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Chapter 1: Introduction

1.1 Introduction

Bone is a complex connective tissue that plays a vital role in providing a structural
framework, mechanical support, and flexibility to the body. It is also involved in mineral
storage, homeostasis and blood pH regulation’?. Bone defects and their repair is the most
common problem worldwide®; gaining a second most transplanted tissue status followed
by blood*®. In the U.S. alone, more than 6.5 million bone defects® and over 3 million
facial injuries’ recorded every year. Annually, more than 2.2 million bone graft
procedures are performed worldwide. Tumor resection, congenital malformation, trauma,
fractures, surgery, or diseases like osteoporosis, arthritis®® are the major causes of bone
defects. Some clinical conditions like skeletal reconstruction of large bone defects or
compromised regenerative processes such as avascular necrosis, atrophic non-unions and
osteoporosis® also require bone related transplants. Though a majority of fractures having
sufficient mechanical stabilization are capable of robust repair, 5% - 10% of all fractures
result in delayed union or nonunion™*. Bone fractures treatment costs a billion dollars and
affects societal productivity and individual ability*2. The repair or replacements of such

damaged or traumatized bone tissue require urgent attention.

Bone healing is a complex process of biology and biomechanics to restore the form
and function of the bone®®. Though bone regeneration is a substantial medical challenge
achieved in initial days through standard approaches like distraction osteogenesis, bone
transport® or different bone grafting methods like autografts, allografts, bone graft
substitutes or by using growth factors'®. The first commercial bone graft material was
introduced in 1993 as Interpore’s coral derived Pro-Osteon®. Autografts have achieved
various degrees of success in treating bone defects. However, the autograft is limited by
the donor site morbidity, prolonged rehabilitation, increased risk of deep infection and
restricted availability. Although bone allografts resolve transplantable bone samples
limitations to some extents, it may induce potential risks of transmissible diseases, viral

1418 efficacy and cost-effectiveness'®. Because of the

infection, immunological rejections
avascular and diffusion dependent nature of the bone grafts, the bone defect size and host
viability can limit their application'’. Presently, there are no heterologous or synthetic
bone substitutes available which are of top-quality or of the same characteristics
compared with natural bone. Hence, there is a necessity to develop a novel treatment as

an alternative or adjunct to the standard methods used for bone regeneration.

Shivaji Kashte, D Y Patil Education Society, Kolhapur: Ph.D. Thesis 2019 1



Chapter 1: Introduction

The recent developments in tissue engineering and regenerative medicine to achieve
a bone substitute to replace conventional bone grafts have shown a ‘ray of hope’*®. Tissue
engineering is the art of design and fabrication of new tissues for efficient repair of
damaged organs and substitutions of lost parts because of ailment and or trauma. Tissue
engineering has shown a full potential of bone repair through the use of osteogenic
growth factors like bone morphogenic proteins (BMPs), osteoinductive matrix, gene
therapy, use of stem cells etc*®. Limitations of scaffolds to mimic the natural bone tissue
eliminate most of these materials during animal trials, with very few exceptions that have
reached human trials. Truly, the choice of appropriate scaffold material with the desired
characteristics is the need of the hour.

Number of materials including metals [stainless steel, Cobalt-Chromium (Co-Cr)
alloys and Titanium (Ti) alloys, etc.]®. ceramics, Hydroxyapatite (HA), tri-calcium
phosphate (TCP), etc.)®!, natural polymers (collagen, chitosan, etc.)?> and synthetic
polymers (poly (lactic acid) (PLA), poly (glycolic acid) (PGA), etc.) and their
combinations have been explored for replacement and repair of damage or traumatized
bone tissues. However, due to their limitations and complexity, ideal scaffolds or their

supreme combinations still remain a need of time for better bone regeneration.

The poly e-caprolactone (PCL) is the FDA approved biocompatible and
biodegradable polymer largely used in tissue engineering applications. In various studies,
PCL in combination with Hydroxyapatite (HA)®, or gelatin hybrid nano-fibrous
membranes®, or (Poly-1,4- butylene adipate-co-polycaprolactam (PBAPCL)- HA
composite®, has shown its potential in bone tissue engineering applications. Though PCL
is a good scaffolding material, alone it lacks the osteoinductive and osteoconductive
properties. In the present study, along with PCL, we used graphene oxide (GO), graphene
(GP) and Cissus quadrangularis (CQ) callus culture extract as physical, chemical, and

biological property enhancers in the preparation of scaffolds for bone tissue engineering.

GP has gained attraction in bone tissue engineering because of its large surface
area, low biological toxicity and osteoinductive nature®®. GP-chitosan films*’, GP coated
cobalt- chromium-molybdenum-based alloy?®, GP nanosheets coated titanium alloys®
showed biocompatibility and its potential in tissue engineering. On the other hand, GO

has more hydrophilic groups and easy dispersion ability than GP*. GO along with HA

Shivaji Kashte, D Y Patil Education Society, Kolhapur: Ph.D. Thesis 2019 2



Chapter 1: Introduction

and chitosan functionalized graphene nanoplatelets reinforced with polyvinyl alcohol, *
GO with Polylactic acid and HA*, GO doped poly (lactic-co-glycolic acid) (PLGA)
scaffolds®, GO-poly-L-lysine composites®® have successfully been used for bone tissue
engineering. GP and GO are most fascinating materials of today and their interaction with
stem cells revealed cellular compatibility and ability to differentiate stem cells into

osteoblasts, chondroblasts, and neuronal lineages®?%3*,

Cissus quadrangularis, also known as Vajravalli, Hadjod, or Kandvelis widely used
in Ayurveda as Asthiyuk (bone strengthener)®. The stem extract of this plant is rich in
calcium ions (4% weight) and phosphorous and ethanolic extract contains triterpenes, -
sitosterol, o and B- amyrins, ketosteroids, phenols, tannins, carotene and vitamin C*. This
extract is proved to be useful in the healing of fractured bone. The active constituents of
CQ may promote proliferation and osteoblastic differentiation of mesenchymal stem cells
(MSCs)*” and bone formation via wnt-LRp5-B-catenin or MAPK dependent pathway. The
isolated phytogenic steroid is believed to be the main constituent in CQ. Methanolic
extract of CQ* and its use in PCL-CQ-HA nano-fibrous scaffolds found to be a potential
biocompatible material for bone tissue engineering®. The callus culture of CQ contains a
pure and larger quantity of metabolites like phytosterols than crude stem extract of the
plant. Hence, we have used CQ callus culture extract as an active natural ingredient in our

prepared bone regenerating scaffold.

The interaction between tissue and foreign surface largely depends upon the surface
properties of materials such as wettability, roughness or topography, surface charge and
chemistry*. Rough surfaces with porosity are significant in cell behavior. For better cell
attachment, scaffolds should possess adequate surface structure and chemistry*. The
surface modification also helps in the improvement of the biological properties of

scaffolds like cell attachment and proliferation.

In this study, porous PCL electrospun sheets are modified with GO or GP and CQ
solution/ ink using layer by layer method and paint method. The layer by layer method
offers advantages of both these approaches as a surface modification technique for
polymers. It is a simple, relatively fast, environmentally benign, and potentially economic
process to prepare uniform multilayer films on substrates from solution®. The paint

method is very similar to ordinary painting and easy to apply for a modification of
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Chapter 1: Introduction

scaffolds as compared to plasma treatment, spin coating, etc. These composite scaffolds
are characterized and studied for bone tissue engineering.

1.2 Aim and Objectives of research:

Aim of the present study is to prepare simple yet effective composite bone

regenerating scaffold and its in vitro and in vivo evaluation in bone tissue engineering.

The main objectives of the thesis are:

a) Preparation and characterization of scaffolds:

Prepare the scaffolds using simple method to improve morphological, mechanical
and biological properties along with stimulating osteoconductive, osteogenic and
osteoinductive properties. The scaffold of polycaprolactone (PCL) is prepared by
electrospinning as previously described by Jaiswal et al**. Scaffolds then modified using
layer by layer method and paint method with graphene (GP), graphene oxide (GO), and
Cissus quandranularis plant callus culture extract (CQ). These scaffolds are characterized

for morphological, mechanical and biological properties.

b) Isolation, and expansion of human umbilical cord mesenchymal stem cells
(hUCMSCs):

Isolation of mesenchymal stem cells from Wharton’s jelly part of human umbilical
cord is performed by the method described by Kadam et al*>. These isolated hUCMSCs

are used for further studies.
c) Invitro bone tissue engineering:

The novel combination scaffolds are used to spontaneously differentiate hUCMSCs
into osteoblasts devoid of any osteoinductive medium or growth factors. The cell
viability, cell attachment and the osteogenic differentiation of hUCMSCs, the extent of

mineralization are observed.
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A 4. Washed with I | a::'::::lf:tgzs
PBS and finely 7/ \ sonilaiita
n medu™  Cellsin Growth Medium AN
Human Umbilical Cord Isolated MSCs

B ar
ﬂA
Stem cell source: Umbilical
cord Wharton's Jelly

Seeding of MSCs on

IN VITRO BONE TISSUE ENGINEERING

2 4 SEM of (A) and ()
Flectiospun scaliold sheels  pREPARATION AND CHARACTERIZATION OF SCAFFOLDS

Differentiated Defective rat

Osteoblasts on Scaffolds model

After 3-4 weeks of transplantation of differentiated
osteoblasts with Scaffolds in to bone defective
IN VIVO BONE TISSUE ENGINEERING site, could regenerate the bone tissue

Figure -1.1: Overview of Bone tissue engineering. A. Isolation, and
expansion of human umbilical cord mesenchymal stem cells (hUCMSCs); B.
Preparation and Characterization of scaffolds; C. In vitro Bone tissue

engineering; D. In vivo Bone tissue engineering

d) Invivo Bone tissue engineering:

The potential of these novel combination scaffolds is studied in presence of
hUCMSCs for bone fracture healing in animal model. The rats with critical size bone
defects are used for the in vivo bone regeneration. The amalgamation of hUCMSCs and
different blend of scaffolds are transplanted into these rat models through surgical

methods. After 6 and 12 weeks, animal models are analyzed for in vivo bone

regeneration.
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2.1 Natural Bone:

Bone is a type of connective tissue that supports the entire body structure in
vertebrates. Typical bone structure (Figure.2.1)! comprises of 10-30% of compact porous
hard outer layer known as ‘cortical bone’ and a spongy 30-90% of porous interior part
called ‘cancellous bone’2. These two types of bone structures are differentiated on the
basis of their porosity and density. As compared to cortical bone, the cancellous bone is
younger, metabolically more active and remodelled*. The microstructure of cortical bone
shows cylindrical shape lamellae (3-7 pm), while cancellous bone has spiral shaped
lamellae. Lamellae are formed by mineralized collagen fibres and the sheets of lamellae
(3-8 lamellae per sheet) envelope the central canal to form the Osteon or Haversian
system, a functional unit of cortical bone'. In the cortical bone, there is a compact
arrangement of osteons while in the cancellous bone it forms a trabecular network of

microporous bone®™>.

Collagen
molecule
Cancellous bone
Collagen C(:_l:’aglen
Lamella fiber e
Cortical bone
Bone
Osteon Crystals
z
~ —
0.5 um
—
| nm
10-500 pum
Microstructure Nanostructure
Macrostructure Sub-microstructure Sub-nanostructure

Figure 2.1: Hierarchical structural organization of bone, adapted from* with

copyright permission from Elsevier (License No. 4578741170592).

Natural bone comprise (Figure 2.2) of a 65% mineral, 25% organic and 10% water
by weight and 33-43% apatite minerals,32-44% organic and 10-15% water by volume®.

This unigue organic and inorganic material composition gives mechanical properties to
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the bone. The organic bone phase mostly contains >90% of the collagen® and the rest is of
mucopolysaccharides, peptides, enzymes’, lipids and ions like sodium, magnesium,
fluorideand citrate. The inorganic or minerals consist of mostly calcium and phosphorus
(2:1 ratio in bone) in the form of tricalcium phosphate and hydroxyapatite®. The 70%

mineral phase of bone mostly contains nanoscale HA crystals*®,

Bone
Il
T I
Organic Inorganic/Mineral Phase Water
(25%) (65%) (10%)
il Il

Collagen (90%) and Tricalcium ph:)sphate (30%)
Mucopolysaccharides, and hydroxyapatite (70%)

peptides, enzymes,
lipids, ions (10%)

Figure 2.2: Flowchart explaining natural bone composition
2.2 The process of bone formation:

The process of bone formation (ossification or osteogenesis) is of two types:
Endochondral ossification (primary bone formation) and Intramembranous ossification
(secondary bone formation)®. Intramembranous ossification is the direct method of bone
formation in which mesenchymal cells directly differentiate into osteoblasts and replaces
connective tissue sheets with bony tissue. The endothelial cells change into polymorphic
cells and then transform to the osteoblastic phenotype. There is the absence of
cartilaginous phase. There is the formation of hard callus mediated through
osteoprogenitor cells and undifferentiated mesenchymal cells e.g. flat bones like skull,

face, clavicle and mandible*®.

Endochondral ossification is two-step process of bone formation; hyaline cartilage
which is formed first and then replaced by bony tissue formation. Here, mesenchymal
cells at first differentiate into chondrocytes and secrete cartilaginous matrix. The woven

bone is formed with cartilage, followed by calcification and replacement of bone. The
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stages of endochondral bone formation include hematoma formation, inflammation,
angiogenesis, cartilage formation, cartilage calcification, cartilage removal, bone
formation and finally bone remodelling. In the bone remodelling, young woven bone is
gradually replaced by a lamellar bone to restore the mechanical integrity of the healing
site E.g. long, short and irregular bones like the femur, tibia, humerus and radius*®*°. The

bone homeostasis is maintained by osteoblasts, osteocytesand osteoclasts.

Osteoblasts, bone forming cells originated from mesenchymal stem cells.
Osteoblast resides on bony surfaces. They have unique ability to secrete Type I collagen-
rich extracellular matrix (ECM) that eventually mineralized in the process of bone
formation. There are different maturation phases of osteoblasts, as pre-osteoblasts, mature
osteoblasts, osteoid osteocytes, early osteocyte and mature osteocytes. The niche for
osteoprogenitors in bone is the periosteum, the endosteum and the marrow stroma. The
mesenchymal progenitor cells serve as a stem cell reservoir to be recruited to the injury
site on the insight of bone trauma or fracture. A master control gene Runx2 (Runt-related
transcription factor-2) is responsible for the differentiation of progenitor cells to
osteoblasts. The mature and active osteoblasts are cuboidal or polygonal in shape. They
secrete bone matrix or osteoid. These cells contain abundant endoplasmic reticula and
enlarged Golgi apparatus. The major protein secreted is Type | collagen, a fibrillar
extracellular matrix protein. Also, they secrete non-collagenous proteins like osteocalcin
to form the unmineralized matrix in the osteoid seam. Other cells derived from the
osteoblastic lineage are bone lining cells. Though their origin thought to be controversial,
are considered to be resting osteoblasts, pre-osteoblasts or post-osteoblasts. Bone lining
cells cover almost all surfaces in the adult bone to build a connective tissue barrier. They
contribute in bone remodelling. They are involved in the homeostatic processes as they
are in communication with the osteocyte network and also an element of the strain

sensing network™*2,

Osteocytes are advanced osteoblasts and embedded in the innate bone matrix. They
have developed long slender-like cell processes and have loosed many of their
cytoplasmic organelles, with the stellar shape. They have a unique location in bone,

within lacunae inside the bone matrix. These cells form a connective network by sending
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their dendritic processes through canaliculi connecting and spanning throughout the
whole bone volume. Osteocytes are multifunctional. Osteocytes trigger the response to
physical forces upon bone and respond to formation or resorption of bone.
Osteocyticosteolysis breaks down the bone matrix to release the calcium for calcium
homeostasis. They also control phosphate homeostasis. Osteocyte lacunocanalicular
complex can act as an endocrine system, affecting remote organs such as the kidney.
They act as orchestrators of both bone formation and bone resorption. It can produce
sclerostin which inhibits osteoblastic bone formation. Osteocytes can support osteoclast
formation, especially in apoptotic phase. Osteocytes derived from osteoblast make up
90% of cells of the mature skeleton. They are the most abundant cell type found in

bonellfl3

Osteoclasts, the bone resorbing cells are of hematopoietic origin that resorbs
extracellular matrix in the process of bone resorption. The osteoclast precursor cells are
employed to the bone exterior where they blend to develop multinucleated cells.
Osteoclasts are very rare in bone, only two to three cells per um?® bone. These active,
multinucleated giant cells found in specialized cavities on the bone surface, called
Howship’s lacunae. The osteoclasts seal the cavity around its ruffled border and then
secrete protons and a variety of proteolytic enzymes, like collagenases, gelatinases, into
the cavity; the pH is reduced to approximately 2-3, to carry out the organic breakdown of
the ECM. Chondrocytes with mesenchymal origin reside in cartilage and also involved in

endochondral ossification***?.

2.3 Bone defects and bone healing:

Bone is prone to injury due to trauma, infection, tumours and compromised blood
supply. Though a majority of fractures having sufficient mechanical stabilization are
capable of robust repair, 5%-10% of all fractures result in delayed union or nonunion*.
Bone healing is the complex process involving mechanobiological processes. It is like the
recapitulation of the ontological events taking place during the embryonic development of
the skeleton. It restores the composition, structure and function of the damaged organ to
its pre-injury status. Bones healing depending upon type of fractures are classified as

primary bone healing and secondary bone healing.
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2.3.1 Primary bone healing:

The fracture of less than 0.1 mm gap with rigidly stabilized fracture site healed by
primary or direct bone healing by intramembranous ossification process. It is believed
that bone gap is filled directly by continuous ossification and subsequent Haversian
remodelling. However, this process of direct continuous bone formation is controversial

due to the lack of neither histological evidence and clinical cases™> .

2.3.2 Secondary bone healing:

When the edges of the fracture site are less than twice the diameter of the injured
bone, then the secondary or indirect bone healing is most common. It is a multi-event
process involving blood clotting, inflammatory process, fibro-cartilage callus formation,

intramembranous and endochondral ossification and bone remodelling.

The bone fracture healing is initiated with major metabolic activity, an anabolic
phase, where inflammation results in an increase of local tissue volume. After the bone
splintering, the hematoma is developed at the splinter site. It shams as a provisional
scaffold for stem cell differentiation into fibrous tissue, cartilage and bone. In the
inflammatory phase, several biological factors including transforming growth factor —
alpha (TNF-a), transforming growth factor-beta (TGF-B), bone morphogenic proteins
(BMPs), Interleukins (IL-1B, IL-6, IL-17Fand IL-23) and cytokines are released. The
mechanical strain or hydrostatic pressure also plays a role in fracture healing. These
factors associated micro-environment regulate activities of endothelial cells, fibroblasts,
MSCs, chondrocytes and osteoblasts. The anabolic activities continue in a prolonged
phase, which is dominated by catabolic activities. The growth in healing shapes the
cartilaginous callus or soft callus via the actions of skeletal and endothelial cells. It ties
the rift amongst the bone fragments. After that soft callus is an advance to form hard
callus. The reduction of callus tissue volume is the symbol of this activity. The catabolic
phase reaches its final stage on increasing vascular bed and normalcy of vascular flow
rate. Once hard callus has fully formed composed of woven bone, the final stage of

healing is remodelling. The woven bone is remodelled to form mature bone. During this
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phase, Haversian remodelling of the callus and lamellar bone transformation continues

long after the fracture has clinically healed* ™.
2.3.3 Distraction Osteogenesis:

Distraction Osteogenesis is a process of bone regeneration in which a corticotomy
is performed followed by gradual distraction, resulting in the formation of new bone.
Three stages as latency, distraction and consolidation are involved in the distraction
osteogenesis'®. The latency involves the inflammatory stage and endochondral
ossification. The distraction involves the similar process to intramembranous ossification,
there is no cartilage callus. The consolidation is similar to the final stage of endochondral

ossification®®.
2.3.4 Critical-sized bone defects:

The Critical sized bone defects or large segmental bone defect is an extreme
condition in bone healing. It can be caused by high energy trauma, diseases,
developmental deformities, revision surgery and tumour resection or osteomyelitis. The
large bone damage in this defect has been displayed to direct revascularization and tissue
differentiation and ultimately advances to impulsive bone fracture which may lead to non-
union without interventions. A critical-sized segmental bone defect is defined as the
smallest osseous defect in a particular bone and species of animal that will not heal
spontaneously during the lifetime of the animal or shows less than 10% bony regeneration
during the lifetime of the animal. The length of defect exceeding 2-2.5 times the diameter
of the affected bone, the minimum size in most species is considered as a critical bone
defect. These critical size defects are particularly problematic for severe trauma. It affects
the quality of life of patients. It entails long and postoperative therapies expense and also
cause large surgical, socio-economic problems. The patients with diabetes or smoking or

ageing have low bone healing potential**°.
2.4 Available treatments for Bone healing or bone regeneration:

Bone regeneration is a marvellous pas de deux of biology and biomechanics to

restore the form and function of the bone®. This is achieved in the initial days through the
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natural grafts such as autografts, allografts, xenografts and synthetic grafts. In general, the
grafts contain the cells while implants do not, with exceptions of few acellular allografts.
These substitutes serve as combined functions of mechanical support and osteo-

regeneration
2.4.1 Autografts:

An osseous graft harvested from an anatomic site and transplanted to another site
within the same individuals is called autologous bone graft. The autografts are
intrinsically vascularized and maybe co-harvested with a vascular pedicle. It possesses all
osteogenesis, osteoinduction and/or osteoconduction properties with low risk of
immunological reactions. Therefore, it can integrate into the host bone more rapidly and
completely. Autologous bone graft is a benchmark for evaluating other bone substitutes
and is considered as the gold standard in treating bone defects. The healing rate of
autografts ranges from 60% to 100% and failure is usually associated with the harvesting,
handling and implantation method used. However, the limitations of autografts have been
extensively reported like perioperative and postoperative morbidity, shape restrictions
often require extensive intra-operative modifications, the potential for increased surgical
site infection, donor site complication and pain, inflammation, blood loss, increased

operative time and the finite availability of graft material**>%,

Cancellous autografts, most commonly used, has osteogenic potential and ability to
regenerate bone due to few osteoblasts and osteocytes and mesenchymal stem cells
(MSCs). Also, there is the presence of osteoinductive graft-derived proteins. Cortical
autografts have limited number of osteoprogenitor cells and are mechanically supportive

of structural integrity and have increased osteoinductive capacity***°.

2.4.2 Allografts:

An osseous graft harvested from one individual and transplanted to a genetically
different individual of the same species is called an allograft. It is obtained from multiple
sources including cadavers and organ donors. These are alternative to autografts.
Allografts are used extensively for patients with poor healing potential, extensive

commination after fractures and established non-union. However, they are immunogenic
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due to activation of major histocompatibility complex (MHC) antigen and have a higher
failure rate compared with autografts. The immunological rejection of the graft can occur
at a rate of up to 50%. There is a risk of spreading viral infection. The application of fresh
allografts is always limited. Allografts undergoes processing like freeze drying, washing,
demineralization and gamma-irradiation or ethylene oxide sterilization to reduce the risk
of disease transmission and immunological responses but they reduce osteogenic function

due to an absence of viable cells***>?°,

Cancellous allografts supplied in the form of cuboid blocks. They are mainly used
in spinal fusion augmentation and filler material for cavitary skeletal defects. Cortical
allografts are also used in spinal fusion augmentation for filling large skeletal defects.
They are with rigid mechanical properties. Demineralized bone matrix (DBM) is well
treated allografts with as a minimum 40% of the mineral content of the bone matrix
separated by mild acid, while collagens, non-collagenous proteins and growth factors

persist. It used as bone filling material™**>?°,

2.4.3 Xenografts:

When the graft material is harvested from one species and used in an individual of a
different species, it is called xenograft. They are substitute toward autografts and
allografts. They are processed to ensure sterility and biocompatibility. It is widely used as
bone void filler. Examples comprise an inorganic matrix from cows known as BioOss and
porcine organic bone matrix known as XCM™ (Synthes). However, the risk of disease

transmission and ethical issues limited their uses**?°,

2.4.4 Synthetic bone grafts substitutes:

The severe scarcity of natural bone grafts and the minute possibility of resource
meeting the needs in elderly residents have caused the bloom of bone grafts and
substitutes arcade. Calcium sulphate, calcium phosphate, ceramics, bioactive glass or

combinations are most commonly used™®.
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Figure 2.3: Outline of bone tissue engineering: Mesenchymal stem cells from
different sources along with growth factors can be seeded on biomaterials for bone
healing, adapted from®" with copyright permission from Springer Nature (License

No. 4578750332409).

2.5 Bone Tissue engineering:

The well-known limitations of autografts and allografts continue to drive the effort
to develop bone graft substitutes, using the principles of biomaterials and tissue
engineering. A rational approach to regenerate bone tissue engineered products must be
based on fundamental osteobiology. Tissue engineered products are bioactive and
resorbable, gradually degradable and replaced by host tissues, thereby, facilitating repair
in situ. The general outline for bone tissue engineering explained in Figure 2.3, adapted

from?.
2.5.1 Bone tissue engineering using a cellular aspect:

In tissue engineering cell source can be of autologous or allogenic origin. However

autologous cells are usually the better choice, as the allogeneic cells could incite immune
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rejection by the recipient. Although pre-differentiated cells are widely been used in
(bone)tissue engineering, the stem cells are known key element to achieving the best
possible results®.

Embryonic stem cells (ESCs) are widely studied for bone tissue engineering
including differentiation into the osteoblasts®®. ESCs when co-cultured with foetal
fibroblasts enhanced the formation of bone nodules®. Although ESCs shows in vitro and
in vivo mineralization when differentiated into osteoblasts®® formation of teratomas limits

its clinical applications®.

Mesenchymal stem cells (MSCs) are known to differentiate into maturated cells like
osteoblasts, chondroblasts and chondrocytes on external stimuli (like the addition of
ascorbic acid, B-glycerophosphate and dexamethasone)®’. Bone marrow and peripheral
blood are traditional sources for MSCs. MSCs isolated from peripheral blood of rabbit
have been differentiated into osteoblasts, chondrocytes and healed critical-sized bone
defects in rabbit models with the use of porous calcium phosphate resorbable substitute?.
The adequate availability and supply of adipose tissue make it as an alternative source for
MSCs®. However, invasive tissue extraction procedure and an age of donor*® are some of

the disadvantages associated with these tissue source.

The induced pluripotent stem cells (iPSCs) have recently emerged as an alternative
to MSCs or ESCs. There are reports available of differentiation of human iPSCs into
osteoblasts in vitro®® and in vivo with no teratoma formation®®. The study of murine
iPSCs with TGFB1, TGFB3 and retinoic acid showed in vitro differentiation into

osteoblasts and in vivo bone formation®".
2.5.2 Bone tissue engineering using Growth factors:

Many growth factors viz. Bone morphogenetic proteins (BMPs), Fibroblast growth
factors (FGFs), Platelet-derived growth factors (PDGFs), Transforming growth factors
(TGF-B), Vesicular endothelial growth factors (VEGFs), Insulin-like growth factors
(IGFs) are known to play important role in the regulation of bone formation at the
different level (Ref). BMP is involved in skeletal development, adult bone homeostasis

and fracture healing along with®” differentiation of MSCs into the cartilage, bone,
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Table 2.1: Cells for bone tissue engineering, adapted from* with copyright

permission from Springer Nature (License No. 4578750332409).

Cells for Bone

Tissue Tissue repair References
Engineering
ESCs Osteoblast differentiation but Teratoma
[24,25]

formation in SCID mice
BMSCs Osteoblast differentiation; osteoinduction; [22,29,63,10

osteogenesis; mineralization; in vitro& in 9,138,147,14

vivo bone regeneration 9, 153]
ADSCs Osteoblast differentiation [29, 35, 137]
DPSCs mineralization; in vivo bone regeneration [40-43]
AFSCs Osteoblast differentiation; in vivo bone
) [39-41]
regeneration
UCMSCs Osteoblast differentiation; mineralization; [35,36,38]
iPSCs Osteoblast differentiation; mineralization; in
. o i [26,30,31]
vitro& in vivo bone regeneration
MG63 cells Osteoblast differentiation; [53]
MC3T3-E1 Osteoblast differentiation; [88]

Osteoblast cells  Bjocompatibility;mineralization; in vivo bone  [87,94,123,1

regeneration 24,136]

tendon/ligament. BMP2, BMP6, BMP7, BMP9 are found to have the highest in vitro and

in vivo osteogenic potential®®

. The high doses requirement of BMPs limits its direct use in
regenerative medicine®’, but BMPs with different combinations of growth factors have
been used in the regeneration of bone. Adenovirus-based expression vectors
AdCMVBMP2, AdCMVCbfal and AdCMVRunx2 were used to express BMP2 and
Runx2 respectively in the pluripotent C3H10T1/2 cell line*. The combined effect of

AdJCMVBMP2 and AACMVRunx2 had increased 10 fold osteoblastic differentiation than
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any factor alone**. AACMVBMP2 plus AdCMVCbfal showed higher bone formation in

vivo in immune-deficient mice®*.

The stimulation of FGF2 showed a positive effect on osteoblasts differentiation and
bone formation via regulation of Whnt/catenin pathway>. Bone marrow mesenchymal
stem cells (BMSCs) were co-transduced to express recombinant basic fibroblast growth
factor (bFGF) and sonic hedgehog (Shh). These transgenic BMSCs with B- tricalcium
phosphate transplanted into the critical-sized calvarial defect site in rats showed increased
bone regeneration®. The bFGF with gelatin hydrogels showed improved bone
regeneration in skull defects of rabbits®” and monkeys®. The PDGF stimulate VEGF
secretion by pericytes through their recruitment at the site of bone injury. This recruits
MSCs and BMP, Wnt signalling differentiates them into the osteoprogenitor cells and
then osteoblasts. PDGF contributes to the osteogenic lineage and helps to the formation of
new bone*. PDGF-BB with chitosan-tricalcium phosphate enhanced the bone
regeneration in rat calvarial defects®. TGF-p plays an inhibitory role in bone
regeneration®. In vitro and in vivo experiments revealed the negative effect of TGF-1 via
suppression of IGF-1 and down regulation of P13K/Akt pathway on osteoblast

differentiation and bone formation*.

The study with gene activated matrix formed of plasmid encoding human VEGF165
coated on collagen showed vascularization and bone regeneration in critical-sized bone
defect rabbit models*>. Though VEGF alone did not improve bone regeneration the
synergistic effect of VEGF and BMP-4 recruited MSCs and contributed to endochondral
bone formation*. When synergistically BMP-2 and VEGF transfected periosteum-
derived cells were implanted in nude mice, there was increased bone formation*. The
combined use of BMP-4 and VEGF with PLGA scaffolds and human BMSCs gave rise to
higher bone regeneration than any growth factor alone®. VEGF has a positive effect on
the formation of hard bony callus. VEGF inhibition affected the healing of a tibial cortical
bone defect in rabbit models*.

IGF-1 is secreted by mature osteoblasts and stimulates in vitro and in vivo
proliferation and differentiation of osteoblasts*'. Human periodontal ligament stem cells

treated with exogenous IGF-1 showed the in vitro osteogenic differentiation via up
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regulation of Extracellular signal-regulated kinases (ERK) and c-Jun N-terminal kinase
(JNK)-Mitogen-activated protein kinase (MAPK) pathways and in vivo mineralization in
the tissues*’. The MSC IGF transplanted in the mice models improved the bone fractures
through the callus mineralization and autocrine osteogenic effects via IRS-1 signalling*®.
IL-3 is an inhibitor of osteoclastogenesis and bone resorption, thus enhancing the
differentiation of MSCs into the osteoblasts and bone regeneration both in vitro and in
vivo through induction of BMP2 and activation of Smad1/5/8*°.

Table 2.2: Growth factors used for bone tissue engineering adapted from?! with

copyright permission from Springer Nature (License No. 4578750332409).

Growth ) )
Tissue repair References
Factors
BMPs Osteoblastic differentiation; in vivo bone
) [32,33,34]
formation
FGFs Mineralization; in vivo bone regeneration [36-38]
PDGFs Stimulate VEGF secretion; osteogenic lineage 149, 40]
differentiation; in vivo bone regeneration ’
VEGFs Osteogenic and angiogenic potential; bone
) [42-46]
formation
IGFs Osteogenic differentiation; mineralization [47-49]

2.5.3 Bone tissue engineering with Scaffolds:

Scaffolds are porous 3D matrices that act as temporary templates for cell adhesion
and proliferation while providing mechanical support until the formation of new tissue at
the affected area>. Scaffolds can also mimic the natural extracellular matrix (ECM)>%2
without activating host immune response or secretion of toxic metabolites®. A variety of
materials such as metals [stainless steel, Cobalt-Chromium (Co-Cr) alloys and Titanium
(Ti) alloys, etc.]>*, ceramics [Hydroxyapatite (HA), tri-calcium phosphate (TCP), etc.]>,
natural polymers (collagen, chitosan, etc.)®® and synthetic polymers (poly (lactic acid)

(PLA), poly (glycolic acid) (PGA), etc.) and their combinations have been explored for
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replacement and repair of damaged or traumatized bone tissues. Biomaterials for
orthopaedic implants have a great financial impact all over the world. In the U.S. alone it
was predicted that the biomaterials for orthopaedic implants will cost as much as $3.5
billion by the end of 2017°".

2.5.3.1 Properties of Scaffolds:

The degree of success of bone tissue engineering greatly depends on the properties
of the material to be used for the preparation of scaffolds to obtain bone regeneration and

the ideal properties to be possessed by scaffolds are:
2.5.3.1.1 Biocompatibility:

The ability of a material to perform with an appropriate host response in a specific
situation is called biocompatibility®®. It is the ability to support normal cellular activity
including molecular signalling systems without any local and systemic toxic effects to the
host tissue>. Biocompatibility involves many terms like toxicity of the material, tissue
compatibility and hemocompatibility of the material®®. The scaffolds should not evoke
cytotoxic effects and inflammatory response® and should be bioactive promoting the
aimed biological process. The bioactive materials form tissue—biomaterial interface
through the apatite layer which makes connections with living bone®® Also, scaffolds
should show angiogenic properties for better nutrient, oxygen and waste transport, within

a few weeks of transplantation®.

The molecular weight (MW) of the material may affect the Biocompatibility as
revealed lower protein adsorption and platelet adhesion on low MW polymers as
compared to higher MW polymers. Also, surface porosity affects Biocompatibility of the

materials®.
2.5.3.1.2 Biodegradability:

Biodegradation, as name suggest is a degradation of the material mediated by
biological system®®. Degradation of scaffolds/materials is important as it is replaced by
natural tissues. The scaffold degradation rate depends upon the physical and chemical
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properties of scaffolds. Degradation of the scaffolds produces variety of by-products that
may cause adverse effects on the tissues like inflammation, etc®®. The local tissue
response is reliance on biocompatibility and biodegradability of scaffolds®. The rate of
degradation depends upon the application of scaffolds and it varies from few weeks to
months or even a year depending upon the physicochemical properties of scaffold and site

of implant®.
2.5.3.1.3 Osteoinductivity:

Osteoinduction is the recruitment and differentiation of immature or
undifferentiated cells into osteoblasts and promotes osteogenesis®™. The osteoinductive
material promotes the repair of tissues in the areas that if left untreated, cannot heal their

self%,

2.5.3.1.4 Osteoconductivity:

Osteoconductive biomaterial favours the growth of osteoblasts and guides the bone
formation on the surfaces of biomaterials®. Osteoconductive material promotes the repair
of tissues in the areas that if left untreated, heal their self naturally®.

2.5.3.1.5 Mechanical properties:

The scaffolds with higher mechanical strength support cell-based bone regeneration
via an endochondral ossification®. The scaffolds should be mechanically stable so that
will retain its structure after in vivo implantation in load-bearing tissues such as bones®®*®’.
The mechanical properties of implanted scaffolds should be comparable with the native
tissue ®°°. The mechanical properties of cortical and cancellous bone are different from
each other. The mechanical properties of cortical and cancellous bone such as
compressive strength are 130-180 MPa and 0.1-16 MPa, stiffness 7-30 GPa and 0.05-0.5
GPa, density 1.7-2.0 g/cm® and 0.03-0.12 g/cm®, microhardness 0.62-0.74 GPa and
0.63+0.11 GPa respectively and fracture toughness of cortical bone are 2-12 MPam?".
Young’s modulus of cortical and cancellous bone is 15-20 GPa and 0.1-2.0 GPa

respectively. Therefore, it is quite difficult to make an ideal scaffold of mechanical
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properties. The mechanical properties is also affected by the grain size, the grain size is

inversely proportional to the mechanical properties™.
2.5.3.1.6 Scaffold porosity and pore size:

Scaffold porosity provides an exchange of nutrients and metabolites®®®3. Mainly the
interconnected and diffuse porosity required for the nutrient supply, tissue growth®® and
in vivo neovascularization™. It allows cell attachment, proliferation, differentiation and

thus promoting bone formation, repair and regeneration’.

Porosity parameter varies according to in vitro and in vivo conditions. Lower
porosity favours osteogenesis in vitro while for better bone ingrowth higher porosity and
pore size is needed”. Still, there are controversies about the ideal pore size of the
scaffolds used for bone regeneration. It may range from 100-350 pm or 300-500 pm’".
The optimum pore size for the growth of osteoblasts type cells is 380-405 pm’®. For the
regeneration of bone, pore size should be >300 um. The pore size of <50 pum slows down
cell migration and long-term vascular ingrowth while pore size >1000 pum provides an
insufficient surface area for cell attachment’”"®. Well vascularized large pores stimulate
direct osteogenesis, however small pores stimulates osteochondral formation prior to
osteogenesis’™®. The response of the cells to the scaffolds is largely depended upon the
pore size and pore shape of the scaffolds. Small pores give the large surface area that
facilitates cell adhesion while larger pores facilitate cell permeability sacrificing
mechanical properties of the scaffolds’®. Mechanical interlocking between the scaffold
and the surrounding host tissue can be improved by appropriate porosity’*. The natural
bone has inconsistent porosity distribution, higher porosity in the core region with strong

|80

and dense outer shell™. Therefore it is not necessary to construct scaffolds of uniform

distribution but of gradient distribution from centre to periphery.
2.5.3.1.7 Surface Chemistry:

The interaction between tissue and foreign surface largely depends upon the surface
properties of materials such as wettability, roughness or topography, surface charge and
chemistry®!. For better cell attachment scaffolds should possess adequate surface structure

and chemistry. It has been observed that a concave surface favours better cell adhesion
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and proliferation than a convex surface. A concave surface is involved in the initiation of
the bone formation®. The cube or disc-shaped scaffold is more suitable for bone tissue

engineering®.

The optimum wettability of the scaffolds for stem cells observed to be 70 measured
via water contact angle®. Wettability increases the cell adhesion of hydrophilic scaffolds.
Surface wettability regulates cytoskeletal organization and cell morphology®*. Along with
wettability, a water holding capacity that promotes the expansion of culture medium
inside the scaffold is required for uniform distribution of cells®. The hydrophilic surface
provides better cell attachment, spreading and proliferation of cells than hydrophilic
surfaces®®. The hydrophilic surface allows absorption of fibronectin which is important in
osteoblast adhesion in vitro®. Surface roughness affects the adsorption of fibronectin and
albumin in vitro®® and promotes cell attachment and adhesion on the surfaces of
composites and osteoblast proliferation, differentiation and matrix synthesis and local
factor production®’. Surface roughness has a positive effect on bioactivity, water uptake
and cytocompatibility of the composites®®.

The surface modification also helps in the improvement of the biological properties
of scaffolds. The hydrophilic surfaces with positively charged amines negatively charged

clean glass, surfaces with methyl silica gradients showed better cell attachment®.

Surface properties like morphology, hydrophilicity, zeta-potential and surface
energy promote cell adhesion, migration, phenotype maintenance and intracellular
signalling in vitro and recruitment of cells at the tissue-scaffold interface in vivo’*. The
scaffolds should be biocompatible, biodegradable, nonimmunogenic and nontoxic and
should promote cell growth, attachment, differentiation, migration®. They should be easy
to manufacture, sterilizable and microsurgically implantable®®. They should have

adequate porosity, structural strength, large surface area’™ .
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2.5.3.2 Types of scaffolds used for bone tissue engineering:
2.5.3.2.1 Metals:

The metallic materials such as Stainless steel, Co-Cr alloys and Ti alloys™ are in used
over 100 years ago for the bone replacements because of its mechanical properties®

939 and often suffer

However, these materials are corrosive and release cytotoxic ions
from the wear and stress-shielding effect on transplantation into the human body™.
Stainless steel is the most common bone implant material because of the combination of
properties like mechanical properties, biocompatibility, corrosion resistance and cost
effectiveness®. Recently nickel-free stainless steel implants are in focus to avoid nickel
sensitivity (nickel as an allergen)®. Lotus type porous nickel-free stainless steel when

implanted into rats showed osteocompatibility and bone in growth®’.

Biocompatibility and osteogenesis were observed with corrosive resistant implants
made from Tantalum (Ta), Hafnium (Hf) Niobium (Nb), Titanium (Ti), Rhenium (Re)®.
The properties of pure metals can be enhanced by allowing the different types of metals**.
Co-Cr alloys are worn resistant™ but possess corrosion properties®. The coiled wire and
particle form of Co-Cr alloy and Ti implants are found to be diploid of inflammatory

response upon transplantation'®.

Ti and Ti alloys like Titanium-Aluminium (6%)-vanadium (4%) alloy (TisAl4V)
have excellent tensile strength, resistance to corrosion®, lower modulus and superior
biocompatibility as compared to stainless steel, Co-based alloys'™. They can link to
living bone in the host via the development of apatite layer by TiO,'%. The macropores
and micropores Ti foams, when immersed in the simulated body fluid, showed bone-like
apatite formation®. Titanium-Niobium-Zirconium (TiNbzr) alloy, calcium phosphate
coated TiNbZr alloy'® and Porous Titanium- Tantalum (6%)-Tin (4%) (Ti6Ta4Sn)

104

alloy™" showed adhesion and proliferation of human SaOS2 osteoblast-like cells. TigAl,V

mesh scaffolds also showed vitality and proliferation with human osteoblast cells'®.

Nickel-titanium alloy called Nitinol (NiTi) possesses a shape memory effect,

94,106,107 NITI

biocompatibility, superplasticity, damping properties stainless steel and

Ti6Al4V were implanted in the rats for 8 weeks and found that biocompatibility, bone
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mineral density and growth of new bone were higher in NiTi as compared to stainless
steel and Ti6AI4V'®". The porous NiTi scaffolds when implanted in the femur of rabbits,

showed better bone-implant contact with osteoconductivity and osteointegration'®.
2.5.3.2.2 Ceramics:

Ceramics such as HA, bioactive glasses, calcium phosphate ceramics are widely
used for bone repair™>'®°. These are similar to the inorganic component of natural bone
and possess good osteoconductivity and osteoinductivity™'®. Ceramic scaffolds have a
high mechanical stiffness (Young's modulus), low elasticity, hard, brittle surface and have

9

chemical and structural similarity to the native bone’®. Metals and ceramics lack

2,111-113 can

degradability in a biological environmentand their limited processability
become a hurdle in tissue engineering. The first generation of bioceramics is focused on
inert materials like alumina, zirconia while second-generation focuses on bioactive
biomaterials like bioactive glasses, highly porous HA, microporous BCP (Biphasic
calcium phosphate). In third generation of bioceramics BCP takes center stage®*®>*!*, The
1% generation inert ceramics were developed to substitute natural bone while 2™
generation was developed to mimic some biomineralization functions. The focus of 3"
generation bioceramics is on osteoregeneration rather than osteointegration aiming to
only help bone cells to do their work'*. Bioinert materials are biologically inactive and
cannot form a direct bond with host tissue, unlike bioactive materials which also promote
bone formation by chemical reactivity with its surrounding environment. Because of these
properties, scientists are now concentrating more on bioactive glasses or ceramics which

are capable of forming bone-like apatite on the surface in vitro and in vivo®.

HA is a biocompatible and biodegradable material that gets integrated well into the
host tissue and does not elicit an immune response. Being a natural component of bone,
HA has been widely used in different types of scaffolds as a major or partial component.
The 3D bovine-derived porous HA (BDHA) scaffolds seeded with human BMSCs
exhibited cell attachment, proliferation and osteogenic differentiation potential™’.
Through the in situ co-precipitation synthesis and electrospinning process, biomimetic
nanocomposite nanofibers of HA-chitosan prepared™®. These composite scaffolds on

culturing with human fetal osteoblast (hFOB) revealed significant bone formation as
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compared to only chitosan scaffolds™'®. Nanocomposite membranes of nano-HA (nHA),
silk fibroin from Bombyxmori (SF) and polyhydroxybutyrate co-(-3-hydroxyvalerate)
with 2% valerate fraction (PHBV) prepared has slow biodegradation, high
biocompatibility and bioactive properties™®. These nHA-SF-PHBV nanocomposite
membranes also support bone-like apatite crystal growth with osteoblast cells infiltration,
attachment and proliferation''®. Bone sialoprotein (BSP)-derived collagen binding (CB)
peptide has been shown to be osteogenic. The CB-HA scaffolds showed higher bone
formation as compared to control HA scaffolds alone in vivo'?’. The composites of HA-
alumina and silicon carbide showed interconnected and uniform pore morphologies with

osteoblast attachment and growth but no uniform distribution of cells was observed?,

With comparable properties to that of HA forsterite (FS) ceramic revealed optimum
bending strength and fracture toughness including cellular properties'?®. Shahini et al
prepared 3D electrically conductive scaffolds in the nanocomposites of gelatin and
bioactive glass by using poly (3,4-ethylene dioxythiophene) poly (4-styrene sulfonate)
(PEDOT: PSS)'®. These composite scaffolds had a microstructure with improved
electrical signalling and enhanced mechanical and structural properties similar to that of
bone. These scaffolds were biocompatible and supported MSCs growth and showed

appropriate degradation rate'?*,

Calcium phosphate ceramics are biocompatible, safe, cost-effective, easily available
and show lower morbidity hence widely used as bone substitutes, coatings, types of
cement, drug delivery systems and tissue engineering scaffolds®. Biomimetic composites
of calcium phosphate and mixtures of chitosan, a hyaluronic acid found to have
biodegradability and good biocompatibility with osteoblasts cells***. The nano-sized
calcium silicate-poly (3-caprolactone) composite (n-CPC) are preferred over micro-sized
calcium silicate-poly (3-caprolactone) composite (m-CPC) because of better mechanical

properties, hydrophilicity and cellular activities®®.

BCP, which is made up of varying concentration of HA and B-tricalcium phosphate,
possesses controllable biological and chemical properties and has become the preferred
choice for promoting bone ingrowth over other calcium phosphate ceramics®!%*?’.

However small pore interconnection size limits BCP applications in bone tissue
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engineering*?®. Bio-inspired 3D sandwich scaffolds of mesoporous silica fibres and
gelatin showed cell infiltration and tissue in growth. These 3D scaffolds revealed the

proliferation and differentiation of MG63 cells'?.

Another ceramic material proved to be potential as a scaffold for bone tissue
engineering is Bioglass. Bioglass 45S5 showed good osteogenic cellular activities such as
alkaline phosphatase (ALP) activity, osteocalcin synthesis and calcified extracellular
matrix production along with the formation of calcified bone nodule*****! hence proposed

for bone tissue engineering*®.
2.5.3.2.3 Polymers:

Polymers, be it natural or synthetic are widely used in biomaterial applications
worldwide.  For bone tissue engineering natural polymers such as collagens,

glycosaminoglycans, starch, chitin and chitosan are used®

which possess good
biocompatibility but have poor mechanical strength®**°. Natural polymers possess the
advantage of biological recognition which may help for cell adhesion. Despite this, in
some cases, they may exhibit immunogenicity and contain pathogenic impurities. Other
disadvantages include less control over their mechanical properties, biodegradability and
batch-to-batch consistency. A limited supply of many of these polymers can affect the

cost efficacy™*.

The composites based on the natural polymers like collagen, chitosan, starch,
cellulose and gelatin have been widely studied for regeneration of bone or repairing bone
defects. Collagen is the most accepted scaffold among all due to its biocompatibility and
availability. Type | collagen constitutes >90% of the organic mass of the bone'**. RGD
(Arg-Gly-Asp) and non-RGD domains of type | collagenase play important role in the
cell attachment, proliferation and differentiation. Type | collagen promotes proliferation

and differentiation of human MSCs into the osteoblasts in vitro****®

and osteogenesis in
vivo™. The composite scaffolds of collagen-apatite with adjustable composition and pore
size in combination with mice calvarial osteoblasts (mMCOB) cells, when transplanted in
mice with a calvarial defect, supported bone repair. **® Similar results were obtained by

BSP-collagen composite scaffolds'®’. Collagen and ceramics together are used to prepare
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composites like collagen-HA microsphere (Col-mHA) scaffolds and collagen-silk fibroin-
HA (Col-SF-HA) nanocomposites. These nanocomposites showed good biocompatibility

and bone regeneration properties'*

. Among these nanocomposites, silk fibroin enhanced
the elastic modulus of the scaffolds as compared to the Col-HA scaffolds™®. The
collagen-glycosaminoglycan (GAG) (CG) scaffolds with optimized composition, pore
size and cross-linking density showed osteoblasts attachment and migration into a deep

section of scaffolds and in vivo calvarial bone defect healing®”.

A natural polymer chitosan is a partially deacetylated form (poly-b (1, 4)-2-amino-
2-deoxy-D-glucose) of chitin having biocompatibility, biodegradability, hydrophilicity
and good cell adhesion'®®. Chitosan has been shown to stimulate the differentiation of
osteoprogenitor cells'*. The biocomposite scaffolds of chitosan, alginate (Alg)and nano
silica (nSiO,) (chitosan -Alg- nSiO,) were biodegradable and showed apatite deposition.
On seeding with osteogenic lineage cells, these scaffolds were found to be
biocompatible®. The chitosan-gelatin-nSiO, nanocomposite scaffolds revealed
osteoblastic differentiation of MG63 cells with no toxic effects. As compared to control
chitosan and chitosan-gelatin scaffold, chitosan-gelatin-nSiO, nanocomposite scaffolds
showed improved bioactivity and cellular behaviour'*?. The water uptake ability, protein
adsorption, biodegradability and mineralization and ALP activity with MG-63 cells were
higher on chitosan-Alg-fucoidan composite than chitosan-Alg. These scaffolds were
revealed to be biocompatible and non-cytotoxic'*. Porous chitosan-HA scaffolds with
silver nanoparticles showed increased osteoconductivity and nanosilver layer improved
antibacterial activity***. The composite scaffolds of chitosan matrix reinforced with
forsterite (FS) nanopowder prepared with high interconnected porosity and high
mechanical strength than chitosan scaffolds alone. The composite Chitosan-FS scaffolds

113 Chitosan-

showed biocompatibility with MG63 cells without any toxic effects
collagen-p- glycerophosphate (GP) hydrogel composite showed good spreading and
growth of bone marrow precursor cells as well as the formation of mineral nodules,

differentiation into osteogenic lineage without the use of any external factors®.

Combinations of natural and synthetic polymers are widely used in the preparation

of composite scaffolds for bone tissue engineering, for example, corn starch with
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polycaprolactone scaffolds functionalized with Si-OH groups**. Starch-polycaprolactone
(SPCL) scaffolds with BMSCs on subcutaneous transplantation in rats showed osteogenic
differentiation with in vivo bone formation'*’. The SPCL (30/70 weight %) and SPLA
(starch with polylactic acid, 30/70 weight %) fibre meshes showed adequate mechanical
properties for growth and adhesion of cells on to the fibre with highly interconnected
pores and porosity™*®. The SPCL showed higher water uptake ability than SPLA fibres.
Also, both fibres are degradable with enzymes like a-amylases and lipases™*®.

Bacterial cellulose (BC) from strain ATCC 53582 of Acetobacter xylinum has good
biocompatibility, biodegradability, high tensile strength and elastic modulus**® and can be
used as a biomaterial for medical applications. The human adipose-derived stem cells
(ASCs) seeded on the BC with 3D nanonetwork showed good adhesion, proliferation and
differentiation into osteogenic lineage™*. Modified cellulose- poly (vinyl alcohol) (PVA)
prepared by electrospinning is a very promising scaffold for bone tissue regeneration?®
Carboxymethyl cellulose (CMC) incorporated nHA- chitosan (nHA-chitosan-CMC)
composite scaffolds showed high interconnected pore structure, high compressive
strength, good structural stability and degradation'*°. Study of these scaffolds with MSCs
and MG-63 cells revealed their growth and attachment without any adverse effect™.
Researchers have also prepared nontoxic composite scaffolds from ovalbumin (Ova) from
the chicken egg and cellulose nanocrystals (CNCs) from wood pulp. The pore size,
hydrophilic nature and surface roughness of the composites increased with the
composition of CNCs. The wettability of the Ova-CNCs composites was higher than

unmodified Ova scaffolds®®".

1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) treated
gelatin scaffolds have high stiffness and high elastic modulus. These scaffolds, when
transplanted in mice subcutaneously with primary mouse BMSCs transduced with BMP,
developed ossicles®™ with higher bone mineral content and bone volume as that of

control®,

When compared to natural polymers, synthetic polymers have an advantage of
reproducible large-scale production with controlled properties of strength, degradation

rate and microstructure. Poly (a-hydroxy acids), including PGA, PLA and their
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copolymer PLGA, are the most popular and widely used synthetic polymeric materials in
bone tissue engineering. On degradation, PGA, PLA and PLGA secretions are nontoxic,
natural metabolites. They are ultimately removed from the body in terms of carbon
dioxide and water***. The composite fibres like PCL-CaCOs"*? HA-gelatin'®®, silk-HA™*,
PLA-HA™ and triphasic HA-collagen-PCL™® have been used for bone regeneration

applications.

A wide range of PLLA based composites like PLLA-HA, PLLA-gel, PLLA-gel-
HA, PLLA-apatite has been studied by various groups worldwide. Composite polymers
prepared using a combination of PLLA with various other materials increased its
suitability for bone regeneration. For example, the osteoblast survival and growth were
significantly enhanced in PLLA-HA composites compared to the plain PLLA

scaffolds®!

. The nanocomposites of PLLA-HA when transplanted into the median
sternotomy rabbit model, showed complete repair of bone in the scaffold treated area with
the formation of new bone trabeculae®™’. PLLA and PLLA-Gel nanofibrous scaffolds
fabricated via electrospinning followed by mineralization with an alternate soaking
process for HA deposition proved to be cytocompatible and evoked minimum
complement activation with osteostimulation as compared to PLLA and PLLA-HA™®.
The mono-phasic scaffolds of larger pores and bi-phasic scaffolds of smaller pores
containing HA nanocrystals, PCL and PLLA showed colonization and proliferation of

MSCs and were biocompatible in nature’.

Highly porous biodegradable PLLA-HA and PLGA-HA composite foams
demonstrated higher density, compressive modulus and compressive yield strength than
PLLA-HA foams™®. PLGA sintered cylinder scaffolds, PLGA sintered tubular scaffolds,
integrated scaffolds with PCL spiral insert without fibre coating and integrated scaffolds
with PCL spiral insert with fibre coating showed higher cell penetration, proliferation and
differentiation of human osteoblasts and calcium accumulation than rest of the

scaffolds®.

The biomorphic scaffolds are produced by complex living and non-living biological
products from raw materials such as living tissues, molecules, extracellular matrices and

biomaterials. The classical examples of biomorphic scaffolds are demineralized bone
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matrixes, calcined animal bone and decellularized ECM derived from various tissues™®.
Cheng et al reviewed that decellularized bone matrix scaffolds promoted differentiation
of ASCs, MSCs, ESCs, iPSCs into the osteoblasts and supported bone regeneration™®".
The biomorphic poly (DL-lactic-co-glycolic acid)-nano hydroxyapatite (PLGA-nHA)
composite scaffolds prepared using a cane as a template. These scaffolds with MC3T3-E1

cells showed cell attachment, proliferation and osteogenic differentiation*®.

The transplantation of bone marrow-derived rat MSCs on electrospun nanofiber
scaffolds poly e-caprolactone (PCL) fibres showed bone formation in the rat model®’. The
mechanical properties of nanofibrous PCL scaffolds such as ultimate tensile strength,
elastic modulus, elongation at breaking point was higher than its composite PCL-nHA
and PCL-TCP scaffolds. All these scaffolds showed good cell adhesion and spreading of
hMSCs with increased activity of ALP, Runx-2, BSP in absence of osteogenic
supplements*®. The composites with different compositions of PCL, PLGA and HA such
as 10% PCL-90% PLGA +10% HA showed 80% porosity with higher Young’s modulus,
tensile strength and cellular activities™®.

The poly-d, I-lactic acid (PDLLA) scaffolds enriched with ulvan particles extracted
from green algae demonstrated good cytocompatibility as compared to PDLLA alone'®*.
In the PDLLA-TIO, composite scaffolds, surface roughness and fracture surface area
increased with the amount of TiO, nanoparticles. TiO, nanoparticles at the physiological
range had no significant effect on MG-63 cells but at high concentrations (>5000/ml)

affected the viability of cells*®.

PDLLA-nHA composites with high porosity,
interconnected macroporous structure improve hydrophilicity, biocompatibility,
bioavailability and compressive strength as compared to PDLLA scaffolds'®. The
polypyrrole centred conducting scaffold was prepared by integration of polypyrrole-
alginate (PPy-Alg) amalgam with chitosan. PPy-Alg composite scaffold seeded with
MG63 cells showed biocompatibility and cell attachment. There were extensive
distribution and density of MG63 cells on PPy-Alg composite scaffolds and showed in
vitro mineralization'®’. The composite membrane fabricated by using poly (L/DL-lactide)
(PLDL) and nHA showed in vitro mineralization with human primary NHOst cells

compatibility, attachment, proliferation and osteogenic differentiation®. Similar results
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were obtained by composites of polysulfone (PSU)- MWCNTs™. The poly (3-
hydroxybutyrate)-nano sized bioactive glass (P (3HB)-nBG) composites formed HA on
metal surfaces in vitro. The nBG content was found to increase the weight loss and water
uptake capacity. There was cell attachment, proliferation and differentiation of MG63
cells on (P (3HB)-nBG composites™®®. Among PLA, PLA-HA and PLA-HA-GO scaffold
PLA scaffolds have a smooth surface, while PLA-HA or PLA-HA-GO showed better cell
attachment, penetration and attachment on its surface with osteoblast growth and
proliferation on PLA-HA-GO scaffolds than other scaffolds*”. The 4 types of poly (3-
hydroxybutyrate) (PHB) based nanofibrous scaffolds namely PHB, PHB-gelatin, PHB-
gelatin-nHA and PHB-gelatin with electrosprayed nHA were comparatively studied. The
human mesenchymal stromal cells seeded on to these scaffolds revealed gelatin
containing scaffolds are better for cell adhesion and proliferation. The electrosprayed
nHA composites showed a higher level of ALP activity and matrix biomineralization after

seeding of human mesenchymal stromal cells for 21 days than these scaffolds'"*.

2.5.3.2.4 Carbon materials:

Due to the similar dimensions, carbon nanomaterials are considered to be a physical
analogue of ECM components like collagen fibres*’2. Nowadays the use of carbon-based
materials has increased in the field of tissue engineering for different purposes. Various
forms of carbon materials or their composites like Single-walled carbon nanotubes
(SWCNTSs), Multi-walled carbon nanotubes (MWCNTS) and graphene oxide (GO) have

been investigated for their efficacy in tissue engineering in the last couple of years.

SWCNTs thin films showed a proliferation of Saos-2 cells in low concentrations of
serum'”. The nHA-SWCNT scaffold in chitosan enhanced the mechanical properties
suitable for bone tissue engineering. These scaffolds showed osteoblast adhesion and
proliferation’”. MWCNTSs scaffolds showed biocompatible and nontoxic nature along
with cellular compatibility when seeded with hADSCs and MC3T3 cells'”®. The
composites of polysulfone (PSU)-single-walled carbon nanohorns (SWCNHSs) and PSU-
MWCNTSs revealed increased tensile strength, Young's modulus, rough surface and water

contact angle of more than 85. SWCNHs or MWCNTSs based composites showed
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Table 2.3: Types of Scaffolds used for Bone tissue engineering, adapted from?*

with copyright permission from Springer Nature (License No. 4578750332409).

ZI('J Type of Scaffolds Type of study References
Metals

1  Lotus type porous nickel free stainless steel In vivo [97]

2  Cobalt-Chromium (Co-Cr) alloys In vivo [54,94,180]

3 Titanium-Niobium-Zirconium (TiNbZr) alloy In vitro [103]

4  Ti6Ta4Sn alloy In vitro [104]

5  Nitinol (NiTi) alloy In vitro & In vivo [94,106-108]
Ceramics

1  BDHA scaffolds In vitro [117]

2  HA-chitosan In vivo [118]

3  nHA-SF-PHBV nanocomposite In vitro [119]

4  CB-HA scaffolds In vivo [120]

5  HA-FS composite In vivo [122]

6  CPC composite In vitro [86]

7  Bioglass 45S5 In vitro [130-132, 182]
Polymers

1  Col-SF-HA nanocomposites In vitro [110]

2  Col- GAG scaffolds In vitro & In vivo [55]

3  Chitosan-gelatin-nSiO,nanocomposite In vitro [142]

4 Chitosan-Alg-fucoidan composite In vitro [143]

5  Chitosan-forsterite composite In vitro [113]

6  Chitosan-collagen-p- glycerophosphate In vitro [145]

7  SPCL, SPLA scaffolds In vivo [146,147]

8 EDC treated Gelatin scaffolds In vivo [66]

9 PLLA-HA nanocomposites In vivo [111,157,158]

10 PLGA, PLGA-PCL scaffolds In vivo [69]

11  PLGA-nHA composite In vitro [160]
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ZI(; Type of Scaffolds Type of study References
12 PDLLA-TIO, scaffolds In vitro [165]
13  PPy-Alg composite In vitro [167]
Carbon materials
1 SWCNTs scaffold In vitro [173]
2  nHA + SWCNT scaffold In vitro [174]
3  PSU- SWCNHs, PSU-MWCNTSs In vitro [168]
4  Au-HA- Few layer graphene In vitro [176]
5  SWCNT networks, rGO In vitro [177]
6  HA-GN composites In vitro [178]

adhesion, spreading and metabolic activity with the increased B-actin cytoskeleton of
seeded MG 63 cells'®. Au-HA composite layered with graphene when seeded with
murine calvaria derived MC3T3-E1 osteoblast-like cells showed minimal cellular
toxicity’®. The SWCNT networks and reduced graphene oxide (rGO) were studied with
the neuroendocrine PC12 cells, oligodendroglia cells and osteoblasts. The SWCNT
networks and rGO were chemically similar in nature but they differed by topographical
features. The SWCNT networks were 10.9 nm in surface roughness while rGO has the
surface roughness of 1.6nm. The SWCNT networks were inhibitory to the PC12 cells and
osteoblasts while rGO found to be biocompatible to all these cells*’’. The rough, porous
HA-graphene nanosheet (GN) composites enhanced the fracture properties of HA-based
scaffolds. These scaffolds showed attachment of filopodia of osteoblasts cells via

fibronectin to GN in vitro and post-mineralization apatite formation®’.
2.5.3.3 Surface modification of scaffolds:

Altering the physicochemical surface properties can change biocompatibility,
influence cell adhesion and growth; can improve wear resistance and corrosion resistance
properties of materials to be used as biomaterial. The surface modification can be

achieved by various methods such as coating by self-assembled film/electrolyte
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multilayers, surface gradient, surface activation and surface chemical reaction. Stainless
steel screws, when coated with a bisphosphonate, increased new bone formation around
implants*™®. Similarly Co-Cr alloy coated with HA showed superior osteogenesis and

integration than uncoated alloy*°.

Osteoblasts were able to adhere and proliferate on composites of B-TCP-HA
scaffolds coated with alginate®®. The uniform Ca-P-polydopamine composite nanolayer
was prepared on the surface of B-TCP bioceramics. This nanolayer improved the surface
roughness and hydrophilicity of B-TCP bioceramics. These composites, when seeded with
hBMSCs, showed cell attachment, proliferation and alkaline phosphatase activity and
expression of bone-related genes (ALP, OCN, COL1 and Runx2)'®. The interconnected
porous B-TCP scaffolds improved by ZnO showed good mechanical properties like
compressive strength, stiffness, fracture toughness and microhardness. These scaffolds
showed bioactivity, biodegradability in vitro and cell attachment, the proliferation of MG-
63 cells”. Porous 45S5 Bioglass® based scaffolds fabricated and coated with poly (3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) revealed higher porosity with increased
interconnected pore structure and high mechanical properties'®* hence ideal candidate for

bone tissue engineering.

The corn starch-ethylene-vinyl alcohol (50/50 wt %) based scaffolds when coated
with Ca-P showed compressive modulus of 224.6 and compressive strength of 24 without
affecting normal cellular activity but an expression of osteopontin, collagen type | and
alkaline phosphatase activity (ALP)®. PDLLA foams and PDLLA foams coated with
Bioglass® particles showed complete covering with HA in 28 days of incubation in SBF.
Osteoblasts were attached and spread on both PDLLA uncoated and coated foams™“.
While in another in vitro study with SBF, the HA formation was slower in uncoated
composites than coated composites of PDLLA®, Dextran-coated polyvinyl formal (PVF)
sponges with water holding capacity showed more adhesion, proliferation and
differentiation of BMSCs in vitro along with increased DNA content, ALP activity,

osteocalcin content and calcium deposition®.
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2.5.3.4 Future perspectives:

Table 2.4: Limitations and challenges of Bone tissue engineering.

Zlc.). Limitations Challenges
Physico-mechanical stability of Utile combinations of cell, growth factor
biomaterials and biomaterial
Donor Vs. host immune reactions Vascularization
Inflammatory response Host integration
Fibrous tissue formation Regeneration of quality bone
Appropriate animal models FDA approval
Prolonged regulatory processes Cost of therapy
Donor Vs. host immune reactions Patient safety

From the first attempt of bone regeneration by Urist, the field of bone tissue
engineering flooded with the research of developing methods, use of different
biomaterials and various factors that can be used for regeneration of bone. Different kind
of in vitro and in vivo studies explains the potential of cells to differentiate into

osteoblasts and the supporting role of growth factors and or biomaterials.

There are certain limitation and challenges (Table 2.4). Most of these studies had
revealed the biocompatibility, biodegradability, osteoinductivity, osteoconductivity,
osteogenicity and or physic-mechanical properties. Some in vivo studies showed repair of
bone defects or bone regeneration. These tissue engineering studies revealed a great
potential for repair or regeneration of bone. But still, there were neither ideal combination
of stem cells or growth factors or biomaterials that successfully came forward for bone
regeneration nor sufficient attempts have been made to bring clinical trials in humans.
Therefore there is only hope and continuous efforts to develop biomimicking scaffold
which can replace defective bone in reality that further attempts of tissue engineering will

bring fruitful treatments in curing bone defects and diseases via bone regeneration.
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Chapter 3: Experimental Techniques

3.1 Introduction:

Design and development of suitable scaffold for bone tissue engineering is one of
the major challenges. Biocompatibility, biodegradability, pore size, pore connectivity,
mechanical strength etc. are major primary concerns in development of bone scaffolds.
Synthesis and characterization of scaffolds can be performed with the various
experimental techniques. In this aforementioned study the scaffolds were fabricated using
electrospinning technique. The surface of the scaffolds was further modified with layer by
layer method and paint method to increase the suitability for bone tissue engineering.
These scaffolds were then characterized for morphological properties using field emission
scanning electron microscopy (FESEM), atomic force microscopy (AFM);
Physicochemical properties using Fourier Transform Infra-Red spectroscopy (FTIR),
Thermal degradation analysis (TGA) by thermogravimetric analyser, Contact angle
measurement by sessile drop method with contact angle goniometer, tensile properties by
Universal tensile Machine (UTM); and biological properties like cell viability and
proliferation assay by 3-(4,5-dimethylthiazol-2yl)-2, 5-diphenyltetrazolium bromide
(MTT), cell attachment with FESEM and Confocal microscopy; Mineralization assay by
Alizarin red S staining (ARS), and VVon kossa staining.

In the present chapter, the various synthesis and characterization of experimental
techniques have been explored with their principle, working and applications. The
overview is given to understand the basic mechanisms behind the application of
experimental techniques. The some of the specific experimentation and techniques are

explained are explained in this chapter.
3.2 Electrospinning:

There are many methods for fabrication of scaffolds in tissue engineering but
electrospinning is the simple, versatile, cost-effective, most popular cutting-edge
technology. Electrospinning can be scaled for larger production and is easily replicable. It
creates the fibre structures with controllable fibre size with interconnected pores. These
properties mimic the extracellular matrix (ECM) of connective tissue. It allows the
dissolution of nutrients and growth factors throughout the scaffolds and helps in cell-

scaffold integration*?.
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The surface of the electrospun scaffolds can be modified by various surface
medication techniques like a chemical modification or bio-functionalization, etc. The
understanding of cell adhesion, cell infiltration, proliferation, differentiation and
vascularization on the surface of scaffolds are crucial for the development of tissue

engineering.

Electrospinning (Figure 3.1) set-up consists of a supplier of high voltage, a syringe
pump, a syringe with a needle (as a positive electrode), and a metal collector (as a
negative electrode). A polymer solution filled syringe ejects the solution on the applied
voltage and forms the Taylor cone at the tip of the needle. The formation of Taylor cone
confirms the formation of fibres. As the voltage increases, at a certain point, repulsive
electrostatic force overcomes the surface tension of solution and a charged jet of polymer
in the form of fiber is ejected from the tip of the Taylor cone and travel toward the

collector and deposits on it* ™.

There are various electrospinning parameters which affect the process of
electrospinning and fibre diameter. The applied voltage is an important factor in
determining fibre diameter. There is a decrease in fibre diameter with an increase in
voltage. The flow rate is kept lower as it provides more time for evaporation of solvent so
that uniform and smooth fibre mesh is formed. There is a decrease in the fibre diameter
with an increase in the flow rate. If there is too high flow rate then there is the formation
of the bead in the fibre mesh or scaffolds. The distance between the needle tip and the
collector is often called spinning distance. There is a minimum distance required between
the tip of the needle and the collector so that it will provide sufficient time for stretching
and drying of fibres before they reach collector. There is a decrease in fibre diameter with
an increase in spinning distance. Also, bead formation occurs if there is too long or too

short spinning distance®®.

The polymer concentration determines the spinnability of a solution. With certain
critical level concentration fibres are formed. There is an increase in fibre diameter with
an increase in the concentration of the polymer solution. The very high concentration
solutions are difficult to process because of the high viscosity of the solution. The
molecular weight of a polymer also determines the electrical and rheological properties of

the solution. In general, high molecular weight solution used to fabricate high diameter
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fibres whereas low molecular weight solution tends to give bead formation. The viscosity
of solution depends on the molecular weight and concentration of the polymer. A very
low viscosity solution can't form uniform and smooth fibres whereas high viscosity can

be difficult to obtain the continuous jet forming fibres™>®.

Figure 3.1: An Electrospinning Assembly

The formation of droplets, beads and fibres depends on the surface tension of the
polymeric solution. The higher surface tension of the polymeric solution affects the fibre

formation where low surface tension can form uniform and smooth fibres. Temperature
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and humidity, environmental factors also affect the process of electrospinning. The higher

temperature and low humidity are suitable for electrospinning™®®.

3.3 Surface Modification methods:

The interaction between tissue and foreign surface largely depends upon the surface
properties of materials such as wettability, roughness or topography, surface charge and
chemistry®. For better cell attachment scaffolds should possess adequate surface structure
and chemistry™. For better cell adhesion and proliferation a concave surface is favoured
than a convex surface. A concave surface is involved in the initiation of the bone
formation’’. The cube or disc-shaped scaffold is more suitable for bone tissue
engineering®. The surface modification also helps in the improvement of the biological
properties of scaffolds. The hydrophilic surfaces with positively charged amines
negatively charged clean glass, surfaces with methyl silica gradients showed better cell
attachment®®. Surface properties like morphology, hydrophilicity and surface energy
promote cell adhesion, migration, phenotype maintenance and intracellular signalling in
vitro and recruitment of cells at the tissue-scaffold interface in vivo™. This type of
modification has the advantage that chemically well-defined surfaces are prepared which
are amenable to fundamental surface structure-surface property correlations. The practical
approaches to polymer surface modification include flame treatment, corona discharge
treatment, plasma modification, and surface graft polymerization. The disadvantage of
this approach is that a chemically well-defined surface cannot be designed and prepared
but the advantage is that they work to control the technologically significant properties of
adhesion, wettability, biocompatibility, and gas permeability. Multiple chemical reactions

will certainly not replace the simpler and practical approaches for most applications™.

The surface of the scaffolds was modified by using the layer by layer method and

paint method.
3.3.1 Layer by layer method:

The layer by layer method offer advantages of both these approaches as a surface
modification technique for polymers. It is a simple, relatively fast, environmentally
benign, and potentially economic process’® to prepare uniform multilayer films on

substrates from solution. It is fast and irreversible deposition, easy to control of the
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deposited film thickness and uniform surface coverage'®. Easily electrospinnable
synthetic polymers such as PCL, PLA, etc are primarily hydrophobic. For application in
tissue engineering, the hydrophobicity of the nanofibrous mesh should be modified to be
partly hydrophilic. Introducing hydrophilic property to hydrophobic nanofibers has been

attempted in various ways, e.g. plasma treatment'’.

The poly (ethylene terephthalate) (PET) was modified with poly (allylamine
hydrochloride) by layer by layer deposition. It significantly improved wettability and
mechanical strength of the PET films™. An electrospun PCL - poly (ethyleneimine) (PEI)
block copolymer was modified by poly(ethylene glycol) (PEG) to transform original
hydrophobic mesh to hydrophilic mesh using the layer by layer method. There was an
improvement in cell viability and cell attachment of epidermal cells'’. The PLA-PEI films
were also modified with GO*®. The polyamic acid (PAA)-PEI-GO films were prepared by
layer by layer method®®.

Preparation of PCL- GO, PCL- GO-CQ, PCL- GP, PCL- GP-CQ scaffolds were
carried out by repetitive dipping of 2 minutes and air drying of these sheets for multiple
cycles as 30, 60 cycles and with final overnight dipping. There is an alternative layer of
GO/GP and CQ deposited on the PCL- GO-CQ and PCL- GP-CQ scaffolds.

3.3.2 Paint method:

The paint method is very simple and easy to apply for modification of scaffolds as
compared to plasma treatment, spin coating, etc. It is very similar to ordinary painting;
here we have used the respective paints of GP, GO, and CQ callus extract and their

respective combinations to paint the electrospun PCL scaffold sheets.
3.4 Scanning electron microscopy:

Scanning electron microscopy (SEM) is one of the most common methods for
imaging microstructures and morphology of biomaterials at higher magnification. It is
used to characterize different types of materials from the nanometre to micrometre
scale™. The sample is bombarded with the electron beam, the interaction between sample-
electron beam generate various emissions which are detected by the specific type
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detectors used in the form of secondary electrons, backscattered electrons, X rays, Auger

electrons, visible photons and so on. The backscattered electrons are crucial.

Electron
source

Scan generator

Condensor
lenses ——
Amplifier
X, y scancoils
Objective Y

lens

Back-scattered
lelectron detector

X-ray
detector 4
| Secondary
I i
4% '.| l.’ / ' electron detector
I % i Sample

Figure 3.2: A schematic diagram of Scanning Electron Microscopy [source:

https://www.scimed.co.uk/sem-scanning-electron-microscopy/ (accessed 10
September 2018)]

There are two types of electron guns as thermionic electron gun with a diameter of
electron beam about 20-50 um and field emission electron gun with a diameter of the
electron beam of about 10 nm. Therefore, the field emission SEM (FESEM) is mostly

Shivaji Kashte, D Y Patil education Society, Kolhapur: Ph.D. Thesis 2019 59


https://www.scimed.co.uk/sem-scanning-electron-microscopy/

Chapter 3: Experimental Techniques

used for high-resolution SEM images*® . The basics are explained in Figure 3.2 adapted

from?2.

In SEM, specimens can be observed in the high and low vacuum, therefore, the
samples should be dry. Samples should be electrically conductive and properly grounded
to prevent accumulation of electrostatic charges on the surface. The non-conductive
samples can charge when bombarded with an electron beam and therefore, usually coated
with a thin coating of electrically conductive materials such as palladium, gold or

Carbon20'21’23’24.

Energy Dispersive X-ray Spectroscopy (EDAX/EDS):

Elemental analysis and chemical information of biomaterials can be done with the
help of X-rays or Auger electrons emitted from the sample under electron beam generally
from SEM™.

The morphologies of the electrospun pure polymeric and composite scaffolds were
examined by field emission scanning electron microscope (FESEM, Carl Zeiss, Germany)
at an accelerating voltage of 15 kV. For FESEM, the samples were cut into 5X5 mm
squares, mounted on to sample stubs; sputter coated with gold/palladium using an SC
7640 Sputter Coater (Quorum Technologies Ltd, UK). The coated GO were analysed on
the electrospun fibres of PCL. The pore size and fibre diameter range of the scaffolds
were calculated from the FESEM micrographs using image analysis software (ImageJ,
National Institutes of Health, Bethesda, USA).

3.5 Atomic force microscopy:

Atomic force microscopy (AFM) is one of the powerful tool used for surface
characterization of scaffolds like surface topography and surface roughness. The high
resolution (~2 A%) and magnification (~X10") gives a better idea of the topography of the
surface of the scaffold. It is a quantitative technique used to measure nanoscale surface
roughness and surface texture of different type of material surface like polymers and
composites?®?*,

A typical AFM instrument consists of a cantilever with a sharp tip at its end for

scanning the specimen surface. The cantilever is usually of silicon or silicon nitride. It has
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., . B: Contact Mode
A: Atomic Force Microscopy
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[ ]
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<

Figure 3.3: A: A schematic diagram of Atomic Force Microscopy; B: A

representation of AFM imaging modes

a tip radius of curvature of about nanometers. When the tip is carried nearby to the
surface of the sample, the force between the tip of cantilever and surface of the sample
directs to a deflection of the cantilever with respect to Hooke's law. The deflection is
calculated by a laser reflected from the top surface of the cantilever into an array of
photodiodes. As per the application, the mechanical contact force, van der Walls force,
capillary force, chemical bonding, electrostatic force, magnetic force, etc. measured in
AFM®. As compared to other imaging techniques SEM or TEM, sample preparation in
AFM with regard to biomaterials is quite easier. Also, it is affordable and time-saving.
There is no requirement of a vacuum and samples can be imaged in ambient air or liquid.

AFM gives three-dimensional topographical images rather than two-dimensional images.

There are three different modes of AFM operation as contact mode, non-contact
mode and tapping mode. In the contact mode, the cantilever remains in contact with the
surface during scanning. The sample-tip distance is so small that the important force is
the core-core repulsive force. The cantilever is in continuous contact with the sample so
there is the possibility of damage to the surface which can alter both the resulting image

and properties of the material. Contact mode AFM is not suitable for soft materials®®.
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In the non-contact mode, there is no direct contact between cantilever tip and
sample surface. The important force is the van der Walls which can achieve resolution of
nearly 1nm. The non-contact mode AFM is preferable over contact mode AFM in which
sometimes, sample damage with a tip or sample degradation effects may occur due to
contact. However, non-contact AFM is not commonly used for biomaterials because most
biomaterials are hydrophilic and develop a liquid meniscus layer under ambient

conditions. The tip sticking may occur resulting in low-resolution imaging™*%.

In the tapping mode (Figure 3.3), when the tip begins to lightly touch the surface, a
sensor reverses the motion of the cantilever to continue the oscillation. The tip then
intermittently touches the surface, instead of being dragged avoiding damages. Therefore,
the tapping mode is also called intermittent contact mode. The cantilever is oscillating at
a frequency as it scans the surface of the sample. When it encounters bumps on the
surface, the amplitude of oscillation is reduced, while, valleys or depressions cause the
amplitude to increase. The important force is van der Walls forces, electrostatic force, etc.
The amplitude of this oscillation is much greater than 10 nm, typically 100-200 nm. By
recording these changes, an accurate topographical map can be produced. The tapping
mode AFM is mostly used in the characterization of biomaterials. However there is
mechanical contact, loss to the sample surface is minimized due to unequal contact and
there is no lateral friction force employed to the sample. Tapping mode AFM can provide

topographical information with superior resolution on biomaterials*® .

Surface properties of the modified surface of PCL sheets were analysed by AFM
(Asylum Research) by tapping mode. The scaffolds were cut into small pieces and stuck
on a glass slide by cellophane tape. The Scan rate of 1.0 Hz and a scan area of 10 pum

were used for imaging.
3.6 Confocal microscopy:

Confocal microscopy is a powerful choice for researchers interested in serious
imaging of cell structure, function and unravelling the complexities of the morphology
and dynamics of cells and tissues®?. There are other several advantages of confocal
microscopy over conventional light and electron microscopy. The lateral resolution, out

of focus information elimination and imaging of very thin sections are offered by
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confocal microscopy®’. The use of confocal microscopy in the field of biomedical and
biological sciences increased due to the enhanced imaging capability™®%’. In the field of
tissue engineering, the challenge for imaging in the microscope is the two or three-
dimensional biomaterials samples with different composite polymers, ceramics, etc.,
containing cells or extracellular matrix (ECM). The cells may be seeded deeply within or

around the scaffolds/biomaterials®?°.

The imaging of cell growth on opaque biomaterials, fluorescence technique is used
to label the cells. Fluorescence microscopy has limitations where many cell layers are
present; the resolution of the image will suffer due to the contribution of the glare from
out of focus information to the image. In the rough scaffolds or surfaces, cell growth is
deeper in grooves or pores will not be easily imaged by higher magnification lenses as
they will be out of the range of working distance of the lens. In these cases, 3D
information is required, confocal microscopy is the routine cellular imaging

technique™®%.

The study of fluorescently labelled samples is carried out by a confocal laser
scanning microscope (CLSM) (Figure 3.4) where the sample is fixed and the laser scans
the sample. The excitation of the fluorescent label is achieved by a laser specific to the
excitation maxima of the dye. It has the advantage of maximising the signal to
background ratio. The inclusion of confocally aligned pinholes in the optical path, assures
only information from the plane of focus of microscope is collected. The 90% of the
emission light can be filtered out by the pinhole. The specific wavelength lasers are used
as light sources which are extremely bright and monochromatic. Therefore, the out of
focus light eliminated and produces images with clarity, high contrast?’. The laser beam is
scanned across the specimen by scanning mirrors. The emitted light passing through the
detector pinhole is transformed into electrical signals by a photomultiplier and displayed
on a computer monitor®*. The study of fluorescently labelled samples is carried out by a
confocal laser scanning microscope (CLSM) (Figure 3.4) where the sample is fixed and
the laser scans the sample. The excitation of the fluorescent label is achieved by a laser
specific to the excitation maxima of the dye. It has the advantage of maximising the
signal to background ratio. The inclusion of confocally aligned pinholes in the optical

path, assures only information from the plane of focus of microscope is collected.
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Figure 3.4: A schematic diagram of confocal laser scanning microscope.

[Source: http://www.cnilaser.com/clsm.html (accessed 20 January 2019)]
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Figure 3.5: A schematic diagram of Fourier Transform Infrared Spectroscopy

[Source: http://crf.iitd.ac.in/Facility-FTIR.html. (accessed 20 January 2019)]

The 90% of the emission light can be filtered out by the pinhole. The specific wavelength

lasers are used as light sources which are extremely bright and monochromatic.

Shivaji Kashte, D Y Patil education Society, Kolhapur: Ph.D. Thesis 2019 64


http://crf.iitd.ac.in/Facility-FTIR.html

Chapter 3: Experimental Techniques

Therefore, the out of focus light eliminated and produces images with clarity, high
contrast’’. The laser beam is scanned across the specimen by scanning mirrors. The
emitted light passing through the detector pinhole is transformed into electrical signals by
a photomultiplier and displayed on a computer monitor®*. The digital images collected are
easily quantifiable. By altering the plane of focus stepwise a series of images, all in focus,
can be collected throughout the depth of the sample, this is called optical sectioning. As it
offers optical sectioning of the specimens, which is relatively noninvasive, living as well
as fixed samples can be observed with greater clarity. Optical sectioning allows images to
be collected at a relatively shallow depth of field (0.5-1.5 pum) within the tissue from a
well-defined plane (z-series). The optical sections can be taken in different planes, as the
x y plane, y z and x z planes (vertical sectioning) along with cells can be scanned in depth
(z-axis) as well as laterally (x or y-axis)®>. These can be displayed as a gallery of optical
sections showing the depth of cell ingress into a scaffold. This is useful for tissue
engineering, as it allows cells growing on an uneven surface represented in one

image24‘28‘29.

3.7 Fourier Transform Infrared Spectroscopy:

Fourier Transform Infrared Spectroscopy (FTIR) (Figure 3.5), a form of vibrational
spectroscopy, is fast, relatively inexpensive and widely used analytical technique for the
characterization of biomaterials. It is established on the vibrations of the atoms inside a
molecule. The infrared radiation passed through the sample and particular fraction of the
incident radiations absorbed at a particular energy at which particular peaks appears
corresponding to the frequency of a vibration of a part of a sample molecule. The
molecular vibration is of two types of stretching vibrations that change the bond length
and bending vibrations that change the bond angle. The stretching vibrations are generally
giving stronger peaks as that of bending vibration. The weaker bending vibrations can be
useful in the differentiating similar types of bonds. These changes are collected and

analysed in the form of the spectrum®?..

In FTIR, virtually any sample in nearly any state can be studied. Liquids, films,
fibres, gases, solutions, pastes, powders, and surfaces can be examined by a judicious

choice of the sampling technique.
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FTIR spectra were recorded for all scaffolds using (FTIR, Brucker, Germany). The
spectra were obtained with 30 scans per sample ranging from 4000 to 500 cm™. The FTIR
was carried out for the study of the potential existence of C=0, C=C, and asymmetric C-
O-C stretching in the electrospinning PCL sheet; The C=0. C=C, C-H stretching for GO;
C-C, C-OH, C-H stretching for GP; and C=0, C-N, C-H, C=S stretching for CQ.

3.8 Thermogravimetric analysis:

Thermal analysis is an analytical technique used to investigate the behaviour of a
sample as a function of temperature. The commonly used thermal analysis techniques are
differential thermal analysis, differential scanning calorimetry, thermogravimetry,

thermomechanical analysis, etc.

Thermogravimetry (TG) is the branch of thermal analysis which examines the mass
change of a sample as a function of temperature in the scanning mode or as a function of
time in the isothermal mode. The change in mass may be due to thermal events like
desorption, absorption, sublimation, vaporization, oxidation, reduction and
decomposition. TG used to characterize the decomposition, thermal stability, examine the
kinetics of the physic-chemical processing occurring in the sample. The sample is placed
in the thermal microbalance and heated at a predetermined rate, and then a change in
weight of the sample is detected. Mass changes occur in a variety of ways and this
produces steps in the thermogravimetric analysis (TGA) (Figure 3.6). TGA is normally
carried out in air or an inert atmosphere such as Helium or Argon. The analyser consists
of a balance with a platinum pan where we can load the sample. The pa is placed in an
electrically heated oven with a thermocouple to measure the temperature accurately. The
reaction atmosphere is purged with an inert gas to prevent oxidation or other in desired

reactions.

The thermal degradation behaviours of scaffolds were studied with a thermo
gravimetric analyser (Universal V4.7A TA Instrument); instrument under the nitrogen

atmosphere in the temperature range from 30°C to 800°C at a heating rate of 10°C/min.
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Figure 3.6: A schematic diagram of thermo gravimetric analyser
3.9 Mechanical Testing:

The Universal Testing Machine (UTM) is used to test the tensile and compressive
properties of the material. Tensile properties are the most important single indication of
strength in a material. The force required to strain the specimen apart is decided by how

much the material extends before it fractures.

During tensile test, the sample is held in machine jaws and the load is employed via a
screw gear mechanism by adjustable crosshead jaw. When a load is applied, sample gets
stretched. The load cell is joined to the moving crosshead which is run by electric motors.
A load cell in series with the grip measures the force, which can be displayed on a digital
display. The obtained stress-strain graph gives the yield strength and tensile strength of

the specimen.

The stress at the point of yielding (y) is termed the yield strength (cyor Y) and is
typically reported in MPa or kPa. But there is a gradual transition from elastic to plastic
deformation, so, the yield point is often not obvious. Therefore, the yield stress is often
more accurately and reproducibly measured. The stress at the ultimate point (u) is termed
the ultimate strength or tensile strength (o, or UTS) and is typically reported in MPa or
kPa*, Figure 3.7 shows the Y and UTS.
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Figure 3.7: A: A schematic diagram of Universal testing machine for tensile

testing; B: A typical stress-strain graph showing ductile specimen

Tensile properties were calculated at room temperature with UTM. Scaffold cut in
to cylinders (n=3) were tested. The loading was 100 N and crosshead speed (strain rate)

was 5mm/min. From the resulting stress-strain curves, Yield strength and tensile strength

were calculated.
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3.10 Contact angle measurement:

The angle between the material surface and the tangent line at the contact point of
the drop with the surface is called the contact angle (CA, ) (Figure 3.8)*%. CA
measurement is a simple, sensitive, reliable, inexpensive thermodynamic method for
determination of quantitative value to determine the hydrophobicity of the material
surface. Functions like protein adhesion, cell adhesion, and cell spreading®®?' are
dependent on hydrophilicity. With increasing surface roughness there is a decrease in CA
for hydrophilic surfaces while with an increase in surface roughness there is an increase
in CA for hydrophobic surfaces. If CA of a substrate is (6<90°), then it is hydrophilic or
wetting while if (6>90°), then it is hydrophobic or non-wetting. The CA can be explained

using Young’s equation as
ylv CosO = ysv — ysl-----mmmmmmmmmommmmom e e (3.1)
Where ylv = liquid-vapour interfacial tension,
ysv =Solid-vapour interfacial tension,
ysl = Solid-liquid interfacial tension,
0= Young’ Contact angle.

CA measurement is quite a simple method for solid samples and no special sample
preparation is required. The samples characterized should be clean and do not swell and
or dissolve in the test liquid. The small surface substrates up to few millimetres and small
amounts of liquid up to few microliters required for measuring CA. There are several
methods of CA measurement as most common Wilhelmy method, sessile drop method

and captive bubble method™.
Wilhelmy method:

It is a dynamic method by measuring the equilibrium surface or interfacial tension

at the air-liquid or liquid-liquid interfaces™®.

Sessile drop method:
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There are two kinds of sessile drop methods, as a static sessile drop method and

dynamic sessile drop method.

In the static sessile drop method, a droplet of pure liquid is deposited vertically on
to the surface and CAs is measured by a CA goniometer using an optical subsystem. The
angle formed between the solid/liquid interface and the liquid/gas interface is determined
as the liquid CA.

In the dynamic sessile drop method, alike to sessile drop method except needs the
drop to be customized. Both advancing angle (04), the largest CA possible without
increasing its solid/liquid interfacial area by adding volume dynamically and receding
angle (Ogr), the smallest possible angle by removing the volume without decreasing its
solid/liquid interfacial area are measured in dynamic sessile drop method. The difference

between the advancing and receding angle is the hysteresis CA (04=0a- 0r)%.

Sessile drop method is most commonly used CA measurement for biomaterials as it
is a straightforward approach revealing surface energetics of the sample. It is used to
characterize the hydrophilicity and hydrophobicity of solid biomaterials with micro-
/nano-structures. typically, pure water serves as the test liquid'®®:. The schematic

diagram is explained in Figure 3.8:B.
Captive bubble method:

It measures the wettability of samples in a liquid, most commonly water. An air
bubble is placed in contact with the sample immersed in a solution. After the contact, the
drop profile of the air bubble is immersed using a charge-coupled device (CCD) camera
and CA is calculated from the image. The interface between the solid sample and droplet
is the solid/gas interface. The captive bubble method is not as popular as a sessile drop
method; it is useful for hydrated biomaterials®®.

3.11 Cell viability assay: MTT assay:

The cytotoxic effects of the material on the living organism is analysed by

cytotoxicity assay, earliest and simplest in vitro technique for biocompatibility evaluation
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Figure 3.8: A: A scheme of the goniometer, planar and side view of sessile drop
(left), and photograph of a drop during measurement of the contact angle in the
software (right); B: A schematic of a contact angle of a liquid drop placed on a

solid surface
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Figure 3.9: A schematic diagram representing reduction of MTT to formazan

of materials®. Cell-based assays are versatile tools designed to measure cellular or
biochemical functions of cells. These in vitro assays can be conducted to study the
toxicity of test materials®2. The understanding of biological interaction with materials is
key to the development of materials for tissue engineering applications*>*3. The materials
with cytotoxic effects are likely to affect the cell viability, including cellular metabolism,
cell proliferation, and in many cases trigger programmed or necrotic cell death®?. There is
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a variety of methods for detecting viable eukaryotic cells. These include tetrazolium
reduction, resazurin reduction, protease markers, ATP detection, etc. The most commonly
used are tetrazolium salts, including, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium  (MTS), and 2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT).

MTT is one of the most widely used probes to study cell viability, cytotoxicity,
proliferation, chemo and radiosensitivity in vitro®. It is reduced to purple-coloured
formazan derivatives by the action of nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent enzymes of the endoplasmic reticulum. MTT reduced to formazan
by NADH transferring an electron to MTT (Figure 3.9). The metabolic activity is higher
in actively proliferating cells under optimal cell culture conditions as compared to
intoxicated cells®2. The quantity of a purple coloured formazan, formed from tetrazolium

reduction is directly proportional to metabolic active cells®* .

For the MTT calorimetric assay, the tetrazolium dye is added to the cells after their
incubation with material and is converted to an insoluble formazan derivative. This
insoluble formazan derivative then solubilized prior to analysis. The assay is carried out
in dark due to the light-sensitive nature of MTT. The absorbance of the solution is read

using a spectrophotometer at (usually between 500 nm and 600 nm)32%¢,

The formazan, the insoluble product may accumulate in the cells or in the culture
medium to stabilize colour, avoid evaporation and interference by the phenol red,
formazan solubilized in the acidified isopropanol, DMSO, dimethylformamide, SDS, etc.
Acidification changed phenol red to yellow colour less interfering with absorbance

readings. The pH of the solubilizing solution can be adjusted for sensitivity issues®**".

3.11 Mineralization assay/ Osteoblastic differentiation assay:

Osteoblast differentiation in vitro and in vivo can be characterized by matrix
mineralization in which Osteoblasts secrete and mineralize the bone matrix. The
mineralized extracellular matrix is mainly composed of type I collagen, and smaller but
significant amounts of osteocalcin, matrix gla protein, osteopontin, bone sialoprotein,

BMPs, TGF-B, and the inorganic mineral hydroxylapatite which contains calcium
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deposits. Calcium deposition can be visualized using adequate staining methods like
alkaline phosphate staining, Alizarin red S staining, and Von kossa staining. The use
Alizarin red S staining, and VVon kossa staining for detection of mineralization used by
various researchers such as differentiation of dental pulp stem cell osteogenic
differentiation on fluorapatite modified PCL fibres®®. Calcium deposits are an indication
of success in vitro bone formation and can specifically stain bright orange-red using
Alizarin Red S or black precipitates using Von kossa staining™.

3.11.1Alizarin red S staining:

Alizarin red S (ARS) is typically used to visualize Ca®* ion included in a
hydroxyapatite that deposits during osteoblast differentiation®®. One mole of alizarin red
has the capacity to bind 2 moles of calcium. The alizarin red gives a red colour when it
binds to the mineralized matrix. The hMSCs cultured in osteoblastic differentiation media
for 21 days, showed dark staining with ARS as compared to hMSCs cultured on MEM
medium®. The ARS Assay showed more staining and higher absorbance value on
phosphocreatine modified chitosan (CS_MP) seeded with FOB cells compared with pure
chitosan group on the 14™ day as compared to the 7" day. The calcium deposition was
increased with time by cells cultured on CS_MP scaffolds*®. Calvarial osteoblasts (OBs),
bone marrow stromal cells (BMCs), periosteum-derived cells (PDCs) exhibited greater
mineralization with ARS staining on osteoblastic medium than culture medium®. ARS
staining with calvarial primary osteoblasts cultured under static magnetic field and
particularly with the presence of magnetic nanoparticles in the PCL scaffolds showed
darker staining after 10th day**. The BMPs were assessed for an osteoinduction of MSCs
for 21 days of culture. There was significant mineralization and bone nodules formation
when MSCs cultured with a combination of BMP-2+BMP-6+ BMP-9, confirmed by ARS

staining®.
3.11.2 Von kossa staining:

The Von kossa staining was used to evaluate the osteoblastic differentiation of
MSCs through mineralization. After up to 24 days of culture of MSCs into osteoblastic
induction medium, there was mineralization from 14 days onwards in increasing manner,

as confirmed by Von kossa staining*®. The Foetal rat calvariae (FRC) cells were cultured
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on osteoblastic medium showed mineralization or bone nodules formation on day 14, as
confirmed by Von kossa staining?’. The BMPs were assessed for an osteoinduction of
MSCs for 21 days of culture. There was significant mineralization and bone nodules
formation when MSCs cultured with a combination of BMP-2+BMP-6+ BMP-9,
confirmed by Von kossa staining®. When MSCs cultured on biphasic calcium phosphate,
calcium phosphate in presence of conditioned medium containing significant growth
factors, mineralization was observed with positive Von kossa staining on 21 days of

culture®,
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Chapter 4: Synthesis and Characterization of Scaffolds

4.1 Introduction:

The bone tissue engineering has become one of the mainstream researches in the
regeneration, repair or restructuring of bone tissues. A plethora of research methodologies
have been bourgeoned with biomaterials and their applications in the field of tissue
engineering and regenerative medicine. The various polymers like poly e-caprolactone
(PCL), poly-d, I-lactic acid (PDLLA), poly (L/DL-lactide) (PLDL)? PLLA?3, poly (DL-
lactic-co-glycolic acid) (PLGA)* shown to be a potential candidate with good mechanical
properties like tensile strength, elastic modulus, biocompatibility, higher cellular
properties and even bone formation in a rat model>. The PCL is biocompatible,
biodegradable as well as FDA approved material and used extensively in tissue
engineering applications. PCL along with Hydroxyapatite (HA)®. PCL-gelatin hybrid
nanofibrous membranes’. PCL-(Poly-1,4- butylene adipate-co-polycaprolactam

(PBAPCL)-HA composite scaffold® were used in bone tissue engineering.

Easily electrospinnable synthetic polymers are primarily hydrophobic such as PCL,
PLA, etc. For application in tissue engineering, the hydrophobicity of the nanofibrous
mesh should be modified to be partly hydrophilic. Introduction of hydrophilic property to
hydrophobic nanofibers has been attempted in various ways by surface modification, e.g.
flame treatment, corona discharge treatment, plasma modification, and surface graft
polymerization®. Surface modification is an important aspect in the field of tissue
engineering to increase the cell attachment and cell proliferation. The surface
modification also helps in improvement of the biological properties of scaffolds. The
interaction between tissue and foreign surface largely depends upon the surface properties
of materials such as wettability, roughness or topography, surface charge and

chemistry'®*,

The layer-by-layer method is a simple, relatively fast, environmentally benign, and
potentially economic process™ to prepare uniform multilayer films on substrates from
solution. It is fast and irreversible deposition, easy to control the thickness of deposited
film and uniform surface coverage®®. The poly (ethylene terephthalate) (PET) was
modified with poly (allylamine hydrochloride) using layer by layer deposition approach.
It significantly improved wettability and mechanical strength of the PET films'2. An

electrospun PCL-poly (ethyleneimine) (PEI) block copolymer was modified by poly
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(ethylene glycol) (PEG) to transform original hydrophobic mesh to hydrophilic mesh
using a layer by layer method. There was an improvement in cell viability and cell
attachment of epidermal cells®. The PLA-PEI films were also modified with graphene
oxide (GO)™. The polyamic acid (PAA)-PEI-GO films were prepared using layer by
layer method™®.

The carbon materials are considered as similar physical analogues of extracellular
matrix (ECM) like that of collagen fibres®. The graphene oxide (GO) and graphene (GP)
has become the biomaterial of the 21* century as being potential of applications in
electronics to biomedical applications and tissue engineering. The extravagant mechanical
properties, biocompatibility and osteoinductive properties of GO/GP would make them

one of the most foreseen biomaterials in the regenerative medicine in coming years.

Figure 4.1: Cissus quadrangularis plant

A medicinal plant Cissus quadrangularis (CQ), (Figure 4.1) also known as
Vajravalli in Sanskrit, in Hindi Hadjod, in Marathi Kandvel, and in English Edible
Stemmed Vine. The medicinal properties of the plant have been described in the ancient
book ‘“BhawaPrakash”. The plant has immense medicinal potential with reported
antimicrobial and antioxidant activity”®>. Methanolic extract of CQ revealed the faster
bone healing in the experimentally fractured radius-ulna of the dog as well as complete
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bone healing on the 21% day as compared to an untreated group of dogs®®. CQ Stem
extract has soaring calcium and phosphorous. Extract of this plant is proved to be useful
for bone fracture healing'’. The effective constituents of CQ may encourage proliferation
and differentiation of MSCs into osteoblasts and bone formation via wnt-LRp5-B-catenin
or MAPK dependent pathway'®. The results showed that PCL-CQ-HA nano-fibrous
scaffolds have appropriate surface roughness for the osteoblast adhesion, proliferation,
and mineralization comparing with other scaffolds which makes them potentialy
biocompatible material for bone tissue engineering®®. CQ fast-tracks fracture healing and
also stimulate early bone remodelling. A plant based steroid is supposed to be the key
component in CQ. It has been observed that CQ acts by stimulation of metabolism like
the increased expression of osteopontin and increased uptake of the minerals calcium,

sulphur, and strontium by the osteoblasts in fracture healing®.

Here, porous PCL electrospun sheets were modified with GO/GP and CQ using the
layer-by-layer method. Also, the ink of GO, GP and CQ callus culture extract and their
respective combinations were prepared. Porous PCL electrospun sheets were modified
with GO/GP and CQ ink by paint method. The paint method is novel and unique, similar
to artwork painting. These composite scaffolds were characterized and studied for bone

tissue engineering.
4.2 Materials and Methods:
4.2.1 Materials:

PCL (average Mol. Wt. 80000 gmol™), GP, GO (GO and GP prepared by
Modified Hummer’s method were supplied by Sachin Kochrekar, Department of
Chemistry, Defence Institute of Advanced Technology, Girinagar, Pune), CQ plant, MS
medium No.6, NAA (a-Naphthalene acetic acid), BAP (6-Benzylaminopurine), sucrose,
Agar, 70% ethanol, 0.01% Hypo chloride (HgCl,) solution (Himedia), Collagenase type
IV, Dispase Il, phosphate buffer saline (PBS), Trypsin (0.05% and) EDTA (0.02%)
(Sigma Aldrich), Dulbecco's Modified Eagle’s Medium (DMEM), Ham’s F12 (DMEM:
HF12, 1:1), (Invitrogen), Penicillin, streptomycin, human umbilical cord blood serum,
(Sigma Aldrich).

Shivaji Kashte, D Y Patil Education Society, Kolhapur: Ph.D. Thesis 2019

81



Chapter 4: Synthesis and Characterization of Scaffolds

4.2.2 Methods:
4.2.2.1 Cissus quadrangularis Callus Culture:

Plant callus is nothing but a mass of unorganised plant parenchyma cells made from
structural tissue and not from individual cells. These cell mass can also be considered as
stem cell pull of plant as they give rise to shoot or root of plant depending on their growth

medium.
4.2.2.1.1 Cleaning of Glassware:

All the glasswares were cleaned using mild anionic detergent and dried in the oven.

These glasswares were sterilized by autoclaving at 15 Ibs/in?, 121° C for 20 min.
4.2.2.1.2 Preparation of Media:

The stocks of o-Naphthalene acetic acid (NAA) (1 mg/mL) and 6-
Benzylaminopurine (BAP) (1 mg/mL) were prepared and stored at 4° C in freeze and used
for medium preparation. For preparation of callus induction medium, MS medium No.6
(2.26 g/l), NAA 2.5 mg/l, BAP 0.5 mg/l, sucrose 40 g/l, Agar 10 g/l were used. The pH of
the medium was adjusted to 5.7 and then the agar was added to the medium. The medium
was warmed to liquefy the agar. Medium distributed in test tubes and plugged with
cotton. Medium was autoclaved at 15 Ibs/inch?, 125°C for 20 min. After autoclaving tubes

were kept in slanting position & allow cooling and solidifying.
4.2.2.1.3 Explant sterilization:

The CQ plant was identified and confirmed in the surrounding region of Kolhapur,
Maharashtra, India. The stem parts of the plant were isolated. Petioles were separated
from stems. The stem of plant washed for 10 min in running tap water. The stem of fresh
plant surface was sterilized by 70% ethanol (v/v) for 5 min. Stem explants immersed in
0.01% HgCl, (mercuric chloride) solution for 1.5 & 3 min. respectively. After that, these

stem explants washed 5 times with distilled water. Stems cut into 10-13 mm pieces.
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4.2.2.1.4 Inoculation of Explants:

These surface sterilized explants inoculated into the centre of media containing
tubes with the help of sterilized forceps. The culture tubes or bottles mouth flame

sterilized before and after inoculation of explants. Test tubes were plugged with cotton.
4.2.2.1.5 Culture of Explants:

The culture tubes stored at air-conditioned culture room at temp 28°C, 60%
humidity and kept in dark. These cultures were observed on daily basis for callus
formation. The contaminated culture tubes were immediately discarded. Further, all the

precautionary measures were taken to avoid any contamination.
4.2.2.1.6 CQ callus powder extraction:

The fully grown callus from the 4-5 weeks grown culture was selected and
dehydrated, dried and fine powder was made. The crude extract was prepared by using a
Soxhlet apparatus with ethanol. The obtained extract again was partitioned with
petroleum ether and the pure form of the extract was prepared.

4.2.2.1.7 Salkowski test:

The finally prepared pure callus extract was tested by Salkowski test to determine
the presence of phytosterol, the main component responsible for the osteoinductive
property. A small quantity of extract dissolved in 1mL of chloroform. Few drops of
concentrated Sulphuric acid were added along the walls of the test tube. Formation of the

brown ring at the bottom of the test tube indicates the presence of Phytosterol.
4.2.2.2 Preparation of scaffolds by electrospinning:

PCL solution (10% w/v) was prepared by 30 hours of magnetic stirring in the THF
(Tetrahydrofluran): Methanol (3:1). The PCL scaffold sheets were fabricated by
electrospinning with parameters of flow rate of 0.8 mL/h, voltage 12kv and 12.5 cm
distance. The GO solutions (1 mg/mL), GP solutions (1 mg/mL), and CQ solution (1
mg/mL) were prepared by dispersing/dissolving in distilled water and sonication.
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The ink of GO (1 mg/mL), GP (1 mg/mL), and CQ (1 mg/mL) were prepared by
dispersing/dissolving components in distilled water and sonication then after. The GO-
CQ and GP-CQ ink (1:1v/v) were also prepared.

4.2.2.3 Modification of scaffolds using layer by layer method:

The PCL scaffold sheets fabricated by electrospinning used for further surface
modification of scaffolds. Preparation of PCL-GO, PCL-GO-CQ, PCL- GP, PCL- GP-CQ
scaffolds were carried out by repetitive dipping of 2 minutes and air drying of these
sheets for multiple cycles as 30, 60 cycles and overnight dipping. There is an alternative
layer of GP and CQ deposited on the PCL-GP-CQ scaffolds. There is an alternative layer
of GO and CQ deposited on the PCL-GO-CQ scaffolds. While there is a single layer of
GP on the PCL-GP scaffolds and of GO on the PCL-GO scaffolds. The leaching of the
additives (GO and GP) from the scaffolds was investigated as per 1SO-10994-12.
Experiments were performed in batch mode as incubated with extractants. The 0.1 g of
scaffolds per 1 mL of distilled water was incubated at 37 °C for 72 hrs. The concentration
of GO and GP in the obtained extracts was determined by measuring the absorbance at
233 nm and 263 nm for GO and GP respectively, using a UV-visible spectrophotometer.
The standard calibration curve of GO and GP were also plotted to calculate their
respective concentrations. Ultraviolet-visible (UV-Vis) absorption spectra were recorded
using a 1cm path length quartz cuvette with distilled water as the reference on a U-2001
UV/Vis Spectrophotometer (Hitachi). Depending on the binding of these substrates

scaffolds were selected for further study.

The leaching (Figure 4.2) is least in the overnight dipped samples then followed by
60 cycles. Leaching is higher as compared to 30 cycles. This could be due to more
interaction between PCL and GO or GP in the 60 dipped cycles. In the overnight dipped
samples, the deposition was not uniform. Therefore, we are choosing 60 cycles over 30
cycles and overnight dipped samples as because of more uniform deposition as well as
less leaching. The leaching study is not significant as there is very small amount of GP/

GO in the leached solution.
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4.2.2.4 Modification of Scaffolds by Paint method:

The surface of PCL scaffold sheets fabricated by electrospinning was modified
using yet another method to compare the best surface modification technique. Preparation
of PCL-GO, PCL-GO-CQ, PCL-GP, PCL-GP-CQ scaffolds were carried out by a
respective painting of the ink. The ink was simply single painted by acrylic painting brush
(flat, midsize) with hands. After painting, these were allowed to dry at room temperature.
The leaching study carried out for adhesion of GO and GP in painted scaffolds similar to
layer by layer scaffolds. The leaching study (Figure 4.3) shows a small amount of GP
leached from PCL-GP and PCL-GP-CQ scaffolds. There is a small amount of GO
leaching from PCL-GO and PCL-GO-CQ scaffolds. The leaching study is not significant

as there is a very small amount of GP, GO in the leached solution.
4.2.2.5 Characterization of Scaffolds:

The prepared scaffolds were characterized for morphological, chemical, physical,
mechanical and biological properties.

4.2.2.5.1 Morphological analysis:

The morphologies of the electrospun pure polymeric and composite scaffolds were
examined by field emission scanning electron microscope (FESEM, Carl Zeiss, Germany)
at an accelerating voltage of 15 kV. For FESEM, the samples were cut into 5X5 mm
sqguares, mounted on to sample stubs; sputter coated with gold/palladium using an SC
7640 Sputter Coater (Quorum Technologies Ltd, UK). The coated GO were analysed on
the electrospun fibres of PCL. The pore size and fibre diameter range of the scaffolds
were calculated from the FESEM micrographs using image analysis software (ImageJ,
National Institutes of Health, Bethesda, USA).

Surface properties of the modified PCL surface sheets were analysed by atomic
force microscopy (AFM, Asylum Research) by tapping mode. The scaffolds were cut into
small pieces and stuck on a glass slide by cellophane tape. The scan rate of 1.0 Hz and a

scan area of 10um were used for imaging.
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Figure 4.2: Leaching study of Layer by layer scaffolds (*p< 0.05)
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Figure 4.3: Leaching study of Paint scaffolds (*p< 0.05)
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Figure 4.4 Layer by layer scaffolds. A. PCL; B: PCL-GP; C: PCL-GP-CQ; D.

PCL; E: PCL-GO; F: PCL-GO-CQ

Figure 4.5 Paint scaffolds. A. PCL; B: PCL-GP; C: PCL-GP-CQ; D. PCL; E:

PCL-GO; F: PCL-GO-CQ

4.2.2.5.2 Physical analysis:

FTIR spectra were recorded for all scaffolds (FTIR, Brucker, Germany). The

spectra were obtained with 30 scans per sample ranging from 4000 to 500 cm™.
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The TGA of scaffolds was studied with a thermogravitometric analyser (Universal
V4.7A TA Instrument) instrument under the nitrogen atmosphere in the temperature
range from 30°C to 800°C at a heating rate of 10°C/min.

4.2.2.5.3 Wetting properties:

The water contact angle was determined by sessile drop method and Drop shape
image analysis using water as droplet with contact angle goniometer (KRUSS, Germany).
Contact angle measurement of liquid droplets on a solid substrate (n=3) was used to
characterize surface wettability, surface cleanliness and the hydrophilic/hydrophobic

nature of the surface.
4.2.2.5.4 Mechanical Properties:

Tensile properties were calculated at room temperature with a UTM (STS 248, Star
Testing Systems, India). Scaffold cut into cylinders (n=3) were tested. The loading was
100 N (maximum loading) and the crosshead speed (strain rate) was 5mm/min. From the

resulting stress-strain curves, yield strength and tensile strength were calculated'®#%,

4.2.2.6 Isolation and Culture of hUCMSC:s:
4.2.2.6.1 Collection of Human umbilical cords (HUCs):

The human umbilical cords were collected from caesarean deliveries with patient
consent. The collected cord was stored in the L15 medium and transported to the lab.
Collected HUCs were washed with PBS to remove cord blood and blood clots and surface
disinfection was carried out using 10% betadine solution for 5 minutes. These cleaned
cords were used to isolate human umbilical cord Wharton’s Jelly mesenchymal stem cells

(hUCMSCs).
4.2.2.6.2 Isolation and expansion of hUCMSCs:

In culture lab under strict sterilization, blood vessels were removed from cleaned
cords and cords were chopped into pieces of 1-2 mm length using sterile surgical blade.
The chopped cord tissue was digested with a mixture of enzymes Collagenase Type IV
and Dispase 11 (7:1v/v) for 30 min at 400 rpm and 37°C on the magnetic orbital shaker.
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Similarly the tissue was incubated with Trypsin (0.05%)-EDTA (0.02%) for 20 minutes.
The homogenate was then filtered using a sterile muslin cloth and centrifuged at 1500
rpm for 10 minutes to isolate pellet. Then this pellet containing cells were washed and
cultured in the Dulbecco's Modified Eagle’s Medium (DMEM), Ham’s F12 (DMEM:
HF12, 1:1) medium supplemented with 10% serum and penicillin (100 units/mL) and
streptomycin (100 pug/mL). The cells were incubated for 48 hours at 37°C, 5% CO,. The
medium was changed after every 48 hrs and the first passage was carried out after 8
days and then after every 4 days. The isolated hUCMSCs were cryopreserved using
10% DMSO with standard protocol®.

4.2.2.7 In Vitro Studies:
4.2.2.7.1 Cell Seeding

Scaffolds were cut appropriately to fit in 48 well plate. These scaffolds were
washed with PBS thrice and then sterilized by ethylene oxide (EtO). The T 75 culture
flasks of 80-90 % confluent with hUCMSCs were taken, medium removed and cells were
trypsinized. The 2mL of DMEM was added to each flask and 100ul of this suspension
taken for cell count. The 1.0X10* cells/mL were seeded into each well. Cell suspension
kept on scaffolds centrally. These cell seeded plates incubated for 2 hrs at 37 'C, 5% CO2
for good cell attachment. After this incubation, DMEM medium was added to each well
and incubated these plates at 37°C, 5% CO,. According to the kind of cell study, cell-
seeded scaffolds were incubated for 1, 4 and 7 days for cell attachment, cytotoxicity and

proliferation studies.
4.2.2.7.2 MTT Cell Viability and Proliferation Assay:

MTT (3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyltetrazolium bromide) is prepared in
DMEM at the final concentration of 5mg/mL (pH=7.4), filter sterilized through 0.2 uM
filter in to sterile, light-protected container. 50 pl MTT solutions were added into each
well-containing cells seeded scaffolds. Dimethyl sulfoxide (DMSQO) was added to each
well after incubation of 3 hrs, to dissipate formazan crystals. The quantity of a purple
coloured formazan, formed from tetrazolium reduction is directly proportional to

metabolically active viable cells. The absorbance was measured at 570 nm using a plate
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reader spectrophotometer. Reference was set at 650 nm?*. The same procedure was
followed for 4th and 7th day.

4.2.2.7.3 Cell Attachment Study:

Cell-seeded scaffolds incubated for 24 hours were taken out from the incubator at
respective time intervals and aspirated the medium from plates, washed two times with
PBS. Cells were fixed on scaffolds with 4% paraformaldehyde. Plates were kept in freeze
and then analysed with FESEM.

4.2.2.7.4 Confocal Microscopy Imaging:

Cell-seeded scaffolds incubated for 1, 4 and 7 days were also fixed with 4%
paraformaldehyde and cells were permeabilized using permeabilization buffer. Cell-
seeded scaffolds then stained with DAPI for nuclear visualization. Slides were mounted
on mounting media and images were taken with a confocal microscope (Zeiss, Germany).

The images were analysed with Zen Software (Zeiss).
4.2.2.7.5 Osteoblastic Differentiation:
4.2.2.7.5.1 Alizarin Red S staining for calcium:

The calcium deposition was analysed by Alizarin Red S staining. The specimens
were prepared by fixing the cells with 10% formalin. The 2% Alizarin Red S stain (pH
4.2) was added enough to cover cell monolayer and incubated at room temperature for 45
minutes at dark. After this, the scaffolds were cleansed with PBS. The samples were
observed by using Inverted Phase contrast microscope equipped with a digital camera.
These scaffolds quantified using a solution of 10% acetic acid. After 30 min incubation
with acetic acid, the scaffolds were placed into a microcentrifuge tube, heated at 85 ° C
for 10 min, cooled, and centrifuged at 10,000g for 15 min; 500 ul of the above solution
was taken and neutralized with 10% ammonium hydroxide. The 150 ul of this solution
was transferred to a 96 well plate and the quantity of Alizarin Red S was determined by

measuring absorbance at 405 nm*?’.
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4.2.2.7.5.2 Von Kossa staining for calcium:

The scaffolds also evaluated for calcium deposition by using Von Kossa staining.
The samples were fixed by 10% formalin and then 1mL of 5% silver nitrate (AgNO3)
solution used to stain the samples at room temperature for 60 min. in UV light. The stain
was removed and the samples were visualized under Inverted phase contrast microscope

and images were taken.
4.3 Statistical analysis:

Statistical analysis of all data was performed using the Origin Pro 8.5 software.
Data are presented as the Mean+ standard deviation. Statistical significance was assessed
by student’s t-test. (P<0.05 *; P<0.005 **)
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5.1 Introduction:

Bone is the second utmost transplanted tissue following blood". The bone tissue
engineering has become one of the mainstream researches in the regeneration, repair or
restructuring of bone tissues. A plethora of research methodologies have been bourgeoned
with biomaterials and their applications in the field of tissue engineering and regenerative
medicine. The various polymers like poly e-caprolactone (PCL), poly-d, I-lactic acid
(PDLLA)?, poly (L/DL-lactide) (PLDL)? PLLA®* poly (DL-lactic-co-glycolic acid)
(PLGA)® have showed to be potential with its mechanical properties like tensile strength,
elastic modulus, biocompatible, higher cellular properties and even bone formation in rat
model'. The PCL is biocompatible, biodegradable and FDA approved material and used
extensively in tissue engineering applications. PCL along with Hydroxyapatite (HA)®,
PCL-gelatin hybrid nanofibrous membranes’, PCL-(Poly-1,4- butylene adipate-co-
polycaprolactam (PBAPCL)-HA composite scaffold®, are used in bone tissue engineering.

Easily electrospinnable synthetic polymers are primarily hydrophobic such as PCL,
PLA, etc. For application in tissue engineering, the hydrophobicity of the nanofibrous
mesh should be modified to be partly hydrophilic. An introducing hydrophilic property to
hydrophobic nanofibers has been attempted in various ways by Surface modification, e.g.
flame treatment, corona discharge treatment, plasma modification, and surface graft
polymerization®. Surface modification is an important aspect in the field of tissue
engineering to cell attachment and cell proliferation. The surface modification also helps
in the improvement of biological properties of scaffolds. The interaction between tissue
and foreign surface largely depends upon surface properties of materials such as

wettability, roughness or topography, surface charge and chemistry'®*".

A layer-by-layer method is a simple, relatively fast, environmentally benign, and
potentially economic process™ to prepare uniform multilayer films on substrates from
solution. It is fast and irreversible deposition, easy to control of the deposited film
thickness and uniform surface coverage'®. The poly (ethylene terephthalate) (PET) is
modified with poly (allylamine hydrochloride) by layer by layer deposition. It
significantly improved wettability and mechanical strength of the PET films'%. An
electrospun PCL-poly (ethyleneimine) (PEI) block copolymer is modified by poly
(ethylene glycol) (PEG) to transform original hydrophobic mesh to hydrophilic mesh
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using layer by layer method. There is an improvement in cell viability and cell attachment
of epidermal cells®. The PLA-PEI films are also modified with GO™. The polyamic acid
(PAA)-PEI-GO films are prepared by layer by layer method™.

The carbon materials are considered to be a similar physical analogue of
extracellular matrix (ECM) like that of collagen fibers'. The graphene oxide (GO) and
graphene (GP) has become the biomaterial of the 21% century as being potential of
applications in electronics to biomedical applications and tissue engineering. The
extravagant mechanical properties, biocompatibility and osteoinductive properties of
GO/GP would make them one of the most foreseen biomaterials in the regenerative

medicine in coming years.

The medicinal properties of the Cissus quadrangularis (CQ) plant have been
described in the ancient book Bhawa Prakash. The plant has immense medicinal potential
with reported antimicrobial and antioxidant activity'®. Methanolic extract of CQ has
revealed the faster bone healing in the experimentally fractured radius-ulna of the dog as
well as complete bone healing on the 21% day as compared to an untreated group of
dogs®®. CQ Stem extract has soaring calcium and phosphorous. Extract of this plant is
proved to be useful for bone fracture healing’’. The active constituents of CQ may
promote proliferation and differentiation of MSCs into osteoblasts and bone formation via
wnt-LRp5-B-catenin or MAPK dependent pathway®. The results show that PCL-CQ-HA
nano-fibrous scaffolds have appropriate surface roughness for the osteoblast adhesion,
proliferation, and mineralization comparing with other scaffolds, making them potential
biocompatible material for bone tissue engineering®®. CQ fast-tracks fracture healing and
also stimulate early bone remodelling. A plant-based steroid is supposed to be the key
component in CQ. It has been observed that CQ acts by stimulation of metabolism like an
increased expression of osteopontin and increased uptake of the minerals calcium,
sulphur, and strontium by the osteoblasts in fracture healing®.

Here, porous PCL electrospun sheets are modified with GO or GP and CQ by a
layer-by-layer method. These composite scaffolds are characterized and studied for bone

tissue engineering.
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5.2 Results and Discussion:

5.2.1 CQ callus culture and powder extraction:

Figure 5.1: CQ callus culture. A: Callus formed from CQ stem explant; B:
Control CQ stem explant; C: Salwoski test. The brown ring formed at the bottom of

the test tube confirms the presence of phytosterols in the callus extract.

The brown coloured callus is observed after the 4 weeks of culture (Figure 5.1:
A)*Y?2 The extracted CQ callus extract shows the presence of Phytosterol, is confirmed
by the formation of the brown ring at the bottom of test tube as indicated in Salkowski
test (Figure 5.1: C), similar to shown elsewhere. The Phytosterols are osteoinductive in
nature®. These phytosterols stimulate increased expression of osteopontin and increased
uptake of the minerals such as calcium, sulphur, by the osteoblasts in fracture healing,

acting as the main component in bone regeneration®.
5.2.2 Preparation and Characterization of Scaffolds:
5.2.2.1 Morphological analysis:

The SEM analysis is performed for the morphological analysis of the electrospun
PCL and LBL composite scaffolds. SEM images (Figure 5.2) shows the electrospun PCL
scaffolds with smooth fibre structures while that of LBL scaffolds are decorated with the
GP-CQ and GO-CQ are rough in nature. The fibre diameter (Table 5.1) is increased in the
PCL-GO and PCL-GP scaffolds as compared to PCL scaffolds. The Fibre diameter is
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significantly increased in the PCL-GO-CQ scaffolds. The GO layers on the PCL-GO,
PCL-GO-CQ and GP layers on the PCL-GP, PCL-GP-CQ scaffolds are randomly
distributed throughout the PCL sheet. The enhanced rough surface and fiber diameter is

helpful for protein adhesion, cell adhesion and cell proliferation®.

Surface properties of the PCL and surface modified PCL sheets are analysed by
atomic force microscopy (AFM) by tapping mode. The AFM images (Figure 5.3) reveals
the rough surface of the scaffolds. The root mean square roughness (RMS) values are
PCL (146+10 nm), PCL-GO (22248 nm), PCL-GO-CQ (341+9nm), PCL-GP (270+10
nm) and PCL-GP-CQ (278+11 nm). The modified scaffolds PCL-GO and PCL-GP are
rough as compared to the PCL scaffold. The PCL-GO-CQ scaffolds show highest

roughness as compared to other scaffolds.

The rough surface is beneficial in cell attachment and proliferation. Surface
roughness affects the adsorption of fibronectin and albumin in vitro® and promotes cell
attachment and adhesion on the surfaces of composites and osteoblast proliferation,
differentiation and matrix synthesis and local factor production. Surface roughness has a
positive effect on bioactivity, water uptake and cytocompatibility of the composites?.
The similar results are analysed by other researchers. The coating of polyethyleneimine-
GO on PLA films have showed rough, uneven, mountain-like topography compared to
uncoated PLA films'*. The GO films on Si/SiO, have showed nanoripples with high
density®.

5.2.2.2 Physical analysis:

The FTIR spectra (Figure 5.4) show the presence of PCL, GO, GP and CQ in the
respected scaffolds. Distinctive absorption peaks of asymmetric CH, stretching at 2926
cm™ and symmetric CH, stretching at 2860 cm™, C=0O/carbonyl stretching at 1720 cm™,
C-O and C-C stretching at 1293 cm™, asymmetric C-O-C stretching at 1240 cm™ are for
PCL. Carboxylic C=0 bend at 1719 cm™, C=C bend at 1569 cm™ C-O bend at 1220 cm™
for GO, C-C stretching at 1576 cm™, C-OH stretching at 1365 cm™, alkoxy C-O
stretching at 1150 cm™ and 1069 cm™ for GP. Alkane asymmetric C-H stretching at 2920
cm, alkane symmetric C-H stretching at 2847 cm™, C=0 stretching at 1708 cm™ and
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Scaffold Structure Fibers within Scaffolds
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Figure 5.2: Field emission scanning electron microscope (FESEM) images. A:
PCL; B: PCL-GO; C: PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ; Scale bar 3um&
300nm
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Figure 5.3: Atomic force microscopy (AFM) 2D and 3D images. A: PCL; B:
PCL-GO; C: PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ); Scale bar 2um
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1459 cm™, Alkane C-H bending at 1377 cm™ and 1163 cm™, C-N stretching at 1150 cm™
-1000 cm™, C=S stretching at 1032 cm™ for CQ.

The FTIR spectra (Figure 5.4) confirm the interaction of PCL with GP, GO and CQ
in the respective scaffolds. In the composite scaffolds there are many overlapping peaks
observed between PCL, GP, GO and CQ, therefore could not be clearly differentiated.
However, integrating and or broadening of peaks confirm the presence of these multiple

components. Similar kind of results obtained elsewhere'®?’.

Thermal degradation of scaffolds (Figure 5.5) is studied by determining the weight
loss of sample with increasing temperature. The PCL scaffold displays one main
degradation at 433 °C (88 % weight loss) and 487 °C (10 % weight loss) with 2% residue
: PCL-GO: 431 °C (88 % weight loss) and 526 °C (12 % weight loss) with complete
degradation; PCL-GO-CQ: 431 °C (87 % weight loss) and 586 °C (13 % weight loss)
with complete degradation; PCL-GP: 430 °C (76 % weight loss) and 578 °C (13 % weight
loss) with 11% residue; PCL-GP-CQ: 429 °C (84 % weight loss) and 505 °C (15 %
weight loss) with 1% residue. There is complete degradation of PCL-GO and PCL-GO-
CQ scaffolds. It could be due to pyrolysis of liable oxygen-containing groups in GO, or
phytosterols. The similar results are found in GO incorporated PLGA scaffolds?®, PCL
scaffolds®. The incorporation of polyethyleneimine-GO into PLA films they are majorly
degraded™. There is residue remaining in PCL-GP, PCL-GP-CQ scaffolds. It could be
due to GP has lower activation energies for oxidation. The amorphous carbon is likely to
to be oxidized at around 500 °C¥®. Also fluctuations in the degradation temperature could
occur due to different heating rates™.

5.2.2.3 Wetting properties:

The water contact angles of PCL and modified PCL-GO, PCL-GO-CQ and PCL-
GP, PCL-GP-CQ are shown in Figure 5.6 and Table 5.2. The plain PCL scaffolds are
hydrophobic while LBL modified scaffolds PCL-GP, PCL-GP-CQ, PCL-GO, and PCL-
GO-CQ are hydrophilic in nature. The PCL-GO-CQ scaffolds show the lowest water
contact angle and the highest hydrophilicity. The incorporation of GO, GP and CQ into

the respective scaffolds have increased the hydrophilicity of the scaffolds.
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Figure 5.4: Fourier Transform Infra-Red (FTIR) spectra of the scaffolds.

Table 5.1: Properties of scaffolds. Fiber diameters are mentioned in the table.

Fibre Diameter (nm)
Sl. No. Type of Scaffolds

(Mean £SD)
1 PCL 226.37+16.92
2 PCL GO 1929.64+694.94
3 PCL GOCQ 2369.74+681.45
4 PCL GP 1029.5+183.51
5 PCL GPCQ 1374.66+224.25

This is because of the nature of GO and CQ possessing hydrophilic carboxylic and
hydroxyl containing functional groups®. The hydrophilic surface provides better cell
attachment, spreading and proliferation of cells than hydrophobic surfaces. The
hydrophilic surface allows absorption of fibronectin which is important in osteoblast
adhesion in vitro®. A similar decrease in hydrophilicity is observed elsewhere. The
contact angle of Poly (3-hydroxybutyrate-co-4-hydroxybutyrate) is also decreased on the
addition of GO making hydrophobic to hydrophilic. It also have showed the increasing
concentration of GO decreases the contact angle®. The contact angle of PLA decreased in
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the addition of GO***. The hydrogen bond interactions between oxygen-containing
groups present in GO and water can explain this behaviour. The contact angle of
poly(lactic co glycolic acid) (PLGA) is also decreased in the addition of GO?®. The
hydrophilicity of PLLA? is also increased on the addition of CQ crude extract. The
contact angle of PCL is decreased from 133 to 37 on the addition of CQ™.

e PCL.
— PCL, GO
= PCL GO CQ
o= ———PCL GP
— PCL GP CQ
80
§ 60 -
=
20
)
$ 40 -
20
0
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Figure 5.5: The Thermogravimetric analysis (TGA) of scaffolds

Table 5.2: Properties of scaffolds. The contact angle and mechanical properties

are mentioned in the table.

Tensile Yield
Contact
Sl Type of Nature of strength strength
angle (Mean
No. Scaffolds sD) Scaffolds (MPa) (Mean (MPa) (Mean
+
+SD) +SD)
1 PCL 126.5£0.28  Hydrophobic 0.85+0.11 0.46x0.01
2 PCL GO 58.9+0.55 Hydrophilic  1.21+0.01 0.51+0.02
3 PCLGO CQ 55.7+0.51 Hydrophilic ~ 3.02+0.04 1.51+0.02
4 PCL GP 77.4+0.34 Hydrophilic ~ 0.86+0.01 0.49+0.01
5 PCLGP CQ 67.7+0.4 Hydrophilic  2.16+0.01 0.95+0.01
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Figure 5.6: The water contact angle of scaffolds. A: PCL; B: PCL-GO; C:
PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ

5.2.2.4 Mechanical Properties:

Tensile strength and yield strength of scaffolds are mentioned in Table 5.2. Both
tensile strength and yield strength of scaffolds have increased with the addition of GP and
CQ into the PCL sheets (in PCL-GP-CQ scaffold) and the addition of GO and CQ into the
PCL sheets (in PCL-GO-CQ scaffold). The PCL-GO-CQ scaffolds show highest tensile

strength and yield strength as compared to other scaffolds.

All the composite scaffolds PCL-GO, PCL-GO-CQ and PCL-GP, PCL-GP-CQ
have increased tensile strength and yield strength as compared to PCL alone (Table 5.2).
The increase in the concentration of GO, GP and CQ in the respective scaffolds increases
the tensile strength and yield strength of the scaffolds. It has been previously documented.
Also, tensile strength and young’s modulus of the PLLA have increased on the addition
of CQ?". Tensile strength of PCL nanofibers also improved from 0.79 MPa to 2.92 MPa
by addition of CQ™. The scaffolds with higher mechanical strength support cell-based
bone regeneration via an endochondral ossification®’. The scaffolds should be
mechanically stable so that it will retain its structure after in vivo implantation in load-
bearing tissues such as bones'***. Therefore, the mechanical properties of implanted

scaffolds should be comparable with the native tissue®**’,

5.2.3 Isolation and Culture of HUCMSCs:

The hUCMSCs (Figure 5.7) are successfully isolated from human umbilical cord
Wharton’s Jelly with a mixture of enzymes Collagenase Type IV and Dispase (7:1v/v)
and Trypsin-EDTA. These hUCMSC:s are used for further studies.
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5.2.4 In Vitro Studies:
5.2.4.1 MTT Cell Proliferation Assay:

The proliferation of hUCMSCs on different scaffolds is evaluated by MTT assay at
different time point 1%, 4™ and 7™ day. From (Figure 5.8), it is evident that the
proliferation of the cells, as determined by the absorbance, increases from day 1 to day 7
for all scaffolds. This shows the proficiency of all the scaffolds to support the
proliferation of hUCMSCs. Cell proliferation on all the scaffolds is found to be higher as
compared to control. Cell proliferation on PCL-GP-CQ is slightly higher than PCL-GO-
CQ and as compared to other scaffolds. Cell culture experiments exhibit improved
biocompatibility of PCL-GO, PCL-GO-CQ and PCL-GP, PCL-GP-CQ composite

scaffolds as compared to PCL alone (Figure 5.8).

The improved biocompatibilities of scaffolds are due to the improved hydrophilic and
rough surfaces. The presence of GO on the surface of the scaffold has improved
hydrophilicity which is required for the cell adhesion and protein adsorption. The
vitronectin and fibronectin protein adhesion are increased in hydrophilic surfaces. Also,
similar results are observed in the PLA/GO and PLA-GNP (graphene nano-platelets).
There is significantly higher MG 63 cell proliferation on GO and GNP containing PLA
scaffolds®:. The human osteosarcoma cells (HOS) have showed good biocompatibility on
Poly(1,4-butylene adipate-co-polycaprolactam) (PBA)-PCL blended with HA®. The MTT
assay have showed that there is an equivalent growth of cells on GP coated substrate like
that of a glass slide or Si/Si0,?° The PCL-CQ scaffolds have showed good growth and
proliferation of human fetal osteoblast cells (hFOB) compared to PCL alone™®.

5.2.4.2 Cell Adhesion study:

The hUCMSCs on the scaffolds appear after 24 hours of culture days (Figure 5.9).
The cells are attached on the PCL-GO, and PCL-GO-CQ, PCL-GP, PCL-GP-CQ
scaffolds. The hUCMSCs are well spread and attached on PCL-GO-CQ and PCL-GP-CQ
scaffolds The morphology of the cells is fibroidal in nature. The filopodia of the cells are
attached to the surface of the scaffold. The rough surface and hydrophilic nature of
scaffolds have contributed to the good attachment and spreading of cells on the surfaces.
(Figure 5.9). The obtained results are similar to shown elsewhere. HOS cells have showed
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Figure 5.7: Isolated human umbilical cord Wharton’s Jelly mesenchymal stem

cells (HUCMSCs). Scale bar 100um
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Figure 5.8: The cell viability and proliferation of hUCMSCs on the scaffolds
for 1, 4, and 7 days of culture studied with MTT assay (**p< 0.01, ***p< 0.001).
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flat morphologies as they adhere and spread on (PBA)-PCL blended with HA scaffolds®.
The hFOB cells cuboidal osteoblast-like morphology with filopodia and bridging each
other with the ECM, also there is a formation of the mineral particle on cell surfaces after
10 and 15 days of culture™®.

Figure 5.9: The FESEM images of cell attachment with Scaffolds. A: PCL; B:
PCL-GO; C: PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ); (Arrow showing cell
attachment with fibers), scale bar 3um

5.2.4.3 Confocal Microscopy Imaging:

Cell-seeded scaffolds incubated for 1, 4 and 7 days are also stained with DAPI for
nuclear visualization shown in (Figure 5.10). The cells are in a progressive manner from
1% day to 7™ day of culture. The Z stack images showed the cell attachment and cell
movement deep into the scaffold and not only on the surface. Cell count with ImageJ
software show that on 1%, 4"and 7" day no. of cells on PCL (884, 2683, 2773), PCL-GO
(20, 578, 2690), and PCL-GO-CQ (94, 2164, 4612), PCL-GP (78, 232, 2615), and PCL-
GP-CQ (76, 323, 2435) are respectively.

It shows the good proliferation and penetration of cells on these scaffolds. It again
shows the resemblance with the cell viability and cell attachment of the cells on these
scaffolds. The rough surface and hydrophilic nature of scaffolds have contributed to the
proliferation of cells. All the composite scaffolds show the highest cell proliferation on
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7' Day

Figure 5.10: Confocal Microscopy Imaging from 1st day to 7th day of culture.
A: PCL; B: PCL-GO; C: PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ; scale bar
100um
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the 7" day as compared to PCL scaffolds. PCL-GO-CQ scaffold show the highest cell
proliferation (Figure 5.10). The higher proliferation is due to the hydrophilic and rough
surfaces of the scaffolds. They allow absorption of fibronectin which is important in

osteoblast adhesion in vitro®?*

and promotes cell attachment on the surfaces of
composites and osteoblast proliferation, differentiation. They also have a positive effect
on bioactivity, water uptake and cytocompatibility of the composites®. Similar results are
found in GO and GP containing other scaffolds. The GP and GO films have showed the
progressive proliferation of MSCs from day 1 to day 7. There is a higher density of blue
stained nuclei on GP and GO films compared to PDMS (polydimethylsiloxane) or
Si/Si0,®. HOS cells also have showed adherence and high density on (PBA)-PCL

blended with HA scaffolds via nuclei staining®.
5.4.4 Osteoblastic Differentiation:
5.2.4.4.1 Alizarin Red S staining for calcium:

Alizarin Red S staining is used to evaluate calcium deposits in differentiated cells.
There is a red-orange complex formed with Alizarin Red S staining show the presence of
secreted mineralization. The differentiation of hUCMSCs into osteoblasts is observed
from 14 days onwards. There is mineralization on PCL-GO, PCL-GO-CQ, PCL-GP,
PCL-GP-CQ scaffolds after 21 days of culture.

Figure 5.11: Alizarin Red S staining of Layer by layer scaffolds after 14 days
and 21 days of differentiation of HUCMSCs. A A: PCL; B: PCL-GO; C: PCL-GO-
CQ; D: PCL-GP; E: PCL-GP-CQ; (A to E: without Osteoblastic differentiation
medium); F: Tissue culture plate; scale bar 100um
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Figure 5.12: Alizarin Red S staining quantification of Layer by layer scaffolds
after 14 days and 21 days of differentiation of hUCMSCs (*p< 0.05).

The maximum differentiation of hUCMSCs into osteoblasts is confirmed after 21
days of culture on the modified scaffolds of PCL-GO-CQ. These results indicate that the
synergistic effect of GO and CQ extract could enhance the expression of the osteogenic
differentiation markers and can stimulate calcium deposition (Figure 5.11 and Figure
5.12). The hUCMSCs differentiated on the scaffolds (Figure 5.11.A to E) without an
osteogenic medium is comparable with that to the control tissue culture plate (Figure
5.11.F) with an osteogenic medium. The least mineralization is on the PCL scaffolds
without an osteogenic medium. These results suggest that these scaffolds have great
potential for osteogenic differentiation of hUCMSCs.

5.2.4.4.2 Von Kossa staining for calcium:

The Von Kossa staining also is used to evaluate secreted calcium deposits in
differentiated cells (Figure 5.13). The appearance of black precipitates confirms the
positive Von Kossa staining with secreted mineral deposition. The black precipitates are
observed from 14 days onwards and are maximum and broad after 21 days of culture on
the modified scaffolds of PCL-GO-CQ as compared to other scaffolds. The hUCMSCs
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differentiated on the scaffolds (Figure 5.13.A to E) without an osteogenic medium is
comparable with that to the control tissue culture plate (Figure 5.13.F) with an osteogenic
medium. The least mineralization is on the PCL scaffolds without an osteogenic medium.
The similar results as that of Alizarin Red S staining confirm the differentiation of
hUCMSCs into osteoblasts. The osteogenic differentiation of MSCs is shown in the
presence of serum and human plasma after 28 days of culture in osteogenic media®.
Mesenchymal stem cells (MSCs) cultured on biphasic calcium phosphate, calcium
phosphate in the presence of conditioned medium containing significant growth factors,
mineralization is observed with positive Von kossa staining on 21 days of culture®. The
Von kossa staining is used to evaluate the osteoblastic differentiation of MSCs through
mineralization. After 24 days of culture of MSCs into osteoblastic induction medium,

there is mineralization from 14 days onwards in an increasing manner, as confirmed by
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Von kossa staining**.

Figure 5.13: Von Kossa staining after 14 days and 21 days of differentiation of
hUCMSCs. A: PCL; B: PCL-GO; C: PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ;
(A to E: without Osteoblastic differentiation medium); F: Tissue culture plate with

Osteoblastic differentiation; scale bar 100pum

The Foetal Rat Calvariae (FRC) cells were cultured on osteoblastic medium have
showed mineralization or bone nodules formation on day 14, as confirmed by Von kossa
staining*?. The BMPs were assessed for an osteoinduction of MSCs for 21 days of
culture. There is significant mineralization and bone nodules formation when MSCs
cultured with a combination of BMP-2+BMP-6+ BMP-9, confirmed by Von kossa

staining™.
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5.3 Conclusions:

The prepared PCL-GO-CQ scaffold is novel, herbal, and biocompatible, with an
osteoinductive nature. Their porous, rough, hydrophilic nature, and mechanically stable
character helped the hUCMSCs to adhere, spread, proliferates and differentiates into
osteoblast-like cells. The synergistic effect of GO and CQ in the PCL-GO-CQ scaffold
enhanced the roughness, thermal and mechanical properties and wettability of the
scaffolds. Mainly GO and CQ callus extract provided osteoinductive properties to
scaffold that helps hUCMSCs to spontaneously differentiate into osteoblast without any
osteogenic media or growth factors or added external stimuli. This property will help the
scaffold in speedy in vivo bone formation upon transplantation, thus saving in vitro
differentiation time before transplantation. Thus, the novel PCL-GO-CQ scaffolds which
is prepared using the layer by layer method shows tremendous potential for in vivo bone

tissue engineering and further studies to regenerate bone tissues.
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Chapter 6: Paint scaffolds

6.1 Introduction:

Bone healing is a complex process of biology and biomechanics to restore the
healthy form and function of the bone’. Earlier, bone regeneration is achieved through
natural grafts such as autografts, allografts, and xenografts but with limitations. These
drawbacks push the endeavour to design bone graft alternatives, using the doctrines of
biomaterials and tissue engineering. A variety of biomaterials such as metals (stainless
steel, Cobalt-Chromium (Co-Cr) alloys and Titanium (Ti) alloys, etc.)?, ceramics
(Hydroxyapatite (HA), tri-calcium phosphate (TCP), etc.), natural polymers (collagen,
fibrin, chitosan, etc.)* and synthetic polymers (poly (lactic acid) (PLA), poly (glycolic
acid) (PGA), etc.) and their combinations have been explored for replacement and repair

of damaged or traumatized bone tissues.

The poly e-caprolactone (PCL), an FDA approved polymer used for fabrication of
scaffold sheets by electrospinning, the most common and versatile technique. PCL is
biocompatible, biodegradable and used largely in tissue engineering applications. In
various studies, PCL along with Hydroxyapatite (HA)®, PCL-gelatin hybrid nanofibrous
membranes®, PCL-(Poly-1,4-butylene  adipate-co-polycaprolactam  (PBAPCL)-HA
composite scaffold’, PCL has shown its potential in bone tissue engineering applications.
However, electrospinnable synthetic polymers such as PCL, PLA, etc. are mainly
hydrophobic. Therefore, they are not sufficient to perform all the necessary functions in

the process of bone tissue engineering.

The application of these materials in tissue engineering can be advanced through
the modification of surfaces from hydrophobic to be partly hydrophilic. Introducing
hydrophilic property to hydrophobic nanofibres has been attempted in various ways by
surface modification technologies, e.g. flame treatment, corona discharge treatment,
plasma modification, and surface graft polymerization®. Surface modification is an
important aspect in the field of tissue engineering to cell attachment and cell proliferation.

Rough surfaces with porosity are significant in cell behaviour.

Therefore, along with PCL, we used graphene oxide (GO), graphene(GP) and
Cissus quadrangularis (CQ) callus culture extract as physical, chemical, and biological
property enhancers in the preparation of scaffolds for bone tissue engineering.GP has
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gained attraction in bone tissue engineering because of its large surface area, low
biological toxicity and osteoinductive nature®. GP-chitosan films'™®, GP coated cobalt-
chromium-molybdenum-based alloy™', GP nanosheets coated titanium alloys'? have
showed biocompatibility and its potential in tissue engineering. On the other hand, GO
has more hydrophilic groups and easy dispersion ability as compared to GP**. GO along
with HA and chitosan functionalized graphene nanoplatelets reinforced with polyvinyl
alcohol**, GO with Polylactic acid and HA, GO doped poly (lactic-co-glycolic acid)
(PLGA) scaffolds™. GO-poly-L-lysine composites™® used for bone tissue engineering. GP
and GO most fascinating materials of today, and their interaction with stem cells
channelled cell attachment, cell proliferation and differentiation into various lineages like

osteoblasts, chondroblasts, and neurons***?*7.

Cissus quadrangularis (CQ) is used in Ayurveda as Asthiyuk (bone strengthener)*®,
The stem extract of this plant which contains high calcium ions (4% weight) and
phosphorous® and ethanolic extract possess triterpenes, B-sitosterol, o and B- amyrins,
ketosteroids, phenols, tannins, carotene and vitamin C'%, is proved to be useful for bone
fracture healing. The effective constituents of CQ may encourage proliferation and
differentiation of MSCs into osteoblasts and bone formation via wnt-LRp5-B-catenin or
MAPK dependent pathway. CQ found to increase the activity of the proliferation and
differentiation of BM MSCs into osteoblasts®. The isolated phytogenic steroid is believed
to be the main constituent in CQ?. Methanolic extract of CQ? and its use in fracture
healing is proven. PCL-CQ-HA nano-fibrous scaffolds found to be a potential
biocompatible material for bone tissue engineering®®. We have used CQ callus culture
extract obtained from callus culture, a plant tissue culture technique used to propagate the
plant in vitro. The obtained callus is brown in colour and contains a high amount of
phytosterols. Therefore, callus culture extract contains a pure and higher amount of
metabolites rather than crude stem extract of the plant.

The purpose of this study is to investigate the osteoblastic differentiation potential
of hUCMSCs induced by GO, GP, and CQ callus culture extract. Therefore, different
combinations of PCL-GO, PCL-GO-CQ, PCL-GP and PCL-GP-CQ scaffolds are
evaluated for osteoinductive potential.
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6.2 Results and Discussion:
6.2.1 CQ callus culture and powder extraction:

The brown coloured callus is observed after the 4 weeks of culture (Figure 6.1: A,
B) similar to mentioned elsewhere?*?. From the 4-5 weeks of fully grown, dehydrated
and dried callus, the fine powder is made. The crude extract is prepared by using a
Soxhlet apparatus with ethanol. The 50 g callus powder of CQ vyielded 3 g of extract

which then dissolved in water, partitioned with petroleum ether yielding 0.5 g of extract.

Figure 6.1: CQ callus culture. A: Callus formed from CQ stem explant; B:
Control CQ stem explant; C: Salwoski test. The brown ring formed at the bottom of

the test tube confirms the presence of phytosterols in the callus extract.

The CQ callus extract shows the presence of Phytosterol, confirmed by the
formation of the brown ring at the bottom of test tube as indicated in Salkowski test
(Figure 1: C), similar to shown elsewhere?®. The CQ callus extract is preferred over crude
stem extract because of its high content of phytosterols. The phytosterols are

osteoinductive in nature =

. These phytosterols stimulate increased expression of
osteopontin and increased uptake of the minerals such as calcium, sulphur, by the

osteoblasts in fracture healing®, acting as the main component in bone regeneration.
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6.2.2 Preparation and Characterization of Scaffolds:
6.2.2.1 Morphological analysis:

The FESEM analysis is done for the morphological analysis of the electrospun PCL
and painted scaffolds. FESEM images (Figure 6.2) show the electrospun PCL scaffolds
with smooth fibre structures while that of painted scaffolds are decorated with the GO,
GP and CQ are rough in nature. The Fibre diameter (Table 6.1) is significantly increased
with GO, GP and further increased with CQ. The fibre diameter is increased in the PCL-
GO and PCL-GP scaffolds as compared to PCL scaffolds. The Fibre diameter is
significantly increased in the PCL-GP-CQ and PCL-GO-CQ scaffolds.

Surface properties of the PCL and surface modified PCL sheets are analysed by
AFM by tapping mode. The AFM images (Figure 6.3) show the rough surface of the
scaffolds. The modified scaffolds PCL-GO and PCL-GP are rough as compared to the
PCL scaffold. The PCL-GP-CQ and PCL-GO-CQ scaffolds show higher roughness as
compared to other scaffolds. The root mean square roughness (RMS) values are PCL (146
+10 nm), PCL-GO (2019 nm), PCL-GO-CQ (231+9 nm), PCL-GP (330+12 nm) and
PCL-GP-CQ (382+11 nm).

The rough surface is helpful in cell attachment and proliferation. Surface roughness
has a positive effect on bioactivity, water uptake and cytocompatibility of the
composites®. Alike results are analysed by various researchers. The coating of
polyethyleneimine-GO on PLA films also have showed rough, uneven, mountain-like
topography compared to uncoated PLA films?’. The GO films on Si/SiO, have showed
nanoripples with high density?®. The root mean square roughness of the rGO coated on Ti

alloys and GO coated on Ti alloys is higher than Ti alloys alone™.
6.2.2.2 Physical analysis:

The FTIR spectra (Figure 6.4) show distinctive absorption peaks of asymmetric
CHj stretching at 2926 cm™ and symmetric CH, stretching at 2860 cm™, C=0 stretching
at 1720 cm™, C-O and C-C stretching at 1293 cm™, asymmetric C-O-C stretching at 1240
cm™ for PCL. Carboxylic C=0 bend at 1719 cm™ ,C=C bend at 1569 cm™ C-O bend at
1220 cm™ and 1029 cm™ for GO.C-C stretching at 1576 cm™, C-OH stretching at 1365

Shivaji Kashte, D Y Patil Education Society, Kolhapur: Ph.D. Thesis 2019

119



Chapter 6: Paint scaffolds

Scaffold Structure Fibers within Scaffolds
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Figure 6.2: Field emission scanning electron microscope (FESEM) images. A:
PCL; B: PCL-GO; C: PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ. Scale bar 3um&

300nm
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Figure 6.3: Atomic force microscopy (AFM) 2D and 3D images. A: PCL; B:
PCL-GO; C: PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ); Scale bar 2um
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cm alkoxy C-O stretching at 1150 cm™ and 1069 cm™, for GP. Alkane asymmetric C-H
stretching at 2920 cm™, alkane symmetric C-H stretching at 2847 cm™, C=0 stretching at
1708 cm™ and 1459 cm™, Alkane C-H bending at 1377 cm™ and 1163 cm™, C-N
stretching at 1150 cm™ -1000 cm™, C=S stretching at 1032 cm™ for CQ.

The FTIR spectra (Figure 6.4) ) confirm the interaction of PCL with GP, GO and
CQ in the respective scaffolds. The peaks obtained here are similar to that of PCL®"?,
GP, GO™*30 and CQ™%332 gbtained elsewhere. In the composite scaffolds, the
interaction could be due to the hydrogen bonds and/or van der Waals forces®*>. There are
many overlapping peaks between PCL, GP, GO and CQ, therefore, they could not be
differently differentiated. But integrating and or reduction or broadening of peaks could

confirm the presence of these multiple components. Similar kind of results obtained

elsewhere 2>,
PCLGP CQ \Q/
PCL GP
pcLGoca [ <
pcLeo | v _
S
K]
0 | 2847 cm? §
—12920 cm™?! ‘€
e ——————T— ] 7
GO :
GP =
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3000 25‘()0 * 2(;00 1500 1000 500
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Figure 6.4: Fourier Transform Infra-Red (FTIR) spectra of the scaffolds.

Thermal degradation of scaffolds is studied by determining weight loss of sample
upon linearly increasing temperature. In Figure 6.5, PCL TGA curve displays main
degradation at 250-433 °C (88 % weight loss) with 2% residue; PCL-GO: 213-434 °C (88
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% weight loss) with complete degradation; PCL-GO-CQ: 187-433 °C (87 % weight loss)
with complete degradation; PCL-GP: 313-451 °C (76 % weight loss) with 11% residue;
PCL-GP-CQ: 235- 498 °C (85 % weight loss).

Table 6.1: Properties of scaffolds. Fiber diameter of the scaffolds.

SI. No. Type of Scaffolds Fibre Diameter (nm) (Mean £SD)
1 PCL 226116
2 PCL-GO 1029+183
3 PCL-GO-CQ 13744224
4 PCL-GP 823+124
5 PCL-GP-CQ 1319+680
—1(PCL)
— ——J (PCL GO)
——K (PCL GO CQ)
——L (PCL GP)
100 —— M (PCL GP CQ)
80 -
g 60 =
£
é 40 -
20 =
0=
20 F—p——— 777
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6.5: Thermogravimetric analysis (TGA) of scaffolds
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There is complete degradation of PCL-GO and PCL-GO-CQ scaffolds. It could be
due to pyrolysis of liable oxygen-containing groups in GO, or phytosterols. The similar
results are found in GO incorporated PLGA scaffolds®, PCL scaffolds®*. The
incorporation of polyethyleneimine-GO into PLA films they are majorly degraded®’.
There is residue remaining in PCL-GP scaffolds. It could be due to GP has lower
activation energies for oxidation. The amorphous carbon is likely to to be oxidized at
around 500 °C®*. Also fluctuations in the degradation temperature could occur due to

different heating rates*®.
6.2.2.3 Wetting properties:

The water contact angles of PCL, and modified PCL-GO, PCL-GO-CQ and PCL-
GP, PCL-GP-CQ are represented in Figure 6.6 and Table 6.2. The plain PCL scaffolds are
hydrophobic while painted scaffolds PCL-GP, PCL-GP-CQ, PCL-GO, and PCL-GO-CQ
are hydrophilic in nature. The PCL-GO-CQ scaffolds show the lowest water contact angle
and the highest hydrophilicity. The incorporation of GO, GP and CQ into the respective
scaffolds increased the hydrophilicity of the scaffolds. This is because of the nature of
most, GO and CQ possessing hydrophilic carboxylic and hydroxyl containing functional
groups®’. The hydrophilic surface provides better cell attachment, spreading and
proliferation of cells than hydrophobic surfaces. The hydrophilic surface allows
absorption of fibronectin which is important in osteoblast adhesion in vitro®. A similar
decrease in hydrophilicity observed elsewhere. The contact angle of Poly (3-
hydroxybutyrate-co-4-hydroxybutyrate) also decreased on the addition of GO making
hydrophobic to hydrophilic. It also have showed the increasing concentration of GO
decreases the contact angle®’. The contact angle of PLA decreased in the addition of
GO*"*°. The hydrogen bond interactions between oxygen-containing groups present in
GO and water can explain this behaviour. The contact angle of poly(lactic co glycolic
acid) (PLGA\) is also decreased in the addition of GO®. The hydrophilicity of PLLA® is
increased on the addition of CQ crude extract. The contact angle of PCL also decreased
drastically on the addition of CQ®. The super-hydrophilic nature observed with rGO Ti
and GO Ti alloys films, the water droplets on contact with the surfaces, disappear and

infiltrate inside the samples completely™.
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Table 6.2: Properties of scaffolds. The contact angle and mechanical properties are
mentioned in the table.

Tensile Yield
Contact
SI. Type of Nature of strength strength
angle (Mean
No Scaffolds SD) Scaffolds (MPa) (Mean  (MPa) (Mean
+
+SD) +SD)
1 PCL 126.5#0.28  ygrophobic  0.85:0.11 0.4620.01
2 PCL-GO 55.6£0.72  n{ydrophilic  1.72+0.02 0.530.01
3 PCL-GO-CQ 4762072 pydrophilic  2.8420.01 1.00£0.01
4 PCL-GP 6814095 pydrophilic  1.63+0.03 0.8120.01
5 PCL-GP-cQ °16%0.72  pyqrophilic  2.4420.03 1.04+0.01
A B C D
f w 3 .

-
e

Figure 6.6: The water contact angle of scaffolds. A: PCL; B: PCL-GO; C:
PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ

6.2.2.4 Mechanical Properties:

Tensile strength and vyield strength of scaffolds have shown in Table 6.2. Both
Tensile strength and Yield strength of scaffolds have increased with the addition of GP
and CQ into the PCL sheets (in PCL-GP-CQ scaffold) and the addition of GO and CQ
into the PCL sheets (in PCL-GO-CQ scaffold) increased the mechanical strength of
scaffolds. The PCL-GO-CQ scaffolds show highest tensile strength and yield strength as
compared to other scaffolds. The painted composite scaffolds PCL-GO, PCL-GO-CQ and
PCL-GP, PCL-GP-CQ have showed increased tensile strength and yield strength as
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compared to PCL alone (Table 6.2). The increase of GO, GP and CQ concentration in the
respective scaffolds increases the tensile strength and yield strength of the scaffolds has

been also previously documented.

The tensile strength of PCL-PMMA increased from 101 MPa to 137 MPa on the
addition of GO?. The tensile strength of PCL nanofibers also improved from 0.79 MPa to
2.92 MPa by addition of CQ%. The mechanical properties of GP-chitosan are higher than
chitosan alone®. The scaffolds with higher mechanical strength support cell-based bone
regeneration via an endochondral ossification*’. The scaffolds should be mechanically
stable so that will retain its structure after in vivo implantation in load-bearing tissues
such as bones**!. Therefore, the mechanical properties of implanted scaffolds should be

comparable with the native tissue***.

6.2.3 Isolation and Culture of hUCMSCs:

The hUCMSCs (Figure 6.9) are successfully isolated from human umbilical cord
Wharton’s Jelly with a mixture of enzymes Collagenase Type IV and Dispase (7:1v/v)
and Trypsin-EDTA. The morphology of hUCMSCs exhibits spindle-shaped fibroblast-

like morphology. These cells used for further in vitro studies.
6.2.4 In Vitro Studies:
6.2.4.1 MTT Cell Proliferation Assay:

The proliferation of hUCMSCs on different scaffolds is evaluated by MTT assay at
different time point 1%, 4" and 7™ day. From (Figure 6.8) it is evident that the
proliferation of the cells, as determined from the absorbance, increases from day 1 to day
7 for all substrates. This shows the proficiency of all the scaffolds to support the
proliferation of hUCMSCs. Cell proliferation on all the modified scaffolds is higher as
compared to control. Cell proliferation on PCL-GO-CQ is highest as compared to other
scaffolds. The presence of GO on the surface has improved hydrophilicity which is
required for the cell adhesion and protein adsorption. The vitronectin and fibronectin
protein adhesion are increased in hydrophilic surfaces. Also, similar results are found in
the PLA/GO and PLA/GNP (graphene nano-platelets).
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Figure 6.7: Isolated human umbilical cord Wharton’s Jelly mesenchymal stem

cells (hUCMSCs). Scale bar 100pum

There is significantly higher MG 63 cell proliferation on GO and GNP containing
PLA scaffolds®. Similarly, human osteosarcoma cells (HOS) have showed good
biocompatibility on Poly(1,4-butylene adipate-co-polycaprolactam) (PBA)-PCL blended
with HA. The MTT assay have showed that there is an equivalent growth of cells on GP
coated substrates like that of a like glass slide or Si/SiO,?® The PCL-CQ scaffolds have
showed good growth and proliferation of human fetal osteoblast cells (hFOB) compared
to PCL alone®®. The GP-Chitosan films have showed good biocompatibility with L929
cell lines. There is no visible reduction in viability after 24 and 48 hrs of MTT study™.
The MG63 cells seeded on PCL-PMMA-GO have showed no cytotoxicity over a period
of 1 to 7 days. There is an improvement in cell viability as compared to PCL-PMMA
films®®. The MSCs cultured on calcium phosphate and biphasic calcium phosphate have

showed viability with MTT assay through day 3 and day 7%*.
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Figure 6.8: The cell viability and proliferation of hUCMSCs on the scaffolds
for 1, 4, and 7 days of culture studied with MTT assay (**p< 0.01, ***p< 0.001).

6.2.4.2 Cell Adhesion study:

The cells on the scaffolds appear after 24 hrs of culture days (Figure 6.9). The cells
are attached on the PCL-GO, and PCL-GO-CQ, PCL-GP, PCL-GP-CQ scaffolds. The
morphology of the cells is fibroidal in nature. The filopodia of the cells are attached to the
surface of the scaffold. The rough surface and hydrophilic nature of scaffolds have

contributed to the good attachment and spreading of cells on the surfaces.

Alike results are analysed by various researchers. The hFOB cells cuboidal
osteoblast-like morphology with filopodia and bridging each other with the extracellular
matriX, also there is the formation of a mineral particle on cell surfaces after 10 and 15
days of culture?®. HOS cells have showed flat morphologies as adherence and spread on
(PBA)-PCL blended with HA scaffolds’. BMSCs cultured on GP-Co-Cr-Mo, there is an
increase in cells with increasing time of culture. The appearance of the BMSCs is flat and
polygonal, ovoid or fusiform and displayed many cytoplasmic lamellipodia. On days 3
and 5, cells are colonized more densely™. The MG63 cells seeded on PCL-PMMA-GO
have showed well anchored and cells spread after 7 days of culture. The quick interaction
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due to nanoroughness has a favourable impact on cell attachment, cell survival and

proliferation®,
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Figure 6.9: The FESEM images of cell attachment with Scaffolds. A: PCL; B:
PCL-GO; C: PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ;(Arrow showing cell

attachment with fibers), Scale bar 3um

6.2.4.3 Confocal microscopy imaging:

Cell-seeded scaffolds incubated for 1, 4 and 7 days are also stained with DAPI for nuclear

visualization shown in (Figure 6.10). The cells are in a progressive manner from 1% day to

7™ day of culture. The Z stack images show the cell attachment and cell movement deep

into the scaffold and not only on the surface. Cell count with ImageJ software show that
on 1%, 4"and 7" day no. of cells on PCL (884, 2683, 2773), PCL-GO (223, 474, 2933),
and PCL-GO-CQ (247, 274, 3194), PCL-GP (138, 382, 1793), and PCL-GP-CQ (134,

186, 2081) are respectively.
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4" Day 7% Day

100 um

Figure 6.10: Confocal microscopy imaging from 1st day to 7th day of culture.
A: PCL; B: PCL-GO; C: PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ; Scale bar
100um
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It show the good proliferation and penetration of cells on these scaffolds. All the
composite scaffolds show the highest cell proliferation on the 7" day as compared to PCL
scaffolds. The PCL-GO-CQ followed by PCL-GP-CQ scaffolds show the highest cell
proliferation. It again shows the resemblance with the cell viability and cell attachment of
the cells on these scaffolds. The rough surface and hydrophilic nature of scaffolds have
contributed to the proliferation of cells. They allow absorption of fibronectin which is

important in osteoblast adhesion in vitro**

and promotes cell attachment on the surfaces
of composites and osteoblast proliferation, differentiation. They also have a positive
effect on bioactivity, water uptake and cytocompatibility of the composites?®. There is a
higher density of blue stained nuclei on GP and GO films compared to PDMS
(polydimethylsiloxane) or Si/SiO,*. The MG63 cells seeded on PCL-PMMA-GO have
showed good attachment and proliferation on DAPI staining of cell nuclei®®. HOS cells
also have showed adherence and high density on (PBA)-PCL blended with HA scaffolds
via nuclei staining’. The BMSCs culture on rGOTi and GOTi films have showed better

cell adhesion and spreading after 24 hrs of DAPI staining?.
6.2.4.4 Osteoblastic Differentiation:
6.2.4.4.1 Alizarin Red S staining for calcium:

Alizarin Red S staining is used to evaluate calcium deposits in differentiated cells.
There is a red-orange complex formed with Alizarin Red S staining shows the presence of
secreted mineralization. The differentiation of hUCMSCs into osteoblasts is observed
from 14 days onwards. There is mineralization on PCL-GO, PCL-GO-CQ, PCL-GP,
PCL-GP-CQ scaffolds after 21 days of culture. The maximum differentiation of
hUCMSCs into osteoblasts is confirmed after 21 days of culture on the modified scaffolds
of PCL-GO-CQ. These results indicate that the synergistic effect of GO and CQ extract
could enhance the expression of the osteogenic differentiation markers and can stimulate
calcium deposition (Figure 6.11 and Figure 6.12). The hUCMSCs differentiated on the
scaffolds (Figure 6.11.A to E) without an osteogenic medium is comparable with that to
the control tissue culture plate (Figure 6.11.F) with the osteogenic medium. The least
mineralization is on the PCL scaffolds without an osteogenic medium. These results

suggest that these scaffolds have great potential for osteogenic differentiation of
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hUCMSCs. Also, there is a higher amount of mineralization on PCL-GO-CQ and PCL-
GP-CQ scaffold. There is increased activity on PCL-GO-CQ scaffolds as compared to

Figure 6.11: Alizarin Red S staining of Paint scaffolds after 14 days and 21
days of differentiation of hUCMSCs. A: PCL; B: PCL-GO; C: PCL-GO-CQ; D:
PCL-GP; E: PCL-GP-CQ; (A to E: without Osteoblastic differentiation medium); F:

Tissue culture plate. Scale bar 100um

B cr
80~ * B FcL
] I Paint GO
[ Paint GO cQ

[ ]Paint GP
[ Paint GP CQ

Amount of Alizarin (mg/cm? )

Day 14 Day 21

Figure 6.12: Alizarin Red S staining quantification of Paint scaffolds after 14
days and 21 days of differentiation of hUCMSCs (*p< 0.05).
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PCL-GP-CQ scaffolds. Alizarin Red S staining confirmed calcium deposition due to the
osteoblastic differentiation of hUCMSCs after 21 days on the PCL GO CQ scaffolds
(Figure 6.11, 6.12). It may be due to the secretion of osteocalcin by differentiated
osteoblasts. Osteocalcin plays an important role in bone metabolic activities and bone

building®. It shows PCL-GO-CQ scaffolds as the potential bone regenerative scaffold.

The Alizarin red S staining and VVon kossa staining for detection of mineralization
are used by various researchers as differentiation of dental pulp stem cell osteogenic
differentiation on fluorapatite modified PCL fibres*’. The PLLA-CQ scaffolds also have
showed mineralization with simulated body fluid/(SBF) after 14 days of incubation with
Alizarin Red S staining®’. The human fetal osteoblast cells also have showed the good
intensity of mineralization on CQ containing scaffolds on the 15" day of culture®®. The
GP proved as the alternative to BMP-2 (Bone morphogenic growth factor-2) as GP have
showed the equivalent amount of hMSCs differentiation into osteoblastic cells, with a
significant amount of osteocalcin secretion on the 15" day as that of BMP-2 in the
presence of osteogenic media®®. Also, GP and GO have showed differentiation of MSCs
into osteoblasts by mineralization on the 12" day in the presence of osteogenic media. It
also reported higher osteoblastic differentiation potential of GP due to its ability to
preconcentrate dexamethasone and B-glycerophosphate®®. The BMPs are assessed for an
osteoinduction of MSCs for 21 days of culture. There is significant mineralization and
bone nodules formation when MSCs cultured with a combination of BMP-2+BMP-6+
BMP-9, confirmed by ARS staining*®. MC3T3-E1 cells seeded on PCL-rGO-Cu have
showed mineralization on the 14™ day in the presence of osteogenic media’.

6.2.4.4.2 Von Kossa staining for calcium:

The Von Kossa staining is also used to evaluate secreted calcium deposits in
differentiated cells (Figure 6.13). The appearance of black precipitates confirms the
positive Von Kossa staining with secreted mineral deposition. The black precipitates are
observed from 14 days onwards and are maximum and broad after 21 days of culture on
the modified scaffolds of PCL-GO-CQ as compared to other scaffolds. The hUCMSCs
differentiated on the scaffolds (Figure 6.13.A to E) without osteogenic medium are
comparable with that to the control tissue culture plate (Figure 6.13.F) with an osteogenic

medium. The least mineralization is on the PCL scaffolds without an osteogenic medium.
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The similar results as that of Alizarin Red S staining confirm the differentiation of
hUCMSCs into osteoblasts.

Figure 6.13: Von Kossa staining after 14 days and 21 days of differentiation of
hUCMSCs. A: PCL; B: PCL-GO; C: PCL-GO-CQ; D: PCL-GP; E: PCL-GP-CQ;
(A to E: without Osteoblastic differentiation medium); F: Tissue culture plate with

Osteoblastic differentiation. Scale bar 100pum

Similar results are observed when MSCs cultured on biphasic calcium phosphate,
calcium phosphate in the presence of conditioned medium containing significant growth
factors, mineralization is observed with positive Von kossa staining on 21 days of
culture*®. The Von kossa staining is used to evaluate the osteoblastic differentiation of
MSCs through mineralization. After up to 24 days of culture of MSCs into osteoblastic
induction medium, there is mineralization from 14 days onwards in an increasing manner,
as confirmed by Von kossa staining*. The BMPs are assessed for an osteoinduction of
MSCs for 21 days of culture. There is significant mineralization and bone nodules
formation when MSCs cultured with a combination of BMP-2+BMP-6+ BMP-9,
confirmed by Von kossa staining*®. The Fetal rat calvariae (FRC) cells are cultured on
osteoblastic medium have showed mineralization or bone nodules formation on day 14, as

confirmed by Von kossa staining®°.
6.3 Conclusions:

The PCL, PCL-GO, PCL-GO-CQ and PCL-GP, PCL-GP-CQ scaffolds are prepared
by the paint method, of which PCL-GO-CQ and PCL-GP-CQ scaffolds show promising
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results. The PCL-GO-CQ scaffolds show higher biocompatibility, with higher roughness,
hydrophilic nature and mechanically stable character as compared to PCL-GP-CQ and
other scaffolds. These improved characteristics could be due to the synergistic effect of
GO and CQ that helped the hUCMSCs to adhere, spread, proliferates and differentiates
into osteoblast-like cells. Mainly GO and CQ callus extract provided osteoinductive
properties to scaffold that helps hUCMSCs to spontaneously differentiate into osteoblast
without any osteogenic media or growth factors or added external stimuli. This property
will help the scaffold in speedy in vivo bone formation upon transplantation, thus saving
in vitro differentiation time before transplantation. Thus, the novel PCL-GO-CQ scaffolds
which is prepared using the paint method shows tremendous potential for in vivo bone

tissue engineering and further studies to regenerate bone tissues.
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7.1. Introduction:

The critical size calvarial bone defects and their repair is the major treatment
challenge in orthopaedic surgery. A critical-sized segmental bone defect is defined as the
smallest osseous defect in a particular bone and species of animal that will not heal
spontaneously during the lifetime of the animal or shows less than 10% bony regeneration
during the lifetime of the animal. These critical size defects are particularly problematic
for severe trauma. It affects the quality of life of patients. It entails long and postoperative

therapies expense and also causes large surgical, socio-economic problems™?.

Although Autografts and allografts are widely used for repair of osseous defects,
their use is limited due to tissue availability, disease transmission, donor morbidity and
high cost. Bone tissue engineering is emerging as the treatment of choice in the repair of
bone defects with different combinations such as scaffolds, stem cells, and growth

factors®,

The scaffolds are of great importance as they provide a temporary framework for
cell adhesion, growth and their proliferation and differentiation. It assists in tissue repair.
The various polymers like poly e-caprolactone (PCL), poly-d, I-lactic acid (PDLLA)*,
poly (L/DL-lactide) (PLDL)?, PLLA®, poly (DL-lactic-co-glycolic acid) (PLGA)” shown
to be potential with its properties like tensile strength, biocompatible, higher cellular
properties and even bone formation in rat model’. The PCL is biocompatible,
biodegradable and FDA approved material and used extensively in tissue engineering
applications. PCL along with Hydroxyapatite (HA)®, PCL-gelatin hybrid nanofibrous
membranes®, PCL-(Poly-1,4- butylene adipate-co-polycaprolactam (PBAPCL)- HA
composite scaffold™, are used in bone tissue engineering. The graphene oxide (GO) has
become the biomaterial of the 21 century as being potential of applications in electronics
to biomedical applications and tissue engineering. The extravagant mechanical properties,
biocompatibility and osteoinductive properties of GO would make them one of the most
foreseen biomaterials in the regenerative medicine in coming years. Cissus
guadrangularis (CQ) plant has immense medicinal potential with reported antimicrobial
and antioxidant activity™. Methanolic extract of CQ revealed the faster bone healing in
the experimentally fractured radius-ulna of dog as well as complete bone healing as

compared to an untreated group of dogs'®. The effective ingredients of CQ may
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encourage proliferation and differentiation of MSCs into osteoblasts and bone tissue
formation via wnt-LRp5-B-catenin or MAPK dependent pathway™. The results have
showed that PCL-CQ-HA nano-fibrous scaffolds had appropriate surface roughness for
the osteoblast adhesion, proliferation, and mineralization comparing with other scaffolds,

making them potential biocompatible material for bone tissue engineering.

Mesenchymal stem cells (MSCs) are known to differentiate into maturated cells like
osteoblasts, chondroblasts and chondrocytes on external stimuli (like the addition of
ascorbic acid, p-glycerophosphate, dexamethasone)*®. Bone marrow and peripheral blood
are traditional sources for MSCs. MSCs isolated from peripheral blood of rabbit have
been differentiated into osteoblasts, chondrocytes and healed critical-sized bone defects in
rabbit models with the use of porous calcium phosphate resorbable substitute!®. The
transplantation of bone marrow-derived rat MSCs on electrospun nanofiber scaffolds poly

g-caprolactone (PCL) fibers have showed bone formation in rat model*°.

We have used the PCL scaffolds prepared by electrospinning. These PCL sheets
then modified by layer by layer method to prepare PCL-GO, PCL-GO-CQ scaffolds.
These scaffolds are porous, rough in surface, hydrophilic in nature, and mechanically
stable. The human umbilical cord-derived mesenchymal stem cells (hUCMSCs) adhere,
spread, proliferate and differentiate into osteoblast-like cells without any osteogenic
media or growth factors on the PCL-GO, PCL-GO-CQ scaffolds. These scaffolds are

biocompatible and osteoinductive in nature.

The aim of this study is to evaluate the potential of the PCL, PCL- hUCMSCs,
PCL-GO, PCL-GO-CQ, PCL-GO-CQ-hUCMSCs to heal critical size calvarial bone
defect in the rat models. The in vivo bone tissue engineering is evaluated by creating
critical size calvarial defect of 8mm in the rat skull. These calvarial bone defects are
treated with these scaffolds for 6 weeks and 12 weeks. The new bone regeneration is
analysed by digital radiography and micro CT.
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7.2. Materials and Methods:
7.2.1 Animals and housing:

The animal experiments were executed with prior approval from Institutional
Animal Ethics Committee of the National Institute for Research in Reproductive Health
(NIRRH approval no. NIRRH/IAEC/11/18).

The animal study was carried out in acquiescence with the guiding principle of the
Committee for the Purpose of Control and Supervision of Experimental Animals
(CPCSEA), India. Six to eight-week-old healthy adult Wister female rats with average
body weight (BW) of 270+£50 g were used in this study. All animals used in the Institute
of NIRRH and were accommodated in polypropylene cages was monitored temperature
of 23+ 1° C, the humidity of 55+5 % and 14 h light/10h dark cycle. Sterile paddy husk
was used as bedding material that was replaced every week. During the study, soy-free, in
house made pelleted forage and filtered drinking water ad libitum were given to the

animals.
7. 2.2 Study design and surgical procedures:

Six different types of groups were studied such as Sham, PCL, PCL-hUCMSCs,
PCL-GO, PCL-GO-CQ and PCL-GO-CQ-hUCMSCs. The scaffolds were implanted on
the defect created sites over the period of 6 weeks and 12weeks. All the scaffolds were
EtO sterilized and then seeded with hUCMSCs for 24 hours. The scaffolds then were
washed with PBS to remove traces of culture medium. These scaffolds then implanted at
defect sites. Animals were sedated by intraperitoneal injection with a combination of
ketamine HCL (60 mg/kg, Intas pharma Ltd., India) and xylazine (7mg/kg, Themis
Medicare Ltd., India). The site of the surgery was clean-shaven and sterilized with
betadine (G.S. Pharmbutor Pvt. Ltd., India) and 70% ethanol after sedation of the animal.
The soft tissue and periosteum were uplifted to reveal the calvarial surface on the sagittal
suture line. On the sagittal suture line of parietal bones, the critical size bone defects
(8mm diameter) were crafted with a trephine bur accompanying to a dental hand piece
with the micro motor. To get rid of heat generation sterile saline was constantly irrigated
during defect crafting. The utmost precaution was taken to avert damage to both the
sagittal suture and the brain. The scaffolds were implanted into the defect site in
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respective animal groups for 6 weeks and 12 weeks. The Sham group was kept empty
without any scaffold. The pericranium and skin were sealed. After surgery, each rat was
caged individually. These animals were examined for clinical indications and symptoms.
The weights of animals before and after surgery (transplantation of scaffold) were taken
before and after the surgery at 6 weeks and 12 weeks’ time points. Also, the weight of
essential organs was taken after the surgery at both 6 weeks and 12 weeks.

Table 7.1: Experimental Groups:

Sl. No. Group name 6 Weeks 12 Weeks
1. Sham N=5 N=5
5 PCL N=5 N=5
3 PCL-hUCMSCs N=5 N=5
4 PCL-GO N=5 N=5
5. PCL-GO-CQ N=5 N=5
PCL-GO-CQ-
6 hUCMSCs N=5 N=5

Opening of Periosteum Making critical size bone defects Transplantation of Scaffold
(8mm diameter) with a trephine
bur

Figure 7.1: Operating rat during In Vivo Study
7.2.3 Blood Collection, Haematology and Serum Biochemistry:

The clinical pathology and examination were done for any inflammatory reactions
after implantation of scaffolds, through a complete blood count (CBC). After 6 weeks and

12 weeks of transplantation, animals were bled from retro-orbital sinus and 1ml blood
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was collected in two vials with and without heparin. The heparin (21U/ml) containing vial
was utilized for evaluation of haematological parameters like haemoglobin (Hb; g/dl),
packed cell volume (PCV; %), total red cell count (RBC), total white cell count (WBC),
absolute erythrocyte indices, differential WBC count. The other vial without heparin was
utilized for evaluation of serum biochemistry parameters such as serum glutamic pyruvic
transaminase (SGPT), serum glutamic oxaloacetic transaminase (SGOT), alkaline
phosphatase (ALP), creatinine and urea. The concentrations of Osteocalcin (OCN) were
measured using an enzyme-linked immunoassay kit (Invitrogen, USA). The coating
buffer used to coat the microwell plate prior to addition of samples. The blocking buffer
used to block the other active sites. The samples then incubated with primary antibody
Antihuman Osteocalcin for one hour at room temperature and then HPR conjugated
secondary antibody for one hour at room temperature. The substrate 3,3,5,5’
tetramethylbenzidine (TMB) added into each well and incubated for 30 minutes. The
reaction is ended by adding stop solution. The absorbance was measured at 450 nm. The

lower detection limit of the OCN concentrations was 1.0 ng/ml.

A differential WBC count (lymphocytes, monocytes, neutrophils, eosinophiles, and
basophiles) was calculated morphologically by blood smears. CBC was performed using
Abacus (Dlatron MI PLC, Hungary) haematology analyser, while serum biochemistry
evaluation was done on ERba Chem 7 (Erba Mannheim, Germany) semi-autoanalyzer

using commercial reagent kits.
7.2.4 X-ray and micro-CT analysis:

Rat calvaria was harvested from rat skull and imaged using a digital X-ray machine
at 30 kV and 3 mA for 1.5 min. Rat skulls after euthanasia were fixed in ethanol and
washed before scanning on an animal micro-computed tomography (CT) scanner (FLEX
Triumph micro-PET/SPECT/CT scanner, Gamma Medica-Ideas, USA) using an X-ray
tube potential of 75 kV and a tube current of 100pA. The scanner equipped with an X-ray
source and a detector system. It turns around a bed having the calvaria. The data was
acquired over 360° producing 1024 views. Each frame was exposed for 2000 milli sec.
The total image acquisition was 45 min and images were reconstructed using a modified
cone-beam algorithm with an isotropic voxel spacing of 0.045X 0.045 X 0.045 mm?® over

a region of interest.
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Furthermore, micro-CT scan was also performed on rat skulls isolated from the

Sham control as the negative control. All the factors and circumstances were kept
constant for all samples.

Il Sham control
I PCL
[ PCL-hUCMSCs
[JpPcL-GO
9005 [_]PCL-GO-CQ
Il PCL-GO-CQ-hUCMSCs

300 -

250 <

:

Weight (gm)
:

0 Week 6 Week 0 Week 12 Week

Figure 7.2: Animal weight before transplantation of scaffold (0 Week) and
after transplantation of scaffold (6 Weeks and 12 Weeks). All animals have their

weight in the normal range.

Bone Mineral Density (BMD): Bone quality analysis in terms of bone mineral
density (mg/mm?) was analysed using MicroView software to evaluate the quality of
bone formed after 12 weeks of transplantation of scaffolds. The harvested calvaria was

scanned for BMD in the region of interest (ROI). The normal calvaria was scanned to

have BMD control values for comparison with test groups.

7.2.5 Histological Analysis:

Post-harvest, cranium samples were fixed in neutral buffered formalin (NBF) at 4°C
for 48 hrs. The calvaria were decalcified in HCI for 3 weeks. These decalcified calvaria
were processed and embedded in paraffin. The blocks were trimmed and sectioned with a

microtome (Leica RM2156; Leica, Germany) equipped with a tungsten carbide knife. The
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sections were stained with haematoxylin and eosin (H&E). The histological analysis of
the bone tissues was performed using an optical microscope (Carl Zeiss, Germany).

7.3 Statistical Analysis:

Statistical analysis of data was evaluated by Origin Pro 8.5 software. Data were
presented as the Meanz standard deviation. Statistical analysis was performed by using a
one-way analysis of variance (ANOVA). A value (p < 0.05) was considered to be

statistically different.
7.4. Results and Discussion:
7.4.1 Animal Weight and Organ weight:

The weights of animals before and after 6- or 12-weeks post-surgery
(transplantation of scaffold) are in normal range with no significant weight loss (Figure
7.2). Also, the weight of essential organs i.e. Liver, Kidney, Heart, Spleen Lungs (Figure
7.3) and their respective relative (Rel) weights to the body weights (Figure 7.4) are in the
normal range. The similar body weights, organ weights and their Rel weights are

mentioned elsewhere!’°

. The body weight, weight of essential organs and their
respective Rel weight in the normal range show that there is no adverse effect of the

transplanted scaffolds on these organs or on the animal itself.
7.4.2 Blood Collection, Haematology and Serum Biochemistry:

The blood haematological parameters are evaluated to assess any possible
infections due to implantation of scaffolds in rat skull defects. CBCs and differential
leukocytes counts among all the groups are within the normal range after 6 and 12 weeks
(Figure 7.5, 7.6, 7.7, 7.8). This indicates that scaffold transplantation did not evoke an
inflammatory response. The similar results are observed when poly (L-lactic acid)-
hydroxyapatite- gelatin and poly (L-lactic acid)-hydroxyapatite scaffolds are implanted in
critical size calvarial bone defects for 6 weeks and 10 weeks®. Also there is no
inflammatory reaction when PCL- hydroxyapatite and PCL-hardystonite scaffolds are
implanted for 6 weeks and 12 weeks in rat calvarial defects?. Also, a similar range of

haematological parameters are mentioned elsewhere'®,
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Figure7.3: Essential Animal organ weight after transplantation of scaffold (6
W (week) and 12 W (week). All Essential organs of animals have their weight inthe
normal range. There is no significant difference among the groups (p > 0.05).
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Figure7.4: Rel (Relative) weight of Essential organ after transplantation of
scaffold (6 W (week) and 12 W (week). All Rel weight of Essential organ of animals
has their weight in the normal range. There is no significant difference among the

groups (p > 0.05).

Shivaji Kashte, D Y Patil Education Society, Kolhapur: Ph.D. Thesis 2019 147



Chapter 7: In Vivo Bone tissue engineering

e |
I Hb (gm %)

I MCV (fl)
i [ MCH (Pg)
50 - - A . | ]1MCHC (gm/dI) |
40
30
20

10 -

J

Sham 12W
PCLEW

PCL12W
PCLhUCMSCs 6W
PCLhUCMSCs 12W
PCL GO 6W
PCLGO 12W

PCL GO CQ 6W
PCLGO CQ 12w
PCL GOCQ
hUCMSCs 6W
PCLGO CQ
hUCMSCs 12W

Normal Rat
Sham 6W

Figure 7.5: Hematological parameters of the samples collected before the
sacrifice. Hb: Hemoglobin; MCV Mean Corpuscular Volume; MCH: Mean
Corpuscular Hemoglobin; MCHC: Mean Corpuscular Hemoglobin Concentration.

There is no significant difference among the groups (p > 0.05).
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Figure 7.6: Hematological parameters of the samples collected before the
sacrifice. PCV: Packed Cell Volume; N: Neutrophils; E: Eosinophils; L:
Lymphocytes; M: Monocytes. There is no significant difference among the groups (p
> 0.05).
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Figure 7.7: Hematological parameters of the samples collected before the
sacrifice. RBC: Red Blood Cell; WBC: White Blood Cell. There is no significant
difference among the groups (p > 0.05).
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Figure 7.8 Hematological parameters of the samples collected before the
sacrifice. PLT: Platelets. There is no significant difference among the groups (p >
0.05).
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Figure 7.9: SGPT values described for 6 weeks and 12 weeks. SGPT values are

in the normal range. There is a significant difference in 12 weeks among the groups
(p <0.05).
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Figure 7.10: SGOPT values described for 6 weeks and 12 weeks. SGOPT
values are in the normal range. There is no significant difference among the groups
(p > 0.05).
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Figure 7.11: Urea values described for 6 weeks and 12 weeks. Urea values are

12Week

in the normal range. There is a significant difference in 12 weeks among the groups

(p < 0.05).
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Figure 7.12: Creatinin values described for 6 weeks and 12 weeks. Creatinine
values are in the normal range. There is a significant difference among the 6 weeks

and 12 weeks group (p < 0.05).
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Figure 7.13: ALP values described for 6 weeks and 12 weeks. ALP values are

in the normal range. There is no significant difference among the groups (p > 0.05).
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Figure 7.14: Osteocalcin (OCN) values described for 6 weeks and 12 weeks.
OCN values are in the normal range. There is a significant difference among the 12-
week groups (p > 0.05)
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The biochemical parameters are examined to check the efficacy of essential organs
of the animal body such as liver and kidney. In serum biochemistry liver enzymes SGPT
(Figure. 7.9) and SGOT (Figure. 7.10) are found to be in the normal range. This signifies
the proper working of the liver. Serum urea (Figure 7.11) and creatinin (Figure 7.12)
levels among all the groups are within the normal range. This signifies the healthy state of
the renal system. The similar results are observed when poly (L-lactic acid)-
hydroxyapatite- gelatin and poly (L-lactic acid)-hydroxyapatite scaffolds are implanted in
critical size calvarial bone defects for 6 weeks and 10 weeks®. Also, a similar range of
urea and creatinine levels are mentioned elsewhere'®*®. All the scaffolds are
biocompatible and biodegradable. Therefore, there is no infection and inflammatory

reactions are observed.

The ALP concentration is lower at 6-week time point among all the scaffold groups
as compared to 12 weeks (Figure 7.13). At the 12 weeks, the Sham group show the
highest concentrations of ALP compared to other groups. ALP is the marker of wound
healing, tissue repair and angiogenesis. Osteocalcin (OCN) (Figure 7.14) levels are higher
at 6 weeks and 12 weeks in all the groups than control normal rat. OCN concentrations
are indicators of active osteoblasts that help to form new bone. The bone forming cells
osteoblasts are active at 6 weeks and 12 weeks in all the groups. OCN concentrations are
slightly lower in 12 weeks than in 6 weeks for PCL-GO-CQ and PCL-GO-CQ-hUCMSCs
groups. The similar fluctuations and lower concentrations of OCN are found in bone

fracture healing patients after 10 weeks of healing®*?.

7.4.3 X-ray and Micro-CT analysis:

The digital X-ray images of rat calvaria of implanted groups after 6 weeks and 12
weeks are shown in Figure 7.15. No bone regeneration is observed in the defects of the
Sham group as well as to defect implanted with PCL, PCL-hUCMSCs, PCL-GO, PCL-
GO-CQ except PCL-GO-CQ-hUCMSCs groups after 6 weeks and even 12 weeks.

This could be due to the critical size of bone defect of 8mm, and there is no support
for bone healing. However, after 12 weeks implantation, the PCL-GO-CQ-hUCMSCs

group is showing the maximum amount of radiolucent bone formation in the calvarial
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defect site. There is no significant bone growth in other groups even after 12 weeks of
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Figure 7.15: Digital X-ray of rat calvaria implanted with composite scaffolds
after 6 weeks and 12 weeks of implantation. The highest bone regeneration is
observed in PCL GO CQ hUCMSC:s scaffolds after 12 weeks of implantation.

The 3D reconstructed images of bone calvaria from all the groups after 6 weeks and
12 weeks of implantation are shown in Figure 7.16. It is observed that Sham control
group has the least bone healing after 6 weeks and 12 weeks of the study period as the
defect is left untreated. The other groups PCL, PCL-hUCMSCs, PCL-GO are showing
slightly higher bone growth after 12 weeks than 6 weeks of transplantation. The PCL-
GO-CQ group shows slightly higher bone growth as compared to these groups. The
highest amount of bone growth is observed in the PCL-GO-CQ-hUCMSCs group after 6
weeks and 12 weeks of transplantation. There is an almost complete closure of calvarial
bone defect after 12 weeks. It could be due to hUCMSCs seeded into the PCL-GO-CQ
scaffolds adhere well, proliferated and differentiated into osteoblasts that could boost new
bone formation. While in PCL-hUCMSCs, the cells could have adhered but not
differentiated into osteoblasts as like in PCL-GO-CQ-hUCMSCs group due to the
synergistic effect of GO and CQ which probably have created a niche for MSCs.
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Figure 7.16: Reconstructed 3D micro —CT images of rat calvaria implanted
with scaffolds after 12 weeks. The highest bone regeneration is in the PCL GO CQ
hUCMSCs scaffolds after 6 Week and 12 weeks of transplantation.
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Figure 7.17 Bone mineral densities of Scaffolds after 12 weeks of implantation

into rat calvaria. No significant difference (p > 0.05) observed among groups at 12

weeks of implantation.
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Bone mineral density (BMD) is the indicator of new bone formation. It is calculated
at the defect site after implantation and is analysed by MicroView. Figure 7.17 show the
BMD values after implantation of 12 weeks. The lowest BMD values are of Sham control
indicating minimum bone formation. The highest BMD values are of PCL-GO-CQ-
hUCMSCs group as compared to PCL, PCL-hUCMSCs, PCL-GO, PCL-GO-CQ groups
after 12 weeks of implantation. The normal bone BMD is highest as compared to all the
implanted groups. These results are comparable to digital X-ray and micro-CT images.
The similar results are observed when poly (L-lactic acid)-hydroxyapatite- gelatin and
poly (L-lactic acid)-hydroxyapatite scaffolds are implanted in critical size calvarial bone
defects for 6 weeks and 10 weeks®® and PCL- hydroxyapatite and PCL-hardystonite

scaffolds are implanted for 6 weeks and 12 weeks in rat calvarial defects .
7.4.4 Histological Analysis:

Our histology results (Figure 7.18 and 7.19) are in resemblance with micro CT and
radiology results. There is minimal new bone tissue formation, low density of osteoblasts
in Sham and PCL group after 6 weeks of transplantation. There is medium new bone
tissue formation, the medium density of osteoblasts in PCL-hUCMSCs and PCL-GO
group after 6 weeks of transplantation. There is high new bone tissue formation, high
density of osteoblasts in PCL-GO-CQ group after 6 weeks of transplantation. There is
higher new bone tissue formation, a higher density of osteoblasts in PCL-GO-CQ-

hUCMSCs group after 6 weeks of transplantation.

There is minimal new bone tissue formation, low density of osteoblasts and
osteocytes in Sham and PCL group after 12 weeks of transplantation. There is medium
new bone tissue formation, the medium density of osteoblasts and osteocytes in PCL-
hUCMSCs and PCL-GO group after 12 weeks of transplantation. There is high new bone
tissue formation, high density of osteoblasts and osteocytes in PCL-GO-CQ group after
12 weeks of transplantation. There is the highest new bone tissue formation, a higher
density of osteoblasts and osteocytes in PCL-GO-CQ-hUCMSCs group after 12 weeks of

transplantation. Also there is presence of osteoclasts and matrix mineralization.

There is no abnormal development in bone tissues, inflammatory changes or

necrosis after 6 weeks of transplantation or 12 weeks of transplantation. Inflammatory

Shivaji Kashte, D Y Patil Education Society, Kolhapur: Ph.D. Thesis 2019

156



Chapter 7: In Vivo Bone tissue engineering

cells are the primary source of the signals during the initial phase of bone healing.
However, derivatives of MSC lineage including osteoblasts and osteoclasts are also
responsible for the secretion of inflammatory cytokines within 3-7 days of injury and
subsequent phases of healing®*®. Also several in vivo studies have revealed that
neutrophils, macrophages and lymphocytes are not always necessary for tissue repair.

Their absence may even accelerate healing®®*'.

Sham_12 Week

PCL-hUCMSCs_6 Week

PCL-hUCMSCs_12 Week

Figure 7.18: Histological analyses of calvaria after 6 weeks and 12 weeks of
transplantation. (FB: Fibroblasts; OB: Osteoblasts; OC: Osteocytes, OCL.:
Osteoclasts; elliptical areas: matrix mineralization), Scale bar 100 um
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Similar kinds of results are mentioned elsewhere. There is increased new bone
formation and density of bone forming cells in rat calvarial defects when BMSCs seeded
Chitosan-alginate-hydroxyapatite loaded with BMP-2 scaffolds as compared to Chitosan-
alginate-hydroxyapatite 12 week of transplantation®®. When polymethylmethacrylate
(PMMA) and platelet gel (PG) are transplanted in radial bone defect of rats for 8 weeks

there is an increased activity of osteoblasts, osteoclasts and new bone formation?’.

100 pm

PCL-GO-CQ-hUCMSCs
_ 12 Week

Figure 7.19: Histological analyses of calvaria after 6 weeks and 12 weeks of
transplantation. (FB: Fibroblasts; OB: Osteoblasts; OC: Osteocytes, OCL.:
Osteoclasts; elliptical areas: matrix mineralization), Scale bar 100 pum
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Histology have showed there are osteoblastic proliferation, osteoid matrix, with the
presence of osteoclasts when poly (L-lactic acid)-hydroxyapatite-gelatin and poly (L-
lactic acid)-hydroxyapatite scaffolds are implanted in critical size calvarial bone defects
for 6 weeks and 10 weeks®. Also when PCL- hydroxyapatite and PCL-hardystonite
scaffolds are implanted for 6 weeks and 12 weeks in rat calvarial defects, histology
revealed there is higher cell activity with the presence of inflammatory cells®.

The overall new bone tissue formation is higher in 12 weeks of transplantation
compared to 6week of transplantation. There is increased new bone tissue formation in
hUCMSCs scaffolds as compared to no hUCMSCs scaffolds. The bone formation process
in the flat bone like skull occurs via intramembranous direct ossification. There is a slow
process of bone formation due to the limited supply of MSCs in flat bones®. This could
be the main reason, as there is minimal new bone formation in the defect area in all the
scaffolds groups except PCL-GO-CQ-hUCMSCs group. In PCL-GO-CQ-hUCMSCs
group, the roughness, porosity of PCL-GO-CQ scaffold allowed hUCMSCs to adhere,
grow and proliferate. However, osteoconductive and osteoinductive properties of GO and
CQ eventually differentiated hUCMSCs to osteoblasts and fill the bone defect with new
bone formation. In PCL- hUCMSCs group, however, the PCL alone could not able to
proliferate and differentiate hUCMSCs into osteoblasts to regenerate the bone tissues.

7.5. Conclusions:

The aim of this study is to prepare a novel scaffold and to evaluate its potential for
bone tissue engineering. PCL, PCL-hUCMSCs, PCL-GO, PCL-GO-CQ, PCL-GO-CQ-
hUCMSCs are evaluated to heal critical size calvarial bone defects in the rat model. All
the scaffolds are implanted into rat calvarial defects of 8mm size and bone healing are
evaluated by digital X-ray, micro-CT and histology. These scaffolds are biocompatible
and there is no adverse immune reaction. Results indicate that PCL-GO-CQ-hUCMSCs
scaffolds i.e. PCL-GO-CQ seeded with hUCMSCs shows a higher amount of bone
regeneration at 6 weeks and 12 weeks of time point compared to PCL, PCL- hUCMSCs,
PCL-GO, PCL-GO-CQ. It almost closed critical size defect at 12 weeks of
transplantation. There is a synergistic effect of GO and CQ in the PCL-GO-CQ scaffold
for adhesion, proliferation and differentiation of seeded hUCMSCs. Therefore, it could be
able to regenerate new bone effectively in the defect site. The PCL-GO-CQ-hUCMSCs
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scaffolds have paved the way for clinical trials and could be a game changer in the bone

tissue engineering applications.
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Chapter 8: Summary and Conclusions

8.1 Summary and Conclusions:

In this study, we have used poly e-caprolactone (PCL), graphene oxide (GO) and
graphene (GP), Cissus quadrangularis (CQ) for preparation of scaffolds. The solution/ink of
GO, GP and CQ callus culture extract was prepared with their respective combinations.
Porous PCL electrospun sheets were modified with GO or GP and CQ solution/ink by layer
by layer method and paint method. The layer by layer method offers advantages as a surface
modification technique for polymers. It is a simple, relatively fast, environmentally benign,
and potentially economic process to prepare uniform multilayer films on substrates from
solution. The paint method is very simple and easy to apply for modification of scaffolds as
compared to plasma treatment, spin coating, etc. It is very similar to ordinary painting. These

composite scaffolds were characterized and studied for bone tissue engineering.

We have successfully isolated hUCMSCs which were spontaneously differentiated into
osteoblasts upon contact with prepared scaffold. Therefore, these scaffolds in combination
with hUCMSCs could be used for bone fracture healing in animal models that could give us

potential scaffolds for bone tissue engineering;

Among the all the prepared scaffolds using layer by layer method, PCL-GO-CQ
scaffold are herbal, and biocompatible in nature with an osteoinductive potential. Their
porous, rough, hydrophilic nature, thermally and mechanically stable character helped the
hUCMSCs to adhere, spread, proliferates and differentiates into osteoblast-like cells. The
synergistic effect of GO and CQ in the PCL-GO-CQ scaffold enhanced the roughness,
thermal and mechanical properties and wettability of the scaffolds. Mainly GO and CQ callus
extract provided osteoinductive properties to scaffold that helps hUCMSCs to spontaneously
differentiate into osteoblast in vitro without any osteogenic media or growth factors or added

external stimuli.

The layer by layer prepared PCL, PCL- hUCMSCs, PCL-GO, PCL-GO-CQ and PCL-
GO-CQ-hUCMSCs scaffolds were implanted into rat calvarial defects of 8mm size and bone
healing were evaluated by digital X-ray, micro-CT. These scaffolds are biocompatible and
there was no adverse immune reaction. Results indicate that PCL-GO-CQ-hUCMSCs
composite scaffolds i.e. PCL-GO-CQ seeded with hUCMSCs showed higher amount of bone
regeneration at 12 weeks of time point compared to PCL, PCL- hUCMSCs, PCL-GO, PCL-
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GO-CQ. It almost closed critical size defect at 12 weeks. There was a synergistic effect of
GO and CQ in the PCL-GO-CQ scaffold for adhesion, proliferation and differentiation of
seeded hUCMSCs. Therefore, it could be able to regenerate new bone effectively in the

defect site.

We have used widely available materials and simple, yet cost effective methods to
synthesis scaffolds. The evaluation of prepared scaffolds for bone tissue engineering indicates
these scaffolds are with accelerated morphological, mechanical and biological properties
along with promoting osteoconductive, osteogenic and osteoinductive properties. Therefore,

we have prepared simple yet effective composite bone regenerating scaffold.

The layer by layer PCL-GO-CQ scaffolds show vast potential for further in vivo bone

tissue engineering and pave the way for human clinical studies in bone tissue regeneration.

Shivaji Kashte, D Y Patil Education Society, Kolhapur: Ph.D. Thesis 2019 165



ANNEXURE: I

CERTIFICATES




AMITY

AMITY INSTITUTE OF BIOTECHNOLOGY
e AMITY UNIVERSITY MUMBAI

(Established vide Maharashtra Act No. 13 of 2014, of Government of Maharashtra, and recognized under Section 2(f) of UGC Act 1956.)

Date: 10-08-2016

Authentication letter

This is to authenticate that the plant brought by Mr. Shivaji Kashte, Center for

Interdisciplinary Research, D. Y. Patil Education Society (Deemed to be University),

Kolhapur, Maharashtra, India is identified as Cissus quadrangularis L. of the Family
Vitaceae. The voucher specimens of the same have been deposited in our herbaria with

accession number SK/100816-01.

|
J

Dr. Sandeep Pai

Amity University, Mumbai — Pune Expressway, Bhatan, Panvel, Mumbai — 410206, Tel 022 71987045
Email : ndesai@mum.amity.edu, Website : www.amity.edu/Mumbai




D. Y. PATIL MEDICAL COLLEGE, KOLHAPUR

Constituent College of D.Y.Patil Education Society Deemed University, Kolhapur

NAAC Accrediated 'A’ Grade
:
l Dr. Rakesh Kumar Sharma Padmshree Dr. D. Y. Patil Dr. Sanjay D. Patil
Dean & Professor (Obst. & Gyn.) Founder President President

Outward No. DMCK/.S/120/¢ 24 :‘NOV 2016

INSTITUTIONAL ETHICS COMMITTEE, D. Y. PATIL MEDICAL COLLEGE, KOLHAPUR.

This is to certify that the research project titled,

“Synthesis and evaluation of a novel combination scaffold and its application in bone tissue
engineering.”

Submitted by : Mr. Shivaji Kashte

Under the supervision of appointed Guide (if any): Dr. Sachin Kadam

Dr. Rakesh Sharma

Has been studied by the Institutional Ethics Committee (IEC) at its meeting held on 22/11/2016 and

granted approval for the study with due effect with the following caveats:

i3

If you desire any change in the protocol or standard recording document at any time, please
submit the same to the IEC for information and approval before the change is implemented.

All serious and/or unexpected adverse events due to the drug/procedures tested in the study
must be informed to the IEC within 24 hours and steps for appropriate treatment must be
immediately instituted.

In case of injury/disability/death of any participant attributable to the drug/procedure under
study, all compensation is to be made by the sponsor of the study.

The Chief investigator/Researcher must inform the IEC immediately if the study is terminated
earlier than planned with the reasons for the same.

The final results of the study must be communicated to the IEC within 3 months of the completion
of data collection.

The researcher must take all precautions to safeguard the rights, safety, dignity and wellbeing of
the participants in the study.

The researcher must be up to date about all information regarding the risk/benefit ratio of any
drug/procedure being used and any new information must be conveyed to the IEC immediately.
The IEC reserves the right to change a decision on the project in the light of any new knowledge.
Before publishing the results of the study, the researcher must take permission from the Dean of
the Institution.

Annual progress report should be submitted for all sponsored projects to the committee.

. Unethical conduct of research in non-sponsored projects will result in withdrawal of the ethics

approval and negation of all data collected till that date.

Ve

-, Df, Mfs, Shim harma
2 mma@gaié% Ieeye
Institutional Ethics Ccmmmae
D. Y. Patil Medical Coflege,

Kolhapur - 416 008

869, 'E' Kasaba Bavada, Kolhapur-416 006 (MS) INDIA. Phone No. : (0231) 2601235-36, Fax : (0231) 2601238,

Web: dypatiimedicalkop.org.  E-mail : dypatilmedicalcollege @ gmail.com




ANNEXURE: II

PUBLICATIONS




PUBLICATIONS

Kashte S, Arbade G, Sharma RK, Kadam S. Herbally Painted Biofunctional
Scaffolds with Improved Osteoinductivity for Bone Tissue Engineering. J
Biomimetics, Biomater Biomed Eng. 2019;41:49-68.

Kashte S, Kadam S. Advances and Innovations and Impediments in Tissue
Engineering and Regenerative Medicine. Innov Tissue Eng Regen Med.
2019;1(2):1-3.

Kashte S, Jaiswal AK, Kadam S. Artificial Bone via Bone Tissue Engineering:
Current Scenario and Challenges. Tissue Eng Regen Med [Internet]. Korean
Tissue Engineering and Regenerative Medicine Society; 2017;14(1):1-14.

Kashte S, Kadam S. Stem Cell Therapy : A Hope Business or a Magic Wand ? Br
Biomed Bull. 2014;2(4):677-94.

Kashte S, Anshuman Dwivedi, Shraddha Gautam, R.K. Sharma and Sachin
Kadam, Treatment of Gingival Recession defect using mesenchymal stem cells
cultured PCL based bone regenerating scaffold: a randomized controlled clinical
study, Journal of Oral Biology and Craniofacial Research (First revision
Submitted)

Kashte S, R.K. Sharma and Sachin Kadam, Layer by layer decorated herbal
biocompatible scaffolds for bone tissue engineering: A synergistic effect of
graphene oxide and Cissus quadrangularis, Journal of Bioactive and Compatible
Polymers (Under Review)

Kashte S, Rohit Dhumal, Vikas Dighe, Pradip Chaudhary, R.K. Sharma, Sachin
Kadam, Bone regeneration in critical size calvarial defect using functional
biocompatible osteoinductive herbal scaffolds and human umbilical cord

Wharton’s Jelly-derived mesenchymal stem cells, Biomaterials (Submitted)

CONFERENCES

International Conference on Nanotechnology: Ideas, Innovations, and Initiatives-
2017 (ICN: 31-2017) at II'T Roorkee, December 2017



International conference on “Emerging Trends in Nanomaterial's and their
Applications (IC-NACMBM 2017), D.Y. Patil University, Kolhapur, September
2017

National conference on “Emerging Trends in Nanomaterials and their
Applications (ETNA 2017), D.Y. Patil University, Kolhapur, June 2017
Anveshan, at NIIMS University, Jaipur, March 2017

National conference on Convergence of stem cells and Medical Nanotechnology,
D.Y. Patil University, Kolhapur, June 2016

National conference on Bioscience and Health Engineering: Current Scenario,

Defence Institute of Advanced Technology, Pune January 2014



