D nanocomposites
and PPF baseline control and follow the trend: 2-D inorganic nanocomposites > 2-D carbon
nanocomposites > 1-D inorganic nanocomposites > 1-D carbon nanocomposites > PPF baseline
control. The extent of mechanical reinforcement was closely dependent on the nanostructure
morphology with nanoplatelets > nanoribbons > nanotubes. The inorganic 2-D nanostructure
MSNPs consistently showed a better mechanical reinforcement compared to other
nanocomposites and PPF baseline control. 2-D nanostructures caused an increase in the
crosslinking density of nanocomposites compared to 1-D nanocomposites or PPF composites.
The 2-D nanostructures (except SWGONRSs) and WSNTSs were present as individual particles in
the crosslinked PPF matrix, while SWGONRs, SWCNTs, and MWCNTSs were present in the

PPF matrix as small aggregates (bundles of 2-5 nanoparticles). This study demonstrates that
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harnessing the potentials of 2-D and 1-D nanostructures could lead to development of an entire

new class of smart, ultra-strong and lightweight polymeric bone grafts.
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4.5, Tables

Table 4.1.A) Compressive modulus of various PPF nanocomposites.

Highest % increase | % increase % increase
Concentration
Nanostructure compressive compared | compared to | compared to
(wt. %)
modulus (MPa) to PPF SWCNTSs MWCNTSs
SWGONR 1340.4 £ 83.6 0.1 35.3 0-12.4 0-15.7
MWGONR 1665.2 £ 99.0 0.1 68.1 23.3-41.9 8.3-43.7
GONP 1699.3 £ 69.4 0.1 71.6 25.8-44.7 10.6-46.7
MSNP 2061.8 £ 126.6 0.2 108.1 52.6-75.5 34.1-77.9
WSNT 1578.2 £ 71.39 0.02 60.6 26.5-43 12.4-48.5

Table 4.2.B) Compressive yield strength of various PPF nanocomposites.

Highest

Concentration

% increase

% increase

% increase

Nanostructure | compressive yield compared | comparedto | compared to
(wt. %)
strength (MPa) to PPF SWCNTSs MWCNTSs
SWGONR 53.2+0.8 0.05 26.5 0-18.7 0-2.3
MWGONR 674+1.1 0.02 60.1 22.1-50.3 10-29.5
GONP 68.6 £ 2.0 0.2 63.1 24.3-53.1 12-32
MSNP 81.3+2.2 0.2 93.2 47.3-81.4 32.7-56.4
WSNT 64.7+2.8 0.2 55.3 10.6-48.2 4.6-23.3
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Table 4.2.C) Flexural modulus of various PPF nanocomposites.

% increase | % increase % increase
Highest flexural | Concentration
Nanostructure compared | compared to | compared to
modulus (MPa) (wt. %)
to PPF SWCNTs MWCNTSs
SWGONR 756.3 £ 40.2 0.2 15.0 0-10.3 0-17.9
MWGONR 817.6 +12.6 0.05 24.4 7.6-19.2 0-27.5
GONP 925.2+54 0.05 40.7 21.7-34.9 10.2-44.2
MSNP 1005.8 £12.3 0.05 53.0 32.2-46.6 19.7-56.7
WSNT 845.5 +62.9 0.05 28.5 11.2-23.4 0.8-31.9

Table 4.2.D) Flexural yield strength of various PPF nanocomposites.

Highest % increase % increase % increase
Concentration
Nanostructure | flexural yield compared to | compared to | compared to
(wt. %)

strength (MPa) PPF SWCNTSs MWCNTSs

SWGONR 15.1+£0.8 0.05 101.7 9.3-87 0-51.5
MWGONR 247+ 1.4 0.05 230.1 78.9-206.1 19.5-148.0
GONP 27.2+0.1 0.05 263.1 96.8-236.7 31.5-172.8
MSNP 27.1+0.9 0.1 262.2 96.3-235.8 31.1-172.1
WSNT 19.83+2.19 0.1 190.7 40.3-127.4 27.9-73.18
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Table 4.3. Mechanical
nanocomposites.

properties of human cortical and trabecular bone with various PPF

Compressive

Mechanical Young’s Flexural Flexural yield
yield strength
Properties modulus (GPa) modulus (GPa) | strength (MPa)
(MPa)
Trabecular bone 0.3-10 0.1-13 0.04-0.05 1.8-10
Cortical bone 12-20 170-193 5-23 133-295
SWGONR 1.2-1.3 46.3-53.2 0.7-0.75 8.8-15.1
MWGONR 1.3-1.6 52.6-67.4 0.68-0.81 15.1-24.7
GONP 1.3-1.7 59.2-68.6 0.82-0.92 17-27.2
MSNP 1.5-2 64-81.3 0.87-1.0 18.5-27.1
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4.6. Figures

Mechanical properties of non-porous
nanocomposites (0.01-0.2 wt.%)

Characterization .
. Sol-gel analysis
of nanomaterials

(BET, AFM, TEM and microscopy
and Raman) WIS

Compression
and flexural
mechanical

testing

Figure 4.1. Flowchart depicting the investigation of mechanical properties of nonporous PPF
nanocomposites.
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Figure 4.3. Sol fraction analysis of crosslinked PPF nanocomposites as a function of
nanostructure loading (mean * standard deviation for n=5 samples). Groups with a significant
difference compared to PPF composite are marked with the symbol “*” (p < 0.05).
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, A 500 nm

Figure 4.4. Representative transfniésion electron microscopy images of crosslinked PPF
nanocomposites at 0.1 wt. % loading concentration of: A) SWCNT, B) MWCNT, C) SWGONR,
D) MWGONR, E) GONP, F) MSNP and G) WSNT (nanostructures marked with red arrows).
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Chapter 5: In vitro cytocompatibility of nonporous 1-D
and 2-D nanomaterial reinforced PPF

nanocomposites

Preface

The data in this chapter have been reproduced with permission from the following

articles:

[1]. Farshid, Behzad, Gaurav Lalwani, and Balaji Sitharaman. "In vitro cytocompatibility of
one-dimensional and two-dimensional nanostructure-reinforced biodegradable polymeric

nanocomposites." Journal of Biomedical Materials Research Part A, 103(7), 2015, 2309-21.

The authors of these articles have contributed to the data presented in this chapter.

5.1. Introduction
Biodegradable polymers such as poly(lactic-co-glycolic acid) (PLGA) [282],

poly(polypropylene fumarate) (PPF) [283], and non-biodegradable polymers such as
polyurethane (PU) [284] have been employed to develop coatings for metallic implants [282]
and non-porous prosthetic polymeric components such as compact rods [285] and interference
screws [17]. The biodegradable polymers have also been used to fabricate porous scaffolds to

treat bone loss due to fractures, traumatic musculoskeletal injuries, congenital abnormalities, or

81



other bone defects [19, 286-289]. For applications involving load bearing implants, these
polymers lack adequate mechanical properties [290]. Studies show that incorporation of carbon
and inorganic nanomaterials such as fullerenes [291], carbon nanotubes (CNTs) [292] and
alumoxane nanomaterials [192] as reinforcing agents into these polymers significantly improves

their mechanical properties [293].

In Chapter 4, we systematically investigated the efficacy of 1-D and 2-D organic and
inorganic nanomaterials as reinforcing agents to improve the mechanical properties (compressive
and flexural modulus, and yield strength) of the polymer PPF. Single- and multi-walled carbon
nanotubes (SWCNTs, MWCNTSs), single- and multi-walled graphene oxide nanoribbons
(SWGONRs, MWGONRs), graphene oxide nanoplatelets (GONPs), molybdenum disulfide
nanoplatelets (MSNPs), or tungsten disulfide nanotubes (WSNTSs) were dispersed into PPF at
various loading concentrations (0.01-0.2 wt%). These nanomaterial-reinforced PPF
nanocomposites exhibited mechanical properties (e.g. compressive modulus was 1-1.6 GPa) that
were similar to cancellous bone (0.3-10 GPa compressive modulus) [50, 62]. In this chapter, we

will discuss the in vitro cytocompatibility of these nanocomposites.

Along with the efficacy studies, in vitro cytotoxicity and in vivo biocompatibility of
nanomaterials-incorporated polymers also need to be thoroughly investigated. In vitro studies are
typically the first step to screen various nanomaterials and nanocomposites formulations before
more elaborate and costly in vivo animal experiments [291]. Various in vitro studies have
investigated the cytotoxicity of SWCNTSs [294], MWCNTSs [295], GONPs [296], GONRs [135,
297], MSNPs [174] and WSNTSs [298]. A few studies have investigated the in vitro cytotoxicity
and in vivo biocompatibility of nonporous PPF nanocomposites [80, 299] and porous PPF

scaffolds containing SWCNTSs [26, 81] and alumoxane nanomaterials [192, 257, 300]. The in
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vitro cytotoxicity of other carbon nanomaterials-reinforced PPF nanocomposites (MWCNTS,
SWGONRs, MWGONRs, and GONPs) and inorganic nanomaterials-reinforced PPF
nanocomposites (WSNTs and MSNPs) have not been reported. Cytocompatibility of some of
these nanomaterials incorporated into other polymers such as PLGA (nonporous CNT/PLGA
[301] and porous GONP/PLGA [137]), and PU (porous GONP/PU scaffolds [302]) has been

investigated.

In this chapter, we will systematically examine the cytocompatibility of various 1-D and
2-D carbon (SWCNTs, MWCNTs. SWGONRs, MWGONRs and GONPs) and inorganic
(WSNTs and MSNPs) nanomaterials-reinforced PPF nanocomposites using NIH3T3 fibroblasts
and MC3T3 pre-osteoblasts. The comprehensive cytocompatibility assessment included assays to
characterize the cytotoxicity of unreacted components, crosslinked nanocomposites, and their
degradation products. Additionally, cell attachment and proliferation studies were performed on

the crosslinked nanocomposites.

5.2. Results
5.2.1. In vitro studies to examine the effects of unreacted macromers

Flowchart of the experimental procedure is presented in Figure 5.1. The viability of the
MC3T3 and NIH3T3 cells assessed using Presto Blue assay is shown in Figure 5.2. This assay
exploits the reductive environment of viable cells and changes the blue-colored resazurin dye
into pink-colored resorufin. This alteration indicates cell viability and proliferation [303, 304].
NIH3T3 cells (Figure 5.2.A) showed 8+3%, 63+9% and 100+4% viability, after 24 hours
treatment, using 1X, 10X and 100X experimental media, respectively. MC3T3 cells (Figure

5.2.B), after 24 hours, showed 5+3%, 47£5% and 105+4% viability for 1X, 10X and 100X
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experimental media, respectively. The experimental media of unreacted components followed a

dose-dependent viability trend (1X<10X and 100X).

The cytotoxicity results obtained from the LDH assay is shown in Figures 5.2.C and
5.2D. LDH, a cytoplasmic marker for membrane integrity, provides an indirect means of
assessing cytotoxicity. This assay specifically detects change in absorbance due to release of
LDH enzyme that catalyzes interconversion of pyruvate (NADH) to lactate (NAD"), and vice
versa [209]. NIH3T3 cells (Figure 5.2.C) showed 90+5%, 31+8% and 2+5% LDH release
(normalized to the dead control) for 1X, 10X and 100X experimental media, respectively. After
24 hours, MC3T3 cells (Figure 5.2.D) treated with 1X, 10X and 100X experimental media
showed 89+10%, 55+4% and 4+4 % LDH release, respectively. The dose-dependent cytotoxicity

followed the trend: 1X>10X>100X.

5.2.2. Invitro studies to examine the effects of crosslinked nanocomposites
Figures 5.3.A and 5.3.B show the results of the Presto Blue assay. NIH3T3 cells showed

greater than 84% viability for all the 1X crosslinked nanocomposites. Cells treated with
MWGONR nanocomposites exhibited 103+7% viability (maximum), GONP nanocomposites
84+3% viability (minimum), and PPF control 103+3% viability. Cells treated with 10X and
100X experimental solutions showed ~100% viability for all nanocomposites. MC3T3 cells
(Figure 5.3.B) showed more than 78% viability for 1X extracts of crosslinked nanocomposites.
Cells treated with MSNP nanocomposites exhibited 89+2% viability (maximum), MWCNT
nanocomposites 84+3% viability (minimum), and PPF control 78+2% viability. Cells treated

with 10X, and 100X experimental media showed ~100% viability for all nanocomposites. Presto
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Blue results clearly indicated a dose-dependent (1X < 10 and 100 X) viability for crosslinked

nanocomposites.

LDH cytotoxicity assay (Figure 5.3.C) for NIH3T3 cells showed 33£7% LDH release
(maximum) for MWCNT nanocomposites, 20+5% LDH release (minimum) for WSNT
nanocomposites and 25+8% LDH release for PPF control. 10X and 100X experimental media for
all nanocomposites showed negligible (~0%) LDH release. MC3T3 cells (Figure 5.3.D) showed
21+8% (maximum) LDH release for MWGONR nanocomposites, 15+7% LDH release
(minimum) for WSNT nanocomposites and 11+4% LDH release for PPF control. 10X and 100X
experimental media of all nanocomposites showed ~0% LDH release. The LDH results of the

crosslinked nanocomposites indicated a dose-dependent (1X < 10 and 100 X) cytotoxicity.

5.2.3. Invitro studies to examine the effects of degradation products
Figure 5.4 shows the results of the Presto Blue and LDH assay. NIH3T3 cells in Figure

5.4.A showed more than 23% viability upon treatment with 2X experimental media of
degradation products. Cells treated with MSNP nanocomposites showed 48+3% viability
(maximum), GONP nanocomposites 23+4% viability (minimum), and PPF control 38+2%
viability. Cells treated with 10X, and 100X experimental media showed 76-97% and 89-104%
viability, respectively. In general, MC3T3 cells (Figure 5.4.B) showed more than 25% viability
after treatment with 2X experimental media. Cells treated with MSNP nanocomposites exhibited
37£6% viability (maximum), MWCNT nanocomposites 27+3% viability (minimum), and PPF
control 37+5% viability. Cells treated with 10X, and 100X experimental media showed ~100%

viability.
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LDH assay results for NIH3T3 cells treated with 2X experimental media (Figure 5.4.C)
showed 65+8% LDH release (maximum) for MWCNT nanocomposites, 40+4% LDH release
(minimum) for MSNP nanocomposites, and 34+10% LDH release for PPF control. Cells treated
with 10X, and 100X experimental media showed 4-23% and 3-8% LDH release, respectively.
MC3T3 cells (Figure 5.4.D) treated with 2X experimental media showed 77+12% LDH release
(maximum) for MWCNT nanocomposites, 62+7% LDH release (minimum) for MSNP
nanocomposites, and 67+10% LDH release for PPF control. Cells treated with 10X and 100X

experimental solutions showed 7-20% and 2-17% LDH release, respectively.

Osmolarity (Figure 5.5) of all 2X experimental media used for treating NIH3T3 cells
were in range of 250-270 mOsm (significant differences marked with “*’); significantly lower
compared to DMEM media (350 mOsm). Osmolarity of all 2X experimental media used for
treating MC3T3 cells were in range of 235-250 mOsm; significantly lower compared to MEM-a
media (309 mOsm). At 10X and 100X dilutions, osmolarity of nanocomposites approached the
osmolarity of blank media (350 and 309 mOsm for DMEM and MEM-a, respectively) for both

DMEM and MEM-a

5.2.4. In vitro studies to characterize the cell attachment and spreading on crosslinked
nanocomposites

The cell attachment on crosslinked nanocomposites after 24 hours of incubation was
characterized by counting the number of cells using a hemacytometer. Figure 5.6 shows the
comparison of the fraction (in percentage) of initial seeded cells that were attached to the
nanocomposites. Fraction of adherent NIH3T3 cells (Figure 5.6.A) was between 45-57% on the

nanocomposites. The maximum attachment of 57+1% was observed for WSNT nanocomposites
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and minimum 45+1% for SWCNT nanocomposites. PPF control showed 57+4% cell attachment
whereas TCPS positive control showed 90+9% cell attachment. Fraction of the adherent MC3T3
cells (Figure 5.6.B) on the nanocomposites were 40-49% of the initial seeded cells. WSNT
nanocomposites showed maximum attachment of 49+4% and SWCNT nanocomposites
minimum attachment of 40£2%. MC3T3 cell attachment on PPF and TCPS controls was 46+4%
and 93+3%, respectively. Number of attached cells on surface of nanocomposites were
significantly lower than TCPS control (marked with “**” in Figure 5.6). Only SWCNT and
MWCNT nanocomposites showed a significantly lower cell attachment compared to PPF control
(marked with “*”). Overall, presence of nanomaterials evaluated in this study did not have a
significant effect on cell attachment compared to PPF control although a greater number of cells

attached to inorganic nanocomposites compared to the carbon nanocomposites.

Cell attachment and spreading on the various nanocomposites was further characterized
using confocal fluorescence imaging (Figure 5.7) and SEM (Figure 5.8). For the fluorescence
characterization, calcein-AM dye was used to stain the cells. This dye is a marker for
intracellular esterase activity of viable cells indicated by enhanced green fluorescence [45]. After
5 days of incubation, stained NIH3T3 and MC3T3 cells showed viability, attachment and

spreading on the nanocomposite surfaces similar to TCPS control (Figure 5.7).

SEM analysis in Figure 5.8 provided more details regarding the cell attachment and
spreading on the surface of nanocomposites. As seen in Figure 5.8.A, after 24 hours incubation,
although the cells were attached to the surface of nanocomposite, the surface of nanocomposite
was partially covered by round cells (marked with white arrows in Figure 5.8.A). Filopodia

extensions and extra cellular matrix (ECM) formation (black and white arrows, respectively) was
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more clearly observed under SEM after incubations for five days. The white arrows point to cells

although it is difficult to distinguish cells from surrounding ECM.

5.3. Discussions

The objective of this study was to systematically evaluate the in vitro cytotoxicity of PPF
nanocomposites incorporated with various 1-D and 2-D carbon (SWCNTs, MWCNTSs.
SWGONRs, MWGONRs and GONPs) and inorganic (WSNTs and MSNPs) nanomaterials. The
loading concentration of each nanomaterial was the concentration that showed maximum
reinforcement of PPF polymer in chapter 4. The adherent NIH3T3 fibroblast-like cells [305, 306]
and MC3T3 osteoblast precursor cells [307, 308] used in this study are widely accepted for in
vitro cytotoxicity testing of materials for orthopedic or bone tissue engineering applications. In
vitro cytotoxicity studies were performed before crosslinking, after crosslinking and after
accelerated degradation of the nanocomposites. While cytotoxicity of crosslinked
nanocomposites and their degradation products is necessary to obtain insights into the possible
response of the nanocomposites post-implantation [309], assessment of cytotoxicity of
nanocomposite components before crosslinking is necessary because these components would

interact with tissues when injected into bone defect sites [49, 299].

As seen in Figure 5.2, the cytotoxic effects of unreacted components decreased in a dose-
dependent manner after 24 hours of incubation. For applications that will employ in situ
crosslinking of PPF nanocomposites, the crosslinking reaction time will be a few minutes. In
such a scenario, the toxic, leachable components will be minimal. The three components in the
uncrosslinked nanocomposites are PPF, nanomaterials, and NVP crosslinker. Previous reports

show that PPF complete coats the nanomaterials [26, 50, 62, 294]. Thus, small PPF oligomers
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and NVP crosslinker will be the only components that will directly interact with cells in the first
24 hours. Therefore, only PPF/ NVP blends were used for preparation of the experimental media.
Our results are similar to a previous study that attributed the dose-dependent cytotoxicity mainly

to the unreacted crosslinker [299].

The high cell viability and low LDH release (Figure 5.3) observed for 1X, 10X and 100X
experimental media of all the crosslinked nanocomposites suggests that improved crosslinking
prevented the leaching of potentially toxic components (such as unreacted NVP crosslinker [310]
and BP radical initiator residue [311, 312]) during media extraction process. Indeed, all but
SWGONR crosslinked nanocomposites, had previously exhibited increased crosslinking
densities compared to PPF baseline control. SWCNT, MWCNT, SWGONR, MWGONR,
GONP, MSNP and WSNT nanocomposites had shown 87+2%, 86+2%, 84+1%, 89+1%, 88+1%,
92+1% and 92%=2 crosslinking density compared to 84+2% crosslinking density for PPF

polymer, respectively [50, 62].

The effects of the degradation components of the nanocomposites on cells during its
gradual biodegradation is a necessary factor that needs to examined for the eventual use of these
nanocomposites for in vivo applications. PPF [313] and carbon nanomaterials have been shown
to undergo biodegradation [314]. However, PPF undergoes hydrolytic degradation while carbon
nanomaterials can be degraded by oxidative reactions in the presence or absence of enzymes
[314, 315]. The degradation of the inorganic nanomaterials still needs to be examined.
Crosslinked PPF degrades very slowly. Thus an accelerated degradation method is typically
employed that hydrolyses the PPF network in one week [294]. Previous reports employed NaOH
and HCI to accelerate the hydrolysis of ester bonds in PPF/propylene fumarate-diacrylate (PF-

DA) that caused substantial increase in the osmolarity [28]. It is well known that high osmolarity
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could be cytotoxic [316, 317], and thus, it would be difficult to differentiate if any observed
toxicity is due the degraded components or high osmolarity. Thus, weaker degrading agents such
as calcium hydroxide (Ca(OH),) and phosphoric acid (H3PO,) that produce insoluble Ca3(PO,),
salt crystals after neutralization were used to resolve this issue. Unlike NaCl that undergoes
complete ionization and increases osmolarity to values higher than 1000 mOsm [80, 316]
(compared to plasma osmolarity of 282-295 mOsm), Cas(PO,), partially ionizes resulting in

lower osmolality (235-270 mOsm) of the extracts of degradation products.

In this study, the nanomaterials were present at concentrations of < 0.2 wt%. Thus, given
what is known about degradation mechanism of the nanomaterials, and their presence in the
polymer matrix at low concentration, the major degradation product that would have an adverse
effect on cells would be fumaric acid generated from PPF. The degradation products of PPF,
have been previously shown to elicit dose-dependent cytotoxicity [80, 299]. Since the dose-
dependent cell viability and cell death results in Figure 5.4 is similar to those studies, we
hypothesize the degradation products of PPF are mainly responsible for the observed dose-
dependent cytotoxicity. This low osmolarity could also contribute partially to the cytotoxicity
results since contact with solutions of lower osmolality brings about damages in cell membrane

due to changes in cell volume.

The cell attachment and spreading on the nanocomposites were similar to PPF and lower
compared to TCPS control (Figure 5.5). The increased cell attachment on TCPS control is due to
the negatively charged surface of the TCPS plate that results in better cell spreading and
attachment. Variations in the numbers of attached to nanocomposites compared to PPF control
(Figure 5.6) maybe due to different opposing factors that affect cell attachment: nanomaterials

(such as MWCNTSs [318]) result in better adsorption of cell attachment proteins [319, 320], but
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presence of attachment inhibitors such as insoluble poly (vinyl pyrrolidone) [299] and bundled
nanomaterials [321] hinders cell attachment. In addition to the high density of cells on all
nanocomposite surfaces (comparable to PPF control), significant cellular attachment and
expansion observed after 5 days (Figures 5.7) is the reason for the increased deposition of ECM
components on the surface of nanocomposites. As SEM micrograph in Figure 5.8 showed,
formation of ECM (marked with black arrows) provided a matrix for further cells spreading and

proliferation [322].

To the best of our knowledge, this is the first report that investigates and compares the in
vitro cytocompatibility of various 1-D and 2-D carbon and inorganic nanomaterial incorporated
polymeric nanocomposite for bone tissue engineering. As mentioned above, the loading
concentration of each nanomaterial was one that showed maximum reinforcement of PPF
polymer in chapter 4. Thus, even though loading concentrations of all the nanomaterials were
low (< 0.2 wt%), they were not similar. However, none of the nanocomposites showed
significant differences in cellular response to the various forms (uncrosslinked, crosslinked and
degraded) of the nanocomposites compared to PPF control. An initial minor cytotoxicity
response and lower cell attachment was observed only for a few nanocomposite groups, none of
the nanocomposites showed significant differences in cellular response to the various forms
(uncrosslinked, crosslinked and degraded) of the nanocomposites compared to PPF control at
later time points. The favorable in vitro results suggest that all these nanocomposites under these
efficacious (enhanced mechanical properties compared to PPF) loading concentrations are

suitable for in vivo bone replacement therapies.
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5.4. Conclusions

The biodegradable PPF nanocomposites were fabricated using poly (propylene fumarate)
polymer, N-vinyl pyrrolidone (NVP) crosslinker and 1-D and 2-D nanomaterials: single- and
multi-walled carbon nanotubes, single- and multi-walled graphene oxide nanoribbons, graphene
oxide nanoplatelets, molybdenum disulfide nanoplatelets and tungsten disulfide nanotubes at
loading concentrations between 0.02-0.2 wt% do not show significant differences cellular
response to their various forms (uncrosslinked, crosslinked and degraded nanocomposites)
compared to PPF control. The extraction media of the uncrosslinked components elicit a
significant dose-dependent cytotoxic effect. The extraction media of the uncrosslinked
components elicit a significant dose-dependent cytotoxic effect. The extraction media of the
crosslinked nanocomposite do not adversely affect viability of NIH3T3 and MC3T3 cells. Cells
attached, proliferated and spread well on all the nanocomposite surfaces. The degradation
products of nanocomposites induce a mild dose-dependent cytotoxic response The results of this
chapter demonstrate that all the nanocomposites have favorable in vitro cytocompatibility and

could be considered as implants for bone tissue engineering applications.
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5.5.Figures

Cytocompatibility of non-porous

nanocomposites with the maximum
compressive modulus

Cell culture for 1 Viability and
and 5 days cytotoxicity
using NIH3T3 (non-reacted,

and MC3T3 cells crosslinked and
degraded
nanocomposites)
assays:
» Presto Blue
» LDH assay
« Calcein-AM

Crosslinked
nanocomposites:
Cell attachment
and cell

spreading

Figure 5.1. Flowchart depicting the experimental outline for cytocompatibility analysis.
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Figure 5.2. Viability of: A) NIH3T3 and B) MC3T3 cells, after 24-h exposure to extracts of
unreacted micromeres. Data has been normalized with respect to the live control and error bars
represent standard deviations for n=6 (Continued on the next page).
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Figure 5.2. LDH release of C) NIH3T3 and D) MC3T3 cells, after 24-h exposure to extracts of
unreacted micromeres. Data has been normalized with respect to the dead control and error bars
represent standard deviations for n=6 samples.
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crosslinked nanocomposites. Data has been normalized with respect to live and dead controls and
error bars represent standard deviations for n=6. The symbol “*” indicates statistically significant
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control and nanocomposites after 24-h incubation. Initial seeding density was 400,000
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Figure 5.7. Representative fluorescent microscopy images of attached cells on crosslinked
nanocomposites after 5 days of cell culture for NIH3T3 and MC3T3 cells, respectively: (a, k)
TCPS (positive) control, (b, I) negative control, (c, m) PPF control, (d, n) GONP (e, 0) MWCNT,
(f, p) SWCNT, (g, 9 MWGONR, (h, r) SWGONR, (i, s) MSNP and (j, t) WSNT
nanocomposites.
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Flgure 5.8. Representatlve SEM images of GONP nanocomposne after ceII culture for A) 1 day
and B) 5 days (Cells and their filopodia extensions are marked with white arrows whereas ECM
is marked with black arrows).
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Chapter 6: Boron Nitride Reinforced Polymeric

Nanocomposites for Bone Tissue Engineering

6.1. Introduction

In the previous chapters, we investigated the mechanical properties and cytocompatibility
of biodegradable PPF nanocomposites reinforced using 1-D and 2-D inorganic and carbon
nanostructures (SWCNTs, MWCNTs, SWGONRs, MWGONRs, GONPs, MSNPs, and
WSNTSs). This chapter will investigate the efficacy of boron nitride nanomaterials (nanotubes

and nanoplatelets) as reinforcing agents for PPF polymer.

The unique physiochemical properties of one- and two-dimensional (1-D and 2-D)
carbon and inorganic nanomaterials have been harnessed for therapeutic drug delivery, and
bioimaging applications [227, 323-325]. Recently, in the field of tissue engineering, carbon
nanomaterials fullerenes, carbon nanotubes (CNTs), and graphene have been employed as
building blocks to fabricate three-dimensional (3-D) porous scaffolds [224, 326]. Over the last
decade, pristine and functionalized formulations of these carbon nanomaterials as well as
inorganic nanomaterials such as alumoxane nanoparticles [192], tungsten disulfide nanotubes
[62] and molybdenum disulfide nanoplatelets [50] have been investigated as reinforcing agents
to improve the mechanical properties of various biodegradable and biocompatible polymeric

matrices for load bearing bone tissue engineering applications [50, 62, 80, 299].

In chapters 4 and 5 we discussed the efficacy of carbon (SWCNTs, MWCNTSs,
SWGONRs, MWGONRs and GONPs) and inorganic nanomaterials (WSNTs and MSNPs) as
reinforcing agents to improve the mechanical properties of PPF nanocomposites and their in
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vitro cytocompatibility. Our results show that while all the 1-D and 2-D nanocomposites were
cytocompatible at low nanomaterials loading concentrations, inorganic nanomaterials are the
better reinforcing agents than carbon nanomaterials. Missing from the above list of reinforcing
agents for biodegradable polymers, are boron nitrides nanoparticles, which are structurally

similar to carbon nanomaterials [327, 328].

The physiochemical properties of boron nitride nanomaterials are similar and in some
cases superior to carbon nanomaterials [327, 329-331]. For example, boron nitride nanotubes
(BNNTSs) and boron nitride nanoplatelets (BNNPs, exfoliated bulk boron nitride - less than ten
atomic layers) exhibit excellent mechanical properties [332]. Furthermore, BNNTs and BNNPs
can be functionalized with various functional groups such as amines, nitriles, epoxides and
oxides [332-334] that further improve their dispersion in polymer matrices and facilitate better
polymer-nanomaterial interaction and allow efficient load transfer from the polymer to the

nanomaterials [332].

Till date only BNNTs have been explored as reinforcing agent to improve tensile
mechanical properties of polylactide-polycaprolactone [335] co-polymers. however their
application as a part of a nanocomposite bone graft has not been thoroughly investigated. Herein
we have investigated the efficacy of BNNTs and BNNPs as reinforcing agents to improve the
compressive mechanical properties of biocompatible, and biodegradable polymer poly propylene
fumarate (PPF); widely investigated for load bearing bone tissue engineering applications [19,
50, 62, 80, 184, 195, 336-338]. Additionally, along with efficacy studies, the in vitro cytotoxicity
and in vivo biocompatibility of nanomaterials-incorporated polymers also need to be thoroughly
investigated. To this aim, we thoroughly examined the in vitro cytocompatibility of BNNT and

BNNP nanocomposites before crosslinking, after crosslinking and upon degradation using

105



murine MC3T3 pre-osteoblast cell line. Additionally, we have characterized cell attachment, cell

spreading and protein adsorption on BNNT and BNNP nanocomposites.

6.2. Results
6.2.1. Transmission electron microscopy (TEM) of nanocomposites
TEM was used to characterize the dispersion of BNNTs and BNNPs in crosslinked PPF

nanocomposites (Figure 6.1). BNNTs and BNNPs appear as well dispersed and embedded
nanomaterials in the polymeric matrix and are present as individually dispersed nanoparticles, or
aggregates of a few nanoparticles. The dimensions of BNNTs and BNNPs (diameter of ~100 um
and length of ~2um for BNNTs and diameter of ~200-400 nm for BNNPs) dispersed in the

polymeric matrices were approximately similar to the TEM images shown in chapter 3.

6.2.2. Compressive mechanical properties of nanocomposites

Figures 6.2.A and 6.2.B display the compressive modulus and compressive yield strength
of BNNT and BNNP nanocomposites (at nanomaterial loading concentration = 0.2 wt. %). The
addition of BNNTs and BNNPs to PPF polymer resulted in ~15% and ~38% increase in
compressive modulus compared to PPF baseline control, respectively (Figure 6.2.A and Table
6.1). Furthermore, up to 6% and 31% increase in compressive yield strength were observed for
BNNT and BNNP nanocomposites, respectively (Figure 6.2.B and Table 6.1). While both BNNP
and BNNT nanocomposites showed an increase in compressive mechanical modulus and
compressive mechanical strength compared to PPF baseline control, only BNNP nanocomposites

showed a significant increase (marked with “*” in Figure 6.2.A).
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6.2.3. Sol-fraction analysis

Figure 6.2.C displays the crosslinking density of nanocomposites versus PPF control. The
crosslinking density was determined from sol-fraction analysis which is based on the rationale
that uncrosslinked PPF and NVP are soluble in methylene chloride whereas crosslinked polymer
is insoluble [184]. The crosslinking density of PPF, BNNT, and BNNP nanocomposites were
~85%, ~90% and ~86%, respectively. No statistically significant difference in the crosslinking

density was observed between the three groups.

6.2.4. Protein adsorption on crosslinked nanocomposites
Figures 6.3.A-C show the adsorption of collagen-I, fibrin, and fibronectin after 1, 5, and 9

days of incubation with BNNT, BNNP and PPF disks quantified by bicinchoninic acid assay
(BCA). The adsorption of collagen-I on the nanocomposites was similar or higher compared to
PPF baseline control in a time-dependent manner (Figure 6.3.A). After 9 days of incubation,
BNNT and BNNP nanocomposites showed ~41+5% and 18+9% collagen-1 adsorption,
respectively; significantly higher than PPF control which showed 5+£3% collagen-I adsorption. In
contrary to collagen-1, the adsorption of fibrin and fibronectin on the nanocomposites were
similar or lower compared to PPF adsorption at all-time points (Figure 6.3.B and 6.3.C). BNNT,
BNNP and PPF disks showed 47+1%, 49+1%, and 52+2% fibrin adsorption, respectively, after
incubation for 5 days. After 9 days of incubation, BNNT and BNNP nanocomposites showed
39+1% and 45+1% fibrin adsorption, respectively; that was significantly lower than 50+2%
adsorption observed for PPF control. Moreover, BNNT and BNNP and PPF samples showed
6+1%, 5+1%, and 7+2% fibronectin adsorption, respectively, after incubation for 5 days.

Similarly, BNNT and BNNP nanocomposites and PPF composites showed 5+1%, 4+2%, and
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6+2% fibronectin adsorption after incubation for 9 days, respectively. There were no significant

differences in the measured fibronectin adsorption across all time points.

6.2.5. In vitro cytocompatibility study of nanocomposites

Figure 6.4 displays the viability (assessed by Presto Blue® assay) of MC3T3 cells and
their LDH release after exposure to nanomaterials dispersions, non-crosslinked nanocomposites,

crosslinked nanocomposites and degraded nanocomposites.

6.2.5.1. Cytocompatibility of BNNT and BNNP nanomaterials

Figure 6.4.A shows the viability of cells upon exposure to BNNT and BNNP dispersions.
After 24 hours incubation with 100 pg/mL nanomaterial concentration, MC3T3 cells showed
99+13% and 83+16% viability for BNNTs and BNNPs, respectively (Figure 6.4.A). Incubation
with 10 pg/mL nanomaterial concentration MC3T3 cells showed 77+14% and 90+9% viability
for BNNTs and BNNPs, respectively. Finally, MC3T3 cells incubated with 1 upg/mL

nanomaterial concentration media showed ~100% cell viability for both the nanomaterials.

Figure 6.4.B shows the cytotoxicity inferred from LDH release (normalized to positive
control) after exposure to aqueous dispersions of BNNT and BNNP nanomaterials at 1-100
ug/mL concentrations. After 24 hours incubation with 100 pg/mL concentrations of BNNTs and
BNNPs, the cells secreted 21+4% and 27+8% LDH, respectively. LDH release reduced upon
incubation a lower nanoparticle concentrations. Cells incubated with 10 pg/mL dispersions of
BNNTs and BNNPs showed 27+2% and 16£8% LDH release, respectively. Finally, the cells
incubated with 1 pg/mL dispersions of BNNTs and BNNPs showed 19+4 and -28+5% LDH

release, respectively.
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6.2.5.2. Cytocompatibility of components prior to crosslinking

Figure 6.4.C shows the viability of MC3T3 cells assessed by Presto Blue® assay after
exposure to different concentrations of unreacted components extracted from nanocomposite
blends. MC3T3 cells showed 4+6%, 6+7% and 3+4% viability after 24 hours of incubation with
1X experimental media of NVP/PPF, NVP/PPF/BNNTs and NVP/PPF/BNNPs blends,
respectively. Cell viability increased with further dilutions; 10X experimental media showed
461£5%, 48+6% and 42+3% viability for NVP/PPF, NVP/PPF/BNNTs and NVP/PPF/BNNPs,
respectively. Finally, MC3T3 cells incubated with 100X extracted media showed ~100%

viability for all three experimental groups.

Figure 6.4.D displays the LDH release (normalized to positive control) upon exposure to
unreacted components of BNNT and BNNP nanocomposite blends. After 24 hours incubation,
1X extracts of unreacted NVP/PPF, NVP/PPF/BNNTs and NVP/PPF/BNNPs blends showed
92+6%, 93+£2%, and 91+2% LDH release, respectively. Incubation with 10X experimental media
showed 51+5%, 52+2% and 50+1% LDH release for NVP/PPF, NVP/PPF/BNNTs and
NVP/PPF/BNNPs, respectively. Finally, 100X experimental media showed 24+2%, 25+1% and

23+1% LDH release for NVP/PPF, NVP/PPF/BNNTs and NVP/PPF/BNNPs.

6.2.5.3. Cytocompatibility of crosslinked nanocomposites

Figure 6.4.E displays the results of Presto Blue® assay for viability of MC3T3 cells after
24-h exposure to the extracts of crosslinked nanocomposites. Cells treated with 1X extracts of
crosslinked BNNT and BNNP nanocomposites after 24 hours incubation showed 84+6% and
81+11% viability, respectively, whereas the cells exposed to 1X extract of PPF controls showed

93+2% cell viability. Cells treated with 10X dilutions of extracts from crosslinked samples after
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24 hours incubation showed 90+4%, 90+2% and 83+1% viability for BNNT, BNNP, and PPF
samples, respectively. Cells treated with 100X dilutions of crosslinked nanocomposites or PPF
control after 24 hours incubation showed ~92-96% viability for all three experimental groups.

Overall, the results indicated that >80% MC3T3 cells are viable at each treatment concentration.

Figure 6.4.F shows LDH release by MC3T3 detected using LDH assay after 24-h
exposure to extracts of the crosslinked nanocomposites. 1X extracts of the crosslinked BNNT
and BNNP nanocomposites showed 10+6% and 21+6% LDH release, respectively. PPF controls
showed 15+6% LDH release. For 10X dilutions, 12+8%, 22+10%, and 17+5% LDH release were
measured from extracts of crosslinked BNNT, BNNP and PPF samples, respectively. 100X
dilutions of BNNT, BNNP, and PPF experimental groups showed 18+5%, 25+4% and 24+6%

LDH release, respectively.

6.2.5.4. Cytocompatibility of degradation products

Figure 6.4.G shows the viability of MC3T3 cells assessed by Presto Blue® assay upon
exposure to degradation products of BNNT, BNNP, and PPF experimental groups. After 24
hours incubation with 2X extracts of degraded nanocomposites, MC3T3 cells showed 40+16%,
30+3% and 41+2% viability for BNNT, BNNP, and PPF samples, respectively. Incubation with
10X experimental media showed up to 80+5%, 93+8% and 81+11% viability for BNNT, BNNP,
and PPF samples, respectively. Finally, incubation with 100X extracts of degradation products

showed ~100% cell viability for all experimental groups.

Figure 6.4.H displays the normalized LDH release by MC3T3 cells after exposure to the

extracts of nanocomposite degradation products. After 24 hours of exposure to 2X degradation
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extracts, MC3T3 cells showed 82+18% and 82+14% LDH release for BNNT and BNNP
nanocomposites, respectively. PPF controls showed 78+19% LDH release. For 10X dilutions,
30+£3%, 10+£10%, and 30+4% LDH release was measured for BNNT, BNNP, and PPF
experimental groups, respectively. 100X dilutions showed 13+4%, 27+5% and 7+2% LDH

release for BNNT, BNNP, and PPF experimental groups, respectively.

6.2.5.5. Osmolarity of degradation products

Figure 6.5 shows osmolarity of the extracts of degradation products. The osmolarity of
2X experimental media of degraded BNNT and BNNP nanocomposites was 242+4 mOsm and
210£1 mOsm, respectively. The extracts of degraded BNNT, BNNP, and PPF nanocomposites
showed osmolarity values between 271-284 mOsm (for 10X extracts) and 298-304 mOsm range
for 100X extracts, respectively. The osmolarity values of PPF control and Ca3(PO)4 control
solution (400 pg/ml) were ~230 mOsm and 110 mOsm, respectively; significantly lower than all
the experimental groups. The osmolarity of blank MEM-o media was also recorded and was

304+1 mOsm.

6.2.5.6. Cell attachment and spreading on crosslinked nanocomposites

Figure 6.6.A shows the fraction of attached cells (counted using hemocytometer) on
BNNT, BNNP, and PPF crosslinked disks, after 24 hours of incubation. BNNT, BNNP and PPF
disks showed 65+4%, 60+3%, and 57+6% cell attachment, respectively. TCPS control showed
87+7% cell attachment. Although no significant difference in cell attachment was observed
between BNNT, BNNP and PPF disks, all three groups exhibited a significantly lower cell

attachment compared to TCPS control.
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Figure 6.6.B shows representative confocal scanning laser microscopy images of MC3T3
cells evenly spread out covering the surface of all experimental groups. The cell spreading
observed on nanocomposites was comparable to TCPS controls. In addition to confocal imaging,
SEM analysis was also performed to characterize cell attachment and spreading on the surfaces

of crosslinked nanocomposites.

Figure 6.6.C displays SEM images of the surface of BNNT, BNNP, and PPF disks after
cell culture for 5 days. All the experimental groups including PPF controls were completely
covered with MC3T3 cells (marked with black arrows). The deposition of extra cellular matrix
(ECM; marked with white arrows) can also be observed. MC3T3 cells displayed their
characteristic spindle-shaped morphology with the formation of numerous cytoplasmic filopodia

extensions (marked with circles).

6.3. Discussions

The objective of this study was to investigate the compressive mechanical properties and
the in vitro cytocompatibility of BNNT and BNNP reinforced PPF nanocomposites. Prior to
nanocomposite fabrication and testing, the structural and chemical properties of nanomaterials
were characterized by TEM and Raman spectroscopy as discussed in chapter 3. Raman spectra
showed the presence of impurities, functional groups and/ or defects. The presence of functional
groups and defects results in better nanomaterials/polymer interaction [50]. BNNTs and BNNPs
were dispersed at 0.2 wt.% due to the following reasons: a) nanomaterials form micron sized
aggregates in PPF matrix at concentrations higher than 0.2 wt. % and b) PPF with higher
nanomaterial loading concentration shows changes in the viscoelastic behavior that may induce

formation of air pockets during fabrication of nanocomposites [50].
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The results of compressive mechanical testing (Figure 6.2 and Table 6.1) taken together
showed that BNNPs are more efficient in reinforcing polymers. It has been shown that a uniform
dispersion, high specific surface area, and extraordinary mechanical properties of nanomaterials
in conjunction with the presence of functional groups on their surface results in a better load
transfer from polymeric network to nanoparticles and an increasd crosslinking density of

nanocomposites [48].

For both of BNNTs and BNNPs nanomaterials, high compressive modulus in the range of
250-1200 GPa have been reported [163, 331]. Due to the synthesis process, functional groups
such as oxides, epoxides, amines, nitrates, nitriles, nitrites and methyl can attach to the surface of
both BNNTs and BNNPs [332-334, 339, 340] and the improved nanomaterial/polymer interface
and dispersitivity of nanomaterials [50]. Although Figure 6.1 shows well dispersion for BNNTSs
and BNNPs, some observations suggest that BNNTSs tend to form bundles of nanomaterials [34,
341] acting as a stress-concentration point that might facilitate localized deformation under load
and reduce mechanical strength [342]. Our observations are in agreement with Li et al. [343];
they have reported a uniform dispersion of BNNPs in polymeric matrices. BNNPs have been
reported to have higher specific surface area compared to BNNTs (1427 m?g™ for BNNPs [344]
compared versus to 254-789 m?g™ for BNNTSs [345]). BNNPs also possess lower aspect ratio
compared to BNNTs [346]. The addition of BNNTs and BNNPs did not cause a significant
increase in crosslinking density of nanocomposites compared to PPF baseline control (Figure
6.2.D) which was in contrast with our previous observations for metallic-sulfide nanomaterials in
chapter 4. These difference might be due to the different molecular forces resulting from

different functional groups on the surface of nanomaterials. Thus, these two factors (specific
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surface area and nanomaterial dispersion state) may play a dominant role and may be responsible

for observed variation in the mechanical properties.

Adsorption of proteins on nanocomposite surfaces can play an important role in
regulating cell viability, attachment and proliferation [66, 347]. Adsorption of collagen-I, fibrin
and fibronectin proteins on crosslinked nanocomposites was specifically studied because they
play an important role in governing cell adhesion and viability thereby supporting tissue
regeneration. Collagen-1 is a primary ECM protein responsible for providing structural support to
new tissue growth [348], fibrin is responsible for formation of blood clots and regulation of
inflammatory response [349] (crucial for bone healing process), and fibronectin is responsible
for cell adhesion via integrin binding [350]. The increased time dependent collagen-I protein
adsorption on the surface of nanocomposites (Figure 6.3.A) may be attributed to the presence of
inorganic nanomaterials that leads to an increased surface roughness and incorporation of
functional groups on the surface of nanocomposite. Interestingly, increased surface area of
BNNPs compared to BNNTs [344, 345] resulted in better nanomaterial/protein interaction in
accordance with previous studies that had shown that increase in surface roughness and
intramolecular forces (as a result of protein/ functional groups interactions) can improve protein
adsorption [351]. This increased protein adsorption may in turn cause an increased cell adhesion

to the surface of nanocomposites [347].

MC3T3 pre-osteoblasts cells were used in this study for cytotoxicity studies as they are
widely accepted for in vitro cytotoxicity testing of polymeric nanocomposites designed for bone
tissue engineering applications [352]. The comprehensive evaluation of in vitro
cytocompatibility of BNNT and BNNP nanocomposites included cytotoxicity assessment of non-

crosslinked nanocomposite blends, crosslinked nanocomposite specimens, and their degradation
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products. Prior to crosslinking and during nanocomposite degradation in vivo, cells will interact
with released BNNTs and BNNPs from PPF nanocomposites. Therefore, cytotoxicity of BNNT
and BNNP dispersions was analyzed. It has been reported that cytotoxicity assays such as MTT
and XTT produce insoluble formazan crystals that interact with layered nanomaterials to produce
erroneous results [353]. Previous studies demonstrated that Presto Blue® and LDH assays do not
interfere with these type of nanomaterials [354], and thus they were used in this study.

Cytotoxicity analysis using Presto Blue® and LDH assays show that BNNT and BNNP
dispersions at 100 ug/mL concentration were non-toxic at incubation times up to 24 hours
(Figure 6.4.A and 6.4.B). Our results are in agreement with a previously reported study by Chen
et. al. wherein ~100% viability for HEK-2 cells was observed after 4 days of exposure to BNNTSs
at 100 pg/ml concentration [355]. Figure 6.4.C and 6.4.D displays a dose-dependent cytotoxicity
of nanocomposite blends prior to crosslinking (1X>10X and 100X). For use as an injectable
system, PPF nanocomposites can crosslink in situ within a few minutes. Therefore, in vivo
exposure of cells to non-crosslinked nanocomposite blends would be minimal. Furthermore,
small PPF oligomers, NVP crosslinker, BNNTs and BNNPs (components that will directly
interact with cells in vivo post-injection) will be cleared from the injection site by blood
circulation. PPF is a biocompatible polymer, and BNNT/BNNP dispersions do not show acute
cytotoxicity (Figure 6.4.A and 6.4.B). Therefore, the acute cytotoxicity observed for 1X
experimental solutions can be attributed to major contributions from unreacted crosslinker. A
similar dose-dependent acute cytotoxicity response for non-crosslinked PPF macromers was
observed by Timmer et. al. [299], Shi et. al. [80], and Farshid et. al. [354] wherein the observed
cytotoxicity was primarily attributed to the leaching of crosslinking agent and radical initiator

components.
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Crosslinking of PPF nanocomposites prevents the leaching of toxic non-crosslinked
components such as NVP crosslinker and residual BP radial initiator [311, 354]. Therefore, dose-
dependent cytotoxicity of crosslinked PPF nanocomposites (following this trend: 1X > 10X >
100X) typically show low cytotoxicity than non-crosslinked counterparts (Figure 6.4.C and
6.4.D) These observations are in agreement with previous reports [80, 354]. In this study, BNNT
and BNNP nanocomposites showed ~85-90% -crosslinking density (Figure 6.2.C), thereby

preventing the release of non-crosslinked macromers that leads to less cytotoxicity.

After implantation PPF, nanocomposites undergo gradual hydrolysis in vivo to form
degradation products such as propylene glycol, fumaric acid and degraded nanomaterials [80,
175, 354]. The in vitro and in vivo degradation of BNNTs and BNNPs still needs to be
investigated. however, the degradation of PPF polymer has been investigated [338]. Crosslinked
PPF degrades slowly; therefore, an accelerated degradation mechanism is typically used that
hydrolyzes PPF in one week [299]. Previous reports use HCI and NaOH to accelerate the
hydrolytic degradation of ester bonds in PPF-DA (polypropylene fumarate-diacrylate) [80]. This
process forms NaCl that increases the osmolarity (>1000 mOsm) of degradation products. Cells
in hypertonic medium shrink due to exosmosis of water resulting in cell membrane damages.
Thus, it would be difficult to assess whether any observed cytotoxicity is due to high osmolarity
or by the PPF degradation products. In this study, weaker degrading agents such as phosphoric
acid (HzPO,) and calcium hydroxide (Ca(OH),) were used for accelerated degradation of PPF.
These agents form insoluble calcium phosphate (Cas(PQO,),) crystals that can be easily removed.
Furthermore Figure 6.5 displays that Ca3(PO,), undergoes partial ionization resulting in lower
osmolarity values (210-242 mOsm for 2X degradation extracts) of the degradation products.

BNNTs and BNNPs do not induce cytotoxicity response up to 100 pg/ml (Figure 6.4.A and
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6.4.B), therefore the acute dose-dependent cytotoxicity of degradation products (2X > 10X >
100X) in Figure 6.4.G and 6.4.H can be attributed primarily due to the interaction of cells with
PPF degradation products mainly composed fumaric- and acrylic- acids [194, 336]. These results
are consistent with previous reports that show PPF degradation products elicit a dose-dependent
response [80, 192, 197]. Taken together, viability and cytotoxicity observed for MC3T3 cells
after exposure to degradation products and osmolarity measurements suggest that the dose-

dependent cytotoxicity trend is inversely proportional to osmolarity: 2X >10X and 100X.

Attachment and spreading of MC3T3 cells on nanocomposite surfaces, analyzed by cell
counting (Figure 6.6.A), confocal fluorescence imaging (Figure 6.6.B) and SEM (Figure 6.6.C)
The results indicated good cell viability, attachment, and spreading of MC3T3 cells on all
experimental groups. Lower number of MC3T3 cells attached onto BNNT, BNNP and PPF disks
compared to TCPS control after 24-hours of incubation might be a result of plasma treatment
that adds negative charges on the surface of TCPS [80, 354, 356]. We did not investigate time
points after 5 days. We expect an insignificant difference in fraction of attached cells among

BNNT, BNNP, and PPF samples compared to TCPS control at later time points.

Significant cell attachment, spreading, and proliferation observed on all nanocomposite
surfaces after 5 days of culture (Figure 6.6.B and 6.6.C) confirms excellent cytocompatibility.
The cell attachment would result in the deposition of ECM components (Figure 6.6.C) on
nanocomposites. The deposition of ECM also reduces the interaction of cells with insoluble
components such as poly(vinyl pyrrolidone) [299] and traces of non-crosslinked macromers
(acting as cell attachment inhibitors [80]). Therefore, deposition of ECM components further
promotes cell attachment and proliferation resulting in high density of MC3T3 cells on

nanocomposite surfaces after incubation for 5days. Additionally, the presence of BNNTs and
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BNNPs in PPF matrix may increase the nanoscale surface roughness of the nanocomposites. It
has been widely reported that nano-topography can improve cell adhesion by adsorption of

protein molecules such as collagen-1 [66].

To the best of our knowledge, this is the first systematic investigation of mechanical
properties and in vitro cytocompatibility of (1-D) boron nitride nanotubes (BNNTSs) and (2-D)
boron nitride nanoplatelets (BNNPs) for reinforcing biodegradable PPF polymers and the
development of novel bone grafts. Synthetic polymers lack the required mechanical properties to
support native load bearing bone [357]. Therefore, the development nanoparticle-reinforced,
mechanically strong, biocompatible polymeric nanocomposites and scaffolds for bone tissue
engineering applications is an active area of research [23, 308, 358]. The use of nanostructured
bone implants and fixtures may have several advantages over conventional polymeric and
metallic implants. The presence of these nanomaterials in the scaffold matrix may lead to
accelerated bone healing, better tissue-implant integration, and permit non-invasive monitoring
of bone healing processes [359-361]. Our results indicate that although both nanomaterials lead
to an increase in compressive mechanical properties, application of 2-D nanoplatelets resulted in
a further reinforcement in comparison with 1-D nanotubes. Interestingly, in addition to
cytocompatibility of nanomaterials, non-crosslinked nanocomposite components, crosslinked
nanocomposites and degradation products of nanocomposites all showed cytocompatibility
similar to cytocompatible PPF control. Moreover, the presence of both BNNT and BNNP
nanomaterials resulted in a better protein adsorption and cell spreading on the surface of PPF
nanocomposite. The positive results of this study expands the application of BNNT and BNNP

nanomaterials for fabrication of ultra-strong and cytocompatible synthetic bone grafts may
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overcome several challenges associated with metallic implant based bone treatment strategies

and open avenues for their in vivo safety and efficacy studies.

6.4. Conclusions

Biodegradable polymeric nanocomposites were fabricated at low loading concentrations of 1-D
and 2-D boron nitride nanomaterials (0.2 wt% of BNNTs and BNNPSs) dispersed in the polymer
poly(propylene fumarate) (PPF) and crosslinking agent N-vinyl pyrrolidone (NVP). After
crosslinking, both  BNNT and BNNP nanocomposites exhibit significant mechanical
reinforcement compared to PPF composites; 2-D nanomaterials (BNNPs) were more effective in
reinforcing mechanical properties than 1-D nanomaterials (BNNTSs). Additionally, both
nanocomposites showed a significantly higher adsorption of collagen-1 compared to PPF control.
Moreover, the cytotoxicity profiles for non-crosslinked components, crosslinked nanocomposites
and their degradation products were similar to PPF baseline control. Furthermore, the crosslinked
nanocomposites show an excellent cell attachment, spreading and ECM deposition. The results
of this study demonstrate that BNNT and BNNP reinforced biodegradable polymeric
nanocomposites are cytocompatible. These findings open new avenues towards the development
of multi-porpuse, high-strength, nanomaterial-reinforced, lightweight polymeric nanocomposites

as bone grafts for bone tissue engineering application.
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6.5. Tables

Table 6.1. Mechanical properties of PPF nanocomposites.

Increase in

Increase in

Compressive Compressive
compressive modulus compressive strength
modulus yield strength
compared to PPF compared to PPF
(MPa) (MPa)
(Y0) (%0)
PPF 308+19 - 16+1 -

BNNT 354438 15 % 17£2 6%
BNNP 426+55 38 % 21+6 31%
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6.6. Figures
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Figure 6.1. TEM images of: A) BNNT and B) BNNP nanocomposites (Black arrows correspond

to nanomaterials).
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Figure 6.2.A) Compressive modulus, B) compressive yield strength and C) crosslinking density
of PPF nanocomposites. Error bars represent standard deviations for n=3 samples. The symbol
“*” indicates statistically significant difference with respect to PPF baseline control (p < 0.05)
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Figure 6.2.C) crosslinking density of PPF nanocomposites (continued from the previous page).
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Figure 6.3.C) Adsorption of fibronectin after 1, 5 and 9 days incubation at 37°C on crosslinked
PPF nanocomposites (Continued from the previous page).
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Figure 6.5. Osmolarity of degradation extracts. Error bars represent standard deviations for n=6
samples. The symbol “*” indicates statistically significant difference osmolarity with respect to
MEM-a media (p < 0.05).
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Figure 6.6.A) Fraction of attached MC3T3 cells on the surface of nanocomposites and TCPS
control after 24-h incubation (Error bars represent standard deviations for n=3 samples and the
symbol “*” indicates significant difference with respect to TCPS control (p < 0.05). (Continue on
the next page)
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Negative control

(B)

PPF control

Figure 6.6.B) Confocal fluorescent images of MC3T3 cells spreading on crosslinked
nanocomposites after 5 days of cell culture (continued from the previous page).

Figure 6.6.C) SEM images of the nanocomposites after 5 days of cell culture (The cells and their
filopodia etensions are marked with black arrows and circles, respectively. ECM is marked using
white arrows marks).
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Chapter 7. Mechanical properties and
cytocompatibility of porous biodegradable PPF

nanocomposites

7.1. Introduction

In the previous chapters (chapter 4, 5 and 6) the mechanical properties and the in vitro
cytocompatibility of nonporous PPF nanocomposites reinforced with inorganic and carbon
nanomaterials were investigated. In this chapter we will discuss the mechanical properties and in

vitro cytocompatibility of porous PPF nanocomposite scaffolds.

Porous polymeric scaffolds are key components in bone tissue engineering field that have
been additionally used for therapeutic and imaging purposes. These components can permit new
bone formation while providing temporary mechanical support [362]. Polymers such as chitosan
[363], poly(lactic-co-glycolic acid) (PLGA) [364], polycaprolactone (PCLA) [365],
poly(propylene fumarate) (PPF [19]), polyurethane (PU [27]), poly (D,L-lactic acid) (PDLLA
[366]) and polyethylene glycol (PEG [367]) have been used towards the fabrication of scaffolds
for bone tissue engineering applications. Generally, these polymeric scaffolds lack the required
mechanical properties for tissue engineering of load bearing bones. Therefore, nanoparticles such
as SWCNTs, MWCNTs, SWGONRs, MWGONRs, GONPs, and MSNPs have been used as

reinforcing agents to improve the mechanical properties of polymeric scaffolds [368].

The efficacy of organic and inorganic 1-D and 2-D nanomaterials for preparing
biodegradable, biocompatible and injectable PPF nanocomposites have been reported [50, 62,
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369, 370]. In previous chapters, we used various 1-D nanomaterials such as boron nitride
(BNNTS), carbon nanotubes (CNTs) and tungsten disulfide nanotubes (WSNTSs) as well as 2-D
nanomaterials such as boron nitride nanoplatelets (BNNPs), graphene oxide nanoplatelets
(GONPs), molybdenum disulfide nanoplatelets (MSNPs) and graphene oxide nanoribbons
(GONRSs) were used as reinforcing agents for PPF nanocomposites. While a limited number of
studies have been performed on investigation of mechanical properties [26, 49, 192], in vitro
cytotoxicity [80, 299] and in vivo biocompatibility [81, 257] of carbon nanotubes- and
alumoxane- incorporated PPF porous scaffolds, to the best of our knowledge no research has
been done on efficacy of aforementioned nanomaterials for fabrication of biodegradable porous

nanocomposite implants for bone tissue engineering applications.

In this chapter, we investigated the efficacy of inorganic (WSNTs, BNNTs, MSNPs and
BNNPs) and carbon nanomaterials (SWGONRs, MWGONRs and GONPs) for reinforcement of
PPF; a biodegradable, biocompatible and injectable unsaturated linear polyester [288] and
compare them to non-reinforced PPF and carbon nanotube composites (SWCNTs and
MWCNTSs). Towards this aim, highly porous PPF nanocomposite scaffolds (with greater than
80% porosity) were fabricated using low loading concentration of nanomaterials and their
microstructure was characterized. Then, the compressive mechanical testing and sol-fraction
analysis was performed to explain the trends in mechanical properties of nanostructure-
reinforced PPF scaffolds. Next, protein adsorption on crosslinked PPF nanocomposites for
collagen-1 protein (the main component of ECM) was examined in order to explain cell adhesion
and extra cellular matrix (ECM) formation on nanocomposite scaffolds. Finally, the in vitro

cellularity of MC3T3 pre-osteoblasts on the crosslinked PPF nanocomposite scaffolds was
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investigated to study their cytocompatibility. The experimental procedures followed for this

study are summarized in Figure 7.1.

7.2.Results
7.2.1. Characterization of porous scaffolds with SEM

Figure 7.2 displays the cross-section SEM images of highly porous nanocomposite scaffolds
after salt leaching (Representative images of BNNP nanocomposite and PPF baseline control is
presented in Figures 7.2.A and 7.2.B). The pores (marked with black arrows) are interconnected
and have similar morphologies and size of cubic salt crystals with diameter of ~300 um. The
pores were separated with thin walls of polymer (marked with white arrows). This observation
was in agreement with the high volume percentage porosity (calculated based on the
measurement of weight and dimensions of scaffolds) shown in Table 7.1. Additionally, SEM
imaging showed the formation of additional voids (marked with circle) during the fabrication

process.

7.2.2. Compressive mechanical testing of scaffolds

Figure 7.3 and Table 7.2.A display the compressive modulus, offset compressive yield
strength and ultimate strength of WSNT, BNNT, MSNP and BNNP nanocomposite scaffolds
along with PPF baseline control. The compressive modulus, offset compressive yield strength
and ultimate compressive strength for GONP, MWGONR, SWGONR, MWCNT and SWCNT

nanocomposite scaffolds are presented in Figure 7.4 and Table 7.2.B.

Table 7.2.A compares the mechanical properties of inorganic nanocomposite scaffolds

and PPF baseline control. The addition of nanomaterials increased compressive modulus of PPF
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polymer which is 10+3 MPa increased to 11+3 MPa, 12+2 MPa, 14+1 MPa and 18+3 MPa for
WSNT, BNNT, MSNP and BNNP nanocomposite scaffolds, respectively. Also, for inorganic
nanocomposites offset yield strength of PPF polymer (293+69 KPa) increased to 350+42 KPa,
375+4 KPa, 312+9 KPa and 364+54 KPa for WSNT, BNNT, MSNP and BNNP nanocomposite
scaffolds, respectively. Moreover, the ultimate strength of PPF scaffolds (329137 KPa) increased
to 375+46 KPa, 39417 KPa, 351+17 KPa and 415+58 KPa for WSNT, BNNT, MSNP and
BNNP nanocomposite scaffolds, respectively. However, only BNNP nanocomposites showed a
significantly higher compressive modulus compared to PPF baseline control (marked with “*” in

Figure 7.3).

Table 7.2.B compares the mechanical properties of 2-D carbon nanocomposites with PPF
baseline control and SWCNT and MWCNT nanocomposites (positive control). The compressive
modulus for GONP, MWGONR, SWGONR, MWCNT and SWCNT scaffolds was 19.3+1.9
MPa, 18.4+0.5 MPa, 13.8+1.7 MPa, 13.6+2.2 MPa, 13.1+0.8 MPa, that was higher than PPF
control scaffold (12.2£1.9 MPa). Additionally, all carbon nanocomposites showed higher
compressive yield strength compared to PPF control. PPF scaffolds showed a offset yield
strength of 152+10.3 KPa whereas GONP, MWGONR, SWGONR, MWCNT and SWCNT
nanocomposite scaffolds showed 250.1+40.8 KPa, 275+16.1 KPa, 211+58.5 KPa, 188.7£11.1
KPa, 168.7+£27.9 KPa compressive yield strength. Furthermore GONP, MWGONR, SWGONR,
MWCNT and SWCNT scaffolds showed 261.7+64.1 KPa, 283.3+21.2 KPa, 251+36.7 KPa,
241.7+36.1 KPa, 197.7+£35.6 KPa ultimate strength that was higher than PPF baseline control
(201.7+£10.3 KPa). Among carbon nanocomposite scaffolds, GONP and MWGONR
nanocomposites showed significantly higher compressive modulus compared to PPF base line

control (marked with “*” in Figure 7.4), MWGONR nanocomposites also showed a significantly
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higher offset yield strength (marked with “*” in Figure 7.4). No other significant difference
between carbon nanocomposite scaffolds and PPF baseline control was detected for offset
compressive yield strength and compressive ultimate strength. GONP nanocomposites showed a
significantly higher compressive modulus compared to SWCNT and MWCNT nanocomposites
(marked with “**). No other significant difference in the compressive mechanical properties of

1-D and 2-D nanocomposites were detected.

7.2.3. Sol-fraction analysis of scaffolds
Figure 7.4.D displays the crosslinking density of inorganic PPF nanocomposite scaffolds

in comparison with PPF baseline control. The crosslinking density of nanocomposites was
calculated based on the fraction of polymer that is not soluble in methylene chloride [313]. The
crosslinking density values for PPF, WSNT, BNNT, MSNP, and BNNP experimental groups
were ~92%, ~91%, ~93%, ~92% and ~90%, respectively. No significant difference was detected

among different experimental and control groups.

The results of sol-fraction analysis for carbon nanocomposite scaffolds are displayed in
Figure 7.4.D GONP, MWGONR, SWGONR, MWCNT and SWCNT nanocomposite scaffolds
showed ~90%, ~86%, ~86%, ~84%, ~87% crosslinking density compared to ~83% crosslinking
density in PPF baseline control. No statistically significant increase in crosslinking density

between nanocomposite and PPF baseline was detected.
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7.2.4. Protein adsorption

Figure 7.5 shows collagen-I adsorption on organic and carbon nanocomposite scaffolds
quantified using bicinchoninic acid (BCA) assay. BCA assay is a widely used assay for protein
detection that works based on the reduction of green Cu* (cupric sulfate reagent) to purple Cu*
ion due to interaction with proteins. The reaction brings about a change in absorbance that can be
quantified using a plate reader [207]. After 1 day of incubation, only BNNP nanocomposites
showed ~12% (marked with “*” in Figure 7.5) protein adsorption. Protein adsorption for the
other experimental groups were similar to the PPF control. As Figure 7.5.A shows, PPF control
and WSNT, BNNT, MSNP and BNNP nanocomposites showed ~11%, ~23%, ~22%, ~21 and
~32% protein adsorption after 1 day of incubation. The collagen-1 adsorption increased to ~4%,
~37%, ~31%, ~38%, and ~39% after 5 days of incubation for PPF, WSNT, BNNT, MSNP and
BNNP nanocomposite scaffolds, respectively. PPF control and WSNT, BNNT, MSNP and
BNNP nanocomposite scaffolds showed ~6%, ~29%, ~33%, ~22% and ~32% collagen-I
adsorption, respectively. Among experimental groups, BNNP nanocomposites showed a
significantly higher collagen-1 adsorption compared to PPF baseline control (marked with “*” in

Figure 7.5).

Figure 7.5.B shows collagen-1 adsorption on carbon nanocomposite scaffolds in
comparison with PPF baseline control. PPF control and SWCNT, MWCNT, SWGONR,
MWGONR and GONP nanocomposite scaffolds showed ~26%, ~20%, ~28%, ~29%, ~32%, and
~26% protein adsorption for 1 day of incubation. The collagen-1 adsorption increased to ~33%,
~33%, ~41%, ~44%, ~34%, and ~41% after 5 days incubation for PPF control and SWCNT,
MWCNT, SWGONR, MWGONR and GONP nanocomposite scaffolds, respectively. PPF

control and SWCNT, MWCNT, SWGONR, MWGONR and GONP nanocomposite scaffolds
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showed ~45%, ~47%, ~51%, ~48%, ~46% and ~45% collagen-1 adsorption, respectively. No
significant difference compared to PPF baseline control was detected for carbon nanocomposite

scaffolds.

7.2.5. Cellularity on nanocomposite scaffolds
Figure 7.6.a (A, B) shows the number of viable MC3T3 cells on inorganic and carbon

nanocomposite scaffolds after 1, 5, and 9 days of incubation detected by QuantiFluor® and
Presto Blue® assays. Quantiflour® assay detects the level of double-stranded deoxyribonucleic
acid (ds-DNA) present in cell lysate, ds-DNA content is correlated to cell numbers with respect
to standard curve [371]. As seen in Figure 7.6.a (A, B), PPF control and WSNT, BNNT, MSNP
and BNNP nanocomposite scaffolds showed ~17*10°, ~19*10°%, ~19*10° ~21*10° and ~18*10°
viable cells (from initially seeded 100*10° cells) after 1 day of incubation. ~71*10°%, ~73*10°,
~72*10°, ~75*10° and ~73*10° viable cells were observed for PPF control and WSNT, BNNT,
MSNP and BNNP scaffolds after 5 days incubation, respectively. After 9 days of incubation, the
number of viable MC3T3 cells increased to ~147*10°, ~153*10°, ~149*10°, ~148*10° and
~147*10° cells for PPF control and WSNT, BNNT, MSNP and BNNP scaffolds, respectively.
No significant difference between number of viable cells was detected. Results of Presto Blue®
showed a similar trend although a higher number of cells were detected: ~38*103-42*10° cells,

~80*10°-100*10° and ~120*103-160*10° cells after 1, 5 and 9 days of incubation, respectively.

Figure 7.6.b (A, B) shows the number of viable MC3T3 cells on the carbon
nanocomposite scaffolds assessed using Quantifluor® and Presto Blue® assays. PPF control and
SWCNT, MWCNT, SWGONR, MWGNR and GONP nanocomposite scaffolds showed
~51*10°, ~50*10° ~48*10°, ~51*10° , ~45*10° and ~49*10° viable cells (from initially seeded
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100*10° cells) after 1 day of incubation. ~106*10°%, ~94*10°, ~91*10° ~92*10°, ~102*10° and
~103*10° viable cells were observed for PPF control and SWCNT, MWCNT, SWGONR,
MWGONR and GONP scaffolds after 5 days incubation, respectively. After 9 days of incubation
number of viable MC3T3 cells increased to ~163*10° ~148*10° ~142*10°% ~132*10°
~154*10° and ~160*10° cells for PPF control SWCNT, MWCNT, SWGONR, MWGONR and
GONP scaffolds, respectively. No significant differences were detected between the groups.
Results of Presto Blue® shows a similar trend although a higher number of cells were detected:
~60*10%-62*10°% cells, ~120*10%-130*10° and ~160*103-170*10° cells after 1, 5 and 9 days of

incubation, respectively.

7.2.6. Invitro studies to characterize cellular spreading and infiltration into the scaffolds

MC3T3 cell spreading and infiltration inside PPF control and nanocomposite scaffolds
were investigated using confocal microscopy (Figure 7.7). For confocal imaging, the cells were
stained with calcein-AM dye which is a nonfluorescent dye and that changes to a green-
fluorescent dye upon hydrolysis by intercellular esterases [372]. After 5 days of incubation, the
confocal microscopy showed uniformly spread MC3T3 cells that successfully had infilterated the
experimental scaffolds. No significant differences in cell morphology and spreading were
detected between experimental groups. Confocal images suggested that after 5 days of
incubation, viable cells (with ~10 um) infilterate inside the pores due to large pore sizes (~300

um) of the nanocomposite scaffolds.

SEM image of BNNP nanocomposite scaffold in Figure 7.8 provides more details
regarding MC3T3 cell attachment and their spreading inside the pores of nanocomposite

scaffolds. MC3T3 cells after 5 days of incubation were well spread and showed good infiltration
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inside the pores of BNNP nanocomposite scaffolds with the formation of filopodia. The pores
inside the scaffolds were partially covered by cells (marked with black arrows) and their
filopodia extensions (white arrows). Furthermore, extracellular matrix (ECM; marked with
circles in Figure 7.8.A) can be clearly observed suggesting the formation a ECM network inside
the porous scaffolds. SEM imaging of MC3T3 cell spreading on the nanocomposite scaffolds in
shown in Figure 7.8. Representative images of BNNP nanocomposite and PPF baseline control
are shown. The SEM images show a complete uniform cellular coverage on the surface of
nanocomposite scaffolds numerous filopodia and cellular extensions from MC3T3 cells attaching

to the underlying nanocomposite surface (marked with black circle in Figure 7.8.B).

7.2.7. Collagen-I expression on hanocomposite scaffolds

The fluorescence confocal microscopy images of collagen-1 (major component of ECM)
deposition for experimental groups is shown in Figure 7.9. The primary anti collagen-1 antibody
used in this study binds to helical collagen-I proteins expressed by MC3T3 cells and can be
visualized using a secondary mouse antibody tagged by a fluorophore (such as rhodamine) [373].
The results showed that MC3T3 cells are surrounded and embedded in a 3-D network of
collagen-1 ECM expressed by MC3T3 cells. This 3-D network provides a template for cell

attachment, proliferation and new bone formation.

7.3. Discussions

This study systematically investigated the mechanical properties and in vitro
cytocompatibility of porous PPF nanocomposite scaffolds reinforced with inorganic

nanomaterials such as tungsten disulfide nanotubes (WSNTSs), boron nitride nanotubes (BNNTS),

139



molybdenum disulfide nanoplatelets (MSNPs) and boron nitride nanoplatelets (BNNPs) and
carbon nanomaterials such as single- and multi-walled graphene oxide nanoribbons (SWGONRs
and MWGONRS), single- and multi-walled carbon nanotubes (SWCNTs and MWCNTS) and
graphene oxide nanoplatelets (GONPs). The nanomaterial loading concentration of 0.2 wt. %
was used for nanocomposite scaffold fabrication due to the following reasons as discussed in
chapter 4: 1) viscoelastic behavior of PPF at nanomaterials concentration greater than 0.2 wt. %
results in formation of additional pores during scaffold fabrication, 2) it is a challenge to achieve
a uniform nanomaterial dispersion in the polymer matrix at concentrations > 0.2 wt% due to

aggregation. No surfactants were used in this study.

For the application of polymeric scaffolds as osteoconductive bone grafts they should
provide temporary mechanical support at early stages of bone mineralization, they should be
biocompatibility and support bone tissue ingrowth [30]. It is desirable for the grafts to be highly
porous (greater than 80% volume percentage porosity) to allow cell infiltration, efficient
extracellular matrix deposition, ossification (formation of new bone) and waste exclusions [30].
However, the mechanical properties of the porous grafts drastically decreases with increase in
porosity. Studies have reported up to 2 order of magnitude decrease in compressive and flexural
mechanical properties (modulus and yield strength) of porous scaffolds compared to their
nonporous counterparts [26, 50]. Studies have reported the effect of nanomaterials as reinforcing
agents to improve the mechanical properties of polymeric scaffolds for bone tissue engineering
applications, however the mechanical properties of those implants were insufficient to permit
their application as bone grafts [6, 374-376]. Therefore, in this study, we investigated the effects
of 1-D and 2-D nanomateirals with high intrinsic mechanical properties as reinforcing agents for

PPF polymeric scaffolds. 1-D and 2-D nanomaterials have extraordinary physiochemical
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properties such as ultra-high mechanical strength and large specific surface area along with the
presence of functional groups to improve nanomaterial-polymer interaction for better

reinforcement.

Herein, we studied the mechanical properties of nanocomposite scaffolds (compressive
modulus, compressive yield and ultimate strength) reinforced with various 1-D and 2-D carbon
and inorganic nanomaterials and compared them to the non-reinforced PPF baseline control.
Among the nanomaterials studied in this chapter, only single- and multi-walled carbon nanotubes
(SWCNTs and MWCNTSs) have been reported previously [90, 97, 184, 377, 378] for
development of porous bone grafts scaffolds. The cytocompatibility of porous nanocomposite
scaffolds were studied using MC3T3 pre-osteoblasts murine cells that are widely accepted
mammalian cell lines for bone tissue engineering research [352]. Similar to Green et al. [379],
the cellularity was defined as number of viable cells and was detected based on double stranded

di-nucleic acid (ds-DNA) content in cells and corroborated using Presto Blue® assay.

As discussed in chapter 3, TEM imaging of nanomaterials shows that WSNTs and
BNNTSs have tubular morphology while MSNPs and BNNPs exhibit polygonal sheet-like form in
accordance with the literature [158, 174, 380, 381]. The morphology of carbon nanomaterials
used in this study (especially graphene oxide nanoribbons and graphene oxide nanoplatelets)
were also in accordance with the existing literature [123, 382]. Importantly, unzipping and
synthesis of graphene oxide platelets introduces functional groups on the surface of
nanomaterials [50] resulting in their better dispersion. The TEM images confirmed the
homogenous dispersion of the nanomaterials in the polymeric matrix, a pre-requisite for good
nanomaterials/polymer interface resulting in an efficient load transfer and improved mechanical
properties [273].
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As discussed in chapter 3, the Raman spectra of nanomaterials were in agreement with
literature [50, 219, 220, 222, 339, 380, 383]. The presence of functional groups on the surface of
nanomaterials leads to a better nanomaterial/polymer interface. Moreover, a uniform dispersion
of nanomaterials (compared to bundled nanomaterials) in the polymeric networks is desired;
nanomaterial aggregates lead to localized stress concentration during compressional loading. The
minor peaks observed in the spectra were results of structural defects and functional groups in
carbon nanostructures [50]. Presence of functional groups such as hydroxyls and oxysulfides on
the surface of 2-D nanomaterials increase the van-der walls intermolecular forces and leads to
better dispersion compared to carbon nanotubes [33]. Additionally, presence of functional groups
leads to an increase in surface energy of the nanocomposites [384] and improves the crosslinking

density of nanocomposite scaffolds.

The formation of highly porous scaffolds after salt-leaching (Figure 7.2) was observed. A
homogenous distribution in pore sizes and regular cubic shape decreases the stress concentration
initiated by pores [385] and delays crack propagation when subjected to mechanical loads. As
SEM image confirmed, the large size of pores (~300 um) facilitate ingrowth of the MC3T3 cells
(during seeding stage) inside the scaffolds and facilitates the removal of cellular wastes from the
vicinity of viable cells. Moreover, the rough inner surface of pores might be favorable for

adsorption of collagen-I and attachment of MC3T3 cells [66]

Although the introduction of porosity provides path ways for the cell growth and
formation of new bone (ossification), the tradeoff of making porous structures is a substantial
decrease in mechanical properties (approximately two order of magnitude compared to

nonporous nanocomposites [50, 62]). To improve the mechanical properties of these scaffolds
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for bone tissue engineering applications, the chemical composition of nanomaterials and their

architecture (pore size, distribution and volume percentage) needs to be finely tuned.

In order to investigate the mechanical properties of nanocomposite scaffolds in this work,
a 1 KN load cell was used to increase the sensitivity of the measurements (application of higher
load cells would result in rapid failure of porous scaffolds). As shown in Figure 7.3, the presence
of organic and inorganic nanomaterials increases the compressive mechanical properties
(compressive modulus, compressive yield strength and ultimate strength) due to high mechanical
strength of nanomaterials, efficient load transfer in nanomaterial/polymer interface and increase
in crosslinking density of the polymer networks [48]. Additionally, other factors such as
homogenous pore size and pore distribution also have a favorable effect on the mechanical
properties of the scaffolds [52, 53]. WSNTs, BNNTs, BNNPs, and MSNPs have very high
compressive modulus (compared to metals such as stainless-steel with ~200 GPa young’s
modulus [386]) of ~150 GPa [62], ~1220 GPa [52], ~271 GPa [330, 387], and ~210 GPa [62,
106, 388], respectively. The compressive modulus of inorganic 1-D and 2-D nanomaterials are
even comparable to ultra-strong carbon nanotubes with a compressive modulus of ~1600 GPa

[389] and graphene oxide with a compressive modulus of 250 GPa [390].

The sol-fraction analysis was performed to assess the changes in the crosslinking density
of the polymic nanocomposites. The sol-fraction analysis (Figure 7.4) shows no significant
difference in crosslinking density of nanocomposite scaffolds compared to the PPF baseline
control. However, the functional groups on the surface (residues of synthesis process) of
nanomaterials result in the formation of a better nanomaterial/polymer interface that eventually
leads to more efficient load transfer (in agreement with Kim et al. [391] on the role of functional

groups in increasing mechanical properties of carbon nanotube reinforced polymeric
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nanocomposites). As seen in Table 7.2, similar to our findings in chapter 4 that a large surface
area leads to a better nanomaterial/polymeric network interface, the inorganic 2-D nanomaterials
were more effective in the increasing mechanical properties of the nanocomposite scaffolds. The
trend for mechanical properties of inorganic nanocomposite scaffolds was: PPF baseline control

< 1-D nanocomposites < 2-D nanocomposites.

As displayed in Figure 7.2.B, for carbon nanocomposite scaffolds, although only a few
significant differences were detected among the results for the compressive mechanical tests, the
trend for mechanical properties of nanocomposite scaffolds was: PPF < (SWCNT and MWCNT)
< (SWGONR and MWGONR) < GONP scaffolds. An increase in the mechanical properties of
2-D carbon nanocomposite scaffolds compared to 1-D nanocomposites (Table 7.2.B), was in
agreement with our previous results for nonporous PPF nanocomposites. The increase in
crosslinking density of nanocomposite scaffolds followed the following trend: GONP >

(SWGONR and MWGONR) > (SWCNT and MWCNT) > PPF.

In addition to mechanical strength, the nanocomposite scaffolds should provide a
template for extracellular matrix (ECM) deposition and subsequent ossification, therefore
adsorption of collagen-1 protein (collagen-1 acts as the backbone of ECM [392]) was
investigated. The time-dependent increase in collagen-I adsorption for all inorganic and carbon
nanocomposite scaffolds compared to PPF scaffold in Figure 7.5 was in agreement with the
reports on the effect of nanomaterials on increasing surface energy and surface roughness that
eventually leads to a better protein adsorption [66, 347, 393]. The improved adsorption of
proteins on the surface of nanocomposites (Table 7.3) leads to better adsorption of growth
factors and hormones that are necessary for proliferation and differentiation. Additionally,

absorbed proteins will act as an anchor for cell attachment [394]. As observed in Figure 7.5, the
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protein adsorption did not significantly after 5 days incubation that might be due to the saturated

surface for collagen-I adsorption.

The time-dependent increase of collagen-1 shows the capability of nanocomposite
scaffolds for adsorption of collagen-I protein inside the pores. Moreover, collagen-I adsorption
followed the following trend for inorganic and carbon nanomaterials: 2-D nanocomposites > 1-D
nanocomposites > PPF baseline control. The results of protein adsorption study suggested that
the presence of nanomaterials in the polymeric network increases the surface roughness and
increases protein adsorption [395]. Because nanomaterials loading concentrations are very low
(0.2 wt. %) and they may have a small share in governing overall surface roughness and surface

energy, the protein adsorption for different nanomaterials were not significantly different.

Displayed in Figure 7.6 is a time-dependent increase in number of viable MC3T3 cells on
all experimental groups showing an excellent cytocompatibility of the nanocomposite scaffolds
(similar to PPF control). Although Presto Blue® assay showed a higher number of cells
compared to Quantifluor® assay (Figure 7.6) as carbon nanomaterials bind to ds-DNA [379], the
trend was similar and in accordance with the study carried out by Shi et al. [26]. A possible
explanation for the excellent cellularity in all nanocomposite scaffolds compared to PPF baseline
control might be the high crosslinking density in polymeric networks that prevents release of the
unreacted components into the cell culture media. Moreover, an increased protein adsorption
results in an enhanced cellular attachment and reduces cell apoptosis [396]. The excellent
cytocompatibility of nanocomposite scaffolds can also be attributed to the excellent
cytocompatibility of PPF [299] and low nanomaterial loading concentrations [80, 105, 135, 171,
397-399]. Addition of these nanomaterials not only do not adversely affect cytocompatibility, it

improves cell adhesion and adsorption of ECM proteins [65].
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The confocal images and SEM images after 5 days incubation (Figures 7.7 and 7.8)
showed an excellent cell spreading and infiltration on nanocomposites and confirmed
cytocompatibility of the nanocomposite scaffolds (in agreement with Shi et al. [19]). The
confocal images showed a similar morphology of MC3T3 cells grown on nanocomposite
scaffolds and PPF baseline control. Despite the presence of residual materials from synthesis
process (such as benzoyl peroxide, uncreated NVP and trapped solvents [299, 311, 369]) and
nanomaterial aggregates [80, 369, 370, 400], the salt leaching process reduces the cytotoxicity by
leaching toxic components before cell culture. Moreover, the presence of cellular extensions and
cell infiltration on the scaffolds along with extracellular matrix (ECM) deposition observed in
Figure 7.8 show desirable effects of these nanocomposites on early stage bone formation. The
confocal fluorescence images of the infiltrated MC3T3 cells visually validates the results of
cellularity assays. Due to the large available surface for cell spreading inside the pores, number
of viable MC3T3 cells continue to rise from day 1 to day 9 of incubation. Two factors that slow
down the increase in number of MC3T3 cells during longer incubation times are static cell
culture that limits transport of new cells inside scaffolds and lack of blood vessel formation in in

vitro models [401].

Morphology of well-spread MC3T3 cells with extended filopodia observed in SEM
images was similar to the MC3T3 cells cultured on tissue culture poly styrene (TCPS) reported
by Lourenco et al. [402]. SEM images further confirmed the excellent cellularity and cell
spreading. The large interconnected pores allow migration of MC3T3 cells (with ~10 pum
diameter) inside the pores. Similar to our in vitro findings, in an in vivo model, after the stem

cells differentiate toward mature osteoblasts they will deposit ECM and calcium phosphate
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inside the pores [352]. These processes will result in the formation of new bone [81] that

gradually replaces the degrading polymeric networks [336].

The surface of nanocomposite scaffolds were covered by secreted collagen-1 (Figure 7.9)
and showed that, not only MC3T3 cells are viable inside the nanocomposite scaffolds, they tend
to secrete collagen-I and deposit ECM. Since the cell attachment plays an important role in
signaling cells toward differentiation, a better attachment will result in an improvement in new

bone formation [403] and suppresses cell apoptosis [396].

To the best of our knowledge, this is the first systematic investigation of carbon and
inorganic 1-D and 2-D nanomaterials (SWGONRs, MWGONRs, GONPs, SWCNTs, MWCNTSs,
WSNTs, BNNTs, MSNPs and BNNPs) as reinforcing agents to prepare porous nancomposite
scaffolds. In this study, their effect on the compressive mechanical properties, protein adsorption
and cytocompatibility of biodegradable PPF nanocomposite scaffolds was investigated. The
compressive mechanical testing showed that 2-D carbon and inorganic nanomaterials increase
compressive mechanical properties and protein adsorption (compared to non-reinforced PPF).
These nanocomposites are cytocompatible. The results of this research open avensues for in vivo

biocompability analysis of these scaffolds in animal models.

7.4. Conclusions

In conclusion, highly porous PPF nanocomposite scaffolds using carbon (SWCNT,
MWCNT, SWGONRs, MWGONRs and GONPs) and inorganic (WSNTs, BNNTs, MSNPs and
BNNPs) nanomaterials were fabricated toward the development of porous bone grafts for bone
tissue engineering applications. While compressive modulus of 2-D nanocomposites (for both

inorganic and carbon nanocomposites was slightly higher compared to 1-D nanocomposites and
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PPF baseline control), they showed higher compressive mechanical strength and compressive
ultimate strength as well. The mechanical reinforcement was dependent on morphology of
nanomaterials, surface roughness, specific surface area, surface energy, their dispersion and
presence of functional groups in the nanomaterial/polymer interface and followed the trend:
graphene platelets > graphene oxide nanoribbons > carbon nanotubes (for carbon nanomaterials)
and 2-D nanoplatelets > 1-D nanotubes > PPF baseline control (for inorganic nanomaterials).
Moreover, all nanocomposite scaffolds showed excellent cytocompatibility for mouse MC3T3
pre-osteoblasts (similar to PPF scaffolds) confirmed by high numbers of viable cells infiltrated
inside the porous structure. Additionally, MC3T3 cells were found to secrete collagen-1 inside
the pores forming ECM (confirmed by IHC). This study showed that by harnessing
physiochemical properties of 2-D and 1-D nanomaterials can lead to the development of stronger
nanocomposite scaffolds with excellent cytocompatibility which can support new bone
formation. This new class of light-weight, biocompatible, biodegradable and strong

nanocomposites can be used for bone tissue engineering applications.
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7.5. Tables

Table 7.1. Porosity of: A) inorganic and b) carbon nanocomposite scaffolds.

(A) PPF control | WSNT | BNNT | MSNP [ BNNP
Porosity (%) | 83.6£0.4 | 83.6+0.5 | 83.7+0.5 | 83.5+0.7 | 83.3+0.6
B) PPF control | SWCNT | MWCNT | SWGONR | MWGONR | GONP
Porosity (%) | 84.1+0.4 | 84.3£0.2 | 82.7£0.5 | 84.5+0.3 82.6+0.9 | 83.6+0.3

Table 7.2.A) Comparison of compressive mechanical properties for inorganic nanocomposite
scaffolds: (a) compressive modulus, (b) offset yield strength and (c) ultimate strength.

(a) Compressive % increase % increase % increase
a modulus (MPa)| compared to PPF | compared to WSNT | compared to BNNT
MSNP 14+1 0-114 0-87 0-50
BNNP 18+3 15-200 7-162 7-110
b Yield strength % increase % increase % increase
( ) (KPa) compared to PPF [compared to WSNT | compared to BNNT
MSNP 31249 0-43 0-4 0
BNNP 364+54 0-87 0-35 0-12
[sjtl:;ﬁlatf % increase % increase % increase
(C) (Kpi) compared to PPF [compared to WSNT | compared to BNNT
MSNP 351+£29 0-25 0-15 0
BNNP 415+87 0-64 0-53 0-29
(A)
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Table 7.2.B) Comparison of compressive mechanical properties for carbon nanocomposite
scaffolds: a) compressive modulus, b) offset yield strength and c) ultimate strength.

% increase % increase
Compressive % increase compared to compared to
(a) modulus (MPa) |compared to PPF SWCNT MWCNT
SWGONR 13.8+1.7 0-52 0-27 0-36
MWGONR 18.4+0.5 26-85 29-66 13-66
GONP 19.3£1.8 23-107 26-75 14-86
Offset yield % increase % increase
strength % increase compared to compared to
(b) (KPa) compared to PPF SWCNT MWCNT
SWGONR 211458 0-90 0-91 0-52
MWGONR 275+16 60-106 32-107 30-64
GONP 250441 29-105 6-107 13-64
% increase % increase %increase
Ultimate strength| compared to compared to compared to
(c) (KPa) PPF SWCNT MWCNT
SWGONR 251+37 0-50 0-77 0-40
MWGONR 283421 24-60 13-88 0-49
GONP 262+64 0-70 0-101 0-59
(B)

Table 7.3. Comparison of protein adsorption after 9
nanocomposite scaffolds.

days: A) inorganic and B) carbon

% increase

% increase

(A) Collagen-l compared to compared to 20 LHEGEEG
adsorption (%) PPF WSNT compared to BNNT
MSNP 22.4+6.6 96-729 0-20 0-27
BNNP 31.9+7.3 204-1027 0-64 0-73
% increase % increase % increase
(B) % Collagen-1 compared to compared to compared to
adsorption PPF SWCNT MWCNT
SWGONR 47.6+5.9 0-40 0-60 0-25
MWGONR 46.4+5.5 0-35 0-55 0-21
GONP 44.6x1.7 0-20 0-38 0-9
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7.6. Figures
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Figure 7.1. Flowchart of studying the A) mechanical properties, B) cytocompatibility and C)
ECM formation of nanocomposite scaffolds.
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Figure 7.2.C) Digital images of nanocomposite scaffolds and their dense counter-parts: A) PPF
baseline control and B) WSNT, C) BNNT, D) MSNP, and E) BNNP.
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Figure 7.3. The mechanical properties of inorganic nanocomposites scaffolds: A) Compressive
modulus, B) compressive yield strength C) offset yield strength and D) sol-fraction analysis.
Error bars represent standard deviations for three samples (n=3). Statistically significant
differences (p < 0.05) with respect to PPF baseline control have been indicated using “*” symbol
(continued on the next page).
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Figure 7.2. The mechanical properties of inorganic nanocomposites scaffolds: C) offset yield
strength and D) sol-fraction analysis of PPF nanocomposites and baseline control. Error bars
represent standard deviations for three samples (n=3). Statistically significant differences (p <
0.05) with respect to PPF baseline control have been indicated using “*” symbol (continued from
the previous page).
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Figure 7.4. The mechanical properties of carbon nanocomposites scaffolds: A) Compressive
modulus, B) offset yield strength. Error bars represent standard deviations for three samples
(n=3). Statistically significant differences (p < 0.05) with respect to PPF baseline control have
been indicated using “*” and the significant difference with respect GONP nanocomposite
scaffold is marked with“**” (Continued on the next page).
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Figure 7.4. The mechanical properties of carbon nanocomposites scaffolds: C) the ultimate strength and
D) sol-fraction analysis. Error bars represent standard deviations for three samples (n=3). Statistically
significant differences (p < 0.05) with respect to PPF baseline control have been indicated using “*” and
the significant difference with respect GONP nanocomposite scaffold is mared with***”’
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Figure 7.5.A) Collagen-I protein adsorption after 1, 5, and 9 days incubation at 37°C on the
inorganic PPF nanocomposites. Data has been normalized with respect to PS control and error
bars represent standard deviations for six samples (n=6). The symbol “*” indicates statistically
significant difference with respect to PPF baseline control (p < 0.05).
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Figure 7.5.B) Collagen-I protein adsorption after 1, 5, and 9 days incubation at 37°C on carbon
PPF nanocomposites. Data has been normalized with respect to PS control and error bars
represent standard deviations for six samples (n=6).
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Figure 7.6.a) Number of viable of MC3T3 cells on porous inorganic scaffolds after 1, 5 and 9
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with respect to live and dead controls and error bars represent standard deviations for five

samples (n
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Figure 7.6.b) Cellularity of MC3T3 cells on porous scaffolds after 1, 5 and 9 days incubation using: (A)

Quantiflour® and (B) Presto Blue® assay. Data has been normalized with respect to live and dead

controls and error bars represent standard deviations for five samples (n
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Figure 7.7.a) Representative fluorescent microscopy images of attached MC3T3 cells on
nanocomposite scaffolds after 5 days incubation: (A) PPF baseline control, (B) WSNT, (C)
BNNT, (D) MSNP and (E) BNNP and (F) negative control.

Figure 7.7.b) Representative fluorescent microscopy images of attached MC3T3 cells on
nanocomposite scaffolds after 5 days incubation: (A) PPF baseline control (B) SWCNT, (C)
MWCNT, (D) SWGONR (E) MWGONR, (F) GONP nanocomposite scaffolds and (G) negative
control.
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Figure 7.8. Representative SEM images of: A) PPF baseline control “and B) BNNP
nanocomposite scaffolds after 5 days of cell culture (Due to similarity with other nanocomposite
only data of PPF and BNNP nanocomposite scaffolds is shown here).
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Figure 7.9.A) Immunohistochemistry images of collagen-1 expression on (A) PPF baseline
control (B) WSNT, (C) BNNT, (D) MSNP (E) BNNP nanocomposite scaffolds and (F) negative

control.
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Figure 7.9.B) Immunohistochemistry images of collagen-I expression on (A) PPF baseline
control (B) SWCNT, (C) MWCNT, (D) SWGONR (E) MWGONR, (F) GONP nanocomposite
scaffolds and (G) negative control.
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Chapter 8: Ostogenic Differentiation and Calcium
Mineralization in 1-D and 2-D Nanomaterial-

Reinforced Polymeric Scaffolds

8.1. Introduction

In the previous chapter, we investigated the mechanical properties, and the in vitro
cytocompatibility of porous nanocomposite PPF scaffolds reinforced using 1-D and 2-D carbon
and inorganic nanomaterials. In this chapter, we will provide insights on bioactivity of
nanocomposite scaffolds and the effect of 1-D and 2-D nanomaterials on in vitro osteogenic
differentiation and calcium mineralization (for MC3T3 pre-osteoblasts) for new bone formation

(flowchart shown in Figure 8.1).

There has been a growing interest in the use of various nanomaterials for bone tissue
engineering as reinforcing agents, materials assisting healing process and permitting monitoring
of tissue regeneration [404]. Bioactive nanomaterials such as hydroxyapatite [405, 406],
alumoxane [407], clay [408], alumina [409], zirconia [410] and titania [411] have been
investigated as reinforcing agents to improve the mechanical properties of chitosan [410],
poly(glycolic acid) (PLGA) [405], poly lactic acid) (PLA) [22], poly(caprolactone) PCL [412]
and poly(propylene fumarate) (PPF) [413]. Nanomaterials have high mechanical strength,
surface roughness, large surface area, biocompatibility, bioactivity and potential for drug
delivery, their application is associated with limitations such as cytotoxicity at high nanomaterial
loading concentration, and biodegradation and biodistribution concerns [414]. Moreover, it is
desirable to produce smart polymeric biomaterials that are responsive to electrical and magnetic
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fields, thermal, acoustic and light sources that can lead to a controlled forming (especially for
injectable application when they can eliminate the need for an excessive external heat that is fatal
for surrounding cells) and monitoring after implantation (to track bone healing status, control
implant’s shape and degradation rate [415]). To address these needs, 1-D and 2-D nanomaterials
have been used for bone tissue engineering applications. These nanomaterial significantly
increase mechanical strength and toughness of polymeric nanocomposites at low nanomaterial
loading concentrations and are cytocompatible permitting biomedical applications. Furthermore,
physical properties of these nanomaterials such as extra-large surface area and electronic
structure provides new opportunities to develop novel bone tissue engineering biomaterials
capable of delivering drugs, being imaged and even receive external signals (electrical, magnetic,

thermal, acoustic and light) for stimulation.

Bioactivity has been studied for some of the nanomaterials used in this work. CNTs [81,
416] and graphene [374] had exhibited desirable in vitro and in vivo bioactivity. Ajayan et al.
showed that CNTs under the effect of alternating electrical field can cause stimulation in stem
cells [98] and Danti et al. showed that BNNTs can promote osteoblastic differentiation when
subjected to photo-thermal waves [112]. Surprisingly, their bioactivity has not been studied for
bone tissue engineering applications. Towards answering this gap in available inoformation, in
this chapter, we will investigate the effect of the 1-D and 2-D carbon and inorganic
nanomaterials on the osteogenic differentiation in terms of their effect on alkaline phosphatase
activity (ALP, an indicator of early stage osteoblastic differentiation) and calcium mineralization
for murine MC3T3 pre-osteoblasts (as an indicator of calcium phosphate deposition). Confocal
and electron scanning microscopy were used to image cells and expression of integrin -1 on

nanocomposite scaffolds.
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8.2. Results
8.2.1. Structural characterization of nanocomposite scaffolds

Figure 8.2 shows the porous structure of PPF nanocomposite scaffolds (porosity values
for experimental and control groups are presented in Table 8.1). As seen in the SEM micrograph,
the structure was composed of interconnected pores with 300 pum diameter (similar to sodium
chloride particles used to induce porosity). The pores were separated by thin walls of polymer in
the form of interconnected channels to permit cell infiltration and transport of nutrients as well as
cell wastes. Due to similarity of nanocomposite scaffolds, only the microstructure of BNNP

nanocomposite is presented in Figure 8.2.

8.2.2. Cellularity of MC3T3 cells on scaffolds
8.2.2.1. Double stranded DNA (ds-DNA) content on nanocomposite scaffolds

Figure 8.3 displays the number of viable cells detected using Quantifluor® assay on
nanocomposite scaffolds. This assay is comprised of fluorescent dyes that interact with the
double stranded-DNA chains and can be used to quantify number of live cells in the samples
[417]. Out of the 50*10° initial MC3T3 seeded cells, PPF, SWCNT, MWCNT, SWGONR,
MWGONR, GONP, BNNT, WSNT, BNNP and MSNP scaffolds showed ~245*10°% ~173*10°,
~177*10°%, ~174*10°, ~170*10°% ~190*10°, ~219*10°% ~254*10°, ~210*10° and ~200*10° cells
after incubation with osteogenesis media at 37°C for 14 days, respectively. After 21 days,
number of the cells detected on each of the scaffolds slightly increased to ~218*10% ~209*10°,
~189*10°, ~255*10°, ~257*10°% ~261*10°, ~181*10°% ~239*10°, ~197*10° and ~161*10° cells
for PPF, SWCNT, MWCNT, SWGONR, MWGONR, GONP, BNNT, WSNT, BNNP and
MSNP scaffolds, respectively. After 28 days incubation at 37°C, the number of viable MC3T3

cells did not significantly change: ~268*10°% ~235*10°, ~240*10°%, ~255*10° ~205*10°,
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~296*10°, ~264*10°, ~239*10°, ~311*10° and ~272*10° cells for PPF, SWCNT, MWCNT,
SWGONR, MWGONR, GONP, BNNT, WSNT, BNNP and MSNP scaffolds, respectively. The
difference in number of cells only refers to the number of attached cells on each scaffold and

does not imply difference in cytocompatibility of various nanocomposite scaffolds.

8.2.2.2. Microscopy of MC3T3 cells on the scaffolds
Figure 8.4 shows the confocal fluorescence images of MC3T3 cell spreading and

infiltration into the nanocomposite scaffolds after 14 days of incubation. Calcein-AM is a
nonfluorescent dye which is converted to a green-fluorescent dye after the hydrolysis of
acetoxymethyl ester group by intracellular esterase [418]. Similar to PPF baseline control, all of
the nanocomposite scayes ffolds showed a good cell infiltration and spreading (compared to the
negative control) similar to PPF baseline control. The suitable size of the pores (300 pum

diameter) allows cells to migrate inside the nanocomposite scaffolds during the seeding stage.

Figure 8.5 shows the scanning electron microscopy (SEM) image of BNNP
nanocomposite scaffold after 14 days of incubation (SEM image of BNNP nanocomposite is
shown as a representation for all nanocomposite groups). SEM image shows the surface of a 300
pm pore containing MC3T3 cells (diameter of 10 um, marked with white arrows in Figure 8.5),
with extended filopodia attaching to the underlying extracellular matrix (ECM) (marked with

black circles in Figure 8.5).

8.2.2.3. Immunohistochemistry of integrin-B1 expression

Figure 8.6 shows the confocal fluorescence images of integrin-f1 protein expression on

the nanocomposite scaffolds after 14 days of incubation. All of samples expressed integrin-1
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protein; no significant difference in the protein distribution among the experimental groups was
observed. The integrin-p1 transmembrane proteins connect the cells to the ECM on

nanocomposite scaffolds.

8.2.3. Alkaline phosphatase activity (ALP) of MC3T3 cells
The intracellular alkaline phosphatase (ALP) activity for MC3T3 cells after incubation

with osteogenic media after 14, 21 and 28 days on nanocomposite scaffolds is shown in Figure
8.7. PPF controls and SWCNT, MWCNT, SWGONR, MWGONR, GONP, BNNT, WSNT,
BNNP and MSNP scaffolds showed ~0.25%10°, ~0.52*10°, ~0.26*10°®, ~2.24*10°®, ~1.70*10°,
~3.12*10®, ~0.90*10°®, ~1.41*10®, ~3.77*10® and ~3.12*10® (umol/min.cell) ALP activity
after 14 days, respectively. All of the experimental groups showed higher ALP activity after 21
days; PPF control and SWCNT, MWCNT, SWGONR, MWGONR, GONP, BNNT, WSNT,
BNNP and MSNP scaffolds showed ~2.51*10°, ~2.81*10°, ~2.08*10°®%, ~3.28*10°%, ~3.37*10°,
~3.70*10°®, ~3.24*10°®, ~3.25*10°®, ~4.47*10® and ~4.07*10® (umol/min.cell), respectively.
After 28 days ALP activity of the scaffolds either did not change significantly or slightly
increased to ~2.05%10°® ~2.18*10°®, ~2.13*10°®, ~4.62*10°®, ~4.66*10°, ~5.59*10°°, ~3.38*10°,
~3.68*10% ~4.30*10% and ~4.90*10® (umol/min.cell). In general, 1-D inorganic
nanocomposite scaffolds and 2-D organic and inorganic nanocomposite scaffolds showed
significant increase in ALP activity in comparison with PPF baseline control (marked with “*” in

Figure 8.7) with 2-D inorganic nanocomposites being slightly more bioactive.

8.2.4. Calcium deposition on scaffolds

Calcium content (normalized to cell numbers) after 14, 21 and 28 days of incubation is
shown in Figure 8.8. PPF control and SWCNT, MWCNT, SWGONR, MWGONR, GONP,
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BNNT, WSNT, BNNP and MSNP scaffolds showed ~0.86*107°, ~1.58*10° ~2.22*107,
~5.44*10°, ~4.52*10° ~5.82*10° ~3.87*10° ~3.83*10° ~6.49*10° and ~4.06*10°
(mg/p.lit.cell) calcium mineralization after 14 days, respectively. After 21 days groups showed
higher calcium content; PPF control and SWCNT, MWCNT, SWGONR, MWGONR, GONP,
BNNT, WSNT, BNNP and MSNP scaffolds showed ~2.15*10°, ~2.97*10° ~3.61*107,
~5.81*10°, ~6.82*10°, ~5.09*10° ~3.74*10° ~4.69*10° ~7.16*10° and ~7.77*10°
(mg/ulit.cell) calcium content per cell, respectively. After 28 days of inubation, the calcium
content in the scaffolds further increased to ~4.23*10°, ~4.55*10°, ~4.23*10°, ~6.73*107,
~7.67%10°, ~7.48*10°, ~5.86*10°, ~6.19*10°, ~8.60*10° and ~8.45*10° (mg/ulit.cell),
respectively. One-dimensional inorganic nanocomposite scaffolds and 2-D carbon and inorganic
nanocomposite scaffolds showed a significant increase in calcium content in comparison of PPF
baseline control scaffold (marked with “*” in Figure 8.8.A). The microstructure of BNNP
nanocomposite scaffold after 28 days cell culture is displayed in Figure 8.8.B. Only
microstructure of BNNP nanocomposite scaffolds is presented as a representative image of all
nanocomposite groups. The surface of nanocomposite scaffolds was covered with calcium

phosphate depositions which was corroborated by arsenazo-3 assay.

8.3. Discussions

In previous chapters we showed that 1-D and 2-D nanomaterials used in this study
significantly enhance the mechanical properties of PPF scaffolds without adversely affecting
their cytocompatibility. For their application as a porous bone grafts, in addition to
osteoconductivity, the nanocomposites should support osteogenic differentiation and calcium

mineralization i.e. promote ossification. Previous reports show bioactivity of nanomaterials such
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as: calcium phosphate [419], titania [420], zirconia [421] and aluminosilicate glasses [28]
towards osteogenic differentiation of MC3T3 pre-osteoblast and their calcium mineralization. In
case of 1-D and 2-D nanomaterials only bioactivity of carbon nanotubes [374], graphene oxide
[371, 422] and titanium dioxide nanotubes [423] have been investigated. The bioactivity

response of other selected nanomaterials for this study is not known.

In this chapter, we systematically investigated the bioactivity of 1-D and 2-D
nanomaterials towards osteogenic differentiation and calcium mineralization using MC3T3
murine [424, 425] cell line. MC3T3 cells have been extensively used for bone tissue engineering
[420]. Similar to previous chapters, a nanomaterial loading concentration of 0.2 wt. % was used
which leads to maximum mechanical reinforcement without the presence of dispersing agents
[78], and the well stablished salt-leaching method was utilized to fabricate porous scaffolds [26,

426].

As reviewed in chapter 3, to characterize the structural and chemical composition of
nanomaterials, TEM and Raman spectroscopy were performed. TEM imaging of nanomaterials
showed a similar nanostructure and chemical compositions as reported previously [202, 334,
427-430]. The synthesis of nanomaterials introduces functional groups on their surface that in
conjunction with other physiochemical properties of nanomaterials such as surface roughness
and high specific surface area might affect cellular interactions such as osteoegnic differentiation
and calcium mineralization [431-433]. Moreover, a homogenous distribution of nanomaterials in
the porous nanocomposite scaffold as a result of functional groups on their surface [95] may

result in better cell-substrate interactions.
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As displayed in Figure 8.2, the high porosity of nanocomposite scaffolds (Table 8.1)
supoprted cell in-growth, neutrient exchange, waste removal and calcium mineralization. The
microstructures were comparable to the other reports for fabrication of bone tissue engineering
scaffolds [26, 434]. Karageorgiou et al. reported that porosity leades to in increase surface

roughness and more cell functions such as: osteoblastic differentiation and mineralization [435].

The number of MC3T3 cells on scaffolds (Figure 8.3) shows that a large fraction of
seeded cells were viable during ostegenic differentiation and mineralization study. Previously, in
chapters 5, 6 and 7 we had shown excellent cytocompatibility of porous and nonporous PPF
nanocomposites in vitro. The number of the cells seeded on the scaffolds cannot be accurately
controlled because a large portion of the cells do not attach to the scaffold during seeding stage,
but since the expression of ECM proteins and calcium mineralization is correlated to number of
cells, it is necessary to investigate the number of cells to assess their osteoblastic differentiation
activity [371, 436]. Therefore, ALP activity and mineralized calcium phosphate were divided by

cell numbers.

The confocal microscopy of MC3T3 cells on all experimental samples in Figure 8.4
showed a similar cell infiltration and spreading suggesting that MC3T3 cells could successfully
attach to the scaffolds and deposit extracellular matrix (ECM). As osteogenic differentiation
progresses, the calcium phosphate mineral will nucleate inside the porous structures forming new
bone ECM [437, 438]. Confocal imaging on a cross section of the center of the scaffolds confirm
that the static cell culture procedure prevented a large number of MC3T3 cells from migrating
inside the pores. Additionally, as the nanocomposite undergoes degradation, a larger portion of

bone graft will be substituted with the new bone [358].
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The SEM micrographs of MC3T3 cells after 14 days cell culture on the scaffolds (Figure
8.5) was similar to the report by Kizuki et al. [439] showing that on bioactive surfaces, pre-
osteoblasts tend to proliferate, spread, extend their filopodia extensions and facilitate formation
of bone extracellular matrix [440]. Furthermore, SEM analysis coroboratted confocal images and

showed excellent tendency of nanocomposite scaffolds as an osteoconductive substrate.

As Figure 8.6 shows the expression of integrin-p; inside the porous structure of scaffolds.
The integrins are helical transmembrane protein; 11, a1, asPi, P, asPi, agPi and azB; that act
as anchors and attach to extracellular matrix (ECM) support cell proliferation and/or osteogenic
differentiation [441]. Since integrin-f; is a typical protein connecting the cells to the ECM
matrix, collagen network, laminin and fibronectin, we decided to study the distribution of [3;-
integrin expression using immunohistochemistry. The results of immunohistochemistry analysis

confirmed the expression of B;-integrin by MC3T3 cells inside the nanocomposite scaffolds.

Presence of functional groups, large specific surface area and surface roughness increases
the energy and reactivity of nanocomposites and increases the protein adsorption on the surface
that subsequently improves the attachment of pre-osteoblasts to the substrate [65, 442]. Boyan et
al. has reported a systematically improved hormone responsiveness as surface roughness
increases affecting osteogenic differentiation through protein kinase A and phospholipase A,
pathways [443]. The pristine SWCNTs and MWCNTSs do not have functional groups on their
surface and are often found as aggregates in the polymeric matrix, therefore the only effective
parameter in for SWCNT and MWCNT nanocomposite scaffolds is the increased surface
roughness. On the other hand, inorganic nanotubes (WSNTs and BNNTS) contain functional
groups such as sulfides and amines as a result of synthesis method [252, 444], which improve

their dispersion in the polymeric matrix along with protein adsorption. For 2-D carbon
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nanocomposites, as a result of unzipping process the surface area will increase along with the
incorporation of functional groups such as sulfides and hydroxyls due to the synthesis method.
The syntheiss method utilizes acids such as sulfuric acid [123, 215] which results in high

reactivity on the surface for 2-D inorganic nanomaterials.

Figure 8.7 depicts that all nanocomposite scaffolds show a time-dependent increase in the
levels of intercellular ALP activity in the nanocomposite scaffolds compared to PPF baseline
control with a trend: PPF baseline control < 1-D carbon nanocomposites < 1-D inorganic
nanocomposites and 2-D carbon nanocomposites < 2-D inorganic nanocomposites (shown in
Table 8.2). ALP is a biomarker for the early stage osteogenic differentiation [445] and as
osteogenesis is induced, the ALP activity will increase. The increase in surface energy, surface
roughness and functional groups on the surface play key roles in increasing ALP activity. Many
reports articulate similar effects [65, 446] on osteogenic differentiation. Nayak et al. [447] and
Zhang et al. [448] have reported a higher ALP activity in the presence of graphene and carbon
nanotubes, respectively. Lee et al. have reported that the formation of chemical bonds on the
surface of nanomaterials results in a better adsorption of osteogenesis-inducing factors such as

ascorbic acid and 3-glycerolphosphate [449].

As seen in Figure 8.8.A, calcium deposition also shows a time-dependent increase with a
trend: PPF baseline control < 1-D carbon nanocomposites < 1-D inorganic nanocomposites and
2-D carbon nanocomposites < 2-D inorganic nanocomposites (values are shown in Table 8.3).
Increased surface roughness and functional groups on the surface of nanomaterials play an
important role in increasing calcium mineralization [450, 451]. Similar to the ALP activity, we
think that the combined effect of higher surface area and functional groups dictate ALP activity

and calcium deposition trend with 2-D inorganic nanomaterials > 2-D carbon nanomaterials > 1-
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D inorganic nanomaterials > 1-D carbon nanomaterials. Furthermore, the SEM image of
nanocomposite scaffolds in Figure 8.8.B confirms deposition of calcium ECM on the surface of

nanocomposite scaffolds [452].

To the best of our knowledge, this is the first systematic investigation of the effects of 1-
D and 2-D inorganic and carbon nanomaterials on the bioactivity of the polymeric
nanocomposite bone grafts. For this research 1-D and 2-D nanomaterials such as: graphene oxide
nanoribbons (GONRSs), graphene oxide nanoplatelets (GONPs), boron nitride nanotubes
(BNNTS), tungsten disulfide nanotubes (WSNTSs), molybdenum disulfide nanoplatelets (MSNPS)
and boron nitride nanoplatelets (MSNPs) were incorporated in biodegradable poly(propylene
fumarate) (PPF) scaffolds and their in vitro osteogenicc differentiation was assessed by
analyzing alkaline phosphatase (ALP) activity and calcium phosphate mineralization. In general,
the results of our study showed a higher ALP activity and calcium mineralization on the
nanocomposites compared to PPF polymer following this trend: 2-D inorganic nanocomposites >
2-D carbon nanocomposites and 1-D inorganic nanocomposites > 1-D carbon nanocomposites.
Results of this study showed that the extraordinary physiochemical properties of 1-D and 2-D
nanomaterials not only increase the mechanical properties of nanocomposite scaffolds, but they
are bioactive and increase ostegogenic differentiation and calcium mineralization. These
properties can be utilized towards the fabrication of multi-functional bioactive mechanically

strong nanocomposite scaffolds for bone tissue engineering.

8.4. Conclusions

Nanocomposite scaffolds with 2 wt. % of inorganic and carbon nanomaterials such as

single- and multi-walled graphene oxide nanoribbons (SWGONRs and MWGONRS), graphene
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oxide nanoplatelets (GONPs), boron nitride nanotubes (BNNTS), tungsten disulfide nanotubes
(WSNTSs), molybdenum disulfide nanoplatelets (MSNPs) and boron nitride nanoplatelets
(MSNPs) were fabricated using poly(propylene fumarate) (PPF) polymer and N-vinyl
pyrrolidone (NVP) crosslinker. Highly porous nanocomposite scaffolds (porosity > 80 vol. %)
were fabricated using salt-leaching and were structurally characterized and tested for their in
vitro osteogenic differentiation using MC3T3 cells. The osteogenic differentiation was
investigated by alkaline phosphate (ALP) activity, integrin-1 expression and calcium phosphate
mineralization. The results of this study showed that presence of functional groups on the surface
of nanomaterials and an increased surface roughness promotes osteogenic differentiation and
calcium phosphate mineralization. Our results showed that the bioactivity followed the trend: 2-
D inorganic scaffolds > 2-D carbon scaffolds > 1-D scaffolds > 1-D scaffolds > PPF scaffolds.
Results of this study open new avenues towards the development of a new class of strong,
biodegradable, biocompatible and bioactive nanocomposite scaffolds for bone tissue engineering

applications.
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8.5. Tables

Table 8.1. Porosity of the experimental groups used for this study.

Sample Porosity (%)
PPF control 83+2
SWCNT 814
MWCNT 83+5
SWGONR 81+5
MWGONR 81+5
GONP 83+4
BNNT 82+2
WSNT 82+4
BNNP 80+4
MSNP 84+2
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Table 8.2. Comparison of alkaline phosphatase (ALP) activity for the experimental groups after 28 days.

ALP activity % compared to| % compared to | % compared to
28-days (u.mol/min.cell)*lO'8 PPF SWCNT MWCNT
SWGONR 4.62+0.12 322-357 274-309 98-141
MWGONR 4.66+0.01 335-351 304-335 104-138
GONP 5.59+0.01 423-439 364-383 145-185
BNNT 3.38+0.03 213-228 178-194 47-74
WSNT 3.68+0.11 235-265 198-227 57-93
BNNP 4.30+0.15 288-329 246-285 82-126
MSNP 4.90+0.11 349-383 299-333 111-155

Table 8.3. Comparison of calcium mineralization on different experimental groups after 28 days.

Ca content % compared to| % compared to % compared to
28-days (mg/ ulit.cell)"‘lO'3 PPF SWCNT MWCNT
SWGONR 6.73£0.11 54-63 42-54 54-63
MWGONR 7.67+£0.17 75-87 61-76 75-88
GONP 7.48+0.18 70-83 56-72 70-83
BNNT 5.85+0.11 34-42 23-34 34-43
WSNT 6.19+0.05 43-49 32-41 44-50
BNNP 8.60+0.09 98-108 83-96 99-108
MSNP 8.45+0.16 93-106 78-94 94-106
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8.6. Figures

Effect of nanomaterials on osteblastic
differentiation and calcium mineralization

MC3T3 cell culture Cellularity study
for 28 days using using Quantifluor
osteogenic media assay

Study of ALP activity (p-
nitrophenyl phosphate
assay), calcium
mineralization (arsenazo-3
assay) and SEM
microscopy

Figure 8.1.Flowchart of the experimental procedure used in this chapter.

Figure 8.2. SEM image of BNNP nanocomposite scaffold (due to similarity in SEM images between
experimental groups only the data related to BNNP nanocomposite is presented).
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Figure 8.3. Number of viable cells on nanocomposite scaffolds and PPF baseline control detected using
Quantifluor® assay. Error bars represent standard deviations for five samples (n=5).

MWGONR

Figure 8.4. Fluorescence confocal scanning laser microscopy of MC3T3 cells on experimental samples
after 14 days of incubation.
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Figure 8.5. SEM image of BNNP nanocomposite scaffold after MC3T3 cell culture for 14 days (due to
similarity in SEM images between experimental groups only thedata related to BNNP nanocomposite is
presented).

PPF control SWGONR

100 pm
MWGONR |GONP

Figure 8.6. Immunohistochemistry of integrin-B1 expression on experimental groups after 14 days.
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Figure 8.7. Alkaline phosphatase activity of MC3T3 cells after 14, 21 and 28 days of cell culture

on experimental groups for five samples (n=5). (“*” marks the significant difference (p<0.05)
with PPF baseline control).
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Figure 8.8.A) Calcium mineralization by MC3T3 cells after 14, 21 and 28 days of cell culture on
experimental groups for five samples (n=5) (“*” marks the significant difference (p<0.05) with
PPF baseline control) (continued on the next page).
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Figure 8.7.B) SEM of calcium mineralization by MC3T3 cells on BNNP nanocomposite after 28
days incubation (due to similarity of microstructures in low magnifications, only BNNP data is
presented) (continued from the previous page).
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Chapter 9: Summary, conclusions and suggestion for

future research

9.1. Summary

In this study, we investigated the use of novel one- and two-dimensional (1-D and 2-D)
organic and inorganic nanomaterials as reinforcing agents to improve the mechanical properties
of PPF. The current polymeric bone tissue engineering scaffolds possess insufficient mechanical
strength and metallic implants induce stress shielding. Therefore, there is a need for
mechanically strong polymeric scaffolds for bone tissue engineering. In this study, we have
harnessed the extraordinary physiochemical properties of 1-D and 2-D nanomaterials to address

these challanges.

Nanomaterials possess high intrinsic mechanical properties and can permit
multifunctional attributes such as stimulating, drug delivery and non-invasive monitoring. In this
work we incorporated 1-D and 2-D inorganic and carbon nanomaterials into biodegradable and
biocompatible polymers and utilize their extraordinary physical and chemical properties (such as
electronic structure, extra-large surface area, high mechanical strength, surface roughness, high
surface energy, high defect density and etc.) towards the fabrication of strong and biocompatible
multifunctional tissue engineering nanocomposites and porous scaffolds. We have characterized
the mechanical properties of nanomaterial-reinforced PPF nancomposites and scaffolds. In
additional to mechanical properties, equally important is the assessment of their biological
impact on the cells, therefore the in vitro cell response to the nanocomposites were also
investigated in this research. Finally, the effects of various organic and inorganic nanomaterials

on the bioactivity of PPF nancomopsites and scaffolds was investigated. The nanomaterials of
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this study were graphene oxide nanoribbons (GONRs, 2-D), graphene oxide nanoplatelets
(GONPs, 2-D), tungsten disulfide nanotubes (WSNTs, 1-D), boron nitride nanotubes (BNNTSs, 1-
D), molybdenum disulfide nanoplatelets (MSNPs, 2-D) and boron nitride nanoplatelets (BNNPs,
2-D). Poly(propylene fumarate) (PPF) polymer was used as the baseline control and carbon
nanotubes (CNTs, 1-D) nanocomposites were used as positive controls for mechanical testing
studies. PPF was used in this study as it is a biodegradable, biocompatible and injectable

polymer widely used for bone tissue engineering research [453]

The nanomaterials used in this study have been explored for several commercial
industrial and biomedical applications such as thermal barriers [124, 164], lubricants [160, 454],
batteries [84, 113, 145, 167], photo catalysts [143, 166], hydrogen storage devices [99], super-
capacitors [68, 83, 132, 144], sensors [86, 101, 116, 134, 148], transistors [67, 85, 100, 114],
tissue engineering applications [72, 74, 119, 137, 153, 178, 179], bio-imaging [73, 87, 104, 147,
161, 170, 180] and nanomedicine [71, 88, 105, 126, 135, 149, 171, 181]. Furthermore, studies
have reported mechanical properties [15, 26, 49, 90, 136, 138, 152], in vitro [80, 97, 110, 121,
130, 135, 154, 156, 165, 174] and in vivo [81, 82, 96, 109, 131, 140, 155, 195] cyto- and bio-
compatibility of these nanocomposites for bone tissue engineering application. However, the
results of these studies can not be compared with each other and there exist no direct
investigation on the efficacy of these nanomaterials as reinforcing agents or nanocomposites for
bone tissue engineering. Therefore, in this work we systematically investigated the mechanical
properites and cytocompatibility of PPF nanocomposites to address this gap. We also

investigated the bioactivity of these nanocomposites towards osteogenesis.

PPF was synthesized by a two-step reaction of propylene glycol and di-ethyl fumarate

and nanomaterials (at a low 0.01 - 0.2 wt. % nanomaterial loading concentration) were added and
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dispersed using ultrasonication. After solvent removal and crosslinking, porous and non-porous
PPF nanocomposites were prepared and used for the mechanical testing and in vitro studies. The
microstructural and chemical characterizations such as Raman spectroscopy, atomic force
microscopy (AFM) and transmission electron microscopy (TEM) was used to analyze SWCNTS,
MWCNTSs, SWGONRs, MWGONRs, GONPs, MSNPs, WSNTs, BNNTs and BNNPs. Briefly,
the results showed that synthesis of PPF polymer and nanomaterials was in agreement with
literature [50, 62, 135, 195, 216-238]. A large surface area of nanomaterials, structural defects
and presence of functional groups on their surface are the main factors responsible for increased
mechanical properties and in vitro response of the nanocomposites (cytocompatibility and
bioactivity). Briefly, TEM confirmed the tubular morphology for SWCNTs, MWCNTSs, BNNTSs
and WSNTs; ribbon-like morphology for SWGONRs and MWGONRS; disc-shaped morphology
for GONPs and hexagonal morphology for MSNPs and BNNPs. Raman spectroscopy clearly
showed the presence of functional groups on the surface of synthesized nanomaterials. The large
surface area was confirmed by Brunauer-Emmett-Teller (BET) analysis of nanomaterials (as
high as 1500 m?/g). Raman spectroscopy also showed presence of defects in the structure of
nanomaterials which can lead to stronger interface between nanomaterial and polymeric network

[455].

It was shown that the presence of 1-D and 2-D nanomaterials even at very low loading
concentrations significantly improves the compressive and flexural strength of nonporous
nanocomposites and for porous nanocomposite scaffolds. Several dependent and independent
factors such as better dispersion of nanomaterials [79], increased surface energy, presence of

functional groups on the surface of nanomaterials such as oxysulfide in WSNTs and MSNPs
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[48], epoxides in BNNTSs [456] and defects in their structure [457] contribute in the improvement

of mechanical properties in polymeric nanocomposites.

The results of the mechanical tests showed a clear and consistent trend in the values of
compressional and flexural modulus and vyield strength for both porous and nonporous
nanocomposites: MSNP > GONP > MWGONR > SWGONR > WSNT > MWCNT > SWCNT >
pristine PPF. The comparisons showed that 2-D nanomaterials reinforce the mechanical
properties better than 1-D nanomaterials probably due to less stress concentration in
nanomaterial/polymer interface. Moreover, the nanoplatelets were better reinforcing agents than
nanoribbons probably due to better dispersion and an increased interface between nanomaterial
and polymeric network. On the other hand, the inorganic nanostructures of this study reinforce
the PPF polymer significantly better than their carbon counterparts probably due to presence of
more functional groups from synthesis on their surface and less aggregation. The increase
molecular interactions at nanomaterial/polymer interface increases the crosslinking density
which in turn increases the mechanical properties of polymeric nanocomposites. The results of
BET analysis followed this trend: MWGONRs > SWCNTs > MWCNTSs > SWGONRs > GONPs
> MSNPs > WSNTs. The mechanical properties of nanocomposites also showed an inverse
relationship between the aspect ratio of nanostructures and the mechanical properties of the
reinforced nanocomposites: larger aspect ratio results in more stress concentration in the

structures and increased the probability of crack nucleation when subjected to a mechanical load.

The sol-fraction analysis investigated the effect of nanomaterials on the crosslinking
density of PPF polymer [184] with the following trend: 2-D > 1-D > PPF controls. This effects is
probably due to the presence of functional groups and an increased surface area that results in a

higher crosslinking density in the nanocomposites compared to pristine PPF. The surface area,
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aspect ratio, sol-fraction and TEM analysis results taken together indicated nanostructure’s
morphology, as well as number of functional groups, and structural defects for the nanostructures

are key factors affecting their mechanical properties.

The in vitro cytocompatibility studies using MC3T3 and NIH3T3 mammalian cell lines
was performed using nanocomposites from each experimental group yielding the maximum
mechanical properties. The in vitro cytotoxicity studies were performed before crosslinking, after
crosslinking and after accelerated degradation of the nanocomposites. Our results show that the
cytotoxic effects of unreacted components decreases in a dose-dependent manner by dilution,
although at higher doses an acute cytotoxicity was observed. The rapid in situ crosslinking of
PPF after injection minimizes this cytotoxicity (in agreement to the previous studies [299]). The
excellent cytocompatibility of crosslinked PPF nanocomposites suggestes that an increased
crosslinking density prevents the leaching of potentially toxic components (such as unreacted
NVP crosslinker [310] and the remaining of BP radical initiator [311, 312]). The degradation
products showed a dose-dependent cytotoxicity that decreased with gradual dilution of the media
containing degradation products. Due to low nanomaterials loading concentrations, the dose-
dependent cytotoxicity was more as a result of degradation products from PPF and NVP than the

nanomaterials.

The excellent cell attachment and cell spreading on surface of the crosslinked
nanocomposites can be attributed to an increased protein adsorption on the surface of
nanocomposites due to the presence of functional groups, structural defects, increased surface
roughness and increased surface energy [319, 320]. Deposition of collagen-1 protein was also

observed suggesting that cells on nanocomposite surfaces can form extracellular matrix (ECM).
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For the porous nanocomposite scaffolds (~85% porosity), presence of the 1-D and 2-D
nanomaterials led to an increase in the compressive modulus, compressive yield strength and
ultimate strength compared to PPF baseline control. Although the mechanical properties were
two orders of magnitude lower than their nonporous counterparts, the observed increase in the
mechanical properties can be attributed to the homogenous dispersion, surface energy, surface
roughness, presence of functional groups on the surface and large specific surface area for
nanomaterials [48]. Similar to the mechanical properties, adsorption of collagen-I protein on
porous scaffolds also followed the trend: 2-D nanocomposites > 1-D nanocomposites > PPF
baseline control. The in vitro cytocompatibility study on the scaffolds showed no signs of
cytotoxicity and confirmed presence of healthy and proliferating cells. Confocal and SEM
images showed cell infiltration and spreading inside nanocomposite scaffolds. Moreover,
immunohistochemistry of collagen-I expression showed that cells secrete collagen-I protein as
they are attaching to the nanocomposite scaffolds. The collagen-1 deposition is vital for
ossification (in stages like: cell proliferation, osteoblastic differentiation and calcium

mineralization) [65].

Our study showed that the increased surface roughness, surface energy and the presence
of functional groups is beneficial for osteogenic differentiation and calcium mineralization. The
high porosity of nanocomposite scaffolds (>80 vol. %) provided channels for cell in-growth,
nutrient exchange and transporting the wastes from MC3T3 cells. The nanocomposite scaffolds
also showed the expression of integrin-p1 protein that plays an important role in osteogenic
differentiation [441]. After the treatment with osteogenesis media, all of nanocomposite scaffold
showed a time-dependent and higher level of ALP activity (as sign early stage osteoblastic

differentiation [445]) and calcium mineralization compared to the pristine PPF. We hypothesize
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that the presence of functional groups, surface energy, structural defects, high specific surface
area and surface roughness increases the reactivity of nanocomposite surfaces and thus protein
adsorption [65, 442, 450, 451], thereby supporting osteogenesis and deposition of calcium
phosphate in the ECM. The trend for intracellular ALP activity and calcium mineralization in
nanocomposite scaffolds compared to PPF baseline control was PPF baseline control < 1-D
carbon nanocomposites < 1-D inorganic nanocomposites and 2-D carbon nanocomposites < 2-D

inorganic nanocomposites.

To the best of our knowledge, this study is one of the first systematic studies on use of 1-
D and 2-D carbon and inorganic nanomaterials towards the development of bone tissue
engineering nanocomposites and scaffolds. These 1-D and 2-D nanomaterials based on their
extraordinary physiochemical properties have high specific surface area, are highly dispersible in
the polymeric networks, have high surface energy, contain defects in their structures and have
strong atomic bonds and can be used in reinforcement of biodegradable polymeric bone grafts.
Furthermore, the nanocomposites of this study showed excellent cytocompatibility and
bioactivity and can be used to fabricate osteoconductive and osteoinductive nanocomposite
polymeric scaffolds. Harnessing of these extraordinary properties can be beneficial in
development of new class of injectable, ultra-strong, light weight, biocompatible and bioactive
bone grafts. These nanostructures have been used in drug delivery, bioimaging applications and

therefore can permit the development of multifunctional scaffolds with these attributes.
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9.2. Conclusions

The following conclusions can be drawn from this work:

Mixing nanomaterials in solvent, a uniform dispersion using ultrasonic waves, can be
utilized to prepare porous and nonporous nanocomposite scaffolds at low concentration
of nanomaterials without using dispersants.

The nanomaterials used in this study had strong atomic bonds, large surface area,
structural defects, high surface energy, and functional groups on their surface and very
high mechanical strength.

The one- and two-dimensional nanomaterials improved the mechanical properties of
porous and nonporous nanocomposites even at very low loading concentrations due to
their extraordinary physiochemical properties.

These nanomaterials do not affect cytocompatibility of bone grafts.

Cytotoxicity of non-reacted and degraded nanocomposites components is due to polymer
components rather than low concentrations of nanomaterials.

The nanomaterials improved protein adsorption on the bone grafts and, therefore, are
desirable for new bone formation because they can easily interact with cells.

The nanomaterials do not adversely affect bioactivity of the nanocomposites, in fact as a
result of increased surface energy, structural defects and their surface chemistry they
show a better protein adsorption and improve in vitro osteogenic differentiation and
calcium phosphate deposition.

The results of this study can be used to develop the next generation of strong,
biodegradable biocompatible and bioactive bone grafts for bone tissue engineering

applications.
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These nanocomposites can be used for drug delivery, real-time non-invasive monitoring
of tissue engineering processes.

Inorganic nanomaterials subject of this study showed better mechanical properties and in
vitro cell response that might be related to their surface chemistry.

Two-dimensional nanomaterials were more efficacious reinforcing agents and showed
low cytotoxicity profile probably due to the increased surface area, better dispersion and

more defects in their structure.
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9.3. Suggestions for future work

Except for carbon nanotubes and graphene, other carbon and inorganic nanomaterials
investigated in this study are new in the field of biomedical engineering. For example
degradation mechanisms of most of nanomaterials used in this study except carbon
nanostructures is not known. The cytotoxicity mechanisms, and effects of these nanomaterials on
gene and protein expression using techniques such as western- and northern-blotting should be

investigated .

As we know, the functionalization of nanomaterial have some effects on their dispersion
and chemistry of their surface. Although many different functional groups such as oxy, carboxyl
amine and nitrile [355, 384, 458, 459] functional groups are present on these nanomaterials, a
systematic investigation of these functional groups on the mechanical properties and
nanomaterial dispersion can lead to new insights. These molecular interactions can be utilized to
increase the nanomaterials loading concentration that can lead to even better mechanical

properties.

Another area that needs more investigation is biodegradation and biodistribution of these
nanomaterials. Although in vitro degradation of some of alumoxane and carbon nanocomposites
have been investigated [80, 301], more elaborate studies for degradation of other nanomaterials
are needed. To date, only biodegradation and biodistribution of carbon nanotubes [460] and

graphene [461] have been investigated.

As we know, a biodegradable bone graft is gradually being replaced by new bone.
Although in vitro and in vivo degradation of nanocomposites and a change in mechanical

properties during this degradation has been studied [51, 52, 197, 336, 462-464], there are a lot of

191



unknown factors for instance how we can control and alter the pace of biodegradation and bone
tissue regeneration process. The change of mechanical properties during biodegradation requires
more in-depth studies. Another interesting avenue that can be explored is controlling the
degradation of nanocomposites and scaffolds by stimulating these nanomaterials using external

sources.

The in vivo biocompatibility of the nanomaterials and nanocomposites should be studied
by subcutaneous implantation on animals such as rats. The next step can be the implantation in
bone sites. Moreover, bioactivity, mechanical properties during degradation, and side-effects of
implanting such nanocomposites in animal models should be investigated. After preliminary in
vivo studies, the research can be extended to large animal models and eventually can be

considered for phase-1 clinical trials.
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