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ABSTRACT

A very promising approach to quickly and safely restore normal function to
extensively damages and diseases bone and cartilage tissues is the regeneration
of these injured tissues using an engineered support scaffold. This dissertation
research focuses on the development and evaluation of native bacterial cellulose
(BC) and chemically modified BCs as potential biomaterials for bone and
cartilage regeneration using equine-derived bone marrow mesenchymal stem
cells (EQMSCs).

The ability of native BC scaffold to maintain cell proliferation, viability, and
in vitro differentiation of the seeded EQMSCs for application in bone and cartilage
tissue engineering was studied. BC morphology was characterized using
Scanning Electron Microscopy (SEM). Fluorescence microscopy and MTS assay
were used to evaluate cell viability and expansion on the BC scaffolds. EqQMSCs
differentiation into osteocytes and chondrocytes were assessed using alizarin red
and alcian blue differentiation assays, respectively.

Biodegradable, microporous and surface modified BC scaffolds were
developed to mimic native bone and cartilage tissues. Microporous BC scaffolds
were synthesized using natural wax microspheres. BC scaffolds were chemically
modified with periodate oxidation to generate biodegradable BCs. To mimic
bone tissue, BCs were mineralized with calcium-deficient hydroxyapatite
(CdHAP). Surface amination and carboxylation of BCs were performed to
simulate the glycosaminoglycans present in the native cartilage tissue. Native
and modified BC scaffolds were characterized using Fourier Transform Infrared
Spectroscopy (FTIR), SEM, and mechanical testing. Resulting scaffolds were
also characterized for their ability to support and maintain the proliferation,
osteogenic and chondrogenic differentiation of EqQMSCs using fluorescence

microscopy, confocal microscopy, MTS assay, and cell differentiation assays.
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Biodegradable, CdHAP tubular-shaped BC composites with oriented
nanofibers were developed and evaluated to mimic the hydroxyapatite minerals
and inherent oriented collagen fibers in native bone. Tubular-shaped BCs were
synthesized under static culture in oxygen-permeable silicone tubes. The
scaffolds were characterized using SEM and mechanical testing. The ability of
the tubular-shaped BC scaffolds to support and maintain EQMSCs proliferation
and osteogenic differentiation were also assessed.

In summary, the material properties and in vitro results acquired from the
research demonstrate that native and specifically biodegradable microporous BC
scaffolds have the ideal properties for bone and cartilage tissue regeneration

therapies.
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CHAPTER |
Introduction

1.1. Background

Traumatic injury, aggressive tumor ablation, and bone and cartilage
diseases, including osteoarthritis and osteoporosis, are common medical
conditions that are associated with a high health cost to the patient [1-3]. These
conditions often result in wounds with limited regenerative capacity [4]. Current
treatment options require medications and reconstructive surgeries; the most
frequently performed procedures involving tissues transplanted from healthy
sections of the same patient, termed autologous grafts, to repair the wound [5, 6].
Autologous grafts, however, are often unavailable for use [5, 6]. Alternative
clinical options have included the use of allogenic grafts, or tissues harvested
from another individual. These grafts, however, are often diseased or lack
immune compatibility [5, 6]. The current clinical treatment for these wounds
stresses the need for bone and cartilage replacement therapies. Thus,
developing biological materials that mimic the chemical and structural nature of
native bone and cartilage tissue, and can lead to the regeneration of the lost
tissue function will be paramount in improving the quality of life for these patients.

A promising alternative approach to treat these disorders is to use tissue
engineering methods [4, 5]. In this technique, appropriate cells are seeded on a
biomaterial scaffold and delivered to the injury site to facilitate regeneration of the
damaged native tissues due to effects of the micro-environment in which it is

placed and/or substances that are part of the scaffold [7-11].

1.1.1. Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) isolated from adult bone marrow stroma
are multipotent cells that have the capacity to differentiation into a variety of other

cells including bone, cartilage, muscle, ligament, and adipose tissue cells (Figure
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1.1) [12-14]. In addition, they are strongly adherent to tissue culture treated
polystyrene, possess high self-renewal activity in culture with an attached
fibroblastic morphology, have an accessible origin and high ex-vivo expansive
ability making them an ideal choice for tissue engineering therapies [15-17].

The primary roles of stem cells in mammalian tissues are to replenish the
population of stem cells through self-renewal and asymmetric cell division, and to
maintain and repair the tissue in which they reside [18]. Stem cells self-renew
and divide asymmetrically to form two distinct daughter stem cells [18]. One
daughter stem cell is an undifferentiated cell that is genetically and physically
identical to the mother stem cell. The developmental potentials of this daughter
cell therefore, are identical to those of the mother stem cell. The second
daughter stem cell generated from the asymmetric cell division is dissimilar from
the mother cell. This daughter stem cell is a mature and differentiated cell with
limited developmental potentials and specialized functions such as a bone,
muscle or cartilage cells. During proliferation or regeneration, stem cells can
symmetrically divide into two daughter cells that are both identical to the mother
cell [19].

Self-renewal and differentiation of stem cells are regulated by genes and
proteins [18]. During self-renewal or differentiation, specific genes are turned on
while others are turned off to allow the cell to proliferate and produce more
undifferentiated cells, or differentiate into specialized cells. To proliferate, stem
cells isolated from adult tissues undergo a specific self-renewal mechanism that
differ at the early and late stages of cell life to meet changing tissue demands or
cell regeneration capability (Figure 1.2) [20]. These stem cell self-renewal
mechanisms are regulated by a series of signaling factors including the
retinoblastoma (Rb) family proteins (pRb, p107 and pl130) [20]. Rb family
proteins are cell growth signaling factors that inhibit cell cycle progression to
prevent excessive cell growth until cell division is needed by the tissue [20, 21].
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Differentiation of MSCs into osteoblasts and chondrocytes are regulated
by a series of signaling factors following the mechanism illustrated in Figure 1.3.
The bone signaling factor bone morphogenetic protein-2 (BMP-2) is involved in
the regulation of osteobast formation (Figure 1.3), and has been extensively
studied for bone tissue engineering and regenerative medicine applications [23-
25]. The growth factor BMP-2 can induce osteoblast differentiation from
undifferentiated MSCs and the formation of new bone tissue [26, 27]. Other
protein growth factors that can induce undifferentiated MSCs to differentiate into
osteoblasts include transforming growth factor B (TGF-B), platelet derived growth
factor (PDGF), and insulin-like growth factor (IGF) [27]. Vitamin D3, ascorbic
acid, B-glycerophosphate, and dexamethasone can also promote the
differentiation of MSC into osteoblasts [26].
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Figure 1.3: Transcription factors involved in osteoblast and chondrocyte
differentiation from mesenchymal stem cells [27].



The transcription factor Sox9 is a well studied positive regulator of
chondrocyte differentiation from undifferentiated MSCs (Figure 1.3) [27, 28].
Other transcription factors including LSox5, Sox6, and RunX2 have also proven
successful in promoting the differentiation of MSCs into chondrocytes [28].

Bone marrow MSCs from various species including chicken, bovine,
rabbit, human, goat, canine and porcine have been investigated in combination
with scaffolds to assess these constructs’ in vitro lineage specific differentiation
potentials for tissue repair [16, 29-35]. The use of stem cell in therapy and tissue
engineering in equine medicine is relatively new, but it is an exciting research
field that is rapidly expanding [36]. Due to similarities in size, load and types of
joint injuries suffered by horses and humans, a U.S. Food and Drug
Administration (FDA) report concluded that the horse was the most appropriate
model animal for testing the clinical effects of mesenchymal stem cell-based
therapies for joint injuries in humans [37]. Additionally, the economic and welfare
costs of performance-related injuries in horses have stimulated interest in stem
cell-based therapies in horses [38]. Therefore, the horse can be considered as
an animal model for human injuries and osteoarthritis [39]. Currently, bone
marrow and adipose tissue are the main sources of MSCs for the treatment of
equine musculoskeletal diseases [40, 41], and there are no studies reporting the
use of a suitable biomaterial for these injuries.

1.1.2. Tissue Engineering using Equine-derived Bone Marrow
Mesenchymal Stem Cells

Besides the cell source, approaches to connective tissue engineering to
produce a construct that structurally and functionally mimic the target tissue
involve several other design considerations. These involve biocompatible
scaffold chemistry and morphology, bioactive signaling factors that promote
cellular proliferation, differentiation, and extracellular matrix synthesis,

mechanical stimulation and microenvironmental factors [2].



Three-dimensional (3D) biomaterials seeded with MSCs that originate
from equine animal model have been used as scaffolds for the treatment of
osteochondral defects in horses [42], osteochondritis dissecans in a
thoroughbred horse [43], and equine bone fracture [44]. MSCs from equine
animal model, seeded on biomaterials, have also been assessed in vitro for their
abilities to differentiate into osteocytes [45], chondrocytes [46, 47], and tenogenic
cells [48, 49]. While MSCs and 3D biomaterial scaffolds have been used to
create cell-type specific constructs, there is no report on the successful
application of a single three-dimensional natural biopolymer to support equine-
derived bone marrow mesenchymal stem cell (EqQMSCs) differentiation along the
chondrocyte and osteocyte lineages.

Scaffolds designed for use in bone and cartilage tissue engineering must
be biocompatible and biodegradable [4]. Biodegradable and biocompatible
materials are necessary for tissue engineering applications because they can be
designed to erode and be absorbed by the body without adverse effects upon
completion of the tissue regeneration. The scaffolds should also mimic the
structural and functional properties of the native tissue. For bone and cartilage
tissue, replacement scaffold should imitate the native tissue chemistry and
morphology, 3D structure and biomechanical properties to properly replicate their
function [2, 4]. The scaffold surface and porosity should also enable cell
infiltration, adhesion, proliferation and differentiation into the appropriate cellular

phenotype [2, 4].

1.2. Anatomy of Bone and Cartilage Tissues

1.2.1. Anatomy of Bone Tissue

Bone is a special type of connective tissue that offers multiple functions
[50]. It provides the structural frameworks for the body, helps provide movement,
stores minerals, contains blood vessels and provides sites of attachment of

tendons and muscles [50, 51]. Bone is composed of approximately 25% water,



15% organic matrix, and 60% inorganic matrix in the form of calcified minerals,
by weight [50]. The organic (noncalcified) matrix is 95% collagen type | and 5%
nonmineralized base substance such as chondroitin sulfate and keratin sulfate
[50, 52]. The primary inorganic (calcified) matrix in bone is calcium-deficient
hydroxyapatite (calcium phosphate and calcium carbonate), with small amounts
of magnesium hydroxide, fluoride, and sulfate [52].

Bone tissue is formed in layers of lamellae fiber bundles which contain
near parallel arrays of collagen type | (1 nm diameter nanofibril structure), which
forms 100-200 nm triple helical collagen molecules in the tissue matrix [50, 53].
It has been observed that hydroxyapatite minerals tend to form along the
oriented collagen fibers of the bone tissue [50]. The hardness of bone depends
on these inorganic mineral salts present in the tissue, and the flexibility of bone
tissue depends on its collagen fibers [52]. The elastic modulus of pre-calcified
bone has been estimated to be 11.5-13.5 kPa [54], and the elastic modulus for
parietal bones of the adult human skull has been reported to be 6-18 GPa [55].

The main types of cells in bone are osteoprogenitor cells (or osteogenic
cells), osteoblasts, osteocytes and osteoclasts (Figure 1.4) [50]. Osteoprogenitor
cells (Figure 1.4) are unspecialized cells located on the surface of growing
bones, in the periosteum, in the endosteum and in the canals of blood vessels
[52]. They can differentiate into osteoblasts following the mechanism previously
discussed (Section 1.1) and illustrated in Figure 1.3 [50, 52]. Osteoblasts (Figure
1.4) are bone-matrix producing cells [50]. Osteoblasts initiate the process of
calcification by synthesizing and secreting collagen fibers and other organic
components needed to build the bone matrix [52]. Osteocytes (Figure 1.4) are
mature bone cells that do not undergo cell division [50]. They originate from
osteoblasts and they maintain the metabolism of bone, including the exchange of
nutrients and waste with the blood [52]. Osteoclasts (Figure 1.4) are large,
multinucleated cells which are derived from monocytes, a type of white blood

cells [50, 52]. The role of osteoclasts is to breakdown bone matrix during the
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Figure 1.4: Schematic of the different types of cells in bone tissue [52].

normal development and growth of bone [50, 52]. During bone remodeling, they
are absorbed by the bone matrix through their pleated cell membranes, termed
ruffled border [52]. After absorption by the bone matrix, they release lysosomal
enzymes and acids that digest the protein and mineral components of the bone
matrix which are restored by the new extracellular bone matrix formed by the
osteoblasts [50, 52].

Bone is classified as compact or spongy [52]. Compact (or cortical) bone
is a dense tissue that forms on the external surface layer of all bones and on the
diaphysis of long bones. Approximately 80% of the skeleton is compact bone
[52]. Compact bone is composed of 3D hierarchical tubular structures called
osteon or Haversian Systems. In the osteon structures, blood vessels, lymphatic
vessels, and nerves from the periosteum infiltrate the compact bone through
perforating (Volkmann’s) Canals (Figure 1.5). The Volkmann’s Canals are
perpendicularly arranged channels that link the nerves and blood vessels in the
osteon structures. Surrounding the Volkmann’s Cannals are concentric rings of
lamellae. Lamellae are calcified bone matrixes. Centered in the lamellae are
small cavities called lacunae which contain osteocytes. Miniature-sized channels

called canaliculi branch out from the lacunae in all directions, and connects the
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lacumae with one another. Osteocytes depend on the lacunae spaces and
canaliculi channels to access nutrients and oxygen, as well as for the diffusion of
waste [52].

Spongy bone tissue is less dense compared to compact bone and it does
not contain osteons [52]. It is located at the ends of epiphysis bones and in the
narrow rim surrounding the medullary cavities in long bones. Approximately 20%
of the skeleton is spongy bone tissue [52]. Spongy bone tissue is composed of
trabeculae, a network of connective tissue, which is surrounded by vascularized
red bone marrow. In the spongy bone tissue, osteocytes use the lacunae spaces
and canaliculi channels to access nutrients and oxygen in the red bone marrow

instead of the osteons.
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Figure 1.5: Structure of compact and spongy bone [56].
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1.2.1. Anatomy of Cartilage Tissue

Cartilage is an avascular specialized form of connective tissue that is
found at the ends of bones in joints [50, 52]. It allows frictionless movement of
bones at joints, distribution of body loads and provides structural support of soft
tissues.  Cartilage is composed of approximately 75% water and 5%
nonmineralized matrix in the form of fibers and ground substance [50]. The fiber
present in cartilage is mainly collagen type I, with small amounts of collagen type
| [50]. The ground substances in cartilage include glycoaminoglycans (GAGS),
proteoglycans and glycoproteins [50, 52]. Collagen fibers in cartilage are set in
chondroitin sulfate, a gel-like component of the ground substance [57]. Under
normal circumstances, cartilage is able to withstand mechanical stress without
permanent deformation. The strength of cartilage is due to the collagen fibers
present in the tissue, and its ability to assume its original shape after deformation
is due to the chondroitin sulfate in the tissue [52]. The Young’s modulus of
cartilage has been estimated to be 11.0-11.2 kPa [54].

The cells present in cartilage include chondrogenic cells, chondroblasts
and chondrocytes [50]. Chondrogenic cells are located in the perichondrium, or
the dense irregular connective tissue in cartilage, and they can differentiate into
chondroblasts to enable cartilage growth [50, 52]. Chondroblasts, derived from
chondrogenic cells, can synthesize and deposit cartilage matrix during cartilage
growth [50, 52]. Chondrocytes are mature chondroblasts. They align in small
columns or rows in the cartilage to contribute to interstitial cartilage growth [50,
52]. The differentiation mechanism of MSCs into chondrocytes follows the
mechanism previously discussed (Section 1.1) and illustrated in Figure 1.3.

Cartilage is classified as hyaline cartilage, fibrocartilage, or elastic
cartilage (Figure 1.6) [52]. They differ in their concentration of the primary
cartilage components (cells, collagen fibers and ground substance) and in their
location in the body. Hyaline cartilage (Figure 1.6.A) is the most abundant of the

10



cartilages. It is also the most flexible. Hyaline cartilage is present in embryonic
and fetal skeleton, at the ends of long bones, in the nose, larynx, trachea, and
bronchi [52]. With the exception of the articular cartilage in joints and epiphyseal
plates, most hyaline cartilages are elastic gel-like materials composed primarily
of the fibrous connective tissue called perichondrium. Chondrogenic cells are
located in the ground substance of the cartilage, surrounded by a cavity called
lacuna.

Fibrocartilage (Figure 1.6.B) is composed of networks of collagen fibers
within which chondrocytes are randomly distributed [52]. Unlike hyaline cartilage,
fibrocartilage does not have a perichondrium. However, the abundance of
collagen fibers present in the matrix contributes to its rigidity and strength.
Fibrocartilage is the strongest of the three form s of cartilage. Fibrocartilage is
located in tendon of quadriceps, in the femoris and pubic symphysis. They are
also present in the discs of intervertebral, in the menisci, and in tendons.

Elastic cartilage (Figure 1.6.C) is consists of finely arranged groups of
elastic fibers in the ground substance of the matrix [52]. Similar to hyaline
cartilage, elastic cartilage has a perichondrium. Elastic cartilage is located in the

epiglottis, auricle and Eustachian tubes.
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Figure 1.6: Histological images of hyaline cartilage (A), fibrocartilage (B), and
elastic cartilage (C) [52].
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1.3. Bone Tissue Engineering Using Hydroxyapatite

Calcium-deficient hydroxylapatite, CAHAP or CagHPO4(PO,4)sOH, is the
primary mineral in native bone tissue and it plays a critical role in providing
hardness to the matrix [58]. Hydroxyapatite, a chemically similar mineral to
CdHAP, has been well investigated as a biomimetic bone replacement material
and as a biomaterial for bone tissue engineering [59-66]. Hydroxyapatite,
Cai0(PO4)s(OH),, is a calcium phosphate composite produced from precipitates
of Ca(NO3), and NaH,PO, solutions [67].

Various methods have been developed to produce hydroxyapatite from
calcium and phosphate solutions. Surface mineralization of biomaterials with
hydroxyapatite have been achieved by sequential incubation of the biomaterial in
the component solutions [68, 69], and by electrospraying dry hydroxyapatite
precipitates onto the biomaterial [61]. Three-dimensional solid or porous
hydroxyapatite biomaterials have been synthesized by sintering dry
hydroxyapatite precipitates at high temperatures (900 — 1300 °C) [66, 67], by
combining sintering and freeze-drying techniques [64], and by combining various
combinations of compression, sintering, and hydrogen peroxide [70]. Sintering
performed by compaction under high pressure have been shown to produce
densely packed non-porous hydroxyapatite biomaterials [66, 70]. Porous
hydroxyapatite biomaterials have also been generated by adding naphthalene
particles to the mineral mixture prior to sintering, followed by removal of the
naphthalene particles via sublimation in a freeze-dryer [66].

Hydroxyapatite is composed of calcium and phosphorous, compounds
common to mammalian tissues, therefore, concerns regarding non-
biocompatibility are minimal. It is a biocompatible material that is non-
inflammatory, non-toxic, non-carcinogenic and non-thrombogenic in vitro [71-73],
and in vivo [70, 74-77]. Itis also a bioactive material that supports bone ingrowth
and osseointegration [67, 70, 74]. Hydroxyapatite prostheses have been shown
to favorably influence biointegration between the mineralized material and bone
[74, 78], form a direct and firm chemical bond with surrounding bone tissue [67,
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74], and permit tissue and cell ingrowth [74]. The biodegradation of non-sintered
hydroxyapatite has been proposed to occur readily by the intracellular digestion
of fine particles which separate from the sintered biomaterial by physicochemical
processes [79-82]. Degradation rate of non-sintered hydroxyapative can be
controlled by various factors including hydroxyapative density and porosity. It
has been proposed that densely sintered hydroxyapatites have limited
biodegradability [70]. Sintered hydroxyapatites have been shown to lack
resorption after 9 months in vivo which have been attributed to the limited
porosity of the densely sintered material [70].

Hydroxyapatite has been synthesized and used for developing various
forms of bone implants including auditory canal-wall prostheses [74], incus
prostheses [74], osteochondral scaffolds [60, 64], and scaffolds for infrabony [76]
and tibiae [70] defects. In addition to its use in bone repairs, hydroxyapatite has
also been used to mineralize solid and porous implant surfaces to promote bone

ingrowth and osseointegration [60, 61, 68-70].

1.4. Bacterial Cellulose Scaffolds

Bacterial cellulose (BC) is a natural polysaccharide consisting of B-D-
glucopyranose units linked together by (1—4)-glycosidic bonds (Figure 1.7) [83].
It is synthesized extracellularly by non-pathogenic bacterium such as
Gluconacetobacter spp in the form of a hydrogel [69]. The bacteria naturally
extrude the cellulose into a highly crystalline (approximately 60% crystallinity
index [83]) 3D hydrogel complex. Gluconacetobacter spp. generates ultrafine
cellulose fibers approximately 1.5 nm in width. These ultrafine fibers crystallize
into bundles of nanofibers that sequentially aggregate to form ribbons
approximately 1-9 ym L x 70-80 nm W x 3-4 nm H [83]. The ribbons then bend
and combine to form a stable gel-like membrane structure with extensive
intramolecular and intermolecular hydrogen bonds (Figure 1.8) [83]. The
cellulose molecules of BC are aggregated through van der Waals forces and
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both intra- and intermolecular hydrogen bonds. These hydrogen bonds allow BC
to retain water in its interstitial spaces. Approximately 99.8% of the volume of the
BC matrix is water with approximately 0.2% pure cellulose [85].

The nanofibrous BC material has shown promise as a scaffold for tissue
engineering [86]. It can be synthesized cost-effectively by the bacterium and can
be purified into a chemically pure 3D hydrogel that is biocompatible, moldable,
hydrophilic and highly crystalline scaffold with high-mechanical properties [83,
87-89]. BC has been implanted into rats without eliciting any foreign body or
inflammatory response [87], and has been used as a scaffold for treatment of
second- or third-degree burn ulcers [57], for chronic venous leg ulcers [90] and
for artificial blood vessel [91]. This research group previously studied the
conditions necessary to maximize cellulose production and found that the
bacteria produced the most cellulose when cultured on mannitol [92].

Native BC is synthesized from the bacterium into a non-biodegradable and
nanoporous scaffold that does not degrade in vivo [83], and allows limited cell
penetration into the scaffold [93]. However, for bone and cartilage tissue
engineering applications, a biodegradable and microporous scaffold is desired.
Previously, non-degradable BC was made biodegradable through a periodate
ring-opening oxidation (Figure 1.9) [68, 83, 94]. Periodic acid (HIO4) was shown
to exclusively cleave the C2-C3 bond in the cellulose chain, convert the adjacent
hydroxyl groups into aldehydes, and produce dialdehyde cellulose (or oxidized
cellulose) which degrades by simple hydrolysis mechanism in vivo (Figure 1.9)
[94]. Microporous BC have also been developed by using leachable paraffin wax
microspheres [95, 96]. Chemical sulfation [93], phosphorylation [93] and
amination [97] of BC have also been performed to mimic the surface charges of
GAGs in native cartilage via chemical reactions with sulfamic acid, phosphoric

acid and amines, respectively.
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Figure 1.9: Oxidation reaction of cellulose by periodate oxidation (adapted from
reference [94, 98]).

As previously discussed, native bone tissue is a 3D hierarchical tubular
structure consisting of extracellular matrix, cells, collagen fibers and inorganic
salts in the form of hydroxyapatite crystals [50]. Hence, an accurate scaffold
designed to replace bone tissue must mimic the mineralized 3D structural
composite to properly replicate its function. Several biocompatible materials
have been developed to imitate the tubular 3D structure of bone including a
biodegradable polymer fiber in a polymer matrix (polylactid acid fibers in a poly 1-
caprolactone matrix) [99], hydroxyapatite ceramics [100] and polymer fibers filled
with growth factors such as bone morphogenetic protein 7 [101]. Hydroxyapatite
ceramics have been shown to permit osteoblast cell adhesion and proliferation
[59], however, the use of pure ceramics as scaffold materials for tissue
engineering is undesirable because of its brittleness and low strength [102]. The
approach of creating polymer-ceramic composites can minimize the brittleness
associated with pure ceramic. Thus the approach of creating such composites is
optimum for creating biomimetic bone tissue. Our research group have
developed and characterized the in vitro properties of a polymer-ceramic
composite, using BC and physiological calcium-deficient hydroxyapatite
(CdHAP), an osteoconductive and bioresorbable mineral, for bone tissue
regeneration [68, 69].

Native bone tissue is formed in layers of lamellae fiber bundles which
contain near parallel arrays of collagen type I, a 1 nm diameter nanofibril
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structure, which forms 100-200 nm triple helical collagen molecules in the tissue
matrix [50, 53]. The nanofibril BC hydrogel is a readily moldable scaffold and
takes the shape of the vessel in which it is synthesized. Recently, researchers
have generated tubular BC (BC-TS) scaffolds with oriented fibers using oxygen
permeable silicone tubes that are supplied with oxygen [103, 104]. BC-TS is
beneficial for bone tissue engineering because the oriented fibers may be used
to imitate the inherent oriented collagen fibers in native bone. Furthermore, in
bone, CAHAP minerals form along the oriented collagen fibers of the tissue [50].
As demonstrated in the previously studies, CdHAP can be deposited in BC
scaffolds to form BC-CdHAP composites [68, 69]. Here, the structure and
function of native bone tissue is mimicked, more specifically the collagen-CdHAP
composite in bone, by depositing osteoconductive and bioresorbable CdHAP
minerals in BC-TS with oriented fibers. Combined with osteocyte-forming
mesenchymal stem cells, this biomimetic fibrous composite could be used for
bone defect repair and reconstruction. We hypothesized that aligned
mesenchymal stem cell morphology can be induced on the scaffolds due to the
orientation of the fibers and as previously reported [105].

An ideal functional tissue engineered substitute would be a single 3D
biocompatible scaffold capable of adapting to various connective tissue
microenvironments, while supporting selective lineage-specific differentiation of
MSCs for multiple connective tissue applications. This dissertation study
explores the modification and characterization of 3D, non-biodegradable and
nanoporous BC hydrogel scaffolds into degradable and microporous BCs,
modified to mimic native bone and cartilage tissues, for potential tissue
engineering use. This dissertation describes results that study the use of a
microporous scaffold fabrication technique not previously reported (use of
beeswax microspheres to create scaffolds with microporous network), a scaffold
mineralization technique, a scaffold surface functionalization method, a periodate
oxidation method for rendering the bacterial cellulose scaffold degradable under

physiological conditions, and a tubular scaffold preparation technique. The
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mechanical, morphological, chemical, degradation and cellular response

properties of the native BC scaffold and its composites are presented.
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CHAPTER I
Materials and Methods

The instruments and procedures used to produce and characterize the BC
scaffolds are described in this chapter. Selected methods in this chapter have
been published in Material Science and Engineering C [106] and Materials

Research Society Symposium Proceedings [107].

2.1. Materials

All chemicals, cell culture supplements and disposable tissue culture
supplies were purchased from Sigma-Aldrich (Saint Louis, MO) unless otherwise
noted. During the bone marrow extraction to obtain equine-derived bone marrow
mesenchymal stem cell, animal procedures were carried out according to

Institutional Animal Care and Use Committee protocol no. 1953.

2.2. Bacterial Cellulose Scaffold Preparation

The procedures used to produce the various forms of BC scaffolds are
described in the following section. Scaffold synthesis involves the culturing of
native bacterial cellulose, microporous bacterial cellulose or tubular bacterial
cellulose. Chemical modifications of the scaffolds were performed using
periodate oxidation, amination or carboxylation. Mineralization was completed to

produce calcium-deficient hydroxyapatite scaffolds.

2.2.1. Preparation of Native Bacterial Cellulose Scaffold

BC was prepared as previously described [68, 69]. Briefly, cellulose
producing bacterial strain Gluconacetobacter sucrofermentans was commercially

obtained from the American Type Culture Collection (Manassas, VA) (ATCC
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700178). The bacteria were grown in a modified Schramm and Hestrin liquid
medium composed of mannitol (2.0 % w/v) (Fisher Scientific, Pittsburgh, PA),
Difco Bacto™ peptone (0.5 % w/v) (BD, Franklin Lakes, NJ), Difco yeast extract
(0.5 % w/v) (BD), sodium phosphate dibasic anhydrous (0.27 % wi/v) (Fisher
Scientific) and citric acid monohydrate (0.115 % w/v) (Fisher Scientific) [108].
For BC production, pre-cultures of the bacteria were diluted 1:10 in fresh media
and incubated in 96- and 24-well tissue culture treated plates (TCPs) for 14 days
at room temperature under static conditions [109]. A volume of 200 ul/well of
bacterial medium was added to 96-well TCPs and 2.5 ml/well was added to 24-
well TCPs. The BC pellicles produced at the surface of the medium were
harvested, heated at 90 °C for 2 h in deionized (DI) water to kill the bacteria,
treated with 1% NaOH (w/v) washes for 6 days at room temperature, purified in
distilled/deionized water to pH = 7, and stored in DI water at room temperature
prior to use [109]. The diameter of the produced BC pellicle was dependent on
the type of TCP used for cell culture which controlled the TCP well size. The 96-
well TCP produced BC discs of ~6.0 mm diameter, ~2.0 mm thickness and ~0.05
g wet weight. The 24-well TCP produced BC discs of ~15.5 mm diameter, ~3.0

mm thickness and ~0.5 g wet weight.

2.2.2. Preparation of Microporous Bacterial Cellulose Scaffold

Beeswax microspheres were produced following a modified method
described by Ma and Choi [110]. Briefly, a 0.5% (g/mL) polyvinyl alcohol (PVA,
average molecular weight 20,000-30,000) (Fisher Scientific) solution was heated
to 70 °C and stirred using a magnetic stirring bar at a setting of 3-5 on a hot plate
(Fisher Thermix® Stirring Hot Plate Model 210T, Fisher Scientific). Beeswax
(Sunbeam Candles, Ithaca, NY) was heated to melt in a water bath at 90 °C and
was then poured slowly into the PVA solution, under stirring, to form beeswax
microspheres. The beeswax microspheres were solidified and the solution
cooled by the addition of ice-cold water. The microspheres were collected,

extensively washed with DI water and sieved (500 ym U.S. standard sieve,
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Advantech Manufacturing, New Berlin, WI) to obtain microspheres with diameters
of 500 um or less. The microspheres were sterilized by submersion in 70%
ethanol for 1 h under gentle stirring, frozen to -80 °C for 48h, lyophilized
(Labconco FreeZone® 4.5 Freeze Dry System, Kansas City, MO) for a minimum
of 24 h at -50 °C and 1.0 x 10 Pa, and stored in a desiccator at 23 °C until use,
as previously described [96].

The beeswax microspheres were added to TCPs and tissue culture
treated dishes (TCDs) prior to cellulose synthesis. Sterile DI water was first
added to 96-well TCPs, 24-well TCPs, and 6-well TCPs, to cover the bottom
surfaces of the wells, followed by the addition of the beeswax microspheres.
Sterile DI water was added to the TCPs and TCDs to prevent the wax from
attaching to their bottom surfaces during sintering. The TCDs and TCPs were
packed with beeswax microspheres to 20-30% of their volumes and sintered at
40 °C for 30 min (modified from Zaborowska et al. [96]). The TCPs and TCDs
were then cooled to room temperature and the DI water removed under sterile
conditions.

Bacterial strain Gluconacetobacter sucrofermentans (ATCC 700178) was
used to synthesize the cellulose. Pre-cultures of the bacteria were made in a
modified Schramm and Hestrin medium [108] and the constituents have been
previously described (Section 2.2.1). For microporous BC (porous BC)
production, pre-cultures were diluted 1:10 in fresh media. Microporous BC
scaffolds with pore sizes of 500 um or less were prepared by adding the bacterial
culture to the sintered beeswax microspheres in the TCPs and TCDs.
Approximately 100 pl/well, 1.5 ml/well, 8 ml/well and 15 ml/dish of bacteria in
culture media were added to 96-well TCPs, 24-well TCPs, 6-well TCPs and 100-
mm TCDs, respectively, and incubated for 14 days at 23 °C under static
conditions. During cellulose synthesis, the bacteria extruded cellulose fibers into
a web encapsulating the beeswax microspheres (density 0.96 g/cm® [111]). An

illustration of the microporous BC set-up is shown in Figure 2.1.
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Figure 2.1: Schematic illustration of microporous bacterial cellulose synthesis
composed of sintered beeswax microspheres floating in bacterial medium under
static conditions.

After synthesis, cellulose pellicles produced at the surface of the medium
were harvested. Bacteria were removed from the cellulose pellicles by heating
the materials at 90 °C in 1% NaOH (w/v) for 2 h, followed by additional heating at
60 °C in 1% NaOH for 4 h, and then several rinses with DI water to remove
bacterial residues.

The beeswax microspheres were leached from the BC by cyclic washing
in the surfactant Tween 80 (Fisher Scientific) to create porous and
interconnected pores in the bacterial cellulose. A modified method described by
Backdahl et al. [95] was used to leach out the beeswax microspheres. The
scaffolds were soaked in 1% (v/v) of Tween 80 overnight in a 70 °C shaker,
rinsed with DI water and soaked in 99% ethanol for 8 h in a 70 °C shaker. This
procedure was repeated at least 15 times to ensure the complete removal of the
beeswax from the microporous BC. The beeswax remaining in the microporous
BC after leaching from the cellulose is visible under phase contrast microscope.

A phase contrast microscope (Zeiss Axiovert 40C microscope, Carl Zeiss

23



Microlmaging, Inc., Thornwood, NY) equipped with a Nikon Digital Sight DS-
QilMc camera (Nikon Instruments Inc., Melville, NY) was used to confirm the
diameter of produced beeswax microspheres. Fourier transform infrared
spectroscopy was used to confirm the complete removal of the beeswax from the
microporous BC scaffolds (see Section 2.3.2 below).

After beeswax leaching, the microporous BCs were soaked in several
changes of distilled/deionized water to remove the Tween 80 and ethanol. The
cellulose were washed to pH = 7 and the microporous BCs were stored in DI

water at room temperature prior to use.

2.2.3. Preparation of Tubular-shaped Bacterial Cellulose Scaffold

Silicone tubes (Fisher Scientific), with inner diameters (ID) of 6.35 mm and
9.525 mm, wall thicknesses of 6.35 mm, and length of 100 mm, were used in the
preparation of tubular-shaped bacterial cellulose (BC-TS) samples. The silicone
tubes were washed, dried and sterilized in an autoclave (1 bar, 120 °C) for 30
min prior to use. Bacterial strain Gluconacetobacter sucrofermentans (ATCC
700178) was used to synthesize the cellulose. Pre-cultures of the bacteria were
made in a modified Schramm and Hestrin medium [108] and the constituents
have been previously described (Section 2.2.1). For BC-TS production, the
sterile silicone tubes were placed in a glass cylinder, pre-culture of bacterial
medium was diluted 1:10 in fresh media, and the diluted bacterial medium was
poured on the outside surface of the sterile silicone tubes (Figure 2.2.A). In a
second preparation method, the diluted bacterial medium was poured inside the
sterile silicone tubes (Figure 2.2.B). This method of synthesizing BC-TS is a
modification of a method previously described by Putra et al. [104]. The BC-TS
were cultured for 14 days and purified in 1% NaOH and distilled/DI water, as

previously described (Section 2.2.1).
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Figure 2.2: Schematic representation of BC-TS produced in silicone tubes.
lllustration of BC-TS produced on the outside surface of the silicone tube (A) or
on the inside surface of the silicone tube (B).

2.2.4. Surface Amination and Carboxylation of Bacterial Cellulose
Scaffolds

Surface amination and carboxylation were completed on native and
microporous BCs. Three amination (primary, tertiary, and quaternary amine) and
a carboxylation reactions were performed as previously described [97, 112].

Briefly, 100 g of wet native BC pellicles were treated in 0.5 N NaOH at 70
°C for 2 h. A concentration of 39.6 mM of 2-chloroethylamine hydrochloride
(CEA) was then added to the mixture and incubate at 70 °C for 5 h to obtain an
aminoethyl BC (AE-BC). The scaffolds were neutralized with 6 N HCI after
incubation and washed with DI water. The reactants 2-chloro-N,N-
dimethylethylamine hydrochloride (CDMEA), glycidyl trimethyl ammonium
chloride (GTMEA), and monochloro acetic acid sodium salt (Na-MCA) were also

reacted with native BC pellicles under the conditions described above to obtain
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dimethyl aminoethyl BC (DMAE-BC), trimethyl ammonium betahydroxy propyl
BC (TMAHP-BC), and carboxymethyl BC (CM-BC) scaffolds, respectively.
Microporous BCs were chemically modified under the same conditions to obtain
aminoethyl microporous BC (AE Porous BC), dimethyl aminoethyl microporous
BC (DMAE Porous BC), trimethyl ammonium betahydroxy propyl microporous
BC (TMAHP Porous BC), and carboxymethyl microporous BC (CM Porous BC).
Chemically modified cellulose scaffolds were also prepared using a lower (19.8
mM) and a higher (59.4 mM) concentration of the reactants compared to the
initial reactant concentration of 39.6 mM, to access their effects on cell behavior.
Table 2.1 illustrates the reactants and reactant concentrations used to produce
these chemical functionalities on native and microporous BCs. All samples were

stored in DI water prior to use.

2.2.5. Oxidation of Bacterial Cellulose Scaffolds

Periodate oxidation of native BC (OBC), microporous BC (Porous OBC),
BC-TS (OBC-TS), and cellulose that have undergone surface amination and
carboxylation, was completed to chemically modify these scaffolds into
degradable scaffolds. Periodate oxidation was performed as previously
described [68]. Briefly, cellulose pellicles were added to a solution of 50 mM
NalO,4 in 5% n-propanol. The container of the mixer was caped, covered with
aluminum foil and placed on an orbital shaker for 24 h at room temperature. The
oxidation reaction was stopped and excess periodate consumed by placing the
vessel in an ice bath and adding 0.5 mL of glycerol. The cellulose pellicles were
then purified with numerous changes of distilled/deionized water to remove
residual oxidation reagents. The cellulose pellicles were stored in DI water at

room temperature prior to use.

26



Table 2.1: Reactants and reactant concentrations used to produce the listed
chemical functionalities on native and microporous bacterial cellulose pellicles.

Surface Reactant Concentration | Non-modified
Functionality (mM) Cellulose
19.8 _
) Native BC
2-Chloroethylamine
Primary Amine hydrochloride 39.6
(CEA) Microporous
59.4 BC
19.8 :
2-Chloro-N,N- Native BC
. : dimethylethylamine
Tertiary Amine hydrochloride 39.6 _
Microporous
(CDMEA) BC
59.4
19.8 _
GIveidvl trimethvl Native BC
ycidyl trimethy
Qu:rtﬁirnneary ammonium 39.6
chloride (GTMEA) Microporous
59.4 BC
19.8 .
Native BC
Monochloro acetic
Carboxylation acid sodium salt 39.6
(Na-MCA) Microporous
59.4 BC
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2.2.6. Mineralization of Bacterial Cellulose Scaffolds

Calcium-deficient hydroxyapatite (CdHAP) was formed within native and
modified BC samples by performing an alternating incubation cycle with calcium
and phosphate solutions (modified from Hutchens et al. [69]). Briefly, cellulose
pellicles were suspended in 1.0 mM CacCl, under agitation in an ortibal shaker for
24 h (23 °C), rinsed briefly in DI water, and then transferred to 0.6mM Na,HPO4
under agitation for another 24 h (23 °C) to obtain CdHAP. Two additional groups
of CdHAP synthesis were performed on the BCs using the combination of 2.5
mM CaCl,/1.5 mM Na,HPO, and/or 5 mM CacCl,/3.0 mM Na,HPO, under the
same conditions. The cellulose pellicles were stored in DI water at room
temperature prior to use. The nomenclature of the mineralized samples is BC-
CdHAP, OBC-CdHAP, porous BC-CdHAP, porous OBC-CdHAP, BC-TS-CdHAP,
and OBC-TS-CdHAP.

2.3. Bacterial Cellulose Scaffold Characterization

2.3.1. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) provides topological images of the
surface of a sample by scanning a focused beam of electrons over the target
area [113]. The signals which results from the refraction of the electron beam
with the atoms on the surface of the sample include backscattered and
secondary electrons. These signals, emitted from the sample, are detected
electronically by a detector and used to form the images of the sample.
Conventional SEMs are capable of achieving excellent resolutions (up to
approximately 5 nm), a wide range of magnification (approximately 15 — 100,000
X), and producing images with excellent depth of field [113].

The morphology of native and modified BC samples, and beeswax
microspheres were analyzed using an SEM. In preparation for SEM analysis,
samples were lyophilized or critical point dried (CPD) to remove any water

present in the materials. For lyophilization, hydrated samples were placed in a
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-80 °C freezer for 24 h and lyophilized in a FreeZone® 4.5 Freeze Dry System for
at least 24 h at -50 °C and 1.0x10™% Pa. The CPD samples were prepared by
submerging the samples in 3% glutaraldehyde (Electron Microscopy Sciences,
Hatfield, PA) for at least 24 h, rinsed with 1X phosphate-buffered saline (PBS)
(137 mM NaCl, 10 mM Phosphate, 2.7 mM KCI, and pH 7.4) [114] and
dehydrated by incubating consecutively in 30%, 50%, 70%, 90% acetone and
then three times in 100% acetone for 10 min. The samples were then dried in
liquid CO,. Lyophilized or CPD samples were mounted on carbon tape and
sputtered with gold on a Spi Module Sputter Coater (Spi Supplies, Westchester,
PA) at 20 mA for 20 s. The morphology of the samples was examined on a LEO
1525 FE-SEM (Zeiss, Oberkochen, Germany) equipped with a Zeiss SmartSEM
Software at various accelerating voltages.

The average fiber diameter of the lyophilized and CPD native BCs were
obtained by analyzing SEM images using NIH ImageJ 1.45 software (Shareware
provided by National Institutes of Health, http://rsbweb.nih.gov/ij/) following
protocols previously described [115, 116]. Images were opened in ImageJ,
measurements were calibrated using the micron scale bar on the SEM images
and the measure tool in Image J was used to find the average fiber diameter of at
least sixty randomly selected fibers per sample, with at least four samples per
lyophilized and CPD BCs.

The average pore size of the lyophilized BC was assessed by measuring
the cross sections of the SEM images using NIH ImageJ 1.45 software following
protocols previously described [117]. Originally, an automated capillary flow
porometer (CFP-1100-Al; Porous Materials, Inc: Ithaca, NY) was used to
measure the average pore size of lyophilized native BCs. However, it was
determined that the pore size of the native BC was smaller than the minimum
detectable instrumental pore size of 0.5 ym at the operating pressure of 16 psi
using Galwick wetting fluid (surface tension 15.9 dynes/cm). Using the NIH

ImageJ 1.45 software, at least thirty randomly selected top-view measurements
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from at least four samples were averaged to obtain the mean value and standard

deviation of the pore size.

2.3.2. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) Spectroscopy is a chemical analytical
technique that characterizes the molecular level interactions of materials by
examining the vibrations between a material’'s bonded atoms [118]. In FTIR,
infrared radiation is passed through a sample, and the sample absorbs radiations
whose frequencies are identical to the frequencies of the bond vibration and
frequencies that cause a change of dipole in the molecule [119]. Vibrational
frequencies are a result of the nature of the inter-atomic bond in a sample such
as the functional groups of the bonded atoms and electronic nature of the bond,
i.e., ionic, covalent, double and triple bonds. The infrared radiation frequencies
from the analysis are passed through an interferometer, where the signal is
mathematically processed using Fourier transform, to obtain the spectrum. The
resulting FTIR spectrum represents the frequencies at which the functional
groups present in the sample absorbs the infrared radiation and the intensities of
the molecular absorption. FTIR can be used to identify the chemical structure
and molecular orientation of materials.  Conventional FTIR is used to
characterize bulk specimens. Other techniques derived from FTIR include
attenuated total reflectance-FTIR (ATR-FTIR) and photoacoustic spectroscopy-
FTIR (PAS-FTIR). ATR-FTIR spectroscopy can be employed to analyze sample
surfaces up to 2 microns in depth, and the PAC-FTIR can used to study the
structure of materials at different thicknesses within the sample [119].

The chemical structures for native BC, modified BC, and beeswax were
analyzed using an FTIR. FTIR was also used to confirm removal of the
beeswax. The native and modified BC samples were lyophilized and then further
dried for 24 h in a vacuum oven (100 °C at 230 kPa) to remove any water
present in the samples prior to performing FTIR analysis. Lyophilization of the

cellulose pellicles was performed as previously described (Section 2.3.1). The
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lyophilized samples were granulated using a mortar and pestle prior to FTIR
analysis. Approximately 1 mg of a granulated sample was mixed with 45 mg of
KBr powder and compressed into a disk using a screw-type press. FTIR analysis
was performed using a BioRad FTS6000 Spectrometer (Perkin Elmer, Waltham,
MA) equipment with Resolutions Pro FTIR Software® (Agilent Technologies,
Santa Clara, California). The reported spectra are the result of 256 scans
collected with a resolution of 4 cm™.

Disposable Infrared Cards of and polytetrafluoroethylene (PTFE) was
used to obtain the spectra of beeswax, following a previously described method
[120]. Briefly, melted beeswax were placed on the Disposable Infrared Card and
allowed to dry at room temperature. A Blank card of PTFE was used as
backgrounds for the sample. The FTIR analysis of the beeswax sample was
performed on the BioRad FTS6000 Spectrometer and the reported spectrum is
the result of 256 scans collected with a resolution of 4 cm™.

The FTIR absorption spectrum for Tween 80 was collected using the
BioRad FTS6000 Spectrometer coupled to a BioRad UMA 500 infrared
microscope. The sample was analyzed in the ATR mode using a germanium
crystal. The first mirror prior to the FTIR laser was set at 50° during sample
analysis. The spectrum for Tween 80 was also the result of 256 scans collected
with a resolution of 4 cm™. Because the spectral profile obtained from ATR and
transmission method can be different for the same sample due to the physics of
these experiments [121, 122], native BC and microporous BC were also
analyzed using the ATR method and the results were compared to that of Tween
80.

2.3.3. Thermal Gravimetric Analysis of Beeswax

Thermal gravimetric analysis (TGA) is a thermal analysis technique that
determines changes in weight of a sample as a function of temperature in a
controlled atmosphere [123]. This technique allows studies of material loss,

degradation, and sorption and desorption. In this work, a Mettler Toledo Star
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System TGA (Columbus, OH) was used. Beeswax samples were analyzed
under the flow of N, gas to determine the temperature at which thermal oxidation
degradation (degradation temperature) occurs from the weight loss. A sample
size of ~10 mg (n = 3) was loaded into an aluminum sample pan. Beeswax
sample was analyzed by heating at a rate of 10 °C/min from 25 °C to 500 °C.

The analysis was performed under a flow of 20 cc/min of N, gas.

2.3.4. Differential Scanning Calorimetry of Beeswax

Differential Scanning Calorimetry (DSC) is a thermal analysis technique in
which the exact quantity of heat applied to increase the temperature of a sample
is measured as a function of temperature, and compared to an inert reference
sample heated using the same heating profiles [123]. Analysis is performed in a
controlled atmosphere using a reference material such as alumina or an empty
aluminum pan. The resulting thermogram from the analysis provides information
on changes of thermal properties of the sample with temperature. More
specifically, DSC technique can be used to determine the thermal properties of
materials, such as the glass-transition temperatures, fusion enthalpies,
crystallization temperatures, crystallinity and melting temperatures [123].

In this work, DSC analysis was performed using a Mettler Toledo Star
System DSC and following ASTM D3418-08 [124]. Beeswax samples were
analyzed under the flow of N, gas to determine the melting temperature of the
sample. A sample size of ~7-10 mg (n = 3) was loaded into an aluminum sample
pan and an empty pan (aluminum crucible standard pan, Mettler Toledo) was
used as reference. Beeswax sample (n = 3) was held at 5 °C for 2 min and then
heating at a rate of 5 °C/min from 5 °C to 85 °C. The analysis was performed
under a flow of 80 cc/min of N, gas. The approximate melting temperature of the
beeswax was determined as the maximum in the endothermal melting peak of

the obtained thermogram.
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2.3.5. Mechanical Testing of Bacterial Cellulose Scaffolds

Biomaterials are used as structural materials, where they are subjected to
loading forces during in vivo applications. Therefore, it is crucial to determine the
mechanical behavior of the biomaterial in order to predetermine their
performance following implantation. To increase the chances of a biomaterial’s
success, it is generally engineered to mimic the in vivo tissue or matrix
microenvironment it is intended to replace. An instrument that has been widely
used to measure the mechanical properties of materials easily and quickly is a
tensile tester. During tensile testing, a specimen is subjected to an applied
stress which causes a change in the initial length of the sample. The change
associated with specimen length is used to determine the strain related to the
deformation of the sample. The results from the test can be used to calculate the
elastic modulus, ultimate tensile strength, and elongation of the material. The
elastic modulus or Young’s Modulus characterizes stiffness or brittleness,
ultimate tensile strength depicts the absolute breaking force, and elongation
represents the stretchability or ductile behavior in a given direction of a material.

In a tensile test, a dog bone (dumbbell) shaped specimen is commonly
used and incrementally elongated until it breaks. A dog bone-shaped specimen
with offset ends is used to reduce grip effect during materials testing. A stress-
strain curve is created from the results of the tensile test. The engineering stress
(oe) is calculated by dividing the applied load (F) by the initial cross-sectional

area of the specimen that will undergo deformation (Ao):

Oe = F/A.. (2.1)
The initial cross-sectional area of the specimen is determined by

multiplying the thickness of the initial gage area (T,) by the width of the initial
gage area (W,):
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Ao = (To) (Wy). (2.2)

The engineering strain (g¢) is obtained by dividing the elongation of the
sample (L - Lo) by the initial gage length of the specimen (L,), where L is the

gage length after sample deformation:

€= (L - Lo)/(Lo). (2.3)

The Young’s elastic modulus (E) is the slope of the stress-strain curve in
the elastic region of the curve, and is determined by dividing engineering stress

by engineering strain [125]:

E =0e/¢e. (2.4)

The ultimate tensile strength is the maximum stress experienced by the
specimen on the stress-strain curve.

For mechanical testing, BC hydrogels were synthesized in glassware (360
mm L x 200 mm W x 5 mm H) to enable the production of cellulose pellicles with
adequate area for testing. Cellulose synthesis and sample preparations were
performed following methods previously described (Sections 2.2.1 - 2.2.2 and
2.2.4 - 2.2.6). The mechanical properties of native and modified BC samples
were analyzed according to ASTM D882-09 [126]. A minimum of five hydrated,
never dried specimens were analyzed for each type of BC sample. Uniaxial
material tests were performed using the Instron ElectroPuls™ E1000 mechanical
testing unit (Instron, Norwood, MA) or the Instron 5943 mechanical testing unit
(Instron), both equipped with Instron® Bluehill® Software (Instron). A 1.0 kN or
100 N load cell incorporated in the testing unit was used to extend the samples at
a rate of 0.5 mm/min until failure. Dog bone templates were used to make

samples of the native and modified BC samples. By using the dog bone
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template, specimens had a gauge length of 31 mm, an overall width of 6.5 mm,
and a total length of 77 mm. The thickness for each specimen was measured
using a digital caliper (Mitutoyo Absolute 500-196-20 Digital Caliper, Aurora, IL)
before testing. These specimens were anticipated to exhibit random fiber
orientation; therefore the mechanical properties of each type of specimen were
expected to be similar in all directions. The mechanical properties evaluated
include elastic modulus, percent strain at break, and ultimate tensile strength of
the cellulose scaffolds.

Mechanical properties including engineering elastic modulus, percent
strain at break and ultimate tensile strength of the BC-TS and its composites
were examined using the Instron ElectroPuls™ E1000 mechanical testing unit or
the Instron 5943 mechanical testing unit, both equipped with Instron® Bluehill®
Software. The mechanical integrity of the materials were determined following a
previously describe method [104]. Briefly, specimens were analyzed by
lengthwise and breathwise elongation. A minimum of three specimens were
analyzed for each type of BC-TS sample. Specimen (~25 mm gage length with
~5 mm long gripping tabs) for lengthwise elongation was performed at a rate of
0.5 mm/min until failure using a 1.0 kN or 100 N load cell. Specimen (~6 mm in
length) for breathwise elongation was elongated using 2 U-shaped wires inserted
through the hollow opening of the sample. The thickness for each specimen for
lengthwise and breathwise elongation was measured before testing. All
measurements were performed using a digital caliper (Mitutoyo Absolute 500-
196-20 Digital Caliper). Analyses were performed at a rate of 0.5 mm/min until
failure, using a 1.0 kN or 100 N load cell.

Lengthwise and breathwise sectioned specimens of the BC-TS hydrogels
represent the longitudinal and transverse fiber direction of the samples,
respectively, in accordance to the potential use. The BC hydrogel samples with
aligned fibers should exhibit anisotropic mechanical properties, i.e. different in

transverse and longitudinal directions.
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The data for the native and modified BCs were analyzed using Microsoft

Excel®.

2.4. In Vitro Degradation Study of Oxidized Bacterial Cellulose Scaffolds

A degradation study was performed for the native and modified BC
samples using a method previously described by Hutchens et al. [68]. The
degradation method by Hutchens et al. [68] measures cellulose degradation
products using a UV-Vis spectrophotometer. In preparation for degradation
analysis HEPES buffer consisting of 25 mM HEPES and 75 mM NH,Cl was
prepared, neutralized using HCI or NaOH, and autoclaved (1 bar, 250 °C) for 30
min prior to use.

The samples were autoclaved in HEPES buffer (1 bar, 250 °C, 30 min)
and each sample was placed in a 50 ml conical bottom tube. A volume of 5 ml
HEPES solution was added to each sample. Each set of sample was placed in
an incubator, and analysis was performed under static and dynamic conditions at
37 °C to simulate physiological temperature. Static incubation was performed
using a VWR 1217 Oscillating Heating Water Bath (Sheldon Manufacturing, Inc.,
Cornelius, OR). Dynamic incubation was conducted using a G24 Environmental
Incubator Shaker (New Brunswick Scientific Co. Inc., Edison, NJ). Every 48 h
during the incubation period of 14 days, samples were centrifuged at 3,500 rpm
for 15 min, and the absorbance of the supernatants was analyzed using a
Thermo Scientific™ Evolution™ 600 UV-Vis Spectrophotometer (Thermo
Scientific, Pittsburgh, PA) from 220 to 350 nm. A volume of 5 ml of fresh sterile
HEPES buffer was added to each sample and the samples were returned to the
incubators. After 14 days of incubation, the samples were removed from the
HEPES buffer, rinsed with DI water, lyophilized (see Section 2.2.2), and weighed.
Corresponding samples that have not undergone degradation were lyophilized
and weighed for mass loss comparison with the lyophilized samples remaining
after the degradation study. The data for the native and modified BCs were

analyzed using Microsoft Excel®.
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The samples analyzed for the degradation study were native BC, OBC,
BC-CdHAP, OBC-CdHAP, porous BC, porous OBC, porous BC-CdHAP, porous
OBC-CdHAP, TMAHP-BC, oxidized TMAHP-BC (TMAHP-OBC), porous
TMAHP-BC, and porous oxidized TMAHP-BC (porous TMAHP-OBC). A

minimum of three specimens were analyzed for each type of BC sample.

2.5. Cell Isolation, Expansion and Characterization

Equine-derived bone marrow mesenchymal stem cell (EQMSCs) were
obtained by centrifugation of bone marrow aspirates from the sternum of a
healthy 11-years-old mare according to methods described earlier [127]. The
mare was sedated and the sternum was aseptically prepared. Bone marrow
aspirates were collected with 300 U/ml of heparin, diluted 1:1 with PBS, layered
over 15 ml of ficoll and centrifuged for 20 min at 400 g. The cells at the interface
of the PBS and ficoll containing the mononuclear fraction were aspirated and
washed in PBS by centrifuging for 10 min at 200 g. The supernatant was
aspirated and the cell pellet was resuspended and plated on tissue culture dishes
in Dulbecco's Modified Eagle Medium F-12 (DMEM) containing 10% fetal bovine
serum (FBS) (Hyclone, Logan, Utah) and 1% penicillin/streptomycin solution
(P/S) (Invitrogen, Carlsbad, CA) in a 37 °C, 5% CO, incubator (Passage 0). This
is the complete growth media. Adherent cells were allowed to reach 80%
confluence before harvesting by treatment with trypsin and re-plated for further
expansion (Passage 1). At the end of the second passage, EQMSCs were
banked in liquid nitrogen in cryopreservation medium (50% FBS, 5%
dimethylsulfoxide (DMSO), 45% DMEM). For all cell culture experiments
described in this study, cells of passage 2—6 were grown in phenol red-free
DMEM complete growth media.

Cellular morphology of EQMSCs and its ability to adhere to TCP was
assessed by imaging 5.0 x 10* cells/cm? seeded in a 24-well TCP after 48 h

using a Zeiss Axiovert 40C microscope equipped with a Canon Powershot A620
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camera (Cannon USA Inc., Lake Success, NY) and analyzed using
ZoomBrowser EX software (Cannon USA Inc., Lake Success, NY).

Immunophenotyping using flow cytometry is an analytical technique used
to examine the protein expressed by cells. In this study, the immunophenotype
of EQMSCs was characterized by flow cytometric analysis as previously
described [128]. For each staining, 7.90 x 10° — 1.58 x 10° cells/cm? seeded in a
96-well plate were used. Cells were prepared in FACS buffer and incubated (37
°C/5% CO,) with 0.5 mg/ml Mouse BD Fc Block (BD Biosciences, San Jose, CA)
for 20 min at 4 °C. The cells were then incubated with 1-10 ug/ml of
preconjugated primary antibodies for 60 min in the dark on ice. FITC-conjugated,
anti-human CD44 and anti-rat CD90 (Invitrogen, Carlsbad, CA) were used.
FITC- conjugated 1gG1 (Invitrogen) was the isotype control. Cells were washed
by adding 200 ul/well of FACS buffer, and centrifuged at 200 g and 4 °C for 5
min. Cell washing using FACS buffer was repeated. Cell staining was evaluated
on a flow cytometer (FACS Vantage SE, Becton Dickinson, Franklin Lakes, NJ)
by electronic gating on a dual parameter dot plot of forward and side scatter. For
each sample, 10,000 events were measured. Raw data of fluorescence
representing the number of positive cells was measured and analyzed by Cell
Quest™ software (BD Biosciences).

Osteogenesis and chondrogenesis are the process of forming new bone
and cartilage materials, respectively, by cells. In this study, osteogenesis and
chondrogenesis were performed using assays, as previously described [128].
Roughly 1.0 x 10° cellsiem? were seeded in media on 24-well TCP.
Approximately 70—-80% confluent cells were induced to differentiate into each of
the 2 lineages.

Osteogenic differentiation was induced in growth media supplemented
with 100 nM dexamethasone, 10 mM B-glycerophosphate, and 0.25 mM ascorbic
acid. Differentiation cell groups (induced cells with osteogenic media) were
monitored with control cell groups (non-induced cells without osteogenic media).

Media was changed every 3 days, and differentiation was assessed using
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alizarin red (Fisher Scientific) staining after 14 days. Cells were fixed in 4%
Paraformaldehyde (PFA) for 10 min at room temperature and stained with
alizarin red for 30 min for the detection of calcium in differentiated cells. Images
were taken with a Zeiss Axiovert 40C microscope equiped with a Canon
Powershot A620 camera and analyzed using ZoomBrowser EX software.

Chondrogenic differentiation was induced in a monolayer of cells in growth
media supplemented with 100 nM dexamethasone, 0.25 mM ascorbic acid, and 5
ng/ml TGFB1 (R&D Systems, Minneapolis, MN). Differentiation cell groups
(induced cells with chondrogenic media) were monitored with control cell groups
(non-induced cells and without chondrogenic media). Media was changed every
3 days, and differentiation was assessed using alcian blue staining after 14 days.
Cells were fixed in 4% PFA for 10 min at room temperature and stained with
alcian blue 8GX (Fisher Scientific) for 30 min for the detection of
glycosaminoglycans. Images were taken with a Zeiss Axiovert 40C microscope
equiped with a Canon Powershot A620 camera and analyzed using
ZoomBrowser EX software.

2.6. In Vitro Study of Cell and Bacterial Cellulose Scaffolds

For cell culture studies, the hydrated, never-dried native and modified BC
scaffolds in hydrogel form were used. BC-TS and its composites were prepared
as circular discs for the cell study using 6 mm Miltex Inc. disposable biopsy
punches (Fisher Scientific) and a 17.46 mm round hole arch punch (McMaster
Carr, Atlanta, GA). For cell culture studies, the BC scaffolds, chemically modified
BC scaffolds and their composites were sterilized by autoclave (1 bar, 120 °C) for
30 min, and were pre-soaked in phenol red-free growth media for at least 24 h

prior to cell seeding.
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2.6.1. Cellular Adhesion, Viability and Proliferation Assays

Cell viability and proliferation were assessed at various time points, using
the CellTiter 96® Aqueous Non-Radioactive (MTS) assay (Promega, Madison,
WI) according to the manufacturer's instructions. All experiments were
conducted in triplicate on 96-well TCP, native and modified BC scaffolds.
Various cell densities were seeded on the TCP, native and modified BC
scaffolds. Cells were incubated in the growth media at 37 °C/5% CO,. At the
end of each specified incubation time, EQMSCs seeded on TCP, and on the
native and modified BCs were rinsed three times in PBS, immersed in a mixture
containing serum-free cell culture medium and MTS reagent in a 5:1 ratio, and
incubated for 3 h at 37 °C/5% CO,. Then, 100 pyL (n=2) was transferred to 96-
well plates and the optical density (O.D.) was measured on a microplate
fluorescence reader (BioTek, Winooski, VT) using an absorbance of 490 nm.
Microporous BC scaffolds and its modified composites seeded with cells were
transferred to a new TCP prior to the addition of the serum-free cell culture
medium and MTS reagent. Non-seeded TCP and equivalent BC scaffolds in the
same media were used as blanks. The recorded absorbance values at 490 nm
were subtracted from their respective blank readings to yield the corrected
absorbance. Each experiment was conducted in 3 independent biological and 3
technical replicates.

Cell adhesion and viability was assessed at different time periods in
culture using calcein-AM (Invitrogen, Eugene, OR) and propidium iodide (PI)
(Invitrogen, Carlsbad, CA). EgMSCs were seeded on 96-well TCP, native and
modified BC scaffolds using various cell densities. Cells were stained with a
solution of 10 pyM calcein-AM/500 nM PI for 5 min and subsequently visualized
using a Zeiss Axiovert 40C microscope equipped with a Nikon Digital Sight DS-
QilMc camera.

Cell adhesion and morphology on TCP, native BC, BC-TS and its
composites seeded using different cell densities were assessed at various time

points in culture using wheat germ agglutinin (WGA) (Invitrogen, Carlsbad, CA)
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for the sialic acid and N-acetylglucosaminyl sugar residues in the plasma
membrane, and 4',6-diamidino-2-phenylindole (DAPI) stain for the nucleus.
Samples were stained with WGA (10 pl/ml) for 10 min, washed three times with
PBS, and stained with DAPI (0.5 pg/ml) for 5 min. Different cell densities were
seeded on the TCP and cellulose scaffolds. Fluorescent images were captured
using a Zeiss Axiovert 40C microscope equipped with a Nikon Digital Sight DS-
QilMc camera.

2.6.2. Alkaline Phosphatase Staining of Cells

Alkaline phosphatase (ALP) stain is a cell-permeable dye that is used to
positively identify pluripotent stem cells. The pluripotent potential of the EQMSCs
was evaluated using ALP stain. ALP staining of EQMSCs was assessed by the
specific conversion of Naphthol AS-MX phosphate and Fast Red TR into an
insoluble Azo Red End Product. EqMSCs were seeded in a 24-well TCP and
native BC scaffolds at 5.0 x 10* cells/cm?. Cells were cultured for 12—14 days at
37 °C/5% CO, with media changes every 2-3 days until the end of the
experiment. The ALP enzymatic reaction was set up by mixing Fast Red TR,
Naphthol AS-MX phosphate and PBS (2:1:1). For staining, cells were rinsed with
PBS, fixed in 4% PFA for 2 min at room temperature, and stained with the ALP
solution for 15 min at room temperature. Images were taken with a Zeiss
Axiovert 40C microscope equipped with a Canon Powershot A620 camera and

analyzed using ZoomBrowser EX software.

2.6.3. Cell Adhesion and Morphology by Scanning Electron Microscopy

Cell adhesion and morphology on native BC were examined by SEM.
EqMSCs were seeded at 5.0 x 10* cells/cm? on 24-well native BC scaffolds for
10-14 days at 37 °C/5% CO, with media changes every 2—-3 days, were washed
with PBS, and dried using the CPD method described above (Section 2.3.1).
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The samples were then sputter-coated with a gold layer as previously described
and imaged using a SEM (LEO 1525 FE-SEM and Zeiss SmartSEM Software).

2.6.4. Differentiation Assays

Osteogenesis and chondrogenesis, assays were performed as described
above (Section 2.5). Cells were differentiated on TCP, and on native and
modified BC scaffolds using different cell seeding densities. Differentiations were
monitored by staining at various days in culture. Images of the differentiated
cells on the cellulose scaffolds were captured using a Zeiss Axiovert 40C
microscope equipped with a Canon Powershot A620 camera or with with a Nikon
Digital Sight DS-Fi2 camera.

2.6.5. Confocal Microscopy

Confocal microscopy was used to examine the distance of cellular
penetration into the bulk of the modified BC scaffolds. The extent of cell
adhesion and viability across the surface of the scaffolds were also assessed
using confocal microscopy. The samples examined were OBC and porous OBC.
EqMSCs were seeded at 6.3 X 10* cell/cm? on 96-well sized native and modified
BC scaffolds for 9—-10 days at 37 °C/5% CO, with media changes every 2-3
days. After the incubation periods, cell-scaffold constructs were stained with 200
Ml of 10 uM calcein-AM for 5 min, transferred to optical microscope slides and
imaged using a Leica TCS SP2 laser scanning confocal microscope (Leica
Microsystems, Buffalo Grove, IL) equipped with Leica Confocal Software. The
Leica Confocal Software was used to perform a Z-series image mapping of the
cells on the seeded scaffolds, by scanning from the top surface of the scaffolds
into the bulk of the material until fluorescence could not be visually detected.
The Leica Confocal Software was also used to perform an image mapping of the

cells on the scaffolds by scanning across the surface of the material. Confocal
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images were processed using the Leica Confocal Software and the Nikon NIS-

Elements Software (Nikon Instruments Inc.).
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CHAPTER IlI
Analysis of Native Bacterial Cellulose Scaffolds

An ideal functional tissue engineered substitute would be a single three-
dimensional (3D) biocompatible scaffold capable of adapting to various
connective tissue microenvironments, while supporting selective lineage-specific
differentiation of MSCs for multiple connective tissue applications. In this study,
3D nanofibrous BC hydrogel scaffolds were prepared and characterized for their
ability to support and maintain differentiation of EqQMSCs in vitro for potential
tissue engineering use. Proliferation, viability and potential to differentiate into
osteocytes and chondrocytes of EQMSCs on BC were compared to those grown
on TCP. In this chapter, the results and discussions from the study are
presented concurrently in Sections 3.1-3.3, and the conclusion is presented in
Section 3.4. The results of this study were published in the journal Material
Science and Engineering C [106].

3.1. Characterization of Native Bacterial Cellulose Scaffold

To examine the nanofibers structure of native BC, SEM was used.
Because the SEM required a completely dry sample during analysis to maintain
the high vacuum chamber environment, then randomly selected BC hydrogels
were dried exclusively for SEM examination. Commonly, either freeze-drying or
CPD are recommended for drying hydrogels and biological materials because
these methods more effectively preserve the three-dimensional sponge-like
matrix during the dehydration process [65, 129]. The morphological
characteristics of the BC were assessed to determine the effects of these
different drying procedures on the resulting physical properties of the BC
network. SEM images of lyophilized and CPD BC scaffolds are illustrated in
Figure 3.1.A and 3.1.B. The lyophilized BC (Figure 3.1.A) showed distinct pores,

inherent pore interconnectivity, and random distribution of the fiber orientation.
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The CPD BC (Figure 3.1.B) demonstrated reduction in pore size and bundled
fiber arrangements.

The dehydration method influenced the morphology of the BC networks to
different extent. According to the SEM images (Figure 3.1.A, 3.1.B), CPD BC
showed a bundled fiber network in contrast to the lyophilized BC. This implies
that the changed morphology was a result of the temperature or solvent
treatments in the drying process. In lyophilization, samples were frozen to -80 °C
and the ice crystals were then transformed to water vapor at a specific
temperature and pressure by sublimation [65]. In CPD however, the water in the
BC hydrogel was ultimately replaced with liquid CO, and the sample was
processed above its critical temperature (31.1 °C) and pressure (7.3 MPa) where
the liquid CO, changes to vapor without change of density [65]. It has been
reported that the ice crystal freezing rate in lyophilization and CPD procedures
determines the final pore sizes of dehydrated hydrogels [65]. Therefore, the
morphology differences reported here as a result of the dehydration methods
could be attributed to the formation of ice crystal in the lyophilized BC and its
absence in the CPD BC. Even though there are some artifacts due to the ice
crystals, the morphology of lyophilized BC (Figure 3.1.A) is more representative

of the hydrated native BC morphology compared to the CPD BC morphology

Figure 3.1: Characterization of BC scaffold. SEM of lyophilized BC scaffold (A)
and CPD BC scaffold (B). Morphology of the cellulose network varied depending
on the drying treatment. Scale bar = 1 ym [106].
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(Figure 3.1.2). The SEM image of lyophilized native BC illustrates distinct pores,
agreeing with previously reported data [93]. In addition, these authors observed
similar non-compacted surface morphologies between lyophilized native BC
imaged using SEM and wet BC imaged using confocal microscopy [93].

Intramolecular and intermolecular hydrogen bonding facilitates the
retention of water in the interstitial spaces of hydrated BC scaffolds, allowing for
extensive water retention [88]. The total volume of the BC matrix is composed of
99.8% water and 0.2% pure cellulose [85]. Hydrogen bonding also allows the BC
high strength. This research group previously determined the ultimate tensile
strength and Young’'s modulus (or elastic modulus) of hydrated native BCs to be
25-30 KPa and 3.0-4.5 KPa, respectively [68]. Young’'s Modulus of dried BCs
has been reported to be 15-30 GPa [88].

The average fiber diameter (Table 3.1) of the lyophilized and CPD BCs
were 32.08 nm (x10.85 nm) and 29.93 nm (£8.28 nm), respectively. When
compared using a Student’s t-test (p < 0.05), these differences were statistically
insignificant. Given that either lyophilization or CPD method is required to
maintain the sponge-like porous matrix of BC in the dry state, differences in the
resulting morphological characteristics (Figure 3.1.A, 3.1.B) were observed but
similarities in the fiber diameter of BCs (Table 3.1) prepared following these
methods of dehydration. The temperature or solvent treatments in the drying
process did not appreciably alter the diameter of the BC fiber (Table 3.1).
Therefore, we can conclude that by using either drying methods, fiber diameters
of the resulting BCs are statistically indifferent.

Pore size is important in scaffolds because they support cell ingrowth,
determine cell adhesion and migration, establish the mechanical properties of the
scaffold, maintain the diffusion of nutrients to accommodate cells and guide their
growth, and subsequently the success of new tissue regeneration [130]. The
average pore size (Table 3.1) of the lyophilized BCs was 254.16 nm (x£76.65 nm).
Scaffolds with pores of 5-15 ym was proposed to provide a suitable environment

for fibroblast ingrowth [131]. Other investigators have proven that human
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Table 3.1: Measurement of average fiber diameters of lyophilized and CPD BC.
Table illustrates the measured pore size of lyophilized BC from SEM images
using ImageJ [106].

Lyophilized BC Critical-point-dried BC
Fiber diameter (nm) 32.1 29.9
Standard deviation 10.9 8.3
Pore size (nm) 254.2 -
Standard deviation 76.7 -

chondrocytes and human smooth muscle cells could evade the fibers and
penetrate into the scaffold in vitro which allows BC to support ingrowth of the
cells into the scaffold [93, 132]. An ingrowth of up to 40 um was observed with
human smooth muscle cells cultured on native BC [132]. These features make

BC an attractive material for tissue engineering using fibroblast cells.

3.2. Characterization of Equine Adult Mesenchymal Stem Cells

The isolated EQMSCs were characterized to ensure they possessed the
criteria used to identify MSCs which are their ability to adhere to TCP, express
specific surface antigens and have the potential to differentiate to lineages of
mesenchymal tissues, including bone and cartilage [13, 133]. MSCs are
identified by the expression of surface markers which allows for rapid
identification of the cell population. Surface markers are unique proteins called
antigens that protrude from the cell’'s surface and perform various functions,
including cell-cell attachment, serving as receptors for incoming protein signals,
and transporting amino acids across the cell membrane [18]. Each cell type has
a specific antigen profile. Known surface markers, as analyzed by flow

cytometry, have been assigned a cluster of differentiation (CD) identification
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number once two specific monoclonal antibodies are shown to bind to the
signature cell proteins [18, 134]. CD90 and CD44 have been commonly used as
positive MSC surface markers [133, 135].

Isolated EgMSCs adherence to TCP was observed (Figure 3.2.A).
Contrast micrograph (Figure 3.2.A) revealed the fibroblast like morphology of the
EgMSC with long and thin cell body attached to the surface of the TCP. Flow
cytometry expression showed that EQMSCs are positive for stromal cell markers
CD90 and CD44 (>90%) (Figure 3.2.B, 3.2.C). IgG1l was the isotype control
(Figure 3.2.B, 3.2.C). Osteogenic differentiation of EQMSCs was observed with
positive alizarin red staining of calcium deposits in the differentiated cells (Figure
3.2.D) [133]. Undifferentiated (i.e. equal number of cells without any
differentiation cocktail) served as negative controls for osteocytes and did not
stain positive for alizarin red (Figure 3.2.D). Chondrogenic differentiation of
EgMSCs was observed with positive alcian blue staining of glycosaminoglycans
in the differentiated cells (Figure 3.2.D) [133]. The undifferentiated cells served
as negative controls and did not stain positive for glycosaminoglycans (Figure
3.2.D).

Characterization of isolated EQMSCs revealed that the cells exhibit the
morphology (Figure 3.2.A) and cell surface maker expression (Figure 3.2.B,
3.2.C) indicative of mesenchymal phenotype [133, 135]. Alizarin red stains for
calcium matrix formations which are characteristic of functional osteocytes in
MSCs [133]. The osteocyte induced EqQMSCs successfully formed alizarin red
positive nodules after 14 days in culture compared to the non-induced control
group (Figure 3.2.D). Alcian Blue stains for glycosaminoglycans deposits, which
are sulfated proteoglycans associated with collagen-rich extracellular matrix, that
are designative of functional chondrocytes [133, 136]. The chondrocyte induced
EqgMSCs aggregated into nodules and positively stained alcian blue after 14 days
in culture (Figure 3.2.D).

Using the three criteria defining stem cells; adherence to TCP (Figure

3.2.A), expression of cluster of differentiation protein markers, CD44 and CD90
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Figure 3.2: Characterization of EQMSCs. (A) Cellular morphology of EQMSCs
using phase contrast microscope confirmed fibroblastoid adherent cells (Scale
bar = 200 uym). (B) EQMSCs express markers associated with mesenchymal
phenotype (positive expression of CD90 and CD44; negative for the isotypic
control IgG1). (C) Surface antigen expression on EQMSCs by flow cytometric
analysis. Table shows the %-positive cells to the total number of cells analyzed
by flow cytometric analysis. (D) Differentiation of EQMSCs into osteocytes
(alizarin red staining) and chondrocytes (alcian bl ue staining) at 14 days of
differentiation. Scale bar = 200 um [106].
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(Figure 3.2.B, 3.2.C), and finally the potential to differentiate into osteocytes and
chondrocytes (Figure 3.2.D), mononuclear cells isolated from bone marrow and
expanded in culture were assessed to be the adult MSCs [133]. These isolated
adult MSCs are therefore undifferentiated cells with the potential to differentiate

into connective tissue cells for musculoskeletal tissue engineering applications.

3.3. Characterization of Cell and Bacterial Cellulose Scaffolds

3.3.1. Cellular Adhesion, Viability and Proliferation Assays

MTS assay analysis was performed to determine the viability of EQMSCs
seeded on TCP (EgMSCs-TCP) and on BC (EqQMSCs-BC). The MTS assay
results of EQMSCs seeded on TCP and BC are shown in Figure 3.3. EgMSCs
seeded on TCP (Figure 3.3.A) and on BC (Figure. 3.3.B-3.3.E) demonstrated
high growth rates as a function time and represent a high viability and
proliferation composition.

MTS assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium and phenazine methosulfate) is a tetrazolium-based
compound that is bioreduced by cells into a brown formazan product that is
soluble in tissue culture medium [137]. The quantity of formazan product
measured at the absorbance of 490 nm is directly proportional to the number of
living cells in culture [137]. The results of MTS assay as shown in Figure 3.3
demonstrate that similar to EQMSCs cultured on TCP (Figure 3.3.A), EQMSCs
seeded on BC were able to metabolize MTS into brown formazon product and
have a high proliferation rate as a function of time (Figure 3.3.B-3.3.E).
Furthermore, the squared correlation coefficient of the MTS Assay results were
calculated from these curves. The squared correlation coefficient of
approximately 3.16 x 10% 6.32 x 10% 9.48 x 10*and 1.26 x 10° cells/cm? seeded
on BC were 0.998, 0.991, 0.966 and 0.950, respectively, indicating a linear
response between cell number and absorbance at 490nm, further confirming the

proliferation of EQMSCs under these conditions (Figure 3.3.B-3.3.E).
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Figure 3.3: Cellular viability assay: MTS test. Comparison of proliferation of
cells as determined by MTS assay for 96-well EQMSCs-TCP and EqQMSCs-BC
scaffolds for 2, 7 and 14 days. Linear responses were observed between cell
seeding density and absorbance at 490 nm. Approximately 3.16 x 10* cells/cm?
seeded on TCP (R? = 0.919) (A); 3.16 x 10 cells/cm? seeded on BC construct
(R?=0.998) (B); 6.32 x 10* cells/cm? seeded on BC construct (R?> = 0.991) (C);
9.48 x 10* cells/cm? seeded on BC construct (R* = 0.966) (D); and 1.26 x 10°
cellsicm? seeded on BC construct (R* = 0.950) (E). The results represent the
means * standard deviation with n=3 for each bar; asterisks (*) indicates
significant differences at p<0.05 between testing conditions as a function of time
[106].
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To determine the cell quantity appropriate for the in vitro study, the linear
response between cell number and absorbance at 490 nm were examined for
several cell seeding densities of EQMSCs-TCP. In the study, the EqQMSCs after
2, 7 and 14 days in culture showed a squared correlation coefficient of 0.998,
0.999, 0.983, 0.968 and 0.995 for approximately 3.16 x 103 4.74 x 103 6.32 x
103 1.58 x 10* and 3.16 x 10* cells/cm? seeded on TCP, respectively (Figure
3.4). From the experiment, 3.16 x 10* cells were selected for seeding on TCP
because the squared correlation coefficient was strong (0.995). In addition, at
least 3.16 x 10* cells/cm? were selected for seeding on BC to ensure adequate

cell seeding density on the scaffold.
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Figure 3.4: Assessment of minimum cell number optimum for in vitro study.
Comparison of proliferation of cells was performed by MTS assay. EqMSCs
were seeded on 96-well TCPs and cultured for 2, 7 and 14 days. The squared
correlation coefficient for approximately 3.16 x 10° (A), 4.74 x 10° (B), 6.32 x 10°
(C), 1.58 x 10* (D) and 3.16 x 10* cells/cm? (E) seeded on TCP were R? = 0.998,
0.999, 0.983, 0.968 and 0.995, respectively. Asterisks (*) indicates significant
differences at p<0.05 between testing conditions as a function of time.
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Calcein-AM (Calcein acetoxymethyl ester) and PI staining provides a two-
color fluorescence cell viability assay that is based on the concurrent
determination of live and dead cells with two probes that measure recognized
parameters of cell viability — intracellular esterase activity and plasma membrane
integrity. Calcein-AM, a non-fluorescent cell permeable compound, converts to
the strongly green fluorescent calcein when hydrolyzed by intracellular esterases
in live cells and is widely used for determining cell viability since the fluorescence
intensity of calcein is proportional to the amount of live cells. Alternatively, PI is
excluded by viable cells but can penetrate cell membranes of dying or dead cells,
and hence, stains dead cells. Data shows that EQMSCs seeded on BC were
viable, grew in population overtime and were well distributed throughout BC
compared to EQMSCs seeded on TCP (Figure 3.5).

After 2 days in culture (Figure 3.5), the cells on the BC surface showed a
distinct phenotype, with less elongated shapes and a round morphology.
Furthermore, by 14 days in culture (Figure 3.5), EQMSCs have a full spread-out
morphology on the BC scaffold. Conversely, the cells on the TCP from 2 to 14
days in culture (Figure 3.5) appear to continually maintain a full spread-out
appearance. The authors hypothesize that the reason for these dissimilarities in
cell phenotype on BC and TCP especially at 2 days in culture is the difference in
substrate stiffness. Referring to previous studies using fibroblasts, researchers
have demonstrated that cells generate greater traction force and develop a
broader and flatter morphology on stiff substrates than they do on soft but equally
adhesive surfaces [138]. In this study, these characteristics were observed after
2 days in culture (Figure 3.5) where EqQMCs produced traction force and
developed a flatter morphology on the stiff TCP with Young’s modulus of ~1 GPa
[139] and a round morphology on the softer hydrated BC with Young’s modulus
of 3.0-4.5 KPa [68]. Additionally, researchers have shown that fibroblasts stop
their dependence on substrate stiffness when cells become confluent, or when
two cells make contact and through mechanosensing use their internal signals to

override cell-matrix adhesion complexes leading to cell spreading and eventually
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proliferate [140]. These attributes were observed in this study with EqQMSCs
seeded on BC after 14 days in culture (Figure 3.5), where EQMSCs have ended
their dependence on the BC stiffness and by mechanosensing with cell-cell
interactions, have attached to and spread-out on the soft BC scaffold.

Day 7 Day 14

EqMSCs-TCP

EgMSCs-BC

Figure 3.5: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs-TCP (3.16 x 10°
cellsicm?) and EqMSCs-BC (3.16 x 10* cells/cm?) after 2, 7 and 14 days in
culture. Cells were analyzed by calcein-AM which exhibits green fluorescence
and demonstrates live cells and Pl which displays red fluorescence and
demonstrates dead cells. Fluorescent micrograph showed that overtime the cell
adhered to, were viable and proliferation on BC compared to TCP in culture.
Scale bar = 50 ym [106].
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WGA, a carbohydrate-binding protein, selectively recognizes and binds to
N-acetylglucosamine sugars and sialic acid residues predominantly found on the

plasma membrane. The WGA used is conjugated to convert to a strongly red
fluorescent to achieve selective and simple staining of the plasma membrane of
cells. DAPI is a blue fluorescent stain that has high cell permeability and bind
strongly to the A-T rich regions in DNA, where its fluorescence is approximately
20-fold greater than in the non-bound state. Its selectivity for DNA and high cell
permeability allows efficient staining of nuclei. Figure 3.6 shows that by 14 days,
EgMSCs-BC has grown in population, were fully attached and well distributed
throughout BC. By 14 days, WGA staining clearly illustrates the cell membranes
of EQMSCs with the fibroblast like morphology customary to EQMSC (Figure 3.6).
DAPI staining confirmed large, round nuclei contained in the cell bodies.

Figure 3.6: Cellular adhesion and morphology with WGA and DAPI staining.
Fluorescent micrograph of EQMSCs-BC showing adhesion and morphology of
cell membrane stained using WGA and cell nucleus stained using DAPI at 2 and
14 days in culture. Scale bar = 50 ym [106].
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3.3.2. Alkaline Phosphatase Staining of Cell

ALP is a stem cell membrane marker and elevated expression of this
enzyme is associated with undifferentiated pluripotent stem cell. WGA
comparing to ALP, is typically used as a plasma membrane marker and WGA
staining suggests the integrity of cells and confirms that the cells are not
damaged or dead. ALP and WGA staining patterns demonstrated that EQMSC-
BC retain their structure, stem cell-like properties, and confirm that the cells are
living (Figure 3.6 and 3.7).

3.3.3. Cell Adhesion and Morphology by Scanning Electron Microscopy

The morphology of EQMSC growing on BC scaffold was assessed using a
SEM to examine the shape of the cell and adherence of the cell on BC. A
representative  SEM micrograph of EqQMSC attachment on BC scaffold is
illustrated in Figure 3.8. SEM micrograph demonstrated that cell size of EQMSC
with fibroblast like morphology to be approximately 200 ym on the BC scaffold
(Figure 3.8.B). The cell adhered to the surface of the nanofibrous BC and
maintained an extended fibroblast membrane morphology revealing satisfactory
cell adhesion on the BC scaffold. Tissue-derived cells are anchorage dependent
and must adhere to a solid surface to grow, proliferate and precede to further
events including cell migration and differentiation [141]. The MTS assay results
(Figure 3.3.B-3.3.E) show that the EgqMSC effectively attached on the BC
scaffold (Figure 3.8) as indicated by the high cell proliferation. The cell seeding
density disparity between Figure 3.8 and Figure 3.5 of EQMSCs-BC at 14 days in
culture is due to the higher magnification at which the images in Figure 3.8 were
taken and the cells in Figure 3.8 were selectively imaged compared to those in
Figure 3.5 (EQMSCs-BC at day 14).
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Figure 3.7: ALP activity. Contrast micrograph of ALP staining of EQMSCs-TCP
cultured for 12 days (A) and EQMSCs-BC cultured for 14 days (B). Scale bar =
100 pm.

Figure 3.8: Cell adhesion and morphology by SEM. The SEM of EqQMSCs
attachment to BC scaffold (A). SEM micrograph demonstrated that cell size of

EqgMSC with fibroblast like morphology to be approximately 200 ym (B). Scale
bar =2 ym (A) and 10 pym (B) [106].
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3.3.4. In Vitro differentiation of EQMSCs

To further characterize the EQMSCs, they were induced to differentiate
into osteocytes and chondrocytes in vitro (Figure 3.9). As demonstrated, the
EqQMSCs-BC similar to the cells on TCP exhibited the potential to differentiate
into a bone and a cartilage cell depending on the induction media. The results
support the fact that EQMSCs do not lose their potentials to differentiate when
they adhere to BC.

The differentiation of EQMSCs into chondrocytes and osteocytes is one of
the key processes for cartilage and bone regeneration, respectively. From a
functional perspective, where cell therapy for musculoskeletal hindrances is the
ultimate goal, it is fundamental that the cells do not lose or have reduced
capacity of differentiation [127]. This study showed that EQMSCs have the
capability to differentiate into chondrocytes and osteocytes on the nanofibrous
BC, an important characteristic for cartilage and bone regeneration.

This study conducted with native BC showed that EQMSCs can adhere to,
are viable, and retain the potential to differentiate into osteocytes and
chondrocytes on BC. Although this scaffold seems to hold great promise for
future in vivo stem-cell based musculoskeletal therapies, further research into
chemical modification of BC to enhance cell proliferation and to make it
biodegradable seems advantageous. Additional BC modification for future
research consideration is embedding and delivering growth factors present in
stem cells and native tissue from the scaffold. Delivering growth factors from the
BC scaffold has the potential to control and enhance cell growth, stimulate stem
cell differentiations, and facilitate regeneration of the damaged native tissues
which is advantageous for in vivo applications of the tissue engineered scaffold.
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Figure 3.9: Osteogenesis and chondrogenic differentiation capacity of
EqQMSCs. EqMSCs (1.0 x 10° cells/cm?) were investigated for their in vitro trans-
differentiation capacity on BC compared to TCP after 7 and 14 days of
differentiation. Osteogenesis was induced using the B-glycerophosphate-based
method and was demonstrated by the detection of calcium in the mineralized
matrix indicated by alizarin red stain shown in the differentiated cells. As shown,
non-induced osteogenesis BC controls did not stain positive for alizarin red.
Chondrogenesis was induced using the TGFB1-based method and was indicated
by alcian blue staining shown in the differentiated cells. As shown, non-induced
chondrogenesis BC controls did not stain positive for alcian blue. Scale bars =
100 pm [106].
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3.4. Conclusions

BC, a cost-effective natural hydrogel scaffolds, was successfully prepared
and characterized using SEM. The lyophilized scaffold illustrated distinct pore
morphology, 32.08 = 10.85 nm fiber diameters and 254.16 * 76.65 nm pore
sizes.

It was demonstrated that the BC scaffolds were cytocompatible with
EgMSCs in vitro. The BC scaffolds supported the adhesion, proliferation,
osteogenic and chondrogenic differentiation. The cells seeded on the BC

scaffolds were viable and possess a high rate of proliferation.
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CHAPTER IV
Analysis of Microporous Bacterial Cellulose and Oxidized
Microporous Bacterial Cellulose Scaffolds

Native BC is a non-biodegradable and nanoporous natural polysaccharide
with promise as a scaffold for tissue engineering due to its biocompatibility.
However, for bone and cartilage applications a biodegradable and microporous
scaffold is desired to support osteocyte and chondrocyte ingrowth, enable tissue
regeneration and resorb over time to be replaced by new osseous and
cartilaginous tissues. The ideal biomaterial will be microporous to allow for cell
ingrowth and degrade after stimulating new tissue growth. Therefore, in this
section, microporous BC (porous BC) was synthesized and chemically modified
into degradable microporous BC to make the scaffold more suitable for bone and
cartilage tissue engineering. Natural beeswax microspheres were placed in the
BC growing culture to prepare microporous BCs. After synthesis and beeswax
leaching, microporous BCs with interconnected pores and native BCs were
oxidized to make them degradable. BC oxidation was performed using sodium
periodate to yield dialdehyde cellulose which degrades in mammalian systems.

Beeswax was characterized for its degradation and melting temperatures.
Microporous BC and microporous oxidized BC were synthesized, characterized,
and compared to native BC and oxidized BC. Proliferation and viability potential
of EQMSCs on oxidized BC, microporous BC and microporous oxidized BC were
assessed. The BC scaffolds were also characterized for their ability to support
and maintain differentiation of EQMSCs in vitro for potential tissue engineering
use. The potential for EQMSCs to differentiate into osteocytes and chondrocytes
on oxidized BC and microporous oxidized BC were assessed. In this chapter,
the results and discussions from the study are presented concurrently in Sections

4.1 - 4.6, and the conclusions are presented in Section 4.7.
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4.1. Characterization of Beeswax

4.1.1. Thermal Gravimetric Analysis

The initial weight percent versus temperature thermogravimetric curve for
the beeswax is illustrated in Figure 4.1. The thermogravimetric curve shows that
in an 100% N, atmosphere, the decomposition of impurities in the beeswax
occurs at approximately 43°C and 114°C. The weight of the beeswax decreases
at approximately 315°C and continue decreasing until all of the material
vaporizes at 420°C.

TGA analysis is evidence that beeswax undergoes non-isothermal weight
loss (Figure 4.1). Under N, atmospheric conditions, the beeswax does not
undergo thermal degradation until temperatures greater than approximately
315°C. After 315°C the beeswax material degrades and evaporates until no
material remains at 420°C. These results agree with findings from Cheremisinoff
[142], and Rivenc and Schilling [143].

120 -

100 -

Initial Weight (%)
(o))
o

20 A

O T T T T ! 1
0 100 200 300 400 500 600
-20 -

Temperature (degrees Celsius)

Figure 4.1: Initial weight percent versus temperature thermogravimetric curve
of beeswax.
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4.1.2. Differential Scanning Calorimetry

The DSC thermogram of beeswax (Figure 4.2) illustrates the melting
properties of the wax. The peak melting point of the beeswax was observed in
the DSC analysis at 65°C (Figure 4.2).

The DSC thermogram of beeswax indicated a broad thermal transition or
phase change of beeswax with the onset of melting at approximately 40°C and
an endpoint at approximately 66.2°C (Figure 4.2). One reason for this may be
that the various components in the beeswax begin to melt at approximately 40°C
and continue melting until the endpoint at approximately 66.2°C. Native beeswax
is a heterogeneous material composed primarily of fatty acids, wax esters and
various long chain alcohols [144, 145]. The endpoint of the thermal transition of
beeswax has been reported to indicate the complete melting of the major

components in the wax including fatty acids and wax esters [146].
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Figure 4.2: DSC heating curve of beeswax.
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4.2. Synthesis of Microporous Bacterial Cellulose Scaffolds

Three-dimensional microporous BC scaffolds with interconnected pores
were prepared as described in Section 2.2.2. In brief, beeswax microspheres
were sintered in TCPs, TCDs and glassware (360 mm L x 200 mm W x 5 mm H),
Schramm-Hestrin medium was added to the cultures, and the mixtures were
cultured for 14 days under static conditions. Native BCs were synthesized
without the addition of beeswax (Section 2.2.1). The cellulose pellicles were then
purified following the protocols in Sections 2.2.1 and 2.2.2. Half of the samples
were oxidized using the sodium periodate in n-propanol procedure outlined in
Section 2.2.5. Overall, four groups of samples were prepared: native BC,
oxidized BC, microporous BC, and porous oxidized BC. The terminologies
microporous BC and porous BC were used interchangeably throughout this
study.

4.2.1. Preparation of Beeswax Microspheres

Beeswax microspheres were fabricated using a dispersion method by
adding beeswax melted at 90 °C to 0.5% (g/mL) low molecular weight PVA
solution, under constant stirring [110]. DSC (Figure 4.2) and TGA (Figure 4.1)
analyses of beeswax shows that the material melts at approximately 65 °C but
does not degrade at the use temperature of 90 °C. Therefore, degradation of
beeswax was not expected at the in use temperature of 90 °C.

In this study, under controlled mechanical stirring, beeswax microspheres
approximately 500 um or less formed in the dilute PVA solution (Figure 4.3.A,
4.3.B). Phase contrast microscope was used to image and assess the diameter
of the produced beeswax microspheres in real-time during their production. It
was observed that the size of the beeswax microsphere was dependent on the
stirring rate of the solution. Faster stirring rates resulted in beeswax
microspheres with smaller diameters and uniform spherical shapes (Figure

4.3.C). Conversely, slower stirring rates resulted in beeswax microspheres with
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larger diameters (Figure 4.3.D). Care was taken during the preparation of the
beeswax microspheres to control the stirring rate of the solution and limit the
production of the beeswax microsphers with undesirable diameters. The
beeswax microspheres generated using the PVA solution were washed in DI
water and sieved to obtain microspheres with diameters of 500 um or less.
Phase contrast micrograph images of the sieved beeswax microspheres
confirmed the spherical shape of the particles and their diameter to be
approximately 500 pym or less (Figure 4.3.A, B). Other research groups including
Ma and Choi (2001) [110], Backdahl et al (2008) [95], Zaborowska et al (2010)
[96], and Bodin et al (2010) [147] have used a similar method to produce paraffin
microspheres in dilute PVA solutions.
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Figure 4.3: Phase contrast microscope images of beeswax microspheres at 5X
(A) and 10X (B-D). Scale bar =1 mm (A) and 100 um (C, D).
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4.2.2. Porosity and Interconnectivity in Microporous Bacterial Cellulose
Scaffolds

Sterile beeswax microspheres were sintered at 40 °C prior to cellulose
synthesis to bond the microspheres and form a stacked 3D array of particles to
ensure cell interconnectivity. During cellulose synthesis, beeswax microspheres
floated in the culture medium as a packed mass because of its density (density
~0.96 g/cm®[111]) relative to the water-based Schramm-Hestrin Medium (density
~1 glcm®), as illustrated in Figure 4.4. Cell interconnectivity became evident after
leaching of the beeswax (Figure 4.5.). The pore size of the microporous BC
scaffolds were approximately 500 pm or less as demonstrated in real-time

assessment using phase contrast microscope (Figure 4.5.B).

Figure 4.4: Photograph of porous BC culture consisting of Gluconacetobacter
sucrofermentans and beeswax microspheres in Schramm-Hestrin Medium in a
100 mm diameter tissue culture dish. The beeswax microsphers floated in the
bacterial medium during culture.
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During beeswax leaching and scaffold purification, phase contrast
microscope was used to assess the progress of the beeswax removal from the
scaffold in real-time. Beeswax residues were visible as dark spots in the
microporous BC images (Figure 4.5.A), compared to a microporous BC that had
been cleared of beeswax (Figrue 4.5.B). The addition of the beeswax
microsphers in the BC culture resulted in a randomly-sized microporous BC
scaffold as demonstrated by phase contrast microscope (Figure 4.5.B). Native
BC scaffold synthesized without the use of beeswax microspheres and imaged
using a phase contrast microscope did not exhibit visible pore structures in the
scaffold (Figure 4.5.C). Phase contrast microscope images of native BC
confirmed a transparent-like material which lacks micro-pore structures (Figure
4.5.C).
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Figure 4.5: Phase contrast microscope images comparing microporous BC
after 1 (A) and 15 (B) cyclic washes with Tween 80 and ethanol, and purified
native BC synthesized without beeswax (C). Beeswax residues were visible as
dark spots in the microporous BC that have undergone 1 cycle of wash (A).
There was no visible beeswax particles in microporous BC washed for 15 cycles.
Micro-sized pore structures were visible on the microporous BC scaffolds (B)
compared to the non-visible pores on the native BC (B). Scale bar =100 ym.
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4.2.3. Oxidation of Bacterial Cellulose Scaffolds

Half of the prepared native (nano-porous, non-porous) and micro-porous
BC scaffolds were oxidized using sodium periodate in n-propanol following the
procedure outlined in Section 2.2.5. Overall, a total of four groups of BC
scaffolds were prepared: native BC, oxidized BC, porous BC, and porous
oxidized BC.

Periodate oxidation is an oxidation technique that has been reported to
predictably oxidize cellulose into degradable dialdehyde cellulose [94]. During
oxidation, free radical side reaction may occur resulting in non-specific chain
breakages. These undesirable reactions are diminish with the addition of the
free-radical scavenger, n-propanol, during the reaction. Assessment of the
scaffolds after oxidation using sodium periodate in n-propanol showed no visible
changes in the color and morphology of the BC scaffolds when compared to the
non-oxidized native and porous BCs.

The four groups of BC samples initially cultured in 6-well TCPs were
weighed under wet (hydrated, never-dried) and dried (lyophilized) conditions
(Figure 4.6). Wet weights of the samples showed a significant decrease in the
oxidized BC samples compared to the non-oxidized native BC samples (Figure
4.6.A). A similar significant difference was also observed between the wet
weights of the porous oxidized BC samples and the non-oxidized porous BC
samples (Figure 4.6.A). There were no significant difference between the wet
weights of the native BCs and porous BCs (Figure 4.6.A). Both native BC and
porous BC were significantly greater in weight compared to the oxidized BC and
porous oxidized BC (Figure 4.6.A). Dry weights of the samples only
demonstrated a significant decrease between the porous oxidized BC sample
and the remaining three groups of samples (Figure 4.6.B). The wet weights of
the native BC, oxidized BC, and porous BC showed that there were no significant
difference in their weights.

Wet weights of the native and modified BC scaffolds show that periodate

oxidation results in changes to the molecular structure of the bacterial cellulose
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that reduces its ability to retain water. Dry weights results of scaffolds
demonstrate that periodate oxidation did not degrade oxidized BC compared to
the native BC and porous BC. In contrast, the dry weight of the porous oxidized
BC indicated that periodate oxidation have degraded the sample compared to
native BC, oxidized BC and porous BC. It is possible that the inter- and
intramolecular hydrogen bonds that allow BC to retain water in its interstitial
spaces have been altered by the formation of aldehyde groups in the chemical
structure of the oxidized BCs. These alterations in the hydrogen bonding in the
oxidized BC scaffolds may have reduced its ability to retain water. It is also
possible that creating porous structures and forming aldehyde groups in the
bacterial cellulose structure (i.e., porous oxidized BC) affects the integrity of the
fibrous network and results in the loss of the cellulose network. Hutchens et al.
(2009) have previously reported a similar trend in the significant decrease in wet

weights between native BC and oxidized BC scaffolds [68].
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Figure 4.6: Comparison of wet weights (A) and dry weights (B) of native BC,
oxidized BC, porous BC, and porous oxidized BC. Asterisks (*) indicates
significant differences at p<0.05.
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4.3. Fourier Transform Infrared Spectroscopy

The chemical structure of the cellulose chain of BC scaffold is shown in
Figure 1.7 and the FTIR spectrum of the native BC is presented in Figure 4.7.
Each of the FTIR peaks represents a functional chemical group present in the BC
structure. Based on the chemical structure of cellulose, the material consists of
B-D-glucopyranose units linked together by (1—4)-glycosidic bonds (Figure 1.7),
and numerous hydroxyl groups in its network (Figure 1.8). The characteristic
FTIR bands of native bacterial cellulose are presented in Table 4.1.
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Figure 4.7: FTIR spectrum of native BC. Sample was analyzed in the ATR
mode.
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Table 4.1: Characteristic FTIR bands of native bacterial cellulose.

Relative .
Frequency Intensity Assignment Ref.
1 OH Stretching (associated with
3350 cm Strong intramolecular hydrogen bonding) [148]
OH Stretching (characteristic of hydroxyl [148
3270 cm™ Medium | bonding in cellulose structure due to Ig 149]’
crystalline phase)
OH Stretching (characteristic of hydroxyl [148
3240 cm™ Medium bonding in cellulose structure due to Iy 149]’
crystalline phase)
2903cm™ | Medium | CH Stretching [149]
2853 cm™ Medium | CH, Symmetric Stretching [150]
1653 cm™ Absorbed H,0O [150]
1420 cm™ Weak CH; Symmetric Bending [149]
1375cm™ | Medium | CH Bending [149]
1358 cm™ | Medium | CH Bending [150]
1335 cm™ Medium | OH In-plane Bending [150]
1165 cm™ Strong Antisymmetric Bridge COC Stretching [150]
1108 cm™ Strong Antisymmetric In-phase Ring Stretching [149]
1070 cm-: Strong Skeleta_l Vibrations Involving C-O [149]
Stretching
1 Skeletal Vibrations Involving C-O [149,
1035 cm Strong Stretching 150]
1015 em Medium Skeleta_l Vibrations Involving C-O [150]
Stretching
895 cm™ Weak Antisymmetric Out-of-phase ring stretching | [150]
OH Stretching (characteristic of hydroxyl [148
750 cm™ Medium | bonding in cellulose structure due to I4 149]’
crystalline phase)
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In addition to phase contrast microscopy (Figure 4.5), FTIR was used to
validate the removal of the beeswax from the microporous BC scaffolds. FTIR
spectra of native BC, porous BC, beeswax, and Tween 80 cleaning agent are
illustrated in Figure 4.8. Beeswax displays characteristic peaks at 1149, 1206,
1459, 1463, 1713, and 1735 cm™ which were not observed for the FTIR spectra
for the porous BC. The FTIR spectrum for the porous BC was exceedingly
comparable to the control native BC spectrum which was synthesized without the
addition of beeswax (Figure 4.5). The FTIR spectra for both native BC and
porous BC demonstrated distinct dissimilarities from that of the detergent Tween
80, and beeswax, confirming that the detergent and beeswax had been removed
from the porous BC following purification (Figure 4.5).

Thorough and complete removal of the beeswax from the porous BC
scaffolds was essential in order to ensure scaffold purity and obtain
interconnected pore structures for cell growth and migration. Tween 80 is a non-
ionic biological detergent that reduces the surface tension of the beeswax by
forming miscelles around the microspheres. Tween 80 was used to make the
beeswax soluble, and ethanol was used to dry and remove the soluble
composites of beeswax and Tween 80. Phase contrast micrograph image
(Figure 4.5) and FTIR (Figure 4.8) have confirmed the complete removal of the
beeswax following cyclic incubation of the microporous scaffolds in the solution

of Tween 80 and 99% ethanol.
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Figure 4.8: FTIR spectra of samples analyzed in standard FTIR mode (A) and
ATR mode (B). Spectra of native BC (control) synthesized without beeswax
microparticles and porous BC (A, B). Spectra for beeswax (A) and Tween 80
cleaning agent (B) were included for comparison.
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The FTIR spectra of native BC, porous BC, oxidized BC, and porous
oxidized BC are shown in Figure 4.9. The spectra of the oxidized BC and porous
oxidized BC have an absorption band at 1740 cm™ that represents the stretching
vibration in the aldehyde carbonyl group formed on the cellulose during periodate
oxidation (Figure 4.9). The spectra of oxidized BC and porous oxidized BC also
have an absorption band at 1650 cm™ which corresponds to the carbonyl groups
associated with hydrogen bonding (Figure 4.9). These absorption peaks are
absent in the native BC and porous BC spectra (Figure 4.9), proving that
periodate oxidation can transform native BC and porous BC scaffolds into
dialdehyde cellulose scaffolds. The absorption peaks at 1740 and 1650 cm™ in
the spectra of the BC scaffolds are broad (Figure 4.9). The broad peak at 1740
cm™ in these spectra (Figure 4.9) is attributed to the strong hydrogen bonding in
the aldehyde carbonyl group which results in the broadening of the peak [151].
The broad peak at 1650 cm™ in these spectra (Figure 4.9) is attributed to the

considerable overlap with the absorption of water at 1653 cm™ [151].
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Figure 4.9: FTIR spectra of native BC (control), porous BC (control), oxidized
BC, and oxidized porous BC.
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4.4. Scanning Electron Microscopy

The formation of beeswax microspheres was further confirmed using SEM
(Figure 4.10). In addition to phase contrast microscopy (Figure 4.3), SEM
images demonstrate that beeswax microspheres were successfully produced
with melted beeswax in a PVA solution (Figure 4.10.A) and the diameter of the
microspheres were approximately 500 um or less (Figure 4.10.B).

The SEM micrograph of microporous BC scaffolds imaged following one
cyclic wash with Tween 80 and ethanol confirmed the presence of pore
structures as well as beeswax in the scaffold (Figure 4.11). SEM image of the
porous BC showed visible signs of beeswax on the surface of the scaffolds
(Figure 4.11). Additionally, the SEM image of the porous BC scaffolds did not
show cell interconnectivity between the pore structures (Figure 4.11). One cyclic
wash of the BC scaffold demonstrate that additional washing was needed to
ensure complete removal of the beeswax. It has been demonstrated that in
addition to phase contrast microscopy (Figure 4.5.A), SEM can be used to
assess the presence of beeswax in the porous BC scaffolds (Figure 4.11).

Figure 4.10: SEM images of beeswax microspheres produced with melted
beeswax in a PVA solution at 230X (A) and 300X (B). Accelerating voltages of 3
kV (A) and 5 kV (B) were used to image the beeswax microspheres. SEM image
demonstrated beeswax microsphere size to be approximately 500 ym or less
after sieving (B). Scale bar = 100 um.

77



Beeswax
residue

Figure 4.11: SEM image of porous BC after 1 cyclic wash with Tween 80 and
ethanol at 200X. A 1.5 kV accelerating voltage was used to image the sample.
Beeswax residues were visible in the porous BC that have undergone 1 cycle of
wash. Scale bar = 100 ym.

SEM images of purified native BC, oxidized BC, porous BC, and porous
oxidized BC are shown in Figure 4.12. The SEM images of porous BC (Figure
4.12.C) and porous oxidized BC (Figure 4.12.D) confirm that the addition of
beeswax microspheres in the BC culture successfully resulted in the generation
of microporous BC scaffolds. Micro-sized pore structures were visible on the
porous BC (Figure 4.12.C) and porous oxidized BC (Figure 4.12.D) scaffolds.
Native BC (Figure 4.12.A) and oxidized BC (Figure 4.12.B) scaffolds which were
synthesized without the use of beeswax microspheres exhibited submicron-sized

pores at the imaging magnification of 300X.
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Figure 4.12: SEM images of scaffold pore structure for native BC (A), oxidized
BC (B), porous BC (C), and porous oxidized BC (D) at 300X. A 1.5 kV
accelerating voltage was used to image the samples. Scale bar = 100 ym.

4.5. Mechanical Testing

The mechanical properties of the native BC, oxidized BC, porous BC, and
porous oxidized BC were determined at 5% strain rate to assess the relationship
between the native and modified BCs. The engineering stress-strain curves of
the hydrated never-dried BC samples are illustrated in Figure 4.13. The ultimate
tensile strength, strain at break, and elastic modulus values of the native and
modified BC samples calculated from the engineering stress-strain curves are
illustrated in Figure 4.14. The results show that oxidation of native BC into

oxidized BC significantly affects the ultimate tensile strength and elastic modulus
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Figure 4.13: Engineering stress-strain curve of native BC (A), oxidized BC (B),
porous BC (C), and porous oxidized BC (D).
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Figure 4.14: Comparison of ultimate tensile strengths (A), strain at breaks (B),
and elastic moduli (C) of native BC, oxidized BC, porous BC, and porous
oxidized BC. Asterisks (*) indicates significant differences at p<0.05.
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of the BC scaffold (Figure 4.14.A, C). The ultimate tensile strength of the
oxidized BC scaffold is significantly decreased compared to the native BC
(Figure 4.14.A). In contrast, the elastic modulus of the oxidized BC scaffold is
significantly increased compared to the native BC (Figure 4.14.C). The strain at
break of the oxidized BC scaffold is not significantly affected by the periodate
oxidation of the scaffold compared to the native BC (Figure 4.14.B).

Compared to native BC, the ultimate tensile strength and strain at break
are significantly affected by the introduction of micron-sized pore structures in the
native BC (Figure 4.14.A, B). Both the ultimate tensile strength and strain at
break are significantly reduced in the porous BC samples in comparison to the
native BC (Figure 4.14.A, B). Strain at break and elastic modulus is significantly
different in the porous BC compared to the oxidized BC (Figure 4.14.B, C). The
strain at break is reduced whilst the elastic modulus is increase in the porous BC
compared to the oxidized BC (Figure 4.14.B, C). The ultimate tensile strength of
porous BC is not significantly different compared to oxidized BC samples (Figure
414.A).

The ultimate tensile strength and elastic modulus of the porous oxidized
BC scaffold is significantly reduced compared to native BC, oxidized BC and
porous BC. The strain at break of porous oxidized BC is only significantly
reduced compared to native and oxidized BC.

Overall, the data show that oxidation of the native BC (oxidized BC) or
introduction of micron-sized pore structures in the native BC (porous BC) causes
an approximate 25% decrease in the ultimate tensile strength of the native BC
(Figure 4.1.A). Introduction of micron-sized pore structures and oxidation of the
scaffold (porous oxidized BC) causes an approximate 75% decrease in the
ultimate tensile strength of the native BC (Figure 4.1.A). Oxidation the native BC
scaffold (oxidized BC) causes an approximate 40% decrease in the elastic
modulus of the native BC (Figure 4.1.C). Micron-sized porous structures and
oxidation of the scaffold (porous oxidized BC) causes an approximate 55%

decrease in the elastic modulus of the native BC (Figure 4.1.C). Presence of
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micron-sized pore structures in the scaffolds (porous BC, porous oxidized BC)
causes an approximate 33% decrease in the strain at break of the native BC and
oxidized BC scaffolds (Figure 4.1.B).

These results show that oxidation does affect the ultimate tensile strength
and elastic modulus of the BC scaffolds, and the micron-sized pore structures in
addition to oxidation further affects the ultimate tensile strength, strain at break
and elastic modulus of the BC scaffolds. Periodate oxidation which transforms
native BC and porous BC scaffolds into dialdehyde cellulose scaffolds may have
altered the inter- and intramolecular hydrogen bonding in the cellulose structure
and impaired the mechanical properties of the scaffold. Creating porous
structures and forming aldehyde groups in the bacterial cellulose structure (i.e.,
porous oxidized BC) may have also affected the hydrogen bonding of the
cellulose structure, the integrity of the fibrous network, and reduced the
mechanical properties of the scaffold.

Although, currently, there is no simple mathematical model capable of
describing the relationship between mechanical behaviors and porosity in
polymeric materials, the porous BC scaffold complied with the power-law theory
between mechanical parameters and relative density [152]. The elastic modulus
and strength of the BC scaffolds decreased with the increase of porosity, as is
evident in Figure 4.14.

The observed average moduli of the native and modified BC scaffolds
were approximately 667 — 1472 kPa. This range of moduli is four to five orders
of magnitude lower than that of reported human bone [55]. Motherway et al.
(2009) previously reported the elastic moduli for the parietal bones of adult
human skulls to be approximately 6 — 18 GPa [55]. Although the observed
moduli of the BC scaffolds are lower than that of human bone, the scaffold may
be best suited for bone and cartilage repair under non-load conditions, such as
selected plate bones of the face and skull. The BC scaffolds may also be used
as a non-load bearing scaffolds to fill tissue voids resulting from tissue damages,

and serve as a matrix for new tissue to attach to during tissue regeneration.
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4.6. Characterization of Cell and Bacterial Cellulose Scaffolds

4.6.1. Cellular Adhesion, Viability and Proliferation Assays

MTS assay analysis was performed to determine the viability of EQMSCs
seeded on the native and modified BC scaffolds. The MTS assay results of
EgMSCs seeded on native BC and its modified composites are shown in Figure
4.15. EgMSCs seeded on the BC scaffolds (Figure. 4.15) demonstrated high
growth rates as a function time and represent a high viability and proliferation
composition.

As discussed in Section 3.3.1, EQMSCs react with a tetrazolium-based
compound in the MTS assay and produce a formazan product. The quantity of
these formazan products, measured at the absorbance of 490 nm, is directly
proportional to the number of living cells in culture. The results of MTS assay as
shown in Figure 4.15 demonstrate that similar to EQMSCs cultured on native BC,
EgMSCs seeded on the oxidized BC, porous BC, and porous oxidized BC were
able to metabolize MTS into formazon product and have a high rate of
proliferation as a function of time.

The results show that EQMSCs seeded on porous oxidized BC had
significantly higher proliferation rate after 7 days in culture compared to EQMSCs
seeded on native BC, oxidized BC and porous BC (Figure 4.15). Introduction of
micron-sized pore structures and oxidation of the scaffold (porous oxidized BC)
caused an approximate 100% increase in the proliferation rate of EQMSCs on the
scaffold compared to the native BC, oxidized BC, and porous BCs after 7 days in
culture (Figure 4.15). Non-degradable modified BCs was observed to not have
enhanced the rate of cell proliferation after 7 days in culture (Figure 4.15). Oxidized
and porous oxidized BCs enhanced rate of proliferation 1.5-2 folds after 7 days in culture
(Figure 4.15).

After day 14 in culture, MTS assay results demonstrate that EQMSCs
seeded on native BC had a significantly higher proliferation rate compared to the
EgMSCs seeded on the oxidized BC and porous BC scaffolds (Figure 4.15).

Approximately 30% increase in proliferation rate of EQMSCs was observed on
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the native BC compared to the oxidized BC and porous BC scaffolds after 14
days in culture. Cell staining using calcein-AM and Pl was performed following
MTS assay analysis to visually assess EgMSCs attachment under these
conditions and further analyze the observed proliferation behavior of the cell on

the BC scaffolds as demonstrated by the MTS assay results.
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Figure 4.15: Cellular viability assay: MTS test. Comparison of proliferation of
cells as determined by MTS assay of EQMSCs (1.26 x 10° cells/cm?) seeded for
2, 7 and 14 days on native BC, porous BC, oxidized BC, and porous oxidized
BC. Asterisks (*) indicates significant differences at p<0.05.

84



As discussed in Section 3.3.1, calcein-AM and PI staining provides a two-
color fluorescence cell viability and attachment assay of seeded cells. Calcein-
AM exhibits green fluorescence and demonstrates live cells, and PI displays red
fluorescence and demonstrates dead cells. After 2 days in culture (Figure
4.16.A, 4.17), the cells seeded on the four different forms of BC surfaces showed
a distinct phenotype, with less elongated shapes and several displayed a round
morphology. The cells seeded on the porous BC, and more specifically porous
oxidized BC, appear to have bridged, have attached to, and were proliferating in
the BC micropores (Figure 4.16.A).

By 7 days in culture (Figure 4.16.B, 4.17), EQMSCs have a full spread-out
morphology on the oxidized BC, porous oxidized BC, and native BC scaffolds.
Cells on the porous oxidized BC also appeared to have reached 100%
confluency on the scaffold. The full spread-out morphology of the EQMSCs on
the porous BC was less pronounced compared to the other BC scaffolds after 7
days in culture (Figure 4.16.B, 4.17).

After 14 days in culture (Figure 4.16.C, 4.17), EQMSCs seeded on the
native BC and oxidized BC continued to maintained the full spread-out
appearance, demonstrated to have increased in proliferation, and have reached
approximately 80-90% confluency on their respected scaffolds. At 14 days in
culture (Figure 4.16.C), EQMSCs seeded on the porous oxidized BC appeared to
have reduced in confluency compared to 7 days in culture (Figure 4.16.B). The
EgMSCs on the porous BC from 2 to 14 days in culture (Figure 4.16.A-C) appear
to be viable and continually maintained the less pronounced spread-out
morphology on the cellulose scaffold. The cells seeded on the four different
forms of scaffolds from 2 to 14 days appear to have a limited number of dead
cells, as demonstrated by the PI staining which fluoresced red, compared to live

cells which fluoresced green from the calcein-AM stain (Figure 4.16, 4.17).

85



Figure 4.16: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs (1.26 x 10° cells/cm?)
seeded for 2 (A), 7 (B), and 14 (C) days on porous BC, oxidized BC, and porous
oxidized BC compared to native BC. Cells were analyzed by calcein-AM which
exhibits green fluorescence and demonstrates live cells and PI which displays
red fluorescence and demonstrates dead cells. Fluorescent micrograph showed
that overtime the cell adhered to, were viable and proliferation on the modified
BC scaffolds compared to native BC in culture. Scale bar = 100 ym.
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Figure 4.16: Continued.
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Day 2 Day7 Day 14

Figure 4.17: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs (1.26 x 10° cells/cm?)
seeded for 2, 7, and 14 days on native BC and analyzed by calcein-AM and PI.
Scale bar = 100 ym.

Calcein-AM and PI data shows that the density of seeded EQMSCs on
porous BC and oxidized BC (Figure 4.16) were viable, grew in population
overtime, and were well distributed throughout the BC compared to EqQMSCs
seeded on native BC (Figure 4.17). Calcein-AM and PI data shows that EQMSCs
seeded on the porous BC (Figure 4.16) performed similarly to the native BC and
oxidized BC but its growth overtime was not as visually pronounced compared to
these BC scaffolds. This may be because the selected numbers of cells seeded
on the porous BC have attached inside the voids in the porous scaffolds
consequently constructing them from view. Calcein-AM and Pl data also shows
that EQMSCs seeded on the porous oxidized BC (Figure 4.16) became 100%
confluence after 7 days in culture therefore limiting the area needed by the cells
to continue to grow. As a result, the proliferation rate of the cells decreased by
14 days in culture because of the limited area for growth, as indicated in Figure
4.16.C.

Calcein-AM and PI staining observations (Figure 4.16, 4.17) concur with
the MTS assay results (Figure 4.15), as discussed. The addition of micro-
porosity into the scaffolds increased the surface area available of the EQMSCs to

attach to and proliferate. Periodate oxidation which transforms native BC and
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porous BC scaffolds into dialdehyde cellulose scaffolds have altered the surface
chemistry of the cellulose scaffold. Calcein-AM and PI staining, and MTS assay
both confirmed that EQMSCs prefer the combination of micro-porosity and
dialdehyde cellulose scaffold because they reached 100% confluency sooner on
these scaffolds compared to the three other forms of BC scaffolds while
maintaining a full-spread out morphology indicative of contentment with the

physical and chemical properties of the material.

4.6.2. In Vitro differentiation of EQMSCs

To further characterize the EgQMSCs, they were induced to differentiate
into osteocytes and chondrocytes in vitro on the oxidized scaffolds (Figure 4.18,
4.19). Because a degradable scaffold is preferred for bone and cartilage tissue
engineering, and the EQMSCs demonstrated superior growth on the oxidized BC
and porous oxidized BCs (Figure 4.15, 4.16), they were used for the in vitro
differentiation assessment of the stem cells. As demonstrated, the EqQMSCs
seeded on the porous oxidized BC scaffolds similar to the cells on the oxidized
BC scaffolds exhibited the potential to differentiate into a bone and a cartilage
cell depending on the induction media. The results support the fact that EQMSCs
do not lose their potentials to differentiate when they adhere to oxidized BC, and
porous oxidized BC. Figure 4.18 also confirms that the chondrocytes and
osteocytes have bridged and completely covered the micropores of the porous
oxidized BC. Selected cells as illustrated in Figure 4.19, differentiated inside of
the porous structures of the porous oxidized BC scaffold.

The differentiation of EgQMSCs into chondrocytes and osteocytes as
previously discussed is one of the key processes for cartilage and bone
regeneration, respectively. From a functional perspective, where cell therapy for
musculoskeletal hindrances is the ultimate goal, it is fundamental that the cells
do not lose or have reduced capacity of differentiation [127]. This study showed
that EQMSCs have the capability to differentiate into chondrocytes and
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(Control) Osteogenic Cells (Control) Chondrogenic Cells

Figure 4.18: Osteogenesis and chondrogenic differentiation capacity of
EqMSCs. EqMSCs (5.0 x 10* cells/cm?) were investigated for their in vitro trans-
differentiation capacity on oxidized BC and porous oxidized BC after 7 days of
differentiation. Osteogenesis was demonstrated by the detection of calcium in
the mineralized matrix indicated by alizarin red stain shown in the differentiated
cells. Chondrogenesis was indicated by alcian blue staining shown in the

differentiated cells. Arrows indicate pore structures in the scaffolds. Scale bars
=100 pm.

Oxidized BC

Porous Oxidized BC
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Figure 4.19: Induced osteogenesis differentiation capacity of EQMSCs (5.0 x
10* cells/cm?) seeded on porous oxidized BC after 7 days of differentiation.
Contrast micrograph demonstrated that cells positively stained for alizarin red.
Micrograph demonstrated the positive differentiation of EQMSCs inside the pore
structure of the porous oxidized BC. Arrow indicated pore structure in the
scaffolds. Scale bars = 100 pm.
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osteocytes on the oxidized BC and porous oxidized BC scaffolds, an important

characteristic for cartilage and bone regeneration.

4.6.3. Confocal Microscopy of Seeded EQMSCs

Confocal microscopy was used to examine surface cell attachment profile
and distance of cellular penetration into the bulk of oxidized BC and porous
oxidized BC scaffolds. Confocal 2D image mapping of EQMSCs adhesion and
morphology across the surface of oxidized BC shows that the cells adhered onto
the scaffold (Figure 4.20.A) and were at different depths on the scaffold (Figure
4.20.B).

Confocal Z-mapping demonstrated that the cells adhered onto the non-flat
surface topography of the oxidized BC scaffold, and not inside the nano-pores of
the scaffold (Figure 4.21, 4.22). The different depth profiles measured by the
confocal microscope (Figure 4.20.A, 4.21, 4.23) were the change in surface
topography of the nano-fibrous oxidized BC, and not depth of cell growth.
Confocal microscopy illustrated that the change in surface topography of the
oxidized BC is approximately 130 pm in depth.
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Figure 4.20: Confocol 2D image mapping of EgMSCs adhesion and
morphology across the top surface of oxidized BC scaffold. Overlay images from
confocol scanning in 2D uni-color format (A) and color-scaled 2D format (B).
Scale bar = 300 ym.
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Figure 4.21: Confocol Z-mapping box volume view from the top surface into the
bulk of oxidized BC scaffold seeded with EQMSCs.
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Figure 4.22: Confocol 3D Z-mapping view from the top surface into the bulk of
oxidized BC scaffold seeded with EQMSCs. Confocol 3D Z-mapping images in
3D uni-color format (A) and color-scaled 3D format (B). The confocol images
demonstrated that cells adhere onto the uneven surface of the scaffold (A, B).
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Confocal 2D image mapping of EQMSCs adhesion and morphology across
the surface of porous oxidized BC shows that the cells adhered onto the scaffold
(Figure 4.23.A) and were at different depths on the scaffold (Figure 4.23.B). As
indicated by the arrows in the confocal 2D image mapping images (Figure 4.23),
the cells have bridged or completely covered the micro-pores of the porous
oxidized BCs.

Confocal Z-mapping demonstrated that the cells adhered onto the surface
of the porous-structure of the porous oxidized BC scaffold (Figure 4.24, 4.25).
The 160 pm depth measurement in Figure 4.24 and 4.25 is based on the
brightest images per scanning series captured by the confocal microscopy.
Based on the diameter of the beeswax microspheres used to create the porous
structures in the BC scaffolds, the depth of each pore is expected to be
approximately 500 pym or less. The absolute limit of depth measurable by
confocal microcopy in a biological specimen is 200 ym. The depth of cell in-
growth and the pore diameter of the porous oxidized BC specimen are in fact
larger than the measurable resolution of the instrument. The 160 pm depth
measured by the confocal microscopy image is limited by the measurable
resolution of the instrument. Therefore, the actual depth of EQMSCs in-growth
on porous oxidized BC may be greater than the 160 pm depth shown using

confocal microscopy.
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Figure 4.23: Confocol 2D image mapping of EqMSCs adhesion and
morphology across the top surface of porous oxidized BC scaffold. Overlay
images from confocol scanning in 2D uni-color format (A) and color-scaled 2D
format (B). Arrow in images indicated where cells had bridged or completely
covered the BC micropores. Scale bar = 300 um.

98



160 um

—— 140 ym

=130 um

fe===100 um

—— 80 um

60 um

40 um

20 um

Width:1.50 mm Height:1.50 mm Depth:0.16 mm Oum

Width:1.50 mm Height:1.50 mm Depth:0.16 mm

Figure 4.24: Confocol Z-mapping box volume view from the top surface into the
bulk of porous oxidized BC scaffold seeded with EQMSCs. Confocol Z-mapping
box volume image of cell-scaffold seeded construct from angled view (A) and
side view (B).
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Figure 4.25: Confocol 3D Z-mapping view from the top surface into the bulk of
porous oxidized BC scaffold seeded with EQMSCs. Confocol 3D Z-mapping
images in 3D uni-color format (A) and color-scaled 3D format (B).

100



This study conducted with oxidized BC, porous BC, and porous oxidized
BC showed that EQMSCs can adhere to, are viable, and retain the potential to
differentiate into osteocytes and chondrocytes on the oxidized and porous
oxidized BC scaffolds. Although these biodegradable scaffolds seems to hold
great promise for future in vivo stem-cell based musculoskeletal therapies,
further research into chemical modification of BC to mimic the chemistry of the

tissues of interest seems advantageous.

4.7. Conclusions

Microporous BC scaffolds with interconnected pores were successfully
synthesized by incorporating beeswax microspheres into the growing bacterial
culture. The beeswax microspheres were effectively leached out of the produced
scaffolds as confirmed by phase contrast microscopy, FTIR and SEM. Both
native BC and porous BC were chemically modified into degradable scaffolds
using periodate oxidation and n-propanol. Although there were no visible
apparent changes to the oxidized BC and porous oxidized BC scaffolds, they
both reduced their ability to retain water. The elastic modulus of the modified
scaffolds decreased compared to the native BC. Oxidation of the scaffolds was
confirmed using FTIR.

It was demonstrated that the modified BC scaffolds were cytocompatible
with EQMSCs in vitro. The modified BC scaffolds supported the adhesion and
proliferation of the EQMSCs. Non-degradable modified BCs did not enhance the
rate of cell proliferation after 7 days in culture. Oxidized and porous oxidized
BCs enhanced rate of proliferation 1.5-2 folds after 7 days in culture. Oxidized
BC and porous oxidized BC supported the osteogenic and chondrogenic
differentiation of the EQMSCs. The cells seeded on the modified BC scaffolds

were viable and possessed high proliferation rate. Based on these results, the
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porous oxidized BC scaffolds appear to have potential as a scaffold for tissue

engineering of bone and cartilage.
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CHAPTER V
Analysis of Nano-porous and Micro-porous Bacterial Cellulose
Scaffolds Chemically Modified with Surface Amination and
Surface Carboxylation

In this study, surface amination and carboxylation were completed on
native BCs, microporous BCs, and on their oxidized composites. Amination and
carboxylation was explored to mimic the amine and carboxylic acid functional
groups present in the glycosaminoglycans (GAGS) inherent in cartilage tissue in
vivo. Amination (primary, tertiary, and quaternary amine) and carboxylation of
native BC scaffold were accomplished by chemically modifying the scaffolds with
various amine reactants and a carboxylation reactant. The BC composites were
characterized using FTIR, SEM, and mechanical testing instrument. The BC
composites were also characterized for their ability to support and maintain
differentiation of EqQMSCs in vitro for potential tissue engineering use. The
potential for EQMSCs to differentiate into chondrocytes were assessed. The
degradation properties were then analyzed by incubating the samples in HEPES
buffer (pH 7.4) at 37 °C under static and dynamic conditions. The samples were

measured for weight loss while the buffer was analyzed for degradation products.

5.1. Surface Amination and Carboxylation of Bacterial Cellulose Scaffolds

Native BC and porous BCs were synthesized and purified as described in
Sections 2.2.1 and 2.2.2, respectively. Surface amination and carboxylation
were performed on half of the native BC and porous BC samples as described in
Section 2.2.4. Table 5.1 lists the reactants used and the surface functionalities
produced on the native BC (i.e., nano-porous BC) and porous BC samples. The
reaction scheme for the surface functionalized BC scaffolds is shown in Figure
5.1.
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Table 5.1: Reactants used to produce the listed surface functionalities on non-
porous and microporous bacterial cellulose samples.

Surface Non-
. : Reactant modified Modified Cellulose
Functionality
Cellulose
Native BC Aminoethyl BC
, (AE-BC)
. 2-Chloroethylamine
Primary .
) hydrochloride
Amine .
(CEA) . Aminoethyl
Microporous :
BC microporous BC
(AE Porous BC)
Dimethyl aminoethyl
Native BC BC
_ _ 2-Ch|oro-N,N-_ (DMAE-BC)
Tertiary dimethylethylamine
Amine hydrochloride Dimethvl aminoethvl
(CDMEA) Microporous Imetnyl aminoetny
BC microporous BC
(DMAE Porous BC)
Trimethyl
. ammonium
Native BC betahydroxy propyl
Quaternar Glycidyl trimethyl BC (TMAHP'BC)
Mary 1 ammonium chloride Trimethyl
Amine (GTMEA) ammonium
Microporous betahydroxy propyl
BC microporous BC
(TMAHP Porous
BC)
. Carboxymethyl BC
Native BC
Monochloro acetic (CM-BC)
Carboxylation acid sodium salt
(Na-MCA) Carboxymethyl

Microporous
BC

microporous BC
(CM Porous BC)
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Figure 5.1: Surface functionalization reactions performed on bacterial cellulose.
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Amination (primary, tertiary, and quaternary amine) and carboxylation
reactions were performed on BC scaffolds.[97, 112]. The surface of the BC
scaffold were chemically functionalized with the purpose of creating a biomaterial
with the amine and carboxylic acid functional groups present in the GAGs in
native cartilage tissue, and to enhance EqQMSCs proliferation and differentiation
on the biomimetic scaffold for cartilage tissue engineering applications.

GAGs are linear polysaccharides that contain amino sugars. They are
covalently attached to proteins that are located on the surface of cells and in
native extracellular matrixes such as cartilage [136, 153]. Their role in biological
systems is to promote protein interactions, and as a result, they participate in a
diverse range of biological activities including cell and tissue growth control, cell
adhesion, and sequestering growth factors within matrices [154-156]. GAGs are
composed of highly variable repeating disaccharide units with sequences that
contain an amino sugar (either N-acetylgalactosamine or N-acetylglucosamine)
and an uronic acid (either D-glucuronic or L-iduronic acid). There are five
different types of GAGs chains: hyaluronan, chondroitin 4- and/or 6-sulfate,
dermatan sulfate, heparan sulfate and/or heparin, and keratan sulfate as
illustrated in Figure A.1 in Appendix A [157]. As shown in Figure A.1 in Appendix
A, secondary amine and carboxylic acid functional groups are present on the
chemical structure of GAGs [157].

In this study, BC scaffolds were modified using primary, tertiary and
guaternary amines, and not secondary amines which are prevalent in GAGs.
This was the first step to modifying the BC scaffolds with amine surface
functionalities. The objective of this research was to produce and assess the
performance of primary, tertiary and quaternary amine surface functionalities for
possible future studies using more complex modifications.

In brief, chemically modified cellulose scaffolds were prepared using three
different reactant concentrations (19.8, 39.6, and 59.4 mM mM) to access their
effect on cell behavior. Primary surface amination was performed on native BC

to obtain an aminoethyl BC (AE-BC) scaffolds. Tertiary surface amination was
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performed on native BC to obtain dimethyl aminoethyl BC (DMAE-BC) scaffolds.
Quaternary surface amination was also performed on native BC to obtain
trimethyl ammonium betahydroxy propyl BC (TMAHP-BC) scaffolds.
Carboxylation surface amination was performed on native BC to obtain
carboxymethyl BC (CM-BC) scaffolds. Microporous BCs were chemically
modified under the same conditions to obtain aminoethyl microporous BC (AE
porous BC), dimethyl aminoethyl microporous BC (DMAE porous BC), trimethyl
ammonium betahydroxy propyl microporous BC (TMAHP porous BC), and
carboxymethyl microporous BC (CM porous BC).

Half of the chemically functionalized scaffolds were oxidized BC using
sodium periodate in n-propanol following the procedure outlined in Section 2.2.5.
Table 5.2 lists the acronyms for the surface-functionalized BC samples and their
corresponding oxidized samples. The reaction scheme for the surface
functionalized BC scaffolds is shown in Figure 5.2. Assessment of the scaffolds
after oxidation using sodium periodate in n-propanol showed no visible changes
in the color and morphology of the BC scaffolds when compared to the non-

oxidized functional BCs.
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Table 5.2: Surface-functionalized bacterial
corresponding oxidized samples.

cellulose samples and

Surface-functionalized
Scaffold

Oxidized and Surface-
functionalized Scaffold

Aminoethyl BC
(AE-BC)

Aminoethyl oxidized BC
(AE-OBC)

Aminoethyl microporous BC
(AE Porous BC)

Aminoethyl microporous
oxidized BC
(AE Porous OBC)

Dimethyl aminoethyl BC
(DMAE-BC)

Dimethyl aminoethyl
oxidized BC
(DMAE-OBC)

Dimethyl aminoethyl
microporous BC
(DMAE Porous BC)

Dimethyl aminoethyl
microporous oxidized BC
(DMAE Porous OBC)

Trimethyl ammonium
betahydroxy propyl BC
(TMAHP-BC)

Trimethyl ammonium betahydroxy
propyl oxidized BC
(TMAHP-OBC)

Trimethyl ammonium betahydroxy
propyl microporous BC
(TMAHP Porous BC)

Trimethyl ammonium betahydroxy
propyl microporous oxidized BC
(TMAHP Porous OBC)

Carboxymethyl BC
(CM-BC)

Carboxymethyl oxidized BC
(CM-OBC)

Carboxymethyl microporous BC
(CM Porous BC)

Carboxymethyl microporous
oxidized BC
(CM Porous OBC)
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Wet (hydrated, never-dried) sample weights of a representative set of
samples were measured (Figure 5.3). Wet weights of 39.6 mM TMAHP-BC, 39.6
mM TMAHP OBC, 39.6 mM TMAHP porous BC, and 39.6 mM TMAHP porous
OBC showed no significant difference with corresponding sample controls (native
BC, oxidized BC, porous BC, and porous oxidized BC) (Figure 5.3). This data
indicates that compared to the corresponding sample controls, chemical
functionalization reaction did not change the structure of the cellulose and its
fundamental ability to retain water. The analysis of the change in wet weight
between native BC, oxidized BC, porous BC, and porous oxidized BC has been

previously discussed (Section 4.2.3).

4.0 -
3.5
3.0 1
S 25 -
S
2 2.0
= ]
2 15
=
1.0
0.5 -
0.0 - . . . . . . . . . .
Native 39.6 mM OBC 39.6mM Porous 39.6 mM Porous 39.6 mM
BC TMAHP- TMAHP BC TMAHP OBC TMAHP
BC OBC Porous Porous
BC OBC

Figure 5.3: Comparison of wet weights of 39.6 mM TMAHP-BC, 39.6 mM
TMAHP OBC, 39.6 mM TMAHP porous BC, and 39.6 mM TMAHP porous OBC
with corresponding sample controls (native BC, oxidized BC, porous BC, and
porous oxidized BC). Asterisks (*) indicates significant differences at p<0.05.
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5.2. Fourier Transform Infrared Spectroscopy

The chemical structure of the cellulose chain of BC scaffold is shown in
Figure 1.7 and the FTIR spectrum of the native BC analyzed in standard FTIR
mode is presented in Figure 5.4. FTIR absorption band represent the energy
absorbed by the vibration of specific functional groups on the BC structure.
Based on the chemical structure of cellulose, it consists of B-D-glucopyranose
units linked together by (1—4)-glycosidic bonds (Figure 1.7), and numerous
hydroxyl groups in its network (Figure 1.8). The characteristic FTIR bands of
native bacterial cellulose corresponding to the spectrum in Figure 5.4 are
presented in Table 5.3.
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Figure 5.4: FTIR spectra of native bacterial cellulose analyzed in standard FTIR
mode.
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Table 5.3: Characteristic FTIR bands of native bacterial cellulose.

Relative

Frequency Intensity Assignment Ref.
1 OH Stretching (associated with
3350 cm Strong intramolecular hydrogen bonding) [148]
OH Stretching (characteristic of [148
3240 cm™ Medium hydroxyl bonding in cellulose 149]’
structure due to I, crystalline phase)
2900 cm™ Medium CH Stretching [149]
2853 cm™ Medium CH; Symmetric Stretching [150]
1653 cm™ Absorbed H,0O [150]
1435 cm™ Weak CH,; Symmetric Bending [150]
1358 cm™ Medium CH Bending [150]
1335 cm™ Medium OH In-plane Bending [150]
1 Antisymmetric Bridge COC
1165 cm Strong Stretching [150]
1 Antisymmetric In-phase Ring
1111 cm Strong Stretching [150]
1 Skeletal Vibrations Involving C-O
1063 cm Strong Stretching [150]
1 Skeletal Vibrations Involving C-O [149,
1035 cm Strong Stretching 150]
895 cm-t Weak Antisymmetric Out-of-phase ring [150]
stretching
OH Stretching (characteristic of [148
750 cm™ Medium hydroxyl bonding in cellulose 149]’
structure due to I, crystalline phase)
663 cm™ Medium OH Out-of-plane Bending [150]

112




The FTIR spectra of the AE-BC, DMAE-BC, and TMAHP-BC composites
are given in Figure 5.5, 5.6 and 5.7, respectively. FTIR absorption band
represent the energy absorbed by the vibration of specific functional groups on
the chemically modified BC structure. Based on the chemical structure of
surface functionalized cellulose, these chemically modified BC composites
should have specific amine functional groups (Figure 5.1). The characteristic
FTIR bands of the functional groups containing amines are presented in Table
5.4. The FTIR spectra of the CM-BC composites are given in Figure 5.8. The
characteristic FTIR bands of the functional groups containing carboxylation are

presented in Table 5.5.

1060 cm?

3400cm?
3350cm?
1040cm

1080cmt

3240cmt

Absorbance
1560cm!
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3900 3400 2900 2400 1900 1400 900 400

Wavelength (cm1)

Figure 5.5: FTIR spectra of 19.8, 39.6, and 59.4 mM AE-BC.
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Figure 5.6: FTIR spectra of 19.8, 39.6, and 59.4 mM DMAE-BC.
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Figure 5.7: FTIR spectra of 19.8, 39.6, and 59.4 mM TMAHP-BC.
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Table 5.4: Characteristic FTIR bands of functional groups containing amines.

Relative .
Frequency Intensity Assignment Ref.
1 NH Stretching of Primary Amines
3400 cm Broad (Overlaps with OH Stretching) [151]
1 OH Stretching (associated with
3350 cm Strong intramolecular hydrogen bonding) [148]
OH Stretching (characteristic of [148
3240 cm™ Medium hydroxyl bonding in cellulose structure ’
; 149]
due to I, crystalline phase)
2900 cm™ Medium CH Stretching [150]
2853 cm™ Medium CH,; Symmetric Stretching [150]
1650 cm-t Medium NH Bending Vibration in Primary [151]

Amines

1560 cm™ Medium NH, Bending Vibration [151]

1 . Bending Vibration of CHz Group
1430 cm Medium Attached to Nitrogen Atom [151]

1080 cm-t Medium CN St_retchlng of Prl_mary a-carbon [151]
atom in Primary Amines

1060 cm™ Medium CN Stretching in Alkyl Amines [151]

1040 cm™ Medium _CN S_tretchlng_of Secondary a-carbon [151]
In Primary Amines

115



- E
[&] ANl o
2 EE 8
) § @ L e g
5 %8 e .55 &
n ES8 o -
I I © O g < e
SART 9 S
® 59.4 mM CM-BC g S
c
]
2
o
1]
Qo
<
39.6 mM CM-BC
19.8 mM CM-BC
BC
3900 3400 2900 2400 1900 1400 900 400
Wavelength (cm-1)

Figure 5.8: FTIR spectra of 19.8, 39.6, and 59.4 mM CM-BC.

Table 5.5: Characteristic FTIR bands of functional groups containing carboxyl
groups.

Frequency Iiféig\i/tf/ Assignment Ref.
3300 - OH Stretching of COO" (Overlaps
2500 cm™ Broad with CH Stretching) [148]
2900 cm™ Medium CH Stretching [149]
1700 cm™ Strong C=0 Stretching [151]
1 Symmetrical and Anti-symmetrical
1550 cm Strong vibrations of COO" [151]
1440 cmt Weak CO Stretchllng Vllbratl_ons or OH In- [151]
plane Bending Vibrations
1 Symmetrical and Anti-symmetrical
1400 cm Stong | yiprations of COO [151]
1320 cm™ Strong CO Stretching [151]
1 CO Stretching Vibrations or OH In-
1310 cm Strong plane Bending Vibrations [151]
900 cm™ Medium OH Out-of-plane Bending [151]
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The absorbances of the amine peaks were graphed against the
concentration of BCs with surface amination (Figure 5.9.A-5.9.C). The
absorbances of the carboxyl peaks were also graphed against the concentration
of the surface functionalized CM-BC composites (Figure 5.9.D). The
absorbances were normalized by dividing the amine or carboxyl peak
absorbance by the CH cellulose peak absorbance at 2900 cm™. This CH peak
was used because its absorbance is constant in all the samples given that the
amount of cellulose in the composites is constant. The increase in absorbance
correlates to the increased of concentration of amine groups (Figure 5.9) or
carboxyl groups (Figure 5.10) as governed by the Beer-Lambert Law [158]. Even
though the intensity of the amine absorption peaks increase with the
concentration of amine, the absorbance of the amine peaks demonstrate some
scattering (Figure 5.9). The variation present in samples that have demonstrated
scattering may be attributed to minor differences in the amount of material in the

KBr pellets.
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Figure 5.9: Graph of amine peak absorbance versus concentration of BCs with
surface amination (A, B, C). Graph of carboxylic peak absorbance versus
concentration of surface functionalized CM-BCs (D).

The FTIR spectra of porous BC (control) and a representative set of
porous functional composites are illustrated in Figure 5.10. The chemical spectra
of the porous functional composites were comparable to their corresponding
nano-porous functional sample composites (Figure 5.5-5.8). This data indicates
that compared to the corresponding nano-porous functional sample composites
(Figure 5.5- 5.8), porosity did not change the chemical structure of the porous
functional composites.

The FTIR spectra of OBC (control), porous OBC (control) and a
representative set of oxidized functional composites (39.6 mM TMAHP OBC and
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39.6 mM TMAHP porous OBC) are illustrated in Figure 5.11. The spectra of the
oxidized BC and porous oxidized BC have an absorption band at 1740 cm™ that
represents the stretching vibration in the aldehyde carbonyl group formed on the
cellulose during periodate oxidation (Figure 5.11). The 39.6 mM TMAHP OBC
and the 39.6 mM TMAHP porous OBC spectra also have this absorption band
(Figure 5.11) confirming that periodate oxidation converted these scaffolds into
dialdehyde cellulose. Oxidized BC and porous oxidized BC have an absorption
band at 1650 cm™ which corresponds to the carbonyl groups associated with
hydrogen bonding (Figure 5.11). This absorption peak is present in the spectra
of 39.6 mM TMAHP OBC and 39.6 mM TMAHP porous OBC (Figure 5.11),
proving that periodate oxidation can transform 39.6 mM TMAHP BC and 39.6
mM TMAHP porous BC scaffolds into dialdehyde cellulose scaffolds. The
absorption peaks identified at 1740 and 1650 cm™ in Figure 5.11 are broad. The
broad peak at 1740 cm™ in these spectra (Figure 5.11) is attributed to the strong
hydrogen bonding in the aldehyde carbonyl group which results in the
broadening of the peak [151]. The broad peak at 1650 cm™ in these spectra
(Figure 5.11) is attributed to the considerable overlap with the absorption of water
at 1653 cm™ [151].
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Figure 5.10: FTIR spectra of porous BC and porous surface functionalized
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Figure 5.11: FTIR spectra of OBC, 39.6 mM TMAHP OBC, porous OBC and
39.6 mM TMAHP Porous OBC.
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5.3. Scanning Electron Microscopy

SEM images of surface functionalized BC composites (Figure 5.12),
surface functionalized porous BCs composites (Figure 5.13), and their
corresponding controls (native BC, OBC, porous BC, and porous OBC) are
shown. SEM images demonstrate that compared to native BC (Figure 5.12.A),
amination and carboxylation of the BC scaffolds did not affect the nano-fibrous
and nano-porous structures of the sub-micron BC scaffolds (Figure 5.12.B-E).
SEM images also confirm that compared to the non-functionalized scaffolds
(Figure 5.13.A, C, E, G), amination (Figure 5.13.B, F), and amination and
oxidation of the BC scaffolds (Figure 5.13.D, H) did not affect the morphology of
the BC structure. No morphological changes were observed between the
chemically functionalized BC scaffolds and the non-functionalized BC scaffolds.
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Figure 5.12: SEM images of native BC (A), 39.6 mM AE-BC (B), 39.6 mM
DMAE-BC (C), 39.6 mM TMAHP-BC (D), and 39.6 mM CM-BC (E) at 20000X.
Accelerating voltages of 5 kV (A, D), 2 kV (C) and 2.5 kV (E) were used to image

the samples. Scale bar =1 ym.
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Figure 5.13: SEM images of native BC (A), 39.6 mM TMAHP-BC (B), OBC (C),
39.6 mM TMAHP OBC (D), porous BC (E), 39.6 mM TMAHP porous BC (F),
porous OBC (G), and 39.6 mM TMAHP porous OBC (H) at 300X. Accelerating
voltages of 1.5 kV (A, C, E, G, H), 2kV (B, D), and 10 kV (F) were used to image
the samples. Scale bar = 100 ym.
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5.4. Mechanical Testing

The mechanical properties of representative surface functionalized BC
composites, surface functionalized porous BCs composites, and their
corresponding controls (native BC, OBC, porous BC, and porous OBC) were
determined at 5% strain rate to assess the relationship between the non-
functionalized and functionalized BCs. The engineering stress-strain curves of
the hydrated never-dried BC samples are illustrated in Figure 5.14. The ultimate
tensile strength, strain at break, and elastic modulus values of the native and
modified BC samples calculated from the engineering stress-strain curves are
illustrated in Figure 5.15.

The results show that the chemical modification significantly decreased
the ultimate tensile strength and elastic modulus of the 39.6 mM TMAHP porous
OBC compared to porous oxidized BC (Figure 5.15). Similar changes in
mechanical properties were observed with the 39.6 mM TMAHP porous BC
compared to porous BC results (Figure 5.15). The elastic modulus of the 39.6
mM TMAHP OBC significantly decreased compared to OBC (Figure 5.15). All
the functionalized scaffolds demonstrated a significant increase in their strain at
break (%) compared to their corresponding non-functionalized BC scaffolds
(Figure 5.15). The chemical reactions performed to functionalize the surface
structures of the BC scaffolds may have altered inter- and intramolecular
hydrogen bonding in the cellulose structure, resulting in the impairment of

scaffold’s mechanical properties.
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Figure 5.14: Engineering stress-strain curve of native BC (A), oxidized BC (B),
porous BC (C), porous oxidized BC (D), 39.6 mM TMAHP-BC (E), 39.6 mM
TMAHP OBC (F), 39.6 mM TMAHP porous BC (G), and 39.6 mM TMAHP porous
OBC (H).
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and TMAHP-BC and its composites. Asterisks (*) indicates significant
differences at p<0.05.

S
[=]
o

w
(=]
o

Native 39.6 mM Oxidized 39.6 mM Porous 39.6 mM Porous 39.6 mM
BC  TMAHP- BC TMAHP BC TMAHP Oxidized TMAHP
BC OBC Porous BC Porous
] *
Native 39.6 Oxidized 39.6 Porous 39.6 Porous 39.6
BC mM BC mM BC mM Oxidized mM
TMAHP- TMAHP TMAHP BC TMAHP
BC OBC Porous Porous
BC OBC
] - *
N _*
| I |
Native 39.6 Oxidized 39.6 Porous 39.6 Porous 39.6
BC mM BC mM BC mM Oxidized mM
TMAHP- TMAHP TMAHP BC TMAHP
BC OBC Porous Porous
BC OBC

Comparison of ultimate tensile strengths (A), strain at breaks (B),

126



5.5. Characterization of Cell and Bacterial Cellulose Scaffolds

5.5.1. Cellular Adhesion, Viability and Proliferation Assays

MTS assay analysis was performed to determine the viability of EQMSCs
seeded on the chemically functionalized BC scaffolds. Cell staining using
calcein-AM and Pl was also performed to visually assess the EgMSCs
attachment under the same conditions. The MTS assay results of EQMSCs
seeded on functionalized non-porous BC are shown in Figure 5.16. Calcein-AM
and PI staining results of the EQMSCs seeded on these functionalized non-
porous BC scaffolds are illustrated in Figure 5.17-5.20. From 2 to 14 days in
culture, the cells seeded on the four different forms of functionalized non-porous
scaffolds (AE-BC, DMAE-BC, TMAHP-BC and CM-BC), appear to have
demonstrated high proliferation rates as a function time and represent a high
viability and proliferation (Figure 5.16, 5.17-5.20).
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Figure 5.16: Cellular viability assay: MTS test. Comparison of proliferation of
cells as determined by MTS assay for EQMSCs (1.26 x 10°) seeded on AE-BC
(A), DMAE-BC (B), TMAHP-BC (C), and CM-BC (D) scaffolds functionalized at
various concentrations for 2, 7 and 14 days. Asterisks (*) indicates significant
differences at p<0.05.

128



>

=
o
I

o
o0

OD at 490 nm (Arb)
=) o
I o

0.0

1.4

OD at 490 nm (Arb)
©c o o o »
N B @ o o

o
o

W 19.8mM AE-BC
m 39.6mM AE-BC
@59.4mM AE-BC

m 19.8mM DMAE-BC
@ 39.6mM DMAE-BC
059.4mM DMAE-BC

I

Figure 5.16: Continued.

7

Culture Time (Days)

7
Culture Time (Days)

129

14

14




C 14

OD at 490 nm (Arb)
©c o o o B B
N H <)} o) o N

o
o

O
o
N

OD at 490 nm (Arb)
O o o o o ©
= N w H [0, ()]

o
o

H19.8mM TMAHP-BC
@ 39.6mM TMAHP-BC
059.4mM TMAHP-BC

2 7 14
Culture Time (Days)

N 19.8mM CM-BC
m39.6mM CM-BC
@59.4mM CM-BC

2 7 14
Culture Time (Days)

Figure 5.16: Continued.

130




19.8 mM AE-BC

U
@
w
<
=
E
©
o
o™

59.4 mM AE-BC

Figure 5.17: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs (1.26 x 10° cells/cm?)
seeded for 2, 7, and 14 days on the AE-BC functionalized scaffolds. Cell viability
of EQMSCs were analyzed by calcein-AM which exhibits green fluorescence and
demonstrates live cells and P1 which displays red fluorescence and demonstrates
dead cells. Scale bar =100 um.
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Figure 5.18: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs (1.26 x 10° cells/cm?)
seeded for 2, 7, and 14 days on the DMAE-BC functionalized scaffolds. Scale
bar =100 uym.
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Figure 5.19: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs (1.26 x 10° cells/cm?)
seeded for 2, 7, and 14 days on the TMAHP-BC functionalized scaffold. Scale
bar =100 uym.
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Figure 5.20: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs (1.26 x 10° cells/cm?)
seeded for 2, 7, and 14 days on the CM-BC functionalized scaffold. Scale bar =
100 pm.
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The EgMSCs response on the surface functionalized non-porous BC
scaffolds show that that cell proliferation and attachment between the chemically
modified scaffolds were primarily comparable (Figure 5.16-5.20). A previous
study performed by Watanabe et al. (1993) reported that cell proliferation of
genetically engineered Chinese hamster ovary cells were significantly greater on
39.6 mM TMAHP-BC compared to DMAE-BC, AE-BC, CM-BC, and native BC
[97]. Following the findings from Watanabe et al. (1993) [97], porous BC
scaffolds were functionalized at a concentration of 39.6 mM for cell proliferation
and attachment studies.

MTS assay analysis was performed to determine the viability of EQMSCs
seeded on the chemically functionalized porous BC scaffolds. Cell staining using
calcein-AM and Pl was also performed to visually assess the EqMSCs
attachment under the same conditions. The MTS assay results of EQMSCs
seeded on functionalized porous BC are shown in Figure 5.21. Calcein-AM and
Pl staining results of the EQMSCs seeded on these functionalized porous BC
scaffolds are illustrated in Figure 5.22.

From 2 to 7 days in culture, the cells seeded on the four different forms of
functionalized porous scaffolds (AE-BC, DMAE-BC, TMAHP-BC and CM-BC),
appear to have demonstrated high growth rates as a function time and represent
a high viability and proliferation composition (Figure 5.21). However, after 7 days
in culture, the morphology of the cells on the functional porous scaffolds was
different (Figure 5.21.B). EgqMSCs appeared to have a greater number of cells
with the pronounced spread-out morphology on the 39.6 mM TMAHP porous BC
scaffold. Due to the optimal cell morphology observed on the 39.6 mM TMAHP
porous BC scaffold, 39.6 mM TMAHP BC and 39.6 mM TMAHP porous BCs
were selected for oxidation and further cell culture assessment, to determine the
optimum surface functionality for the biomimetic cartilage tissue engineering

scaffold.
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Figure 5.21: Cellular viability assay: MTS test. Comparison of proliferation of
cells as determined by MTS assay for EQMSCs (1.26 x 10°) seeded on 39.6 mM
AE porous BC, 39.6 mM DMAE porous BC, 39.6 mM TMAHP porous BC, and
39.6 mM porous CM-BC scaffolds for 2 and 7 days. Asterisks (*) indicates
significant differences at p<0.05.
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Figure 5.22: Cellular viability assay: MTS test. Comparison of proliferation of
cells as determined by MTS assay for EQMSCs (1.26 x 10°) seeded on 39.6 mM
AE porous BC, 39.6 mM DMAE porous BC, 39.6 mM TMAHP porous BC, and
39.6 mM CM porous BC scaffolds for 2 (A) and 7 (B) days. Scale bar =100 pym.
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MTS assay analysis was performed to determine the viability of EQMSCs
seeded on 39.6 mM TMAHP OBC and 39.6 mM TMAHP porous OBCs scaffolds.
Cell staining using calcein-AM and Pl was also performed to visually assess the
EgMSCs attachment on these scaffolds. The MTS assay results of EQMSCs
seeded on functionalized porous OBC are shown in Figure 5.23. Calcein-AM
and PI staining results of the EQMSCs seeded on these functionalized porous
OBC scaffolds are illustrated in Figure 5.24.

From 2 to 7 days in culture, the cells seeded on the 39.6 mM TMAHP
OBC and 39.6 mM TMAHP porous OBCs scaffolds, appear to have
demonstrated high viability and proliferation rates as a function time (Figure
5.23). After 7 days in culture, the EQMSCs appeared to have proliferated
overtime and have demonstrated the pronounced spread-out morphology on

both forms of scaffold composites (Figure 5.24).
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Figure 5.23: Cellular viability assay: MTS test. Comparison of proliferation of
cells as determined by MTS assay for EQMSCs (1.26 x 10°) seeded on 39.6 mM
TMAHP OBC and 39.6 mM TMAHP porous OBC scaffolds for 2 and 7 days.
Asterisks (*) indicates significant differences at p<0.05.
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Figure 5.24: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs (1.26 x 10° cells/cm?)
seeded for 2 and 7 days on 39.6 mM TMAHP OBC (A) and 39.6 mM TMAHP
porous OBC scaffolds (B). Scale bar =100 pm.
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5.5.2. In Vitro differentiation of EQMSCs

To further characterize the EQMSCs, they were induced to differentiate
into chondrocytes in vitro on the 39.6 mM TMAHP OBC and 39.6 mM TMAHP
porous OBC scaffolds (Figure 5.25). These scaffolds were used for the
differentiation study because a degradable scaffold is preferred for cartilage
tissue engineering and these combinations of oxidized BC and porous oxidized
BCs were systematically selected from their performance as previously described
(Section 5.5.1). The 39.6 mM TMAHP OBC and 39.6 mM TMAHP porous OBC
scaffolds were used for the in vitro differentiation assessment of the stem cells.
As demonstrated, the EQMSCs seeded on the 39.6 mM TMAHP porous OBC
scaffold similar to the cells on the 39.6 mM TMAHP OBC scaffold exhibited the
potential to differentiate into a cartilage cell with the use of the induction media.
The results support the fact that EQMSCs do not lose their potentials to
differentiate when they adhere to 39.6 mM TMAHP OBC and 39.6 mM TMAHP
porous OBC. Figure 5.25 also confirms that the chondrocytes have bridged and
completely covered the micropores of the porous oxidized BC.

The differentiation of EQMSCs into chondrocytes as previously discussed
is one of the key processes for cartilage regeneration. From a functional
perspective, where cell therapy for musculoskeletal hindrances is the ultimate
goal, it is fundamental that the cells do not lose or have reduced capacity of
differentiation [127]. This study showed that EQMSCs have the capability to
differentiate into chondrocytes on the 39.6 mM TMAHP OBC and 39.6 mM
TMAHP porous OBC scaffolds, an important characteristic for cartilage

regeneration.
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Figure 5.25: Chondrogenic differentiation capacity of EqQMSCs (5.0 x 10*
cells/cm?) on 39.6 mM TMAHP OBC and 39.6 mM TMAHP porous OBC scaffolds
after 7 days of differentiation. Chondrogenesis was induced using the TGFB1-
based method and was indicated by alcian blue staining shown in the
differentiated cells. As shown, non-induced chondrogenesis BC controls did not
stain positive for alcian blue. Arrows indicate pore structures in the scaffolds.
Scale bars = 100 pm.

5.6. In Vitro Degradation Study of Oxidized Bacterial Cellulose Scaffolds

The degradation of BC samples were performed as described in Section
2.4 [68]. The samples analyzed for the degradation study include native BC,
OBC, porous BC, porous OBC, 39.6 mM TMAHP OBC and 39.6 mM TMAHP
porous OBC scaffolds. The samples were incubated in HEPES buffer at 37 °C
for 14 days under static and dynamic incubations. During the incubation period,
the supernatants were monitored using a UV-Vis spectrophotometer. After 14

days of incubations, the samples were rinsed, lyophilized and weighed.

143



Corresponding BC samples which did not undergo the degradation process were
lyophilized and weighted for comparison.

After 14 days of static and dynamic incubation, the oxidized, porous, and
porous oxidized BC composites lost significant mass compared to their native BC
scaffold (Figure 5.26). It was observed that mechanical disruptions in the form of
shaking significantly affected the weight loss of the oxidized, porous, and porous
oxidized BC scaffolds incubated under dynamic conditions (Figure 5.26). The
results also show that mechanical disruptions in the form of sample handling may
have contributed to the significant weight loss of the oxidized, porous, and
porous oxidized BC scaffolds and their functionalized composites, which were

incubated under static conditions (Figure 5.26).
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Figure 5.26: Comparison of sample masses before and after incubation in low
salt HEPES buffer (pH 7.4) in static and dynamic conditions. Samples analyzed
include native BC, OBC, porous BC, porous OBC, 39.6 mM TMAHP-BC, 39.6
mM TMAHP OBC, 39.6 mM TMAHP Porous BC, and 39.6 mM TMAHP Porous
OBC. Asterisks (*) indicates significant differences at p<0.05.
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Dialdehyde cellulose has been proposed to degrade into 2,4-
dihydroxybutyric acid, glycolic acid and carbohydrate (Figure 5.27) [159].
Previously, it has been demonstrated that dialdehyde degradation products
including 2,4-dihydroxybutyric acid, glycolic acid and carbohydrate can be
directly measured using UV-visible spectrophotometry (UV-VIS) [68]. The
carbonyl groups present in 2,4- dihydroxybutyric acid, and glycolic acid in the
degrading cellulose product have been proposed to absorb at 240 nm.
Enzymatic hydrolysis and acid hydrolysis have been proposed to absorb at 260
nm during the degradation of the biological material indicative of cellulose fiber
release as a result of physical disruption of scaffold.

In this study, the supernatants of the samples under static and dynamic
agitation were measured at 240 and 260 nm every 2 days using UV-Vis and the
results are shown in Figure 5.28-5.31. The results show compared to all the
analyzed samples, OBC, porous OBC, 39.6 mM TMAHP porous OBC and 39.6
mM TMAHP porous OBC released a high concentration of the degradation
product (Figure 5.28-5.31). Native BC and 39.6 mM TMAHP-BC released low
levels of the detectable degradation products (Figure 5.28-5.31).
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Figure 5.27: Proposed degradation mechanism of dialdehyde cellulose into 2,4-
dihydroxybutyric acid and glycolic acid [159].
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Figure 5.28: Absorbance versus time of HEPES supernatant of static samples

at 240 nm. Comparison of native BC, OBC, porous BC, porous OBC, 39.6 mM
TMAHP-BC, 39.6 mM TMAHP OBC, 39.6 mM TMAHP Porous BC, and 39.6 mM
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Figure 5.29: Absorbance versus time of HEPES supernatant of static samples

at 260 nm. Comparison of native BC, OBC, porous BC, porous OBC, 39.6 mM
TMAHP-BC, 39.6 mM TMAHP OBC, 39.6 mM TMAHP Porous BC, and 39.6 mM
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Figure 5.30: Absorbance versus time of HEPES supernatant of dynamic
samples at 240 nm. Comparison of native BC, OBC, porous BC, porous OBC,
39.6 mM TMAHP-BC, 39.6 mM TMAHP OBC, 39.6 mM TMAHP Porous BC, and

39.6 mM TMAHP Porous OBC.

0.60 - —0— Native BC —— 0BC
=== Porous BC ==3é= Porous OBC

€ o050 - =¥=39.6 mM TMAHP-BC =®-39.6 MM TMAHP OBC
g wf==39.6 MM TMAHP PorousBC w39 .6 MM TMAHP Porous OBC
~ 0.0 -
)
©
Y 030 -
c
©
2
5 0.20 -
(7]
Q0
< 0.10 -

0.00 T T T T T T T

0 2 4 6 8 10 12 14
Time (Days)
Figure 5.31: Absorbance versus time of HEPES supernatant of dynamic

samples at 260 nm. Comparison of native BC, OBC, porous BC, porous OBC,
39.6 mM TMAHP-BC, 39.6 mM TMAHP OBC, 39.6 mM TMAHP Porous BC, and
39.6 mM TMAHP Porous OBC.
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5.7. Conclusions

Surface amination and carboxylation were successfully performed on
nano-porous and micro-porous BC scaffolds as confirmed by FTIR. SEM
imaging confirmed that surface amination and carboxylation did not affect the
morphology of the BC scaffolds.

It was demonstrated that the chemically functionalized BC scaffolds were
cytocompatible with EQMSCs in vitro. The chemically functionalized scaffolds
supported the adhesion and proliferation of EQMSCs. The 39.6 mM TMAHP
oxidized BC and 39.6 mM TMAHP porous oxidized BC supported chondrogenic
differentiation. The cells seeded on the chemically functionalized BC scaffolds
were viable and proliferated on the scaffolds. Based on these results, the 39.6
mM TMAHP porous oxidized BC scaffold appear to have potential as a scaffold

for tissue engineering of cartilage.
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CHAPTER VI
Analysis of Nano-porous and Micro-porous Calcium-Deficient
Hydroxyapatite Bacterial Cellulose Scaffolds and their Oxidized
Composites

In this study, nano-porous BC and micro-porous BC scaffolds were
mineralized with calcium-deficient hydroxyapatite to produce different amounts of
CdHAP in the BC composites. BC mineralization was performed by incubating
the scaffolds in solutions of calcium chloride and sodium phosphate dibasic. The
resulting BC composites were characterized using FTIR, SEM and mechanical
testing instrument. The BC composites were also characterized for their ability to
support and maintain differentiation of EQMSCs in vitro for potential tissue
engineering use. The potential for EQMSCs to differentiate into osteocytes were
assessed. The degradation properties were then analyzed by incubating the
samples in HEPES buffer (pH 7.4) at 37 °C under static and dynamic conditions.
The samples were measured for weight loss while the buffer was analyzed for

degradation products.

6.1. Mineralization of Bacterial Cellulose with Varying Concentrations of
Calcium and Phosphate Solutions

Native BC (nano-porous BC) and microporous BCs (porous BCs) were
synthesized and purified as described in Sections 2.2.1 and 2.2.2, respectively.
Half of the prepared native and porous BCs were oxidized and purified following
the procedure outlined in Section 2.2.5 [69]. Half of the oxidized and non-
oxidized scaffolds were mineralized following the procedure in Section 2.2.6.
Briefly, cellulose pellicles were suspended in 1.0 mM CacCl, under agitation in an
orbital shaker for 24 h (23 °C), rinsed briefly in DI water, and then transferred to
0.6mM Na,HPO,4 under agitation for another 24 h (23 °C) to obtain CdHAP
(CdHAP-1). Two additional groups of CAHAP synthesis were performed on the
BCs using the combination of 2.5 mM CacCl,/1.5 mM Na,HPO, (CdHAP-2) and 5
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mM CacCl,/3.0 mM Na;HPO, (CdHAP-3) under the same conditions. Native BC
and porous BC scaffolds that had not undergone oxidation and mineralization

were used as controls

6.2. Fourier Transform Infrared Spectroscopy

The FTIR spectra of the BC composites (BC-CdHAP-1, BC-CdHPAP-2,
BC-CdHAP-3) and their corresponding oxidized BC composites (OBC-CdHAP-1,
OBC-CdHPAP-2, OBC-CdHAP-3) are shown in Figure 6.1. The FTIR spectra of
the porous BC composites (porous BC-CdHAP-1, porous BC-CdHPAP-2, porous
BC-CdHAP-3) and their corresponding porous oxidized BC composites (porous
OBC-CdHAP-1, porous OBC-CdHPAP-2, porous OBC-CdHAP-3) are shown in
Figure 6.2. Phosphate, a component of CdAHAP, had been identified to have four
phosphate vibrational modes: v; symmetric stretching mode, v, symmetric
bending mode, v; antisymmetric stretching mode, and v, out-of-plane bending
mode [160]. The characteristic absorption bands of CdHAP are illustrated in
Table 6.1.
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Figure 6.1: FTIR spectra of BC-CdHAP composites.
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Table 6.1: Characteristic FTIR bands of calcium-deficient hydroxyapatite.

Relative .
Frequency Intensity Assignment Ref.
1 OH Stretching (Overlaps with
3567 cm Strong Absorbed H.0) [161]
3400 cm™ Broad Absorbed H,0 [161]
1653 cm™ Absorbed H,0 [150]
3 - T
1093 cm Strong rI:]rcl)%sephate (PO4™) vz vibrational [161]
3 - T
1032 cm-t Strong rI:]rcl)%sephate (PO4™) vz vibrational [161]
3 - T
962 cmt Medium Phosphate (PO, ™) v; vibrational [161]
mode
2
864 cm’ Weak Hydrogen Phosphate (PO4”) [162]
vibrational mode
3 . .
601 cm Strong rPnk:)c()jsephate (PO4™) vq vibrational [161]
1 Phosphate (PO4) v, vibrational [150,
563 cm Strong mode 161]

The absorbances of the phosphate peaks were graphed against the
concentration of BC-CdHAP composition (Figure 6.3.A), OBC-CdHAP
composition (Figure 6.3.B.), porous BC-CdHAP composition (Figure 6.4.A), and
porous OBC-CdHAP composition (Figure 6.4.B). The absorbances were
normalized by dividing the phosphate absorbance by the CH cellulose peak
absorbance at 2900 cm™. This CH peak was used because its absorbance is
constant in all the samples given that the amount of cellulose in the composites
is constant. The increase in absorbance correlates to the increase in
hydroxyapatite concentration as governed by the Beer-Lambert Law [158]. Even
though the intensity of the phosphate absorption peaks increase with the
concentration of hydroxyapatite, the absorbance of the v3 modes demonstrate
increased scatter compared to the vl and v4 vibrational modes (Figure 6.3, 6.4).
The variation present in the v3 modes may be due to the antisymmetric
stretching of the dipole, and the variation in band absorbance may also be
attributed to minor differences in the amount of material in the KBr pellets.
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6.3. Scanning Electron Microscopy

SEM images of the BC composites and their corresponding OBC
composites are illustrated in Figures 6.5, 6.6, and 6.7. The highest concentration
of the hydroxyapatite deposition was observed on the BC-CdHAP-3 and OBC-
CdHAP-3 scaffolds (Figure 6.5-6.7). The sizes of the irregularly-shaped
hydroxyapatite clusters were observed to be approximately 1pym or less in length
(Figure 6.7). At lower magnification (Figure 6.5), the hydroxyapatite clusters in
the scaffold matrixes appeared to have deposited mostly uniformly on the
scaffolds as solid particles. At higher magnifications (Figure 6.6, 6.7),
hydroxyapatite appeared to have deposited heterogeneously in the matrices as
irregularly-shaped crystallites. SEM images of porous OBC composites are
shown in Figure 6.8. SEM images demonstrated that the scaffolds maintained
their porous structures after deposition of CdHAP into the scaffolds (Figure 6.8).
Hutchens et al. (2006, 2009) have used a similar method to mineralized BC and
oxidized BC scaffolds [68, 69]. The authors used X-ray diffraction to confirm that
these hydroxyapatite clusters are indeed CdHAP.
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Figure 6.5: SEM images of BC-CdHAP-1, BC-CdHAP-2, BC-CdHAP-3, OBC-
CdHAP-1, OBC-CdHAP-2, and OBC-CdHAP-3 at 1000X.
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Figure 6.6: SEM images of BC-CdHAP-1, BC-CdHAP-2, BC-CdHAP-3, OBC-
CdHAP-1, OBC-CdHAP-2, and OBC-CdHAP-3 at 5000X
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Figure 6.7: SEM images of BC-CdHAP-1, BC-CdHAP-2, BC-CdHAP-3, OBC-
CdHAP-1, OBC-CdHAP-2, and OBC-CdHAP-3 at 25000-30000X.
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" "Porous OBC-CAHAP-1

Figure 6.8: SEM images of porous OBC-CdHAP-1 (A), porous OBC-CdHAP-2
(B), porous BC-OCdHAP-3 (C).
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6.4. Mechanical Testing

The mechanical properties of a representative sample group, BC-CdHAP-
3 composites, and their corresponding controls (native BC, OBC, porous BC, and
porous OBC) were determined at 5% strain rate to assess the relationship
between the non-mineralized and mineralized BCs. The engineering stress-
strain curves of the hydrated never-dried BC composite samples are illustrated in
Figure 6.9. The ultimate tensile strength, strain at break, and elastic modulus
values of the non-mineralized and mineralized BC samples calculated from the
engineering stress-strain curves are illustrated in Figure 6.10.

The results show that the CAHAP mineralization significantly decreased
the ultimate tensile strength for all the BC composites (Figure 6.10.A). Strain at
break for BC-CdHAP-3 was significantly decrease compared to native BC (Figure
6.10.B). The elastic modulus of the OBC-CdHAP-3, porous BC-CdHAP-3, and
porous OBC-CdHAP-3 significantly decreased compared to their non-mineralized
BC scaffolds (Figure 6.11). Hydroxyapatite mineralization of the BC scaffolds
appeared to have altered inter- and intramolecular hydrogen bonding in the
cellulose structure, resulting in the impairment of scaffold’s mechanical

properties.
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Figure 6.9: Engineering stress-strain curve of native BC (A), oxidized BC (B),
porous BC (C), porous oxidized BC (D), BC-CdHAP-3 (E), and porous BC-
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6.5. Characterization of Cell and Bacterial Cellulose Scaffolds

6.5.1. Cellular Adhesion, Viability and Proliferation Assays

MTS assay analysis was performed to determine the viability of EQMSCs
seeded on the non-porous BC-CdHAP composite scaffolds and porous BC-
CdHAP composite scaffolds. Cell staining using calcein-AM and Pl was also
performed to visually assess the EqQMSCs attachment under the same
conditions. The MTS assay results of EQMSCs seeded on the BC-CdHAP
composites are shown in Figure 6.12. Calcein-AM and PI staining results of the
EgMSCs seeded on these non-porous BC-CdHAP composite scaffolds are
illustrated in Figure 6.13-6.16. From 2 to 14 days in culture, the cells seeded on
the BC-CdHAP composite scaffolds appeared to have demonstrated non-linear
proliferation rates as a function time compared to their non-mineralized controls.

The results showed that after 2 days in culture, EQMSCs seeded on
porous OBC-CdHAP scaffolds had a full spread-out morphology on the scaffolds
compared to EQMSCs seeded on the other mineralized BC scaffolds (Figure
6.16.A). By 7 days in the culture, the EQMSCs appeared to have reached 100%
confluency on the porous OBC-CdHAP scaffolds (Figure 6.16.B). By 14 days in
culture, the EQMSCs appeared to be dying due to thelack of surface area for the
cells to grow (Figure 6.16.C).

164



Figure 6.12: Cellular viability assay: MTS test. Comparison of proliferation of
cells as determined by MTS assay for EQMSCs (1.26 x 10°) seeded on native BC
(A), OBC (B), porous BC (C), porous OBC (D) scaffolds and their composites for
2, 7 and 14 days. Asterisks (*) indicates significant differences at p<0.05.

165



A 1.2 - m Native BC
mBC-CdHAP-1 | *
1.0 - @ BC-CdHAP-2
) CBC-CAHAP-3
<08 -
£
o 0.6 - %
< ]
504 - %
g ) |
0.2 - L :
0.0 -
2 7 14
Culture Time (Days)
B 14 mok ﬁ
B OBC-CdHAP-1 *
1.2 ' gosc-caHap-2
S 10 | DOBC-CdHAP-3
<
g 0.8 -
o k
3 06 1 I
(1]
8 0.4 - _ 1
. I | |
0.0 -

2 7 14
Culture Time (Days)

Figure 6.12: Continued.
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BC-CdHAP-2 BC-CdHAP-1

BC-CdHAP-3

Figure 6.13: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs (1.26 x 10° cells/cm?)
seeded for 2, 7, and 14 days on BC-CdHAP-1, BC-CdHAP-2, and BC-CdHAP-3,
scaffolds. Cell viability of EQMSCs were analyzed by calcein-AM which exhibits
green fluorescence and demonstrates live cells and Pl which displays red
fluorescence and demonstrates dead cells. Scale bar = 100 um.
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Figure 6.14: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs (1.26 x 10° cells/cm?)
seeded for 2, 7, and 14 days on OBC-CdHAP-1, OBC-CdHAP-2, and OBC-
CdHAP-3 scaffolds. Scale bar = 100 ym.
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Figure 6.15: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs (1.26 x 10° cells/cm?)
seeded for 2 (A), 7 (B), and 14 (C) days on porous BC-CdHAP-1, porous BC-
CdHAP-2, and porous BC-CdHAP-3, scaffolds.
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Figure 6.16: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs (1.26 x 10° cells/cm?)
seeded for 2 (A), 7 (B), and 14 (C) days on porous OBC-CdHAP-1, porous OBC-
CdHAP-2, and porous OBC-CdHAP-3, scaffolds.

174



Phase Contrast Live/Dead Merged
Microscopelmage Stain-Day2 Images

Porous OBC-
CdHAP-1

Porous OBC-
CdHAP-2

Porous OBC-
CdHAP-3

Figure 6.16: Continued.

175



Phase Contrast Live/Dead Merged
Microscopelmage Stain-Day 7 Images

SAe,

Porous OBC-
CdHAP-1

Porous OBC-
CdHAP-2

Porous OBC-
CdHAP-3

Figure 6.16: Continued.

176



Phase Contrast Live/Dead Merged
Microscope Image Stain-Day 14

Porous OBC-
CdHAP-1

Porous OBC-
CdHAP-2

Porous OBC-
CdHAP-3

Figure 6.16: Continued.

177



6.5.2. In Vitro differentiation of EQMSCs

To further characterize the EQMSCs, they were induced to differentiate
into osteocytes in vitro on the OBC-CdHAP-3 and porous OBC-CdHAP-3
scaffolds (Figure 6.17). Because a degradable scaffold is preferred for bone
tissue engineering, and the EQMSCs demonstrated superior growth on the OBC-
CdHAP-3 and porous OBC-CdHAP-3 (Figure 6.16.A, B), they were used for the
in vitro differentiation assessment of the stem cells. As demonstrated, the
EgQMSCs seeded on the OBC-CdHAP-3 scaffolds similar to the cells on the
porous OBC-CdHAP-3 exhibited the potential to differentiate into a bone with the
use of induction media (Figure 6.17). Cells seeded on the porous OBC-CdHAP-
3 completely transformed into a large calcified mass on the surface of the
scaffold on the scaffold when induced with differentiation media (Figure 6.17).
The cells seeded on the control scaffolds (without induction media) also
differentiated into osteocytes although not to the same extend as the induced
cell-scaffold system (Figure 6.17). The results support the fact that EQMSCs do
not lose their potentials to differentiate when they adhere to OBC-CdHAP-3, and
porous OBC-CdHAP-3. Figure 6.17 also confirms that the osteocytes have
bridged and completely covered the micro-pores of the porous OBC-CdHAP-3.
Alizarin red staining of BC scaffolds mineralized with CdHAP may result in non-
specific staining of the calcium in the hydroxyapatite minerals. In Figure 6.17,
the EqQMSCs stained red compared to the substrates which stained orange. The
orange color of the substrates in Figure 6.17 is attributed to the non-specific
staining of the calcium in these CdHAP bacterial cellulose composite scaffolds.

The differentiation of EQMSCs into osteocytes as previously discussed is
one of the key processes for bone regeneration. From a functional perspective,
where cell therapy for musculoskeletal hindrances is the ultimate goal, it is
fundamental that the cells do not lose or have reduced capacity of differentiation
[127]. This study showed that EQMSCs have the capability to differentiate into
osteocytes on the OBC-CdHAP-3 and porous OBC-CdHAP-3 scaffolds, an

important characteristic for cartilage and bone regeneration.

178



Osteogenic Cells
(Control) Osteogenic Cells

OBC-CdHAP-3
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Figure 6.17: Osteogenesis differentiation capacity of EQMSCs. EqMSCs (5.0 x
10* cells/cm?) were investigated for their in vitro trans-differentiation capacity on
OBC-CdHAP-3 and porous OBC-CdHAP-3 after 7 days of differentiation.
Osteogenesis was demonstrated by the detection of calcium in the mineralized
matrix indicated by alizarin red stain shown in the differentiated cells. Arrows
indicate pore structures in the scaffolds. Scale bars =100 pym.

179



6.6. In Vitro Degradation Study of Oxidized Bacterial Cellulose Scaffolds

The degradation of BC-CdHAP sample composites were performed as
described in Section 2.4 [68]. The samples analyzed for the degradation study
include BC-CdHAP-3, OBC-CdHAP-3, porous BC-CdHAP-3, porous OBC-
CdHAP-3, and their control scaffolds (native BC, OBC, porous BC, porous OBC).
The samples were incubated in HEPES buffer at 37 °C for 14 days under static
and dynamic incubations. During the incubation period, the supernatants were
monitored using a UV-Vis spectrophotometer. After 14 days of incubations, the
samples were rinsed, lyophilized and weighed. Corresponding BC samples
which did not undergo the degradation process were lyophilized and weighted for
comparison.

After 14 days of static and dynamic incubation, OBC, porous BC, and
porous OBC scaffolds lost significant mass compared to their non-incubated BC
samples (Figure 6.18). Compared to the non-mineralized BC samples, no
significant change in the masses of the BC-CdHAP sample composites were
observed. It was observed that mechanical disruptions in the form of shaking
significantly affected the weight loss of the oxidized, porous, and porous oxidized
BC scaffolds incubated under dynamic conditions (Figure 6.18). The results also
show that mechanical disruptions in the form of sample handling may have
contributed to the significant weight loss of the oxidized, porous, and porous

oxidized BC scaffolds incubated under static conditions (Figure 6.18).
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Figure 6.18: Comparison of sample masses before and after incubation in low
salt HEPES buffer (pH 7.4) in static and dynamic conditions. Asterisks (*)
indicates significant differences at p<0.05.

Dialdehyde cellulose has been proposed to degrade into 2,4-
dihydroxybutyric acid, glycolic acid and carbohydrate (Figure 5.27) [159].
Previously, it has been demonstrated that dialdehyde degradation products
including 2,4- dihydroxybutyric acid, glycolic acid and carbohydrate can be
directly measured using UV-visible spectrophotometry (UV-VIS) [68]. The
carbonyl groups present in 2,4- dihydroxybutyric acid, and glycolic acid in the
degrading cellulose product have been proposed to absorb at 240 nm.
Enzymatic hydrolysis and acid hydrolysis have been proposed to absorb at 260
nm during the degradation of the biological material indicative of cellulose fiber
release as a result of physical disruption of scaffold.

In this study, the supernatants of the samples under static and dynamic
agitation were measured at 240 and 260 nm every 2 days using UV-Vis and the
results are shown in Figure 6.23-6.26. The results show compared to all the
analyzed samples, OBC and porous OBC released a high concentration of the
degradation product up to day 10 of the study for the static and dynamic studies
(Figure 6.19-6.22). Under dynamic incubation, OBC-CdHAP and porous OBC-
CdHAP samples released detectable degradation products (Figure 6.19-6.22).
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Native BC and 39.6 mM TMAHP-BC released low levels of the detectable
degradation products (Figure 6.19-6.22). .
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Figure 6.19: Absorbance versus time of HEPES supernatant of static samples at
240 nm. Comparison of native BC, OBC, BC-CdHAP-3, OBC-CdHAP-3, porous
BC, porous OBC, porous BC-CdHAP-3, and porous OBC-CdHAP-3.
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Figure 6.20: Absorbance versus time of HEPES supernatant of static samples at
260 nm. Comparison of native BC, OBC, BC-CdHAP-3, OBC-CdHAP-3, porous
BC, porous OBC, porous BC-CdHAP-3, and porous OBC-CdHAP-3.
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Figure 6.21: Absorbance versus time of HEPES supernatant of dynamic samples
at 240 nm. Comparison of native BC, OBC, BC-CdHAP-3, OBC-CdHAP-3,
porous BC, porous OBC, porous BC-CdHAP-3, and porous OBC-CdHAP-3.
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Figure 6.22: Absorbance versus time of HEPES supernatant of dynamic samples
at 260 nm. Comparison of native BC, OBC, BC-CdHAP-3, OBC-CdHAP-3,
porous BC, porous OBC, porous BC-CdHAP-3, and porous OBC-CdHAP-3.

6.7. Conclusions

In this study, CAHAP mineralization was successfully performed on nano-
porous and micro-porous BC scaffolds as confirmed by FTIR. SEM micrographs
confirmed that at lower magnification, the hydroxyapatite clusters in the scaffold
matrixes appeared to have deposited mostly uniformly on the scaffolds as solid
particles. However, at higher magnifications, SEM micrographs confirmed that
hydroxyapatite deposited heterogeneously in the matrices as irregularly-shaped
crystallites. Hydroxyapatite mineralization of the BC scaffolds appeared to have
altered inter- and intramolecular hydrogen bonding in the cellulose structure,
resulting in the impairment of scaffold’s mechanical properties, more specifically
scaffold strength and modulus.

The porous, oxidized and mineralized BC scaffold was cytocompatible
with EqQMSCs in vitro. The porous, oxidized and mineralized BC scaffold as well

as the oxidized and mineralized BC scafold supported the adhesion, proliferation
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and osteogenic differentiation of EQMSCs. The cells seeded on the oxidized and
mineralized BC scaffolds were viable and proliferated on the scaffold. Based on
these results, the porous, oxidized and mineralized BC scaffold appear to have
potential as a scaffold for tissue engineering of bone.
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CHAPTER VII
Analysis of Tubular-Shaped Bacterial Cellulose Scaffolds and its
Composites

The objective of this study was to generate and characterize the
morphological, cellular response and mechanical properties of biodegradable
and mineralized BC-TS of varying diameters. BC-TS and its mineralized
composites were developed to mimic the highly aligned collagen nanofibers and
hydroxyapatite crystal structures inherent in native bone tissue. The
biocompatible gel-like BC-TS was synthesized using the bacterium
Gluconacetobacter sucrofermentans under static culture in oxygen-permeable
silicone tubes. The BC-TS scaffolds were modified using periodate oxidation to
yield biodegradable scaffolds. Additionally, CdHAP was deposited in the
scaffolds to mimic native bone tissues. The mechanical and morphological
properties of the resulting BC-TS and its composites were characterized in
addition to their ability to support and maintain EQMSCs growth in vitro. Selected
results from this study were published in the Materials Research Society
Symposium Proceedings [107]. An invention disclosure application has also

been filed for this technology.

7.1. Synthesis of Tubular-shaped Bacterial Cellulose Scaffold and its
Composites

BC-TS was cultured on the inside surface (Figure 7.1.A) and on the
outside surface (Figure 7.1.B) of silicone tubes as described in Section 2.2.3.
After the inoculation of the bacterial culture, meshes of cellulose began to form
within two to three days on the inside surface or on the outside surface of the
silicone tubes, depending on the culture set-up. After 14 days of culture, a mass
of cellulose in the shape of a tube forms on the surface of the silicone tube in

culture as illustrated with the culture set-up consisting of bacterial medium on the
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Figure 7.1: BC-TS culture consisting of bacterial culture on the inside surface (A)
and on the outside surface (B) of silicone tubes.

outside surface of silicone tubes (Figure 7.1.B). The synthesized BC-TSs were
harvested and then purified following the protocols in Section 2.2.3.

Four different sizes of BC-TS samples were successfully generated in
oxygen-permeable silicone tubes inoculated with  Gluconacetobacter
sucrofermentans in a Schramm and Hestrin medium. BC-TS scaffolds
synthesized on the inner surface of the 6.35 mm ID silicone tubes produced
unbounded, swollen gelatinous scaffolds with 8.3 mm diameter and 1.6 mm
thickness (Figure 7.2.A, Figure 7.3). BC-TS scaffolds synthesized on the outer

surface of the 6.35 mm ID silicone tubes produced unbounded scaffolds with 20

187



mm diameter and 1.0 mm thickness (Figure 7.2.C, Figure 7.3). Therefore, the
diameter of the scaffolds produced on the inner surface of the 6.35 mm ID
silicone tubes were significantly smaller (Figure 7.2.A, Figure 7.3) than those
produced on the outer surface of the equivalent size tube (Figure 7.2.C, Figure
7.3). Similar increase in scaffold diameter and decrease in thickness were
observed with the BC-TS scaffolds synthesized on the inner surface of the 9.525
mm ID silicone tubes (13.5 mm water swollen diameter, 1.1 mm thickness)
(Figure 7.2.B, Figure 3) compared to the outer surface of the equivalent tube size
(24.2 mm water swollen diameter, 0.7 mm thickness) (Figure 7.2.D, Figure 3).

The oxidation of BC-TS (OBC-TS) was performed using sodium periodate
as described in Section 2.2.5. CdHAP minerals were deposited within the
unmodified BC-TS (BC-TS-CdHAP) and oxidized BC-TS (OBC-TS-CdHAP) by
suspending the samples in 5.0 mM CacCl, solution followed by incubation in 3.0
mM Na,HPO, solution to obtain CAHAP as described in Section 2.2.6.

Figure 7.2: Photographs of BC-TS scaffolds synthesized on the inside surface
(A) and on the outside surface (C) of 6.35 mm ID silicone tubes. Photographs of
BC-TS scaffolds synthesized on the inside surface (B) and on the outside surface
(D) of the 9.525 mm ID silicone tubes. Insert is the top view image (E) of the four
sizes of BC-TS hydrogels synthesized using silicone tubes.
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7.2. Scanning Electron Microscopy

SEM images of the 8.3 mm BC-TS produced under various treatments
demonstrated that aligned cellulose fibers were successfully generated in the
scaffolds (Figure 7.4, 7.5.). SEM images of the BC-TS before (Figure 7.4.A) and
after (Figure 7.4.B) periodate oxidation showed that the scaffolds maintained
their morphological integrity of the nanofibers during the chemical reaction.
CdHAP ceramics were successfully deposited in the non-oxidized scaffold
(Figure 7.4.C) and oxidized scaffold (Figure 7.4.D) as illustrated in the SEM

images.
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Figure 7.4: SEM images of 8.3 mm diameter BC-TS prepared using various
treatments. SEM images of BC-TS (A), OBC-TS (B), BC-TS-CdHAP (C) and
OBC-TS-CdHAP. Arrows indicate the direction of the longitudinal axis of the
silicone tube during scaffold synthesis.
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Figure 7.5: SEM images of 8.3 mm diameter BC-TS-CdHAP at 5000X (A) and
50000X. Arrows indicate the direction of the longitudinal axis of the silicone tube
during scaffold synthesis.
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7.3. Mechanical Testing

The mechanical properties 8.3 mm diameter BC-TS and its composites
were determined at 5% strain. The ultimate tensile strength, strain at break, and
elastic modulus values of the cellulose samples following lengthwise and
breadthwise elongation and calculated from the engineering stress-strain curves

are illustrated in Figure 7.6.
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7.4. Characterization of Cell and Tubular-shaped Bacterial Cellulose
Scaffolds

7.4.1. Cellular Adhesion, Viability and Proliferation Assays

MTS assay analysis was performed to determine the viability of EQMSCs
on the tubular BC and its composites. MTS assay analysis results of EQMSCs
seeded on the tubular BC and its composites are shown in Figure 7.7. EqQMSCs
seeded on OBC-TS and OBC-TS-CdHAP showed a significant increase
compared to BC-TS and BC-TS-CdHAP after the first days in culture. EqQMSCs
seeded on the scaffolds proliferated during the culture period. Furthermore, the
stem cells demonstrated an increased proliferation rate during the two days in
culture signifying that the cells were viable and proliferating on the scaffolds.
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Figure 7.7: Cellular viability assay: MTS test. Comparison of proliferation of cells
as determined by MTS assay for EQMSCs seeded on BC-TS, OBC-TS, BC-TS-
CdHAP and OBC-TS-CdHAP scaffolds for 1 and 2 days (p<0.05).
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Calcein-AM and PI staining was performed to visualize the viability of the
cells on the scaffolds. After 1 day in culture (Figure 7.8), the cells on all the
tubular BC scaffolds were viable. Compared to the non-oxidized BC scaffolds,
the cells on the oxidized scaffolds (Figure 7.8.B, D) showed a more distinct
mesenchymal stem cell phenotype of fully spread-out morphology on the
scaffolds due to the chemistry and morphology of the scaffolds. The cells on the
non-oxidized scaffolds (Figure 7.8.A, C) showed less elongated shapes and their
morphology was round. We had previously illustrated that up to day 7 in culture,
EgMSCs seeded on non-oxidized BC are round in shape (Figure 3.5).
Additionally, EQMSCs do proliferate over time and by day 7 and day 14
demonstrated the full spread-out morphology on non-oxidized BCs (Figure 3.5).

As previously discussed, WGA, a carbohydrate-binding protein, selectively
recognizes and binds to N-acetylglucosamine sugars and sialic acid residues

predominantly found on the plasma membrane. The WGA used is conjugated to
convert to a strongly red fluorescent to achieve selective and simple staining of
the plasma membrane of cells. DAPI is a blue fluorescent stain that has high cell
permeability and bind strongly to the A-T rich regions in DNA, where its
fluorescence is approximately 20-fold greater than in the non-bound state. Its
selectivity for DNA and high cell permeability allows efficient staining of nuclei.
Figure 7.9 shows that over a period of 24 h (1, 6, 12 and 24 h), EQMSCs-BC
grows in population, were fully attached and well distributed throughout OBC-TS
and OBC-TS-CdHAP. By 24 h, WGA staining clearly illustrates the cell
membranes of EQMSCs with the fibroblast like morphology customary to EQMSC
(Figure 7.9) on both oxidized BC-TS scaffolds. However, the non-oxidized BC-
TS scaffolds maintained round morphology by 24 h in culture. DAPI staining
confirmed large, round nuclei contained in the cell bodies. WGA/DAPI staining
(Figure 7.9) confirms the MTS assay results (Figure 7.7) and the calein-AM/PI
staining results (Figure 7.8) demonstrating that the EqMSC prefers the
dialdehyde cellulose chemistry (i.e., OBC-TS and OBC-TS-CdHAP) upon cell

seeding compared to non-oxidized cellulose.
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Figure 7.8: Cellular adhesion and cell viability stained with calcein-AM and PI
using fluorescent microscopy. Cell viability of EQMSCs seeded on BC-TS (A),
OBC-TS (B), BC-TS-CdHAP (C) and OBC-TS-CdHAP (D) after 1 day in culture.
Cells were analyzed by calcein-AM which exhibits green fluorescence and
demonstrates live cells and P1 which displays red fluorescence and demonstrates
dead cells. Fluorescent micrographs showed that the cells were viable on the
scaffolds. Arrows in image show the aligned direction in which the cells grew
following the orientation of the cellulose fibers of tubular BC. Scale bar = 100
pm..
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OBC-TS BC-TS-CdHAP BC-TS

OBC-TS-CdHAP

Figure 7.9:  Cellular adhesion and morphology with WGA and DAPI staining.
Fluorescent micrograph of EQMSCs-BC (7.9 x 10* cells/cm?) showing adhesion
and morphology of cell membrane stained using WGA and cell nucleus stained
using DAPI at 1, 6, 12 and 24 h in culture. Scale bar = 100 ym
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7.4.2. In Vitro differentiation of EQMSCs

EgQMSCs successfully differentiated into osteocytes on the tubular BC
scaffolds in vitro (Figure 7.10). The cells exhibited the potential to differentiate
into bone cells on the induction media as indicated by the detection of calcium in
the differentiated cells (Figure 7.10.E-7.10.H). These results show that BC-TS
and its composites enable EQMSCs adhesion, proliferation and differentiation

into osteocytes.
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Figure 7.10: Osteogenesis differentiation capacity of EQMSCs on the tubular BC
and its composites after 8 days of in vitro differentiation. Osteogenesis was
induced using the B-glycerophosphate-based method and was demonstrated by
the detection of calcium in the mineralized matrix indicated by alizarin red stain
shown in E, F, G and H (A, B, C and D: non-induced controls). Scale bars = 100
pum.
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7.5. Conclusions

Tubular-shaped BC is a natural nanofiber hydrogel scaffold that was
successfully prepared, and the scaffold and its composites were characterized
using SEM. The lyophilized tubular-shaped BC and its composites illustrated
aligned nanofibrous morphology. It was demonstrated that the tubular-shaped
BC scaffold and its composites were cytocompatible with EQMSCs in vitro.
Tubular-shaped BC scaffolds and its composites supported the adhesion,
proliferation and osteogenic differentiation of EqQMSCs. It was shown that
oxidation of the cellulose and aligned fiber morphology enhanced cell adhesion
after 24 h. Tubular-shaped BC scaffolds and its composites are promising
alternative scaffolds for bone tissue engineering. Based on these results, the
oxidized, porous, and mineralized tubular-shaped BC scaffolds appear to have

potential as a scaffold for tissue engineering of bone.
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CHAPTER VI
Future Studies

The multidisciplinary field of tissue engineering applies the principles of
biology and engineering to develop tissue substitutes to restore, maintain, or
improve the function of diseased or damaged mammalian tissues. This
interdisciplinary effort in tissue development is promising because it includes the
contributions of pertinent scientists and engineers, and may prove to offer the
solution concerning the limited regenerative capacity and unsatisfactory
treatment options currently available for bone and cartilage tissue replacements.
Following the tissue engineering technique, appropriate cells such as stem cells
are used to engineer biomaterial support scaffolds. These cell-based biomaterial
scaffolds are delivered to injured sites to facilitate regeneration without causing
immune responses. Biomaterials are largely designed to mimic the properties of
the native extracellular matrix (ECM) it will replace in addition to supporting cell
growth, and the process of new tissue formation [11]. However, there are
several additional characteristic that are recommended for bone and cartilage
biomaterial scaffolds such as biocompatibility, porosity and pore interconnectivity,
biodegradability, ability to modify surface properties, and ability to design and
shape the biomaterial in 3D [163].

In this dissertation research, the natural biomaterial scaffold BC was
designed and shown to meet most of the recommended biomaterial properties
including in vitro biodegradability and biocompatibility, porosity and pore
interconnectivity, ability to chemically functionalize BC scaffolds surface to mimic
bone or cartilage tissues, and ability to produce tubular-shaped or 3D BC
scaffolds. For future studies, in vivo tissue graft studies using these BC-stem cell
therapies in animal models is recommended in order to fully understand their in
vivo biocompatibility, degradability, and potential to enable bone and cartilage

tissue regenerations [164, 165]. Cartilage and bone wound studies can be
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conducted using surgically created osteochondral defects in possible rabbit
animal models [164] and bone defects in rat models [165]. From the work in
Chapters 4 and 5, porous oxidized BC or 39.6 mM TMAHP porous OBC
scaffolds is recommended for use in the in vivo studies regarding cartilage tissue
engineering. From the work in Chapters 4 and 6, porous oxidized BC or porous
oxidized and mineralized BC is recommended for use in the in vivo studies
concerning bone tissue engineering. The formation of new cartilage and bone in
the defect areas, biocompatibility, and biodegradability of the composites can be
evaluated using histology immunohistochemistry [164, 165].

Besides in vivo assessment of the BC scaffolds engineered in this
dissertation, additional BC modification for future research consideration is
grafting growth factors present in stem cells and native tissue on BC scaffolds.
Delivering growth factors from the BC scaffold has the potential to control and
enhance cell growth, stimulate stem cell differentiations, and facilitate
regeneration of the damaged native tissues which is advantageous for in vivo
applications of the tissue engineered scaffold.

An ideal future study following the surface modification study in Chapter 5
is surface functionalization of the BC scaffold using secondary amines which are
prevalent in GAGs. Such a study will reveal the true performance of stem cells
on BC scaffolds modified with amine functionalities similar to those in native

cartilage tissue.
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Figure A.1: Chemical structure of glycosaminoglycan chains including
chondroitin 6-sulfate, keratan sulfate, heparin, dermatan sulfate and hyaluronate
[157] .
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