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ABSTRACT

Treatments for unwanted bone fractures have different limitations like potential
infection risks and requirement of secondary surgery. Polymeric tissue engineering
scaffold material can be a suitable alternative treatment device for the bone tissue
regeneration due to its excellent biocompatibility, mechanical property and

degradability.

This thesis reports the preparation and characterization of novel calcium reinforced
bacterial cellulose (BC) based hydrogel scaffolds for its possible application in bone
tissue regeneration. The scaffolds were developed by using a combination of natural
polymer, BC and other synthetic polymers like polyvinylpyrrolidone (PVP),
polyethylene glycol (PEG). The scaffolds were prepared in two forms. First, calcium
phosphate (CaP) reinforced BC based hydrogel scaffolds were prepared, where CaP
was used in the form of B-tri calcium phosphate (B-TCP) and hydroxyapatite (HA)
in different concentrations. Second, calcium phosphate & calcium carbonate
reinforced BC based hydrogel scaffolds were prepared through template mediated

in vitro biomineralization of CaP filled BC based hydrogel scaffolds.

The structural properties (physiochemical, morphological, mechanical and/or
viscoelastic characterization) indicated the CaP reinforced scaffolds have
demonstrated significant swelling ability, suitable porosity and other mechanical and

viscoelastic properties.

Furthermore, functional properties (involving the biocompatibility, cell viability,
cell-biomaterial interaction and bone marker expression) indicated their better

efficiency for bone tissue regeneration.



Thus, the CaP reinforced BC based hydrogel scaffolds (BC-PVP-5-TCP/HA _20:80
and BC-PVP-4-TCP/HA_50:50) are recommended for further analysis (e.g. in vivo

study) and application in soft bone tissue (ie. cancellous bone) regeneration.

Keywords: Bacterial cellulose, Hydrogel scaffolds, calcium phosphate, bone tissue
engineering



ABSTRAKT

Lécba nezadoucich zlomenin se potyka s celou fadou problémil jako jsou infekce ¢i
dal$i ndsledné vynucené chirurgické zakroky. Pro feSeni téchto ptipadl se
s vyhodou daji pouzit polymerni scaffoldy, které dokazi vylepsit regeneraci kostni
tkang. Polymerni scaffoldy maji totiz vynikajici biokompatibilitu, vhodné

mechanické vlastnosti a jsou dobfe odbouratelné v tkani.

Tato prace se zabyva pripravou a charakterizaci novych polymernich hydrogelovych
scaffoldii na bazi bakterialni celulozy (BC) plnéné vapnikem, jejichz ukolem je zvysit
regeneraci poskozené kostni tkané. Byly pfipraveny scaffoldové kompozice na
bazi BC a syntetickych polymert polyvinylpyrrolidonu (PVP) a polyethynglykolu
(PEG) ve dvou kombinacich. V prvnim pfipadé byly pouzity hydrogelové scaffoldy
na bazi BC plnéné/vyztuzené fosfatem vapenatym (CaP), kde CaP byl ve formé
beta-tri-fosfosfaitu vapenatého (B-TCP) a hydroxyapatitu (HA) v raznych
koncentracich. Druhou kombinaci tvorily  hydrogelové scaffoldy na bdzi BC
plnéné fosfatem vapenatym/uhlicitanem vapenatym, které byly piipraveny in vitro
biomineralizaci hydrogelového scaffoldu na bazi BC plnéné CaP.

Strukturalni vlastnosti  (fyzikalné-chemické, morfologické, mechanické a
viskoelastické) naznacuji, Zze scaffoldy plnéné CaP maji znacnou schopnost

bobtnani, maji vhodnou porovitost, a dal$i mechanické a viskoelastické vlastnosti.

Kromé toho vysledky testd funkénich vlastnosti, zahrnujici biokompatibilitu,
zivotaschopnost bunék, interakci bun¢k a biomaterialii (prostiednictvim studie
SEM) a expresi kostnich markerti (pomoci ALP analyzy) ukazaly lepsi G¢innost pti

regeneraci kostni tkang.

Na zéklad¢ zjisténych poznatkil 1ze hydrogelové scaffoldy na bazi BC vyztuzené

CaP (BC-PVP-B-TCP/HA_20: 80 a BC-PVP-B-TCP/HA_50: 50) doporuit k dali



analyze (napt. Studiem in vivo) a ptipadné pouzit navrzeny scaffold pro regeneraci

meékkych (spongioznich) kosti.

Klicova slova: Bakterialni celuloza, hydrogelove scaffoldy, fosfore¢nan vapenaty,

inZenyrstvi kostni tkané
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Chapter 1. BACKGROUND

1.1. Bone and Bone Tissue Regeneration (BTR)
1.1.1i. Bone

Bone is one of the most important parts of human musculoskeletal system. It

maintains the structural framework of the animal body 234,

The architecture of animal bone is comprised of various structural attributes

(Figure.1). It is comprised of extracellular matrix, which is composed of inorganic

matrix that provides the strength to the bone and organic matrix, which facilitates

the bone flexibility >°. The bone structure composed of the following components

1,7.

Bone

Extracellular
matrix

[ Bone cells J

Vs

|\
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matrix
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Va

-

N

Calcium (99%),
Phosphorous
(85%) in the
form of
Hydroxyapatite

)

\fﬁ

Predominantly \
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Figure 1. Bone and its components (self-representation)
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The adult animal body is comprised of two types of bony structures: cortical bones
(80%) and trabecular/ cancellous bones (20%) 8 (Figure. 2). The cortical or compact
bones are dense and contain high concentration of inorganic mineral components
(like hydroxyapatite); however, it also lacks high number of blood vessels and
osteocytes. On the other hand, trabecular bones are composed of porous
“honeycomb” like network structures % 8. These two types of bones have differential
mechanical properties. The mechanical property of trabecular bone has been less

compared to the compact bone due to its structural architecture and porosity 2.

Trabeculae

Epiphysis { 2
Metaphysis { Cancellous

T bone
ki (Spongy bone)

\Cortical

Diaphysis

—_—

bone

(Compact
bone)

Metaphysis —
Epiphysis {

Figure 2. Cortical and cancellous bone of human long bone. (Self-representation)
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1. 1. 1i. Bone regeneration and Bone remodeling

a. Bone regeneration event
The bone regeneration event is a complex process (Figure. 3). However, the
important events of bone fracture healing or bone regeneration are indicated

below?:

(:}\ Callus
N (= formation
'.\4 | Inflammation and thtBTEhy
WA and cartilage
\\, H\\ |{ Hematoma — formation
1y
Pai s % Recruitment of Endochondral
Mesenchymal stem ossification and
Bone fracture cells; cascade of IL- intra-membranous
1, IL-6, TNF q, ossification, vascular
expression of TGF-B, growth, expression
BMP-2 of TGF-B2, TGF-p3
Secondary p Primary Bone
Bone . formation
formation

Osteogenesis and
bone cell
recruitment, carlilage
resorption, and neo-
angiogenesis.

Bone remodeling
and enhanced
osteoblast activity,
formation of bone
marrow

Figure 3. Bone fracture healing and bone regeneration. (Self-
representation based on Al-AQI et al., 2008 °).
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b. Bone remodeling event

Bone remodeling refers to the physiological event in which old/damaged bone is
replaced by newly formed bone. In this process, osteoclast removes the damaged
bone by bone resorption and new bones are formed by osteoblast. Interestingly, this
event is tightly regulated by bone formation and resorption process (Figure. 4) as
such that there is no loss of total bone mass occurs after the remodeling event ’. This

process has 4 different stages, which are following:

osteoclast precursors are recruited

Initiation of bone remodeling; the
Stage 1 [ J

Initiation of bone resorption event;
Stage 2 recruitment of osteoprogenitor
mesenchymal stem cells

matrix synthesis

Stage 3 [ Osteoblast differentiation and bone ]

completion of bone remodeling event

Stage 4 [ Mineralization of bone matrix and ]

Figure 4. Bone remodeling event. (Self-
representation based on EI-SAYED et al., 2019 7).
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1.2 Tissue engineering and its principles in BTR

1.2. 1. Tissue Engineering
“Tissue engineering is an interdisciplinary field that applies the principles of
engineering and the life sciences toward the development of biological substitutes

that restore, maintain, or improve tissue function” °,

Different studies and researches indicated that bone related disorders like
osteoporosis caused 8.9 million fracture situations worldwide annually, with a
condition where a fracture happens in every 3 seconds . The existing treatment
methods include the application of bone grafts 2 13, The bone grafts contain the

following characteristics in the context of bone tissue engineering application 2 14 1°;

I. Osteoconductivity

Osteoconductivity is the property of the graft/implant material, which elaborates the
significant formation and growth of the bone cells on the surface or within the porous
structures of the graft material. This finally results in formation of bone. In this case,
the mesenchymal stem cells will grow through osteoconductivity of the graft
material.

Il. Osteoinductivity

Osteoinductivity is the ability or property of the graft material through which the
graft material induces the pluripotent stem cells to differentiate into bone-forming
cell lineage.

1.  Osseo-integration

Osseo-integration refers to the direct contact between the bone and the graft

material. The characteristics of bone graft materials, implantation site of a specific

24



graft material can influence the efficient application of the graft and its subsequent

contact with bone.

The bone grafting method is most popular methods for tissue fracture repair. This

method includes two different approaches:

a. Autologous bone grafting:

Autologous bone grafting is considered as a gold standard for the bone defect
treatment. In this process, the graft is collected from one site and implanted in
another site of the same host (Figure.5). The damage recovery of the patients
happens faster. However, different limitations like longer surgical time, potential
infection, limited quantity of the graft material are also notable. This type of bone

grafts has used for the defects of cancellous, cortical bones, bone marrow etc. 2 1418,

Auto graft

Host Body

Figure 5. Autologous Bone Grafting. (Self-representation)

b. Allogenic bone grafting

Allogenic bone grafting involves the collection of bone graft from another person
and implanted into the patient (Figure.6). However, the limitations of this methods

are also notable like graft rejection, possible introduction of infection from donor
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to host etc. The allogenic grafting is used for cortical bones, cancellous and

demineralized bones 1617,

) )

A
ﬁﬁ Graft collection Graft implantation ﬁﬁ
/i) —) N )
A\ R N\

]

{ Graft W w

B —

y

Donor Host

Figure 6. Allogenic Bone Grafting. (Self-representation)

1.2. ii Bone graft substitutes

On the other hand, different graft substitutes have been used notably for orthopedic
application. The following graft substitute materials have been used currently as
shown in Table 1.1819

Table 1. Bone graft substitute materials

Type of graft substitute Osteoconductive | Osteoinductive
Growth factor based +++ +++
substitutes

Cell based substitutes +++ +++
Ceramic based substitutes +++ +++
Polymer based substitutes +++ -
+++ = activity significant

- =no activity

1.2. iii. Bone graft substitutes presently in market
Different types of bone graft substitutes are present in the market currently. The
list of the bone graft substitutes that are currently available/ in development stage

given below in Table 2. 20.21.22.23,24
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Table 2. List of the bone graft substitutes that are currently available

Product Type of Intended use Company,
scaffold/composition Country
ACI-Maix Collagen scaffold Articular Matricel,
cartilage Germany
treatment
BioSeed®C Autologous 3D Knee articular Biotissue,
chondrocyte graft cartilage Germany
treatment
Carticel® Cell laden construct | Articular Genzyme, USA
cartilage
treatment
CaReS® 3D type | collagen Articular Arthro Kinetics
matrix gel with cartilage GmbH, Germany
cartilage cells treatment
CONDUIT® 100% B-TCP Bone Void Filler | DePuy Spine,
TCP Granules USA
OpteMxTM HA/TCP biphasic Bone Void Filler | Exactech Inc.,
combination USA
MasterGraft® | Biphasic calcium Bone Void Filler | Medtronic Spinal
Matrix phosphate and & Biologics, USA
collagen
MBCP® Biphasic calcium Osseus defect Biomatlante
phosphate synthetic | filler Biologic solutions,
bone graft substitute France
Graftys® Calcium Phosphate Cancellous bone | Graftys, France
Quickset Cement treatment
Artebone ® Tri calcium Tibia and Spine | BBS-Bioactive
phosphate graft defects Bone Substitute,
Finland
HATCP HA (60%) and TCP | Autograft and KYERON ®, The
Granules ® (40%) Allograft Netherlands
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1.2. iv. Principle of tissue engineering (TE)

The successful implementation of tissue engineering (TE) application involves the
significant interaction and functioning of scaffolds, cells, and cell signaling systems.
These three components together form a “Tissue engineering triad” 2 (Figure 7),

which stimulates and facilitates the tissue regeneration event.

\

€
=

Tissue
Engineering

Cell Signaling
Molecules
(i.e. growth factors)

Figure 7. Tissue engineering triad.
(Self- representation based on Mathew et al., 2016 2°).

The tissue engineering strategy involves TWO major approaches:

a. TE construct with cell and scaffold

The cells from allogenic or autologous sources are cultured and proliferated in vitro,
then these cells are seeded onto a scaffold matrix, which ultimately forms a cell laden
structure. The cell laden structure serves as tissue engineering construct (Figure 8)
where the cells can proliferate, differentiate and thereby facilitates the formation of

a regenerated tissue 2> 2627,
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= Cells situated inside the
e | porous networks inside
@ Y, the scaffolds

) Cell Proliferation and

Tissue Regeneration

Figure 8. Tissue engineering construct with cells and scaffolds.
(Self-representation)

b. Cellular TE construct that mimics extra cellular matrix:

Another significant approach of tissue engineering involves the utilization of an
acellular biomaterial that essentially mimics the characteristics of extra cellular
matrix of living tissue (Figure 9) % 2, In this case, the scaffold will be used as
“implant material” which will stimulate the significant proliferation and colonization
of cells and thereby facilitate tissue regeneration process 2 2> 29,

") CellProliferation

':E\ \/ /}xd colonization
N

; i1
N,
: Application of Cell Proliferation
Damaged Tissue %
2 Scaffold as an and Tissue
implant. regeneration

Figure 9. Application of acellular scaffold for BTR. (Self-created)
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1.3 History of Tissue engineering: from past to present

A brief history of tissue engineering is indicated as follows (Figure 10):

2020: Tissue engineering
through human like
collagen/nano-
hydroxyapatite **

2019: Tissue engineering
through nanocellulose
based constructs *

2018: Development of
Nano-functionalized
hydrogel *

2017: Development of injectable
hydrogels for tissue engineering
and “3D in vitro model”. *-#

2016: Protein based hydrogel in Tissue
engineering and scaffolds developed
through 3D bioprinting ***

2015: “DNA-programmed assembly of cells
(DPAC)” for tissue engineering **

2012: Acellular scaffolds with bioactive molecules®’

2010: TE scaffolds by donor tissue based “de-
cellularized extra cellular matrix” *°

2004: [n vitro culture of artificial bladder and its
implantation in vivo

2003: Bioactive hydrogel scaffold in tissue engineering **

1990: Ex vivo TE construct with the combination of biomaterial
and cells *

1987: Coining of the term “Tissue engineering” *?

1962: Development of “synthetic substitute for skin” !

1881: Development of “Cadaveric skin allograft”

1794 Introduction of “Autologous skin grafting” *

3000 BC: Grafting of skin indicated in the Indian Sanskrit texts. **

Figure 10. A brief history of tissue engineering applications
(Self-representation)
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1.4 Biomaterial & Scaffolds in BTR

Biomaterials are the natural or synthetic material that has a notable therapeutic usage

in the context of repair and restore/replace of biological tissue 46 47:48.49,50,51,

The principle objective of biomaterial includes the stimulation of tissue regeneration
phenomenon through delivering a notable signal which are necessary for cell

proliferation and growth and thereby facilitate the regeneration of healthy tissue 2.

1.4.1 Biomaterials in TE & Bone regeneration

Different types of biomaterial have been used in tissue engineering 2 are discussed
below.
a. Natural Biomaterials

The natural biomaterials are the following Table 3. °2 5334

Table 3. Natural Biomaterials

Type of natural biomaterial Example
Silk
Protein based biomaterial
Collagen
Chitosan
Polysaccharide based biomaterial Alginate

Hyaluronic acid

b. Artificial Biomaterials

The artificial biomaterials are the following Table 4.2 555
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Table 4. Artificial Biomaterials

Type of Example
biomaterial
Metals Titanium, Gold, silver
Ceramics | Calcium phosphate, Calcium carbonate
Polymers | Poly lactic acid (PLA), poly glycolic acid (PGA), poly
(caprolactone) [PCL], poly (lactic-co-glycolic) acid
[PLGA], poly (L-lactic acid) [PLLA], polyvinyl
alcohol (PVA) etc.
Composites | Metal composite, polymer composite

1.4.2 Classification of biomaterials on the basis of its generation

The biomaterials and its types can also be classified on the basis of the following

generations discussed in Table 5. °7 585960

Table 5. Generations of biomaterial

Generation of Time | Characteristics Example
Biomaterial Line
Non-toxic  “bio- | Polymeric matrix
First generation 1960- |inert” composite | of polyethylene and
biomaterials 1970 biomaterial which | dispersed hydroxyapatite
can replace tissues | (HA) (Commercial name
“Hapex”)
Bioactive Resorbable fracture
Second generation | 1971-mid- | resorbable fixation  plates and
biomaterials 1980 biomaterial SCrews
Stimulation of | Application of cell-
specific ~ cellular | seeded tissue engineering
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Third generation 1990- response  through | construct/scaffold  and

biomaterials 2016 sustained application of scaffolds
controlled release | as extracellular matrix
of biochemical cues

Fourth generation 2016 Fourth generation | Application of scaffolds

biomaterials onwards | biomaterials can be | prepared by conductive

produced by
considering the bio-
electrical property
of a biomaterial and

polymers like polyaniline
and piezoelectric
biomaterials for bone
tissue engineering.

its effect on cell
signaling.

1.4.3 Scaffolds for BTR

Scaffolds are the artificial structures that facilitate the three dimensional (3D) tissue

formation 61 62

The scaffolds materials might be used as “acellular systems” or “cell laden

structures” for tissue engineering applications %°.

The following significant characteristics of the scaffold materials are important to

be considered before its application 53

a. Extra Cellular Matrix (ECM) mimicking material. The scaffold
material must mimic the natural extra cellular matrix and provide the necessary
structural support to the cells. In this way, the scaffold can facilitate the cells to
produce and deposit extracellular matrix and thereby accelerate the process of tissue
regeneration process.

b. Geometry and architecture. The internal geometry and structural
architecture of scaffold material (like interconnected porous structures and pore
sizes) ensures high surface density, which in turn provide significant space for
cellular attachment for tissue engineering.
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c. Porosity. Itis an important factor for scaffold material. A significant porous
scaffold material will ensure the cell attachment and facilitate significant
vascularization inside the scaffold during regeneration.

d. Mechanical property. The stability of the scaffold material depends upon
its appropriate mechanical property. The compressive strength of trabecular bone
ranges from 0.22 MPa- 10.44 MPa and cortical bone ranges from 130-200 MPa
%, The cell morphology and the expression of specific cellular proteins are
contingent on the proper elastic property of the scaffold matrix.

e. Biodegradability. The gradual and controlled biodegradability is an
important aspect of good tissue engineering scaffold material. During tissue
regeneration process, the newly formed tissue predominantly replaces the implant
scaffold material and the scaffold material will be degraded eventually to its
fundamental chemical units that will then be eliminated from body.

f.  Biocompatibility. The term biocompatibility can be defined as “the ability
of a material to perform with an appropriate host response in a specific application”
%7 The scaffold material must augment the cell attachment, proliferation and
differentiation process through providing stimulatory signals to the surrounding

cells and tissues.

1.4.4 Significant biological characteristics of the tissue engineering
scaffold

The tissue engineering scaffold must be biocompatible and non-toxic 2°. In addition,
the cell attachment, colonization, proliferation and differentiation are the key
biological requirement of the tissue engineering scaffold 2. On the other hand, the
scaffold material should be accepted by host immune system. The immunologically

inert tissue engineering materials has been recently utilized efficiently .
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The most important characteristics that should be present in the tissue engineering
scaffold is “Bioactive” property. In recent years, different bioactive compounds have
been introduced in the composition of scaffold materials like bioactive calcium
phosphates (hydroxyapatite, tri-calcium phosphate etc.) to enhance the efficiency of
the scaffold material/implant * 23, The bioactive tissue engineering scaffold material
will efficiently facilitate the cell migration/differentiation, successful integration of

the implant within the host, and tissue formation % 0.

1.5 Polymeric hydrogel scaffolds
1.5.1 Hydrogel scaffold

Hydrogels can be defined as a class of bio-inspired and bio-functionalized
biomaterials composed of hydrophilic cross-linked polymeric three dimensional
networks structure, which can absorb and retain high quantity of water and thus has

the similarity with a living tissue 7 72 73, 74,75, 76,77
A hydrogel (Figure. 11) contain following properties °:

e Hydrogel is made up of hydrophilic polymeric materials which are cross-
linked either by covalent bonds or intra/intermolecular physical interactions
(Figure. 11).

e They can swell significantly and can retain notable amount of water without
dissolving & 7°,

e Hydrogels due to its structural attributes has considered as biocompatible.
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Interactions of
the polymer
chains

Figure 11. Hydrogel and the interactions of the polymer chains of

1.5.2 Polymeric hydrogels used in tissue engineering application for

BTR

The polymeric hydrogels which have been used in bone tissue engineering are

hydrogel. (Self-representation)

listed below in Table 6. 80 81.82 83,84, 85,86

Table 6. Polymeric hydrogel in BTE application

Application Polymeric hydrogel
Hyaluronic acid
Alginate
Collagen
Chitosan
Silk Fibroin (SF)
Bone Tissue Polylactic acid (PLA)- Polyglycolic scid (PGA)
Engineering Co-polymer
application Polycaprolactone (PCL)

Polyvinyl alcohol (PVA)

Polyethylene glycol (PEG)

Gelatin-hyaluronic acid

Poly(lactic-co-glycolic acid) (PLGA)

Bacterial cellulose (BC)

Gelatin
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1.5.3 History of polymeric hydrogel scaffolds in BTR

A brief history/time line of utilization of polymeric tissue engineering hydrogel
scaffolds is indicated as follows (Figure 12):

4

2020 Gelatin/Nanocellulose based hydrogels 3

)

2018 Alginate hydrogel *

)

2016 nHap/polyacrylamide composite hydrogels, cellulosic derived hydrogels *'

)

2013 Hyaluronic acid hydrogel scaffold ™

)

2009 {(MMP) sensitive hyaluronic acid-based hydrogels *

2

2000 Dextran hydrogel

)

1990 PEG-PLA hydrogel. pNIPAAM hydrogel

)

1970 Pluronic hydrogel ¥

)

1960 pHEMA hydrogels ®

)

1894 Hydrogel mentioned in literature %

)

Figure 12. A brief history of hydrogel application in tissue
engineering and bone tissue engineering (Self-representation)
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1.5.4 Role of polymeric hydrogel scaffold in BTR

Hydrogel can be significantly use in bone tissue engineering either as a cell
entrapped tissue engineering construct or as a scaffold material. Hydrogel in swollen
state mimics the living tissue and thus can be able to utilize in tissue engineering

application as a scaffold material > 7 %,

Hydrogel scaffold can efficiently mimic bone extra cellular matrix * 4. In the context
of bone tissue engineering, hydrogel as a scaffold material should contain the
following characteristics (Figure.13) to promote bone cell colonization/proliferation,

tissue growth and thereby facilitate regeneration %

[ Hydrogel Scaffold ]

R

Interconnected Appropriate
porous network & mechanical Biodegradability Biocompatibility
appropriate pore size Property

Figure 13. Property of hydrogel for bone tissue engineering application (Self-
representation)

1.6 Bacterial cellulose (BC) and BTR

Cellulose is considered as significant and naturally abundant biopolymer composed
of a linear homopolysaccharides developed by B-D-glucopyranose units linked

through B -1,4 glycosidic bonds . Cellulose is produced by the green plants as well
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as some bacteria. Additionally, cellulose is also synthesized by certain algae and
tunicates % %,

Bacterial cellulose (BC) is cellulose majorly is synthesized by bacteria of the genera,
Gluconobacter °- %, In 1886, Brown A.J. discovered the development of pellicle
structure by bacteria which is similar to plant cellulose %% 1% 101 BC is devoid of
lignin and hemicellulose and thus differs from the plant cellulose. Additionally, BC
has Ia and IB crystalline domains, where plant cellulose has only If crystalline

domain. The properties of BC are indicated below %%

e BC has significant crystallinity and biocompatibility.

e The high degree of hydrogen bonding provides high mechanical property to
BC.

e BC microfibrils are smaller than the plant cellulose.

e BC has high porosity and notable biodegradability.

e BC microfibrils has high aspect ratio thus provides high surface area which
give BC a water retention capacity.

1.6.1 Synthesis and production of BC

The BC production is done through fermentation process. The different components

of a BC production are indicated below in Table 7. 103 104, 105,106

Table 7. Different components of a BC production

Components Description

Normal Gram —ve Bacteria: Gluconobacter, Achromobacter,

bacteria Aerobacter, Agrobacterium, Azotobacter, Rhizobium,
Bacterial Gram + ve Bacteria: Sarcina,
strain Genetically | Komagataeibacter
engineered | rhaeticus IGEM

bacteria

Standard | Hestrin and Schramm (HS) medium (Glucose,
media peptone, yeast extract as carbon and nitrogen source)
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Culture Alternate | Fruit juice, Sugar cane mollase, Brewery waste,
media media
pH pH of culture | pH 4-7
medium
Temperature Optimum | 28-30°C
temperature
Static The method involves the inoculation of culture
medium in production trays, which causes the
development of BC pellicle. The entrapped CO;
bubbles produced through bacterial metabolism leads
this BC pellicle to the surface and thus the pellicle
Mode of generally floats on the surface.
production Agitated In agitated production condition, oxygen is
continuously supplied and yield BC is higher.
However, in this method, there is a possibility of
development of potential mutations in the bacteria and
generation of cellulose negative mutants under the
influence of high sheer stress condition.
Post Alkali The newly synthesized BC is then treated with mild
production treatment | alkaline solution like NaOH or KOH solution
treatment of Drying According to final application of BC, BC can be freeze
BC dried or super-critically dried.

1.6.2 Mechanism of biosynthesis of BC

The BC fibrillar matrix is composed of numerous three dimensional BC nano-fibers

that ultimately form a hydrogel sheet like structure with high surface area.

Gluconobacter is the most commonly used bacterium in BC production. The bacteria

under appropriate carbon-nitrogen nutrient condition, and optimum temperature (28-

30°C) and pH (pH: 4-7) condition produce ribbon like cellulose | and

thermodynamically stable cellulose-11 polymers.

The glucose units form the

bacterial cellulose through cellular biosynthetic pathway (Figure. 14). The bacteria

first produce protofibrils (2-4 nm) of glucose chains which are then secreted by
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bacterial cell wall and produce microfibrils and then aggregated to form cellulose

fiber ribbons (80 nm) 107, 108,

[ Bacterial cellulose ]
H [ Cellulose synthase complex ]
[ UDP glucose ]

H[ Glu-1-p-uridyl transferase ]

[ Glucose-1-phosphate ]

H[ Phospho-glucomutase }

[ Glucose-6-phosphate ]

ﬂ[ Glucokinase ]
[ Glucose ]

Figure 14. Biosynthesis of cellulose. (Self-representation)

1.6.3 BC as tissue engineering scaffold

BC has been extensively used in biomedical application. The advantage of BC over
other polymers involves the fact that BC has significant controllable three
dimensional fibrous network structure and notable biocompatibility 3 % 9719  BC
has a notable use as bone tissue engineering scaffold due to its remarkable similarity
with bone extra cellular matrix and collagen ', Interestingly, it has been reported

that collagen and BC nanofibers contain similar diameter i.e. 100 nm and are
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developed in the extracellular region from precursor molecule into chains of
polymers °7. The BC based scaffolds used in bone tissue engineering are indicated

below in Table 8. >> 7. 103

Table 8. BC based scaffolds used in BTR application

Application BC based scaffolds or BC based composite

BC/gelatin composite

BC/chitosan

BC/starch, BC/Paraffin

Bone Tissue Engineering | BC/ poly(vinyl alcohol) [PVA]
BC/poly(methyl methacrylate) [PMMA]
BC/Hydroxyapatite

BC/Polyacrylamide

1.7 Different polymers for TE scaffold preparation

Other polymers utilized in hydrogel scaffold preparation for BTR application are

following:

a. Polyvinylpyrrolidone (PVP)
PVP is a biocompatible, water soluble synthetic polymer that used successfully
as an additive to drugs like blood plasma expander % 112 113 PVpP based
hydrogels can notably prepared by physical (by applying heat, pressure etc.) and
chemical cross-linking phenomenon. PVP based hydrogels do not dissolve in

water 113 and thus consider as an exciting scaffold material for BTR applications.
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b. Polyvinyl alcohol (PVA)
PVA is an excellent biocompatible synthetic polymer with low biodegradable

property 12 14 PVA Dbased hydrogel can be prepared through
physical/chemical/radiation mediated crosslinking. Due to its notable hydrophilic
nature PVA based hydrogels are considered as a significant material for
biomedical and/tissue engineering purposes. The significant porous structural
attributes of PVP based hydrogels make this hydrogel an excellent tissue

engineering implant material 2,

c. Carboxymethyl cellulose (CMC)
CMC is an ether derivative of cellulose. It is a hydrophilic polymer which has

considered as biocompatible to animal cells. CMC is generally used in the
cosmetics and as a viscosity modifier. Due to its hydrophilic character, it is used
largely in the biomedical fields ** 15, CMC based hydrogels could exhibit a
significant swelling ability and thus can be an excellent polymeric component for

bone tissue engineering scaffold.

d. Agar
Agar is a natural polymer and mixture of two components: the linear

polysaccharide agarose and a heterogeneous mixture of smaller molecules called
agaropectin. Agar is generally used as gelling agent 3. It provides the agar based
hydrogels a notable gelling property at room temperature. Furthermore, agar
based hydrogels contain porous structures which makes them an excellent

material for bone tissue engineering application ¢,

e. Polyethylene glycol (PEG)
PEG is a synthetic polymer of ethylene glycol and shows an excellent

biocompatibility property. This polymer has been widely used in biomedical
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fields like wound dressing application '3, PEG is a hydrophilic polymer and can
easily dissolve in water. PEG based hydrogels can be prepared through
introduction of physical/chemical crosslinking. Thus, PEG based hydrogels are
feasible to prepare. Moreover, PEG based hydrogels has the ability to lower the
cytotoxic effect on the animal cells 3. Hence, PEG based hydrogels are exciting
material for BTR application.

f. Chitosan (CS)
CS is a natural cationic polymer which is notably biocompatible. The CS has high

similarity with glycosaminoglycan (GAG) and thus could facilitate bone
formation *°. It has an excellent antimicrobial property. Furthermore, it
facilitates notable osteoconductivity and in vivo neovascularization. Moreover,
CS induces osteoblast proliferation and thus considered as excellent material for

BTR application 7,

1.8 Calcium and its importance in BTR

Different calcium based bioactive compounds like calcium phosphate and calcium
carbonate > 5 118 119120 have been utilized in bone tissue engineering scaffold
material. The primary objective of bioactive compounds is to function as osteo-
inductive agents and facilitate bone cell proliferation and differentiation. On the
other hand, calcium based compounds are also act as a rigid filler which will provide

necessary mechanical property to the bone scaffold.

Calcium (i.e. calcium phosphate) can be incorporated through direct mixing to the
polymer solution * . On the other hand, calcium mineral in the form of calcium
carbonate can be incorporated in the scaffold through in vitro bio-mineralization >
8, The calcium based bone tissue engineering scaffold provides two major
physiochemical and biochemical stimuli (Figure. 15) to the bone forming cells (i.e.

osteoblast) and osteoprogenitor cells (i.e. mesenchymal stem cells [MSC]):

44



L0

Calcium based bone tissue engineering scaffold

Extracellular
[Ca®]
stimulus

Mechanical

stimulus

Figure 15. Stimulus provided by calcium based bone
tissue engineering scaffold. (Self-representation)

1.8.1 Extracellular [Ca?*] based signaling

In osteoclast mediated normal bone resorption process, calcium ions (Ca?*) are
generally moves out from the bone matrix and this causes local increase of Ca?*
concentration (nearly 40 mM) 2L, On other hand, bone damage can also increase
local Ca?* concentration significantly (nearly 10 mM) 8. Bioactive calcium agents
like calcium phosphates and calcium carbonate equipped with tissue engineering
scaffold can also lead to the development of elevated extracellular calcium
concentration * 8, Different macropores and micropores of tissue engineering
scaffold facilitate the efficient release of calcium and phosphate for the local increase
of concentration of this bioactive mineral 8. Studies reported that the elevated
extracellular Ca?* has the ability to stimulate the chemotaxis of osteoblasts and
osteoblast precursors and this elevated calcium ion can significantly induce

osteoblast proliferation and differentiation 88, It has been reported that increase in
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local Ca?* concentration can also stimulate notable intra cellular calcium signaling
82 Additionally, the high concentration of calcium subsequently initiate
MAPK/ERK signaling pathway (Figure. 16) which ultimately causes the gene
expression (like bone morphogenetic protein-2 or bmp-2 gene) for osteoblast

proliferation and migration 122 123,

1.8.2 Mechanical stimulus and signaling

Calcium based compounds like calcium carbonate are considered as rigid filler in
the filled-in polymer system. The presence of calcium based bioactive agents also
enhances the mechanical property of the tissue engineering scaffold. Thus composite
material containing polymeric matrix and rigid reinforcing material could also
provide mechanobiological signals to the bone cells to proliferate along with
biochemical cues 14 1%, The mechanobiological stimulus provided by extracellular
matrix (ECM) and tissue engineering scaffold is at first recognized by a eukaryotic
transmembrane cell-ECM receptor, Integrin 2°. The binding of ECM/tissue
engineering scaffold to Integrin receptor of bone cells 1% initiates a qualitative
intracellular biochemical signaling cascade (Figure. 17) which ultimately stimulate
the gene expression of the genes (runx2, ocn etc.) specific for bone cell proliferation
127 The bone cell cycle progression and bone cell proliferation are dependent on
Integrin-dependent cell signaling pathway that also depends on the hard and soft
matrix properties. However, actin cytoskeletal tension also plays a vital role in cell

proliferation event 27,

46



Elevated extracellular [Ca?'

Cell plasma membrane
/ATP cAMP ’

NN

Creavs Y~

Intracellular eventS/

B-Raf
- - \\\\\
AR
AR
R
\\
! |
h
— ’/
AT ///
\\ Gene (bmp-2) y; /
N\ Expression for ///
\\\\ Cell proliferation _ %~
N - -

Figure 16. MAPK/ERK pathway for osteoblast proliferation
(Self-representation based on New and Wong, 2007 1%3)
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Figure 17. Integrin mediated signaling and Integrin-Scaffold interaction

(Self-representation based on Giancotti and Ruoslahti, 1999 and Marie et al., 2014
125,128)
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1.9 Cell and cell biology in BTR
1.9.1. Bone cells

Bone is a dynamic and powerful structure of human body. The maintenance of the
animal bone structure includes periodical process of bone formation and bone

resorption *”. The bone majorly consists of 3 types of cells.

A. Bone forming cells or Osteoblast
The surface of animal bone harbors 4-6% cuboidal cells with numerous rough

endoplasmic reticulum, notable Golgi apparatus and secretory vesicle. These cells
are called Osteoblast '2°. The principal functions of the osteoblast cells are the
synthesis and secrete the bone matrix; thus these cells facilitate bone formation.
Hence, these cells are called bone forming cells . The osteoblast cells are derived
from mesenchymal stem cells and have following fates: a. osteoblast remains

dormant and become bone lining cells or b. formation of osteoclast.

B. Bone resorbing cells or Osteoclasts
Osteoclasts are multinucleated cells sourced from mononuclear cells of

hematopoietic stem cell lineage under significant cellular factors; especially,
macrophage colony-stimulating factor (M-CSF) which is secreted by mesenchymal
stem cells and osteoblasts " 1%, Osteoclast secretes tartrate-resistant acid
phosphatase (TRAP) and Cathepsin K enzymes and hydrogen ions; which facilitates

bone resorption process. Thus, these cells are also termed as bone resorbing cells.

C. Mechano-sensing cells or Osteocytes
Osteocytes are derived from osteoblast and present in the lacuna canalicular bone

network system. Unlike osteoblast, they do not express bone marker like alkaline
phosphatase but they express other bone matrix proteins. Osteocyte identifies the

physiological deformation of bone matrix due to mechanical loading and shear stress
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originating from canalicular fluid flow by the lacuna canalicular system. Thus

osteocytes are considered as mechano-sensing cells 7 1%,

Along with the above-mentioned cells, bone also harbors the following cells:

Osteoprogenitor cells or Mesenchymal stem cell (MSC)

Mesenchymal stem cells (MSC) are considered as “Osteoprogenitor cell” as they
produce osteoblast cells 7. The MSC is stromal cell which are generally differentiate
into osteoblast, chondroblast and adipocyte lineages. Additionally, they also express
the biomarkers like CD73, CD90, CD105 **°, The expressions of the specific genes
like of bone morphogenetic proteins (BMPs) and members of the Wingless (wnt)
signaling pathway are required for the commitment of MSC as osteoprogenitor

lineage 2°.

1.9.2 Types of cells utilized in bone tissue engineering

The biological evaluation of the interaction between bone implant/scaffold and
different bone cell lines (like osteoblast and osteoclast) is utmost important factor in
the context of healthy bone regeneration 26 131, The selection of cell source in bone
tissue engineering study is a significant criterion for successful application. On the
other hand, different in vitro studies with appropriate cell lines are also important 2
7>, The criteria for the cell source selections involve, the availability of cells and its
proper utilization, the osteogenic potential of the cells and the immunogenicity etc
25, In general, appropriate selection of cell line or appropriate cell source will indicate
the efficiency of the tissue engineering scaffold material in the context of its
application. Different cell lines have been used as in vitro model for bone tissue

engineering are discussed below in Table 9. 26 7> 13!
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Table 9. Cell lines have been used as in vitro model for BTE

Application Cell lines
MC3T3-E1 cell line; Primary
Osteoblast culture of human osteoblast
Differentiated _ COS-7 cells; NIH3T3 cells
cell lines Fibroblast

MG-63 cell line; Saos-2 cell
Osteosarcoma | jine

Bone Tissue Adipose-Derived Stem cells (AD-SC)
Engineering Bone Marrow-Derived Stem Cell (BM-SC)
Undifferentiated | Embryonic Stem cell (ESC)

cell line (Stem | Induced pluripotent stem cells (iPSC)

cells) Umbilical Cord Mesenchymal Stem Cells
Endothelial Progenitor Cells

Periosteum-Derived Progenitor Cells

Synovium-Derived Mesenchymal Stem Cells
Muscle-Derived Stem Cells

1.10 Scaffold and cell interaction

Cell and scaffold interaction is a crucial factor for the tissue regeneration event. The
physiochemical characteristics of scaffold material significantly influence the cell
proliferation and differentiation 2. On the other hand, the efficient interaction
between cell and scaffold results in notable cell motility and cell migration. The
significant ligand-integrin interaction between cell and scaffold further leads to
cytoskeletal contraction and remodeling events which can determine also the fate of
the corresponding cell 132 133 134 135 | the context of cell proliferation and migration,
the mechanical property of the scaffold is an important aspect. The mechanical
characteristic of a scaffold material facilitates mechano-transduction related

biochemical signaling which ultimately results in diverse cellular responses (Figure.
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18). This mechano-transduction process involves cell-ECM or cell-scaffold
adhesion, cell-cell adhesion, function of membrane-cytoskeletal-nuclear structural
components °®. It has been reported that, cell adhesion and proliferation of
mesenchymal stem cells (MSC), fibroblast cells, and endothelial cells were
significant on stiff substrates 3. The cellular trans-membrane receptor, Integrin;
whose primary function is cell-extracellular matrix adhesion, plays an important role
in establishing the mechanical contact related adhesion between scaffold and
actinomyosin system of cell cytoskeleton. Integrin promotes the focal adhesion
between scaffold (i.e. extracellular matrix) and cell which subsequently results
Integrin receptor conformational change and thus activates a cellular biochemical
signaling cascade. The additional force to this Integrin in bound state also promotes
cellular actin filament polymerization and stimulates further cytoskeletal contraction
event. The significant interaction between actin and myosin-I1 filaments of cellular
cytoskeletal stress fibers develops notable contractile forces. This contractile force
helps the cell to identify the mechanical property and elasticity of the surrounding
matrix *7. However, cells also contain local mechano-sensing biomolecules to
recognize and respond to the change in local mechanical force and property provided
by the scaffold °°. Porosity and interconnectivity of the pores of the scaffold material
are also important factor for cell growth and nutrient flow. The pore size of the
scaffold is also considered as a significant criterion for healthy tissue regeneration
%, The cell migration was found restricted if the pore size is too small; on the other
hand, cell adhesion was found limited if the pore size become too large. The pore

size affects significantly the cell morphology.
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Figure.18 Scaffold and cell Interaction (Self-representation)
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Chapter 2. EXPERIMENTATION

2.1 Materials for calcium reinforced BC based hydrogel preparation

2.1.a The materials used in this study

The materials used in this doctoral study are explained below in Table 10.

Table 10. Materials used in the preparation of hydrogel scaffolds

Materials

Chemical formula

Description

Bacterial cellulose

(BC)

BC is cellulose, which majorly
synthesized by bacteria of the
genera, Gluconobacter. BC is
composed of a linear
homopolysachharides developed
by B-D-glucopyranose  units
linked through B -1, 4 glycosidic
bonds. BC is devoid of lignin and
hemicellulose and thus differs
from the plant cellulose 3 %°.

Polyvinylpyrrolidone
(PVP)

PVP is a water-

soluble polymer made from

the monomer N-
vinylpyrrolidone. It is a
biocompatible polymer used in
biomedical purposes like wound
dressing 8,

Carboxy-methyl
cellulose
(CMC)

n

R=H or CH,CO,H

CMC is a water-soluble polymer.
It is a biocompatible polymer. It
IS used in cosmetic application
and other biomedical uses 3.
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Polyethylene glycol

PEG is a hydrophilic polymer. It
Is also biocompatible polymer

(PEG) and reduces cell and tissue
cytotoxicity 3 °° 138,
o ) Agar is a jelly-like substance. It
é X \ﬁ IS a mixture of two components:
Agar £ the linear
» | polysaccharide agarose, and a
heterogeneous mixture of
smaller molecules
called agaropectin. Agar is
considered as a gelling agent 3 %
138.
S-tricalcium )
phosphate O p-TCP1s _
(B-TCP) o-R~-o ca?t| | a galcm!’n salt gf phosphoric
o) acid. It is considered as a
2 *| biocompatible bio-ceramics % 5.
Hydroxyapatite Ca;10(PO4)s(OH), ] )
(HA) HA is a naturally occurring
mineral form of calcium apatite.
It is an integral component of
animal bone 3 %°,
Glycerin

OH

HO\/J\/OH

Glycerin or Glycerol is a simple
hydrophilic polyol compound. It
Is used as a humectant in the
preparation of hydrogel 3 % 138,
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2.1.b. Polymers and their purpose of use for the preparation of the

hydrogel scaffold

The polymers and their advantages and specific purpose in this study are described

below in Table 11.

Table.11 Polymers and their advantages and specific purpose in this study

Polymers Advantages Specific purpose of use
BC nano-fibers contain | Biocompatibility and
BC similar  diameter like | mechanical strength.
collagen. 7
Biocompatible and water | Biocompatibility
PVP soluble
Swelling property and | Biocompatibility
CMC biocompatibility
Reduces cellular toxicity | Biocompatibility and
PEG and biocompatibility cellular toxicity lowering
agent
Gelling agent and | Gelling of hydrogel and
Agar swelling ability swelling ability

2.1.c. Sources of the utilized materials in this study

The sources of the utilized materials in the study are described in Table 12.

Table 12. Sources of the materials in this study

Materials Description Source
For CaP reinforced BC based hydrogel scaffolds
BC (Raw Synthesized G. xylinus CCM
material) polymer 36117 bacteria
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PVP PVP K30, mol wt: | Fluka, Switzerland
40, 000
CMC Sodium Sinopharm
carboxymethyl Chemical Reagent
Polymers
y cellulose Co Ltd. (SCRC),
China
PEG PEG 3000, mol wt. | Fluka, Switzerland
2700-3300
Agar Agar powder for | Fluka, Switzerland
gelling agent
Other agents Glycerin Humidity retention | Lach-Ner Ltd.,
agent Neratovice, Czech
Republic
Calcium Hydroxyapatite | CaP powder, mol. | Sigma Aldrich, St.
Phosphates Wt.: 502.31 g/mol | Louis, MO, USA
S-tri calcium CaP powder, mol. | Fluka, Switzerland
phosphate Wt.: 310.18 g/mol

For in vitro bio-mineralization of CaP reinforced BC based hydrogels to prepare
calcium phosphate and calcium carbonate reinforced BC based hydrogel

scaffolds

Sodium carbonate Na,COsz;; molecular  weight | Sigma Aldrich, St.
286.14 g/mol Louis, MO, USA

Calcium chloride CaCly; molecular weight 110.99 | Penta, Czech
g/mol, 97.0% Republic
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2.2 Methodology of calcium reinforced BC based hydrogel scaffold
preparation

2.2.1 Synthesis of raw material i.e. Bacterial cellulose

The methodology of BC synthesis is described as follows:

BC (holding 99% H,0) was synthesized in presence of basal synthetic Hestrin-
Schramm (HS) nutritive medium (pH 7.0) using Gluconacetobacter xylinus CCM
36117 (syn. Acetobacter xylinum) at 30°C for 15 days. 100 mL bacteriological culture
bottles were inoculated with 5 mL of H.S. medium containing 96 x 108 cells/mL
bacteria [bacteria counted at 550 nm wavelength]. The freshly prepared BC pellicle
was treated with 0.5N NaOH solution and then heated at 80°C for 1 hour to remove
the possible contaminations from the BC pellicle (Figure. 19). The newly produced
BC pellicle was then treated with deionized water and the water was refreshed after
2h of interval until the pH reached a neutral value. Thereafter, a homogenous
suspension of BC (particle size: ranging from 159 nm-351.03 nm) from the obtained

BC mat was prepared by grinding [10-12 mins] the BC mat in distilled water 3 %,

30°C for 2 days

30°C, 15 days

(1. Synthesis of BC |

30°C for 3 days

(% G Bacterial

Gluconacetobacter xylinus . %) 2

CCM 36117 e : <) ceIIu_Iose
— pellicle

= Bacteria + Bacteria +
‘ HS Agar Medium ‘ 5 mL of H-S medium 100 mL of H-S medium

[ 2.Treatment of BC ] s

NaOH Treated BC Fresh BC pellicle

0.5N NaOH,
80°C, 1 hour

Figure 19. BC production in H.S. medium. (Self-
representation)
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2.2.2 Preparation of calcium reinforced BC based hydrogel scaffolds
The calcium reinforced BC based hydrogel scaffolds were developed in the form of
calcium phosphate reinforced BC based hydrogel scaffolds and calcium phosphate
and calcium carbonate reinforced BC based hydrogel scaffolds. The preparation of

the hydrogel scaffolds is described below:

(a) Preparation of calcium phosphate reinforced BC based hydrogel scaffolds

Calcium reinforced filled BC based hydrogel scaffolds were prepared by applying
the BC (holding 99% water) with CMC and PVP (Table 13.). Polyethylene glycol
(PEG) was also used to reduce the risk of tissue damage and other significant
cytotoxic effects. Agar was used as gelling agent and glycerin was used as
humectant. Additionally, calcium phosphates like B-TCP and HA were given to
develop the inorganic calcium phosphate filled BC based hydrogel scaffolds (Figure.
20) .

The hydrogel scaffolds were developed following the solvent casting method,
applying moist heat and pressure. 100 mL polymer solutions were prepared in
250mL sealed glass bottles under 15 Ibs (107 KPa) pressure and 120°C temperature
for 20 minutes. Two sets of polymer solutions were prepared; where one set was
without inorganic calcium phosphate, and another set was with inorganic calcium
phosphates (B-TCP/HA). 25 mL polymer solution from each sealed glass bottles was
then poured into 75 mm diameter petri-dishes and then allowed to cool at room
temperature (22-25°C). Finally, smooth, round shaped, off white color BC based
scaffolds with and without calcium phosphate were achieved. The hydrogel
scaffolds without calcium phosphate were termed as “BC-PVP” and “BC-CMC” and
the calcium phosphate reinforced scaffolds were termed as “BC-PVP-4-TCP/HA”
and “BC-CMC-4-TCP/HA”.
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Furthermore, on the basis of cell biological study, the “BC-PVP-4-TCP/HA” scaffold
was selected and then different calcium phosphate reinforced BC based hydrogel
scaffolds (BC-PVP-B-TCP/HA 10:90; BC-PVP-B-TCP/HA 20:80; BC-PVP-p-
TCP/HA 40:60; BC-PVP-B-TCP/HA _50:50; BC-PVP-B-TCP/HA _60:40)
(Diameter: 75 mm; Thickness: 5.9-6.2 mm) were prepared with different calcium
phosphate i.e. B-TCP and HA ratios (Table 14).

Table 13. Composition of calcium reinforced BC based hydrogel scaffold.

PVP CMC BC PEG Agar Glycerin pB-TCP/HA Water
Sample index @ @@ @ @ ( (mL) (9 (mL)
Scaffolds BC-PVP 0.5 00 05 1 2 1 0.0/0.0 95
without BC-CMC 00 05 05 1 2 1 0000 95
calcium ' ' ' T
Scaffolds BC-PVP-B-TCP/HA 0.5 00 05 1 2 1 0.2/0.8 94
with
calcium BC-CMC- B-TCP/HA | 0.0 0.5 0.5 1 2 1 0.2/0.8 94
phosphate
Scaffolds BC-PVP-p-
with TCP/HA-CaCOs 0.5 00 05 1 2 1 0.2/0.8 94
calcium
phosphate BC.CMC- B
and - - b
caloium TCP/HA-CaCOs 0.0 05 05 1 2 1 0.2/0.8 94
carbonate

Table 14. Composition of calcium phosphate reinforced BC based hydrogel
scaffold

Calcium phosphate reinforced BC | PVP BC PEG Agar Glycerin B-TCP/HA Water

based hydrogel scaffolds (9) (9) (9) (9) (mL) (9) (mL)
BC-PVP 0.5 0.5 1 2 1 0.0/0.0 95
BC-PVP B-TCP/HA _10:90 0.5 0.5 1 2 1 0.1/0.9 94
BC-PVP- B-TCP/HA_20:80 0.5 0.5 1 2 1 0.2/0.8 94
BC-PVP- B-TCP/HA 40:60 0.5 0.5 1 2 1 0.4/0.6 94
BC-PVP- B-TCP/HA 50:50 0.5 0.5 1 2 1 0.5/0.5 94
BC-PVP- B-TCP/HA 60:40 0.5 0.5 1 2 1 0.6/0.4 94
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(b) Preparation of calcium phosphate and calcium carbonate reinforced BC based
hydrogel scaffolds

The calcium phosphate reinforced BC based hydrogel scaffolds (only BC-PVP-3-
TCP/HA_20:80 and “BC-CMC-B-TCP/HA_20:80) were further in vitro bio-
mineralized for incorporation of additional CaCOs. The in vitro bio-mineralization
process was performed following the simple liquid diffusion technique. Two
different ionic solutions (i.e., Na,CO3 and CaCl,) were used at fixed concentration
ratios (5.25/100 mL and 7.35/100 mL) to prepare calcium phosphate and CaCOs
filled BC based hydrogel scaffolds. In this study, the bio-mineralization of hydrogel
matrix was carried out for 60 min by keeping the test samples in each ionic solution.
The calcium phosphate reinforced BC based hydrogel scaffolds were first immersed
in 100 mL solution of CaCl,. H,O for 30 min and then transferred into 100 mL of
Na,COj3 solution and kept them for 30 min. In this procedure, calcium phosphate
and CaCOs filled BC based in vitro bio-mineralized hydrogel scaffolds were
achieved, which were finally termed as “BC-PVP-4-TCP/HA-CaCO3” and “BC-
CMC- p-TCP/HA-CaCOs3” respectively (Figure. 20).
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Figure. 20 Preparation of calcium reinforced BC based hydrogel scaffolds. (Self-
representation)
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2.3 Physical characterization
The physical characterization of calcium reinforced BC based hydrogel scaffolds

were performed.

Most of the characterization study was performed with freeze dried or lyophilized
samples. The calcium reinforced hydrogel scaffolds were freeze dried for 24 h, using

Scanvac Cool Safe 110-4 PRO, Lynge; at -80°C temperature and 0-5 kPa pressure.

Thereafter, specific dimensions of the sample sections were selected for the
characterization analysis. The methodologies of the physical properties

characterization are the following:

2.3.1 Swelling study

Polymeric hydrogel has been used as potential scaffold material for bone tissue
engineering scaffold. It composed of hydrophilic cross-linked polymeric three
dimensional networks structure, which can absorb and retain high quantity of water

and thus has the similarity with a living tissue 3% 1,

High swelling ability of hydrogel is attributed by the notable hydrophilic groups like
hydroxyl group, carboxyl group of the chains of its structural polymers . The
swelling analysis was performed through gravimetric study with physiological saline
solution (Ringers solution; pH 7.40) at human physiological temperature (37°C+
1°C) and human fever temperature (39°C). Circular sections (20 mm diameter) of
the hydrogel scaffolds were soaked for specific time intervals (5 min, 60 min, 120
min, 180 min, 240 min, 300 min, 360 min). The absorptivity of the hydrogel
scaffolds is measured by the degree of swelling (Figure. 21) which is defined by the
following equation:
Degree of swelling (%) = [(Ws-Wa)/Wq] X 100......cc.ooviiiiiiiiiiiiin. (1)

63



Where, Ws and Wy are weight of the swollen and dried hydrogel scaffold sections.

The data for swelling study was presented as the mean = standard error of the mean.
Three repeats of experiments were conducted (n=3). Statistical differences between
control and treated groups, as well as between the studied samples were assessed
using one-way analysis of variance (ANOVA) followed by a suitable post-hoc test
(Dunnett/Bonferonni) by using GraphPad Prism version 5.00 for Windows (San
Diego, CA, USA) and MS Office 2010 (Redmond, WA, USA). The P value is

expressed as P<0.0001,-3 for the level of significance.

Swelling t1>t Swelling tz > t4
. . Towards =
O Equilibrium
Swelling
Crosslinked Water Condition
molecules
polymers of

hydrogel in water
based solvent at

o
time t 2)
i e -
o
iefi
polymer chain rr:cu |es:r|.
and Primary g Sy

and Secondary

Bound water Bound water

Figure 21. Interaction of water and polymer chains of a hydrogel during
swelling. (Self-representation)

2.3.2 Porosity

Porosity is one of important factors of bone tissue engineering scaffold. The porosity
can be defined as the percentage of void spaces inside a tissue engineering scaffold
18,139, 140 porosity induces protein adsorption which ultimately stimulates bone

cellst,
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The liquid displacement method used for the determination of porosity. This method
involves the immersion of freeze dried sample sections with specific dimensions (10
mm?) into absolute ethanol for 48 hours. The porosity of the sample is calculated by

the following:
P=(W2- W)/PV i e (2)

Where, Where, W1 and W2 are the weight of the hydrogel scaffolds before and after
the immersion into absolute ethanol and V1 is the volume of the scaffolds before
immersion into ethanol, q is the constant of the density of ethanol at room

temperature %142,

The data for porosity study was presented as the mean + standard error of the mean.
Three repeats of experiments were conducted (n=3). Statistical differences between
control and treated groups, as well as between the studied samples were assessed
using one-way analysis of variance (ANOVA) followed by a suitable post-hoc test
(Dunnett/Bonferonni) by using GraphPad Prism version 5.00 for Windows (San
Diego, CA, USA) and MS Office 2010 (Redmond, WA, USA). The P value is

expressed as P<0.0001,-3 for the level of significance.

2.3.3 Biodegradation study

One of the objectives of tissue engineering is to facilitate the growth of the host body
cells and eventual replacement of the applied scaffold material by newly grown cell
and tissue. Hence, a controlled degradability of the tissue engineering scaffold is an

important consideration 143 144,145,146,

The degradation or bio-resorption profile of a material involves following steps 47
Water adsorption and absorption, reduction of mechanical behavior and reduction of

weight of the sample.
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In hydrolysis, the long polymer chains in the amorphous region of the polymeric
scaffold material become shortened. This is followed by reduction of molecular
weight of the polymers and this leads to the loss of mechanical property of the

scaffold. This ultimately leads to the weight loss of the polymeric device 7.

The biodegradation study was performed through the analysis of the following

methods:
(a) Weight Loss profile

The hydrolytic degradation experiment was performed through gravimetrically by
incubation of the freeze dried sample sections (20 mm diameter) in solution
(Physiological Saline [i.e. Ringer] solution; pH: 7.4) maintaining at 37°C for 28 days
(i.e. 4 weeks). The saline solution was changed weekly. The sample sections were
removed at specific time (i.e. 7 days, 14 days, 21 days, 28 days) from the solution.
They were then freeze dried after being washed by distilled water. The percentage

of weight loss was evaluated according to the following equation:
Weight loss (%) = [(Wo — Wo)/Wo] X100.......ccoiiiiiiiiiiiiiiai e 3)

Where, Wy =weight at before degraded sample and W: = weight of degraded samples

at time t.
(b) Gel content analysis

Changes in gel content of the hydrolytically degraded calcium phosphate reinforced
BC based hydrogel scaffolds samples (20 mm diameter) were analyzed to indicate
the degradation phenomenon. The weights of the freeze dried hydrogel scaffolds
were measured initially (Wo) and after a specific time (7, 14, 21, or 28 days) (Wh).

The gel content of the scaffolds was measured through the following equation:

Gel content = Wi/WoX 100.......oiiiiii e e, (4)



(c) Gel Density Study

The density of the freeze dried calcium phosphate reinforced BC based hydrogel
scaffolds samples (20 mm diameter) was studied at specific times (7, 14, 21, and 28
days) during the degradation study (in a physiological saline solution). The gel

density (p) was determined by the following equation:
PEWMX (A/2)2 X N (5)

where; W = weight of the scaffold, m = 3.14, d = diameter of the samples, and h =

thickness of the samples.
(d)pH Change and Calcium Release in the medium

The pH change of the medium (i.e., a physiological saline solution in which calcium
phosphate reinforced BC based hydrogel scaffolds sections were immersed) was
also analyzed with a pH meter (Lovobond pH meter, Amesbury, UK). Additionally,
the percentage of calcium released by the calcium phosphate reinforced BC based
hydrogel scaffolds at specific times (i.e., 7, 14, 21, and 28 days) during degradation
was also studied because loss of calcium from the scaffolds might also indicate the
loss of mechanical property. The percentage of calcium release from the scaffolds
was studied by X-ray fluorescence (ARL Quant X, Spectrometer, Thermo Scientific,

Waltham, MA, USA) in the presence of helium atmosphere.

Moreover, the bio-degradation phenomenon of the calcium phosphate reinforced BC
based hydrogel scaffolds was further confirmed and reported through analysis of

morphological changes (i.e. SEM) and chemical characterization (i.e. FTIR).

The data for biodegradation study was presented as the mean + standard error of the
mean. Three repeats of experiments were conducted (n=3). Statistical differences

between control and treated groups, as well as between the studied samples were
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assessed using one-way analysis of variance (ANOVA) followed by a suitable post-
hoc test (Dunnett/Bonferonni) by using GraphPad Prism version 5.00 for Windows
(San Diego, CA, USA) and MS Office 2010 (Redmond, WA, USA). The P value is

expressed as P<0.0001,-; for the level of significance.

2.4 Morphological characterization

Morphology is one of important factors of bone tissue engineering scaffold. Sample
surface topography can provide the idea of surface roughness which is significant in
respect of bone cell attachment, growth, proliferation and differentiation 41 148 149,

Morphological characterization of calcium reinforced BC based hydrogel scaffolds
was performed through scanning electron microscope (SEM) analysis. Small
sections from different regions of the freeze dried scaffold were selected and

analyzed through SEM by:

(1) “Phenome Pro” (Phenome World, The Netherlands) table SEM, operating in
the secondary electron imaging mode at an accelerating voltage of 5-20 kV.
The image magnification was 100X — 10k X.

(2) “NOVA nanoSEM ™ (FEI, USA), operating in the secondary electron imaging
mode at an accelerating voltage of 5-20 kV. The image magnification was
100X-10kX.

On the other hand, the pore size is an important factor for bone tissue engineering
scaffold. The pore size distributions were measured through SEM image analysis by
ImageJ/Fiji software (NIH, USA).

The data for pore size distribution was analyzed and presented as the mean +
standard error of the mean. Statistical differences between control and treated
groups, as well as between the studied samples were assessed using one-way

analysis of variance (ANOVA) followed by a suitable post-hoc test
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(Dunnett/Bonferonni) by using GraphPad Prism version 5.00 for Windows (San
Diego, CA, USA) and MS Office 2010 (Redmond, WA, USA). The P value is
expressed as P<0.0001 and P<0.01 for the level of significance.

2.5 Chemical characterization

Different chemical cues from the scaffold material could initiate specific signaling
cascade and finally results in bone cell growth and proliferation 10 151 152
Additionally, the chemical characterization of the scaffolds also indicates the
compositional ingredients that have been used to develop the tissue engineering

scaffold material.

The chemical characterization of calcium reinforced BC based hydrogel scaffolds

was performed by:

(1) Fourier Transform Infrared Spectroscopy (FTIR)

The freeze dried samples of calcium reinforced BC based hydrogel scaffolds were
used for FTIR analysis and performed at room temperature (20-22°C). A small
amount of sample section with flat surface was selected from each freeze dried
hydrogel scaffolds. Three repeats of experiments were conducted. FTIR was
performed at wave number 600-4000 cm with a uniform resolution of 2 cm™. The
ATR-FTIR analysis was conducted by wusing NICOLET 320 FTIR

spectrophotometer with the “Omnic” software package.

(2) Energy Dispersive X-ray Fluorescence (EDX) Study
The presence of calcium (Ca), phosphate (P) in the calcium phosphate reinforced
BC based hydrogel scaffolds were determined by scanning electron microscope
enabled energy dispersive X-ray fluorescence (SEM-EDX) at an accelerated voltage
of 15 kV. For this study, sections from freeze dried samples were selected.
The SEM-EDX study was also performed in triplicate.
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2.6 Thermal characterization

Thermal characterization of tissue engineering scaffolds is also considered as an

important criterion for knowing its thermal stability and behavior 1°3 154,

The thermal behavior of calcium reinforced BC based hydrogel scaffolds was

analyzed by the following methods:

(1) Thermo-gravimetric analysis (TGA)

TGA of calcium reinforced BC based hydrogel scaffolds was performed by the TA
Q500 apparatus (TA Instruments, USA). The analysis was performed with 7-8 mg
amount of freeze dried sample with platinum pan, at the constant heating rate of
10°C/min between the temperature ranges from 25-700°C under nitrogen
atmosphere (50 mL/min).

The TGA was performed in triplicate (n = 3).

(2) Differential scanning calorimetry (DSC)

DSC of freeze dried samples of calcium phosphate reinforced BC based hydrogel
scaffolds was performed to determine the thermal characteristics of the hydrogel
scaffolds. 5-8 mg of the sample was taken. The DSC was measured with a
differential scanning calorimeter (Mettler Toledo, Columbus, Ohio, USA) at a
temperature range of -50 to 500°C in the presence of the nitrogen gas flow rate at 50
mL/min.

The DSC study was performed in triplicate (n = 3).
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2.7 Mechanical Property analysis

Mechanical property is one of the most important characteristics of bone tissue
engineering scaffold. Appropriate mechanical property of bone scaffold ensures the

bone cell growth and proliferation and thereby facilitates tissue regeneration .

The mechanical characterization of calcium reinforced BC based hydrogel scaffolds

was performed through the following methods:

(1) Viscoelastic behavior analysis

The viscoelastic property of the calcium reinforced BC based hydrogel scaffolds
samples was studied by using a modular compact rheometer testing device (Anton
Paar, MCR 502, Austria) and “Rheoplus” software package for data analysis.
Dynamic frequency sweep analysis was conducted in the linear viscoelastic region
(LVR) at 1% strain amplitude at room temperature (28°C), and human physiological
temperature (37°C). The viscoelastic behavior was analyzed with both “before dry
sample” sections (i.e. samples before freeze dried) and “swelled samples” sections
(i.e. sample sections after swelling in physiological saline solution) (20 mm
diameter) in the oscillation mode with the angular frequency range from 0.1 to 100
rad st and in some fixed angular frequencies (0.39 rad s, 3.9 rad s%, 39 rad s?) at
37°C. In addition, viscoelastic behavior of swelled calcium phosphate reinforced BC
based hydrogel scaffolds were studied at human fever temperature (39°C) from 0.1
to 100 rad s’ The tan § value was also determined. The influence of angular
frequency on storage (G’) and loss (G’’) modulus and complex viscosity (n*) was

calculated by the following equation:

0 =[G w) 2 + (G/) 2M2. .o, (6)
The viscoelastic analysis was performed in triplicate (n = 3). The data were

presented as meanz standard error of the mean.
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(2) Compression test

The compressive strength of calcium reinforced BC based hydrogel scaffolds was
determined by using Testometric M350-5CT, England, UK at room temperature
(20°C) with a load cell having a full scale 300 kgf. Sections (20 mm diameter) from
freeze dried hydrogel samples were taken for the study. The study was done with a

compression rate of 1 mm.min2.

The compression study was performed in triplicate (n = 3). The data were presented

as meanzstandard deviation of the mean.

2.8 Biological Property analysis

Biological characterization is most important parameter in assessing the efficiency
of scaffold for bone tissue engineering application 1°. Biological characterizations
of the bone tissue engineering scaffold were performed on the basis of antibacterial

study and in vitro analysis.

2.8.1 Antimicrobial study

Antibacterial property is an important aspect of hydrogel scaffold . The
antibacterial activity of all calcium reinforced BC based hydrogel scaffolds were
studied by following the agar disc diffusion method. The bacteria selected for this
study are Staphylococcus aureus (S. aureus CCM 4516; Gram + ve bacteria) and
Escherichia coli (E. coli CCM 4517; Gram — ve bacteria). 8 mm circular specimens
were selected from the all calcium reinforced BC based hydrogel scaffolds.
Specimens were sterilized by treating with 1 mL of 96% ethanol for 40 min. Then
the specimens were dried at 30-32°C and again UV sterilized for 30 minutes. 100
mL of bacterial suspension was used for this study. The analysis was performed
using sterile nutrient agar (2%) medium. Finally, testing plates were then incubated
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in a temperature controlled incubator at 37°C for 24 h. The antibacterial property
was analyzed by observing the zone of inhibition (Figure. 22). The antibacterial

property analysis was performed in triplicate (n = 3).

Sterilized 6mm
sample section from Zone of Inhibition

free dried sample
30°C 24, 30°C @ @
Bacteria cultured on Scaffold sections are
agar petri plate placed on the Ap[.)eaf'ance of zone
bacteria containing of inhibition as an
agar plate indicator of
antibacterial

property

Figure 22. Agar Disc Diffusion method for antibacterial test. (Self-representation)

2.8.2 Cell biological study

The in vitro efficiency of the TE scaffolds was analyzed through cell biological
studies. Different aspects for cellular studies are considered for establishment of cell
biological efficiency of scaffolds. The cell biological analysis of calcium reinforced

BC based hydrogel scaffolds was performed through the following studies:

2.8.2. a Biocompatibility study

Assessment of bio-compatibility of a tissue engineering scaffold material is a
complex procedure %8, It involves different safety and pre-clinical evaluation. The
biological assessment of medical devices is regulating by internationally recognized

standards i.e. International Organization for Standardization (ISO) standard ISO-
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10993-5. Cell cytotoxicity and viability is the most important consideration of

biological assessment of the scaffold 1°°,

I. Cell culture

Cells (Human fibroblast, Lep-3; Mouse bone explant cells, BEC; human
osteosarcoma cells, Saos-2; Human mesenchymal stem cells, MSC) were used as
model systems in our study. Cells were obtained from the Cell culture collection of
the Institute of Experimental Morphology, Pathology and Anthropology with
Museum—Bulgarian Academy of Sciences (IEMPAM-BAS). The cultures were
grown in Dulbecco’'s Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum, 100 U/mL penicillin and 100 pg/mL streptomycin. The cultures
were kept in a humidified incubator (Thermo Scientific, HEPA Class 100, Waltham,
MA, USA) at 37°C under 5% CO; in air. For routine passages, the cells were
detached using a mixture of 0.05% trypsin and 0.02% EDTA. The cell cultures were
passaged 2—3 times per week (1:2 to 1:3 split). The experiments were performed
during the exponential phase of cell growth. During investigations performed the

BEC cells were on their 44-50™ passages.

ii. Sample preparation

Circular sections (6 mm in diameter) of the six freeze dried calcium reinforced BC
based hydrogel scaffolds were taken for this study. Sections were placed in the 48-
well cell culture plate, treated with 50 pL of 96% ethanol for 40 min after which the
ethanol was removed and dried at 30—32°C to complete dryness. Then, the materials

were sterilized under the exposure of UV radiation for 80—90 min.

Indirect and direct experiments were performed for evaluating the influence of the
materials on cell viability and proliferation which finally indicated the

biocompatibility of the scaffolds.
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li. Indirect experiments

For cell viability/proliferation study, the cells (i.e., Lep-3, BEC, Saos-2, MSC) were
seeded in 96-well flat-bottomed microplates at a specific concentration of (1x10*
cells/well for Lep-3 and BEC; 7.5x10° cells/well for Saos-2) in fresh DMEM
medium with 10% FBS. At the 24" h, the culture medium from each well was
removed and changed with 100 uL DMEM containing hydrogel scaffolds extract

(sample extracts, obtained after 1-, 3-, 5-and 7-day incubation periods).

The percent of viable cells was determined using MTT (3-(4, 5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) test. The cells were incubated for 3 h with
MTT solution (0.3 mg MTT in 10 mL DMEM) at 37°C under 5% CO condition.
The formed blue MTT formazan was extracted with a mixture of absolute ethanol
and DMSO (1:1, v/v). The quantitative analysis was performed by absorbance
measurements in an automated microplate reader (Tecan, Sunrise™, Grodig,

Austria) at 540/620 nm.

iv. Direct experiment

Each material was placed in bottom of a 48 well cell culture plate on the drop (20
pL) of FBS for 30 min at 30—32°C in order to stick the sample to the surface of the
well. Thereafter, 1 mL of DMEM (containing 10% FBS and antibiotics) was given
to the wells (containing sterilized sample sections as well as empty wells that serve

as controls).

The cells (5x10* cells/well, Lep-3, BEC, Saos-2) were seeded directly on the
material sample placed on the bottom of a 48-well cell culture plate and incubated
for 1, 3, 5, and 7 days in CO; incubator at 37°C. The number and viability of the
cells were determined before seeding using an automated cell counter and the trypan
blue dye exclusion technique (zero time). The cell viability was found to be >95%
in all experiments performed. At the start of the experiment the cell numbers were
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equal in all wells/ between all different samples, and they were cultured in equal
conditions. Cells were grown in wells without materials, which served as controls.
The effect of the materials on cell viability and proliferation was studied by MTT
test. MTT concentration corresponded to the volume of the plate. Like those
discussed in indirect experiment, the cells here were also incubated in MTT solution
at 37°C under a 5% CO condition. The quantitative analysis was performed

following the extraction of blue colored formazan.

The data were presented as meanz standard error of the mean. Statistical differences
between control and treated groups were assessed using one-way analysis of
variance (ANOVA) followed by suitable post-hoc test by using GraphPad Prism
version 5.00 (San Diego, CA, USA) for Windows and MS Office 2010
(Redmond,WA, USA).

2.8.2.b DNA damage analysis

The presence of single and double stranded DNA damages within the cells induced
by the effect of calcium reinforced BC based hydrogel scaffolds was assessed by
single cell gel electrophoresis (Comet assay) at alkaline pH. Cells (Lep-3) were
seeded in 6-well flat-bottomed microplates at a concentration of 3x10° cells/well. At
the 24™ hour the culture medium was removed and changed with sample extract
media (3-days modified media) and control media was also prepared. The cells were
mixed with 1.4% of low-gelling agarose (Sigma Type Il) and immediately spread
onto microscopic slides pre-coated with 0.5% normal agarose. Then the cells were
lysed for 1 h in a lysis solution (1 M NaCl, 50 mM EDTA pH 8, 30 mM NaOH,
0.1% N-lauroylsarcozine; pH 10). After 1-h incubation in the denaturing solution
(30 mM NaOH, 10 mM EDTA,; pH 12.6) for DNA unwinding, the slides were
electrophoresed for 20 min at 0.46 V/cm in the same denaturing buffer. At the end

of the electrophoresis, the slides were subsequently dehydrated for 5 min in 75% and
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in 96% of ethanol. Comets were observed under Leitz epifluorescent microscope
(Orthoplan, VARIO ORTHOMAT 2) using a 450—490 nm band-pass filter following
staining of microgels with the fluorescent dye SYBR green | (Molecular Probes,
Eugene, OR, USA). 1000 randomly chosen objects per each probe and treatment
were taken for quantification. Two repetitions of the experiment were done and

standard deviations were quantified. In all cases they were very small.
2.8.2.c Apoptosis/necrosis analysis

The ability of the materials to induce cells death was evaluated by APOPTOSIS
detection kit, (ANNEXINV—GFP-Certified Apoptosis/Necrosis detection kit, Enzo
Life Sciences). Cells were spinned down at 400 g for 5 min at room temperature and
carefully re-suspended in 1 mL cold 1xPBS (2.68mM KCI, 1.47mM KH2PO.,,
1.37mM NaCl, 8mM NayHPOQO,4), pH 7. Spinning down follows at the same
conditions and the pellet was re-suspended in 510 pL Dual Detection Reagent
(500uL 1xbinding buffer, SuL Apoptosis Detection reagent/Annexin V-Enzo Gold;
5uL Necrosis Detection Reagent). Samples were incubated at room temperature for
10 min at dark and were analyzed via cytometry using 488 nm laser at FL 2 and FL
3 channels for apoptosis and necrosis detection respectively. Results were quantified
with FlowJo software. Two repetitions of the experiment were done. Data
quantitation included estimation of the percentage of cells undergoing apoptosis and
necrosis and the ratio between these percentages in comparison to the control cells

IS given in PDU (procedure data units).

2.8.2. d Bone marker analysis

The activity of alkaline phosphatase (ALP) was assessed in the 5 days modified cell
culture medium with cells (Saos-2 and MSC cells). The cells were seeded in 6-well
flat-bottomed microplates at a concentration of 2x10* for Saos-2 cells/well to 4x10*

for MSC cells/well. Sample volume was adjusted with 80 pL/well with assay buffer.
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Alkaline phosphatase (ALP) activity was evaluated by standard colorimetric kit as
recommended by the manufacturer protocol. The data presented here as meanzerror

of the mean.

2.8.2.e Cell-biomaterial interaction study

The samples prepared as described in biocompatibility analysis. The cells (7x10°
cells/well, Lep-3) were seeded directly on sample materials in a 48-well cell culture
plate and left in an incubator (Thermo Scientific) at 37 °C, 5% CO,. After 7 days’
incubation period, the culture medium was removed and the sample sections were
washed with 4% glutaraldehyde for 1h followed by washing with double distilled
water. The samples were then subjected to dry by filter system CORNING 431097
(0.22 pm) under low pressure for 2 h and were left for 2 days at 30-32 °C for
complete drying. Finally, samples were prepared for SEM analysis by a standard
procedure and observed under scanning electron microscope (JEOL JSM-5510,

Tokyo, Japan) at an accelerating voltage of 10 kV.
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Chapter 3. MOTIVATION OF THE DOCTORAL STUDY

Different pathological and traumatic events lead to significant bone fracture situation
1160 On the other hand, aging and bone related diseases also increase the probability
of bone fracture %1, Research indicated that about 75 million individuals have been
troubled by osteoporosis in Europe, USA and Japan . Study has shown that bone
related diseases like osteoporosis causes two million bone fractures every year and

this number will increase to three million by 2025 162,

Treatment methods including bone-autografting and allografting have been used for
so long. However, various limitations also exist for the successful utilization of these
methods 1. The autograph based approach involves the application of implant, which
has obtained from the host body. In addition, the potential surgical risks like
infection and inflammation, bleeding, hypersensitivity, and damage of donor tissue
are also prominent 1. Thus, a novel approach is important to solve this fracture

related problem.

Tissue engineering is an emerging therapeutic field, where the regeneration of tissue
can be achieved through application of bioactive scaffold. Application of polymeric
hydrogel scaffolds can be a suitable approach 2. The use of polymeric degradable
biomaterials will not require a secondary surgical procedure for implant removal.
Thus bone tissue engineering with polymeric biomaterial can become an exciting

alternative therapeutic alternative 163 164,

Different biomaterial and scaffolds from metal to ceramic have been successfully
used in tissue engineering application. However, they have also limitations. On the
other hand, a number of studies have been conducted with polymeric hydrogels in

bone tissue engineering from 2006 to 2020 (Figure. 23), however; there is a
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prominent scarcity of a bone tissue engineering scaffold materials in the commercial

market which has both, osteoconductive and osteoinductive property (Table.2).

Cellulose is considered as significant and naturally abundant biopolymer .
Bacterial cellulose has been extensively used in biomedical application. The
advantage of BC over other polymers involves the fact that BC has significant
controllable three dimensional fibrous network structures and notable
biocompatibility * . BC has a significant use as bone tissue engineering scaffold
due to its remarkable similarity with bone extra cellular matrix and collagen ¥°. BC
based biomaterial and composite like BC/collagen, BC/chitosan has been already
utilized also in wound dressing, development of vascular grafts and artificial blood
vessel 120, The BC based 3D hydrogel thus can be also utilized in BTR application.
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Figure 23. Hydrogel application for BTR from 2006 to 2020
(According to Web of Science [WoS])

The inorganic phase of bone predominantly consists of calcium 2. Bone cells

composed of different receptors and ion channels which can successfully receive
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extracellular calcium that is also responsible for the growth of the cells ' 2
(Figure.24). Studies demonstrated that incorporation of bioactive compounds within
a bone tissue engineering scaffold has a significant role in increase of
osteoconductive and osteoinductive property of the scaffold 2. This doctoral study
focuses the development of calcium reinforced BC based hydrogel scaffolds, which
could provide “osteoconduction” through its efficient scaffold structure and also
“osteoinduction” through providing osteogenic signal to the bone cells by calcium
phosphate like hydroxyapatite (HA), B tri-calcium phosphate (B-TCP) and calcium
carbonate (CaCOs3) (Figure. 24). The novel polymeric calcium reinforced hydrogel
scaffold contains the BC, PVP, PEG etc. as a polymeric component and calcium
phosphate/calcium carbonate as bioactive filler agent. These scaffolds will mimic

the animal extracellular matrix and will facilitate bone tissue regeneration 6%166,
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Figure 24. Outline of extracellular calcium stimulation for bone cell growth
and development. Bone cells has extracellular calcium specific receptors
(CaR) and voltage gated ion channels for calcium (Self-representation
based on Aquino-Martinez et al., 2017 167),
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Chapter 4. AIM AND BRIEF SUMMARY OF THE THESIS

The major aim of this doctoral study is the preparation and characterization of
calcium reinforced BC based hydrogel scaffold for bone tissue regeneration
application. Hence, this doctoral thesis work is directed on the following aspects (as
mentioned below).

» Preparation of calcium reinforced BC based hydrogel scaffolds
e Preparation of raw material, i.e. bacterial cellulose
BC, one of the key raw material is synthesized for the preparation of
hydrogel scaffolds.
e Preparation of calcium reinforced polymeric hydrogel scaffolds
= Calcium phosphate reinforced BC based hydrogel scaffolds

= Calcium phosphate and calcium carbonate reinforced BC based
hydrogel scaffolds.

> Evaluation of properties of the calcium reinforced BC based
polymeric hydrogel scaffolds on the basis of:
e Structural property
- Morphology (Surface/Cross section)
- Physio-chemical property
- Swelling
- Porosity
- Biodegradation
- Thermal analysis
- Mechanical property analysis
e Functional property
- Biological property analysis
= Antibacterial property analysis
= Cell biological property analysis

> Selection of a suitable composition for polymeric hydrogel

scaffold on the basis of its structural and functional (biological activity)
properties to recommend for its application for bone tissue regeneration.
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The brief summary of this doctoral work which were also submitted/accepted,
published and in preparation in the form of 7 articles are explained below:

Article | entitled “Inorganic calcium filled bacterial cellulose based hydrogel
scaffold: novel biomaterial for bone tissue regeneration” emphasized the structure,
physio-chemical characterization of calcium reinforced BC based hydrogel scaffolds
(i.e. calcium phosphate reinforced BC based hydrogel scaffolds and calcium
phosphate and calcium carbonate reinforced BC based hydrogel scaffolds). At first,
the raw material, BC was synthesized in presence of basal synthetic Hestrin-
Schramm (HS) nutritive medium (pH 7.0) using Gluconacetobacter xylinus CCM
36117 (syn. Acetobacter xylinum), incubated at 30°C for 15 days. Then the BC was
treated in 0.5N NaOH solution and heated at 80°C for 2 hours for decontamination.
Thereafter, a homogenous suspension of BC (particle size range: 159 nm -351.03
nm) from the obtained BC mat was prepared by grinding (10-12 mins) the BC mat
in distilled water. The grinded BC suspension (50 mL BC suspension = 0.5 g of BC)
was then used to prepare BC based hydrogel. Additionally, synthetic polymers like
PVP and/or CMC (used for biocompatibility), PEG (used for reducing the cytotoxic
effect), Agar (used as a gelling agent), and Glycerin (used as a humectant) were also
utilized to prepare BC-PVP and BC-CMC hydrogel matrix. Furthermore, calcium
reinforced BC based hydrogel scaffolds were then prepared in the form of calcium
phosphate reinforced BC based hydrogel scaffolds & calcium phosphate and
calcium carbonate reinforced BC based hydrogel scaffolds (i.e. in vitro bio-
mineralized scaffolds). Earlier research by other researchers reported that the ratio
of B-TCP: HA= 20:80 was found significant for osteogenic growth of bone cells.
Thus, B-TCP: HA= 20:80 was initially selected for this study. Calcium phosphate
reinforced BC based hydrogel scaffolds (BC-PVP-S-TCP/HA 20:80 and BC-CMC-
S-TCP/HA 20:80) were prepared by incorporating calcium phosphate [in the form
of B-tri-calcium phosphate (B-TCP) and hydroxyapatite (HA) in the ratio of 20:80]
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within the BC-PVP and BC-CMC hydrogel matrix. Thereafter, the calcium
phosphate reinforced BC based scaffolds were in vitro bio-mineralized for the
preparation of calcium phosphate and calcium carbonate reinforced BC based
hydrogel scaffolds (BC-PVP-4-TCP/HA-CaCO3; and BC-CMC-4-TCP/HA-CaCO:s).
BC-PVP and BC-CMC were kept as control set. Thereafter, the hydrogel scaffolds
were characterized for BTR application. FTIR and TG analysis indicated the
presence of BC and calcium phosphate and calcium carbonate within the hydrogel
scaffolds. SEM study established the porous structures (50-200 pum) within the
scaffolds. Swelling study indicated significant swelling ability of calcium phosphate
reinforced BC based hydrogel scaffolds. Compressive strength (0.24-0.60 MPa) of
the calcium reinforced BC based hydrogel scaffolds were found similar like human
trabecular bone. On the other hand, antibacterial study indicated that calcium
phosphate & calcium carbonate reinforced BC based hydrogel scaffold, especially
BC-CMC-4-TCP/HA-CaCOs hydrogel scaffold has a faint antibacterial property
only for S. aureus. Furthermore, notable human fibroblast (Lep-3) cell viability was
also found. The results indicated that calcium reinforced BC based hydrogel
scaffolds have the necessary characteristics to be utilized in bone regeneration
application. These above mentioned observations and results were reported and
published in “International Journal of Polymeric Materials and Polymeric
Biomaterials” (2019), 68:1-3, 134-144, DOl:
https://doi.org/10.1080/00914037.2018.1525733  (Web of Science Indexed, Q2
[Polymer Science], Jimp: 2.263)

Article 11 entitled “Rheological Performance of Bacterial Cellulose based non-
mineralized and mineralized hydrogel scaffolds” focused the analysis of
rheological/viscoelastic property of calcium reinforced BC based hydrogel

scaffolds. Here non-mineralized hydrogel scaffolds referred to calcium phosphate
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reinforced BC based hydrogel scaffolds (BC-PVP-4-TCP/HA_20:80 and BC-CMC-
S-TCP/HA 20:80) and mineralized hydrogel scaffolds referred to calcium
phosphate and calcium carbonate reinforced in vitro bio-mineralized BC based
hydrogel scaffolds (BC-PVP-4-TCP/HA-CaCO3; and BC-CMC-4-TCP/HA-CaCO:s).
BC-PVP and BC-CMC were kept as control set. The viscoelastic property analysis
indicated the mechanical strength of the hydrogel scaffolds in room temperature
(28°C). It is observed that all the calcium reinforced BC based hydrogel scaffolds
(BC-PVP-4-TCP/HA_20:80 and BC-CMC--TCP/HA _20:80, BC-PVP-4-TCP/HA-
CaCO3 and BC-CMC-4-TCP/HA-CaCOs) were significantly viscoelastic in nature.
They maintained high elastic property (expressed in terms of storage modulus [G’])
than viscous property (expressed in terms of loss modulus [G”]). These above-
mentioned results were reported and published in “AlP Conference Proceedings
related to Novel Trends in Rheology VII” (2017), 1843, 050008-1-050008-7. DOI:
https://doi.org/10.1063/1.4983000 (Web of Science Indexed; Book Chapter, ISBN:
978-0-7354-1513-3)

Article 111 entitled “Biocompatibility and Biological Efficiency of Inorganic
Calcium Filled Bacterial Cellulose Based Hydrogel Scaffolds for Bone
Bioengineering” focused the study of biocompatibility and cell biological efficiency
analysis of calcium reinforced BC based hydrogel scaffolds (ie. calcium phosphate
reinforce BC based hydrogel scaffold [BC-PVP-4-TCP/HA 20:80 and BC-CMC-4-
TCP/HA 20:80] and calcium phosphate and calcium carbonate reinforced BC
based hydrogel scaffolds [BC-PVP-g-TCP/HA-CaCO3; and BC-CMC--TCP/HA-
CaCO:s]). BC-PVP and BC-CMC were also kept as control set. Earlier, the Article |
and Article Il indicated that calcium reinforced BC based hydrogel scaffolds has the
necessary physiochemical and mechanical property to induce the cell growth for

bone tissue regeneration. To analyse the effect of hydrogel scaffolds on the cellular
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level, the biocompatibility study was performed with human diploid fibroblast, Lep-
3 (from 3 month’s old human embryo) cell and mouse bone explant cells (BEC; from
2-3 months old ICR mice). The cell proliferation was found notable for 3-7 days of
incubation with calcium reinforced BC based hydrogel scaffolds. In addition, the
fibroblast (Lep-3) apoptosis was found insignificant for BC-PVP-4-TCP/HA_20:80
hydrogel scaffold. Additionally, cell-biomaterial interaction study through SEM
analysis demonstrated the notable growth of Lep-3 cell on to the surface of BC-PVP-
S-TCP/HA _20:80 hydrogel scaffold. Thus, according to the research observation,
the “BC-PVP-#-TCP/HA " hydrogel scaffold was found a better combination among
the scaffolds that can be further analysed for bone tissue regeneration application.
The above-mentioned observations were reported and published in “International
Journal of Molecular Sciences” (2018), 19 (12):3980. DOI: 10.3390/ijms19123980
(Web of Science Indexed, Q2 [Multidisciplinary, Chemistry, Biochemistry &
Molecular Biology], Jimp: 4.183)

Article 1V entitled “Swelling and rheological study of calcium phosphate filled
bacterial cellulose based hydrogel scaffold” involved the analysis of swelling and
thereby study of viscoelastic property of the swelled calcium reinforced BC based
hydrogel scaffolds. Earlier, Article 111 demonstrated that the “BC-PVP-g-TCP/HA”
hydrogel scaffold has the necessary physiochemical and cell biological
characteristics to be utilized bone regeneration application. Thus, in this work,
keeping the BC-PVP-4-TCP/HA _20:80 as a reference sample, different “BC-PVP-
p-TCP/HA” scaffolds were developed and analysed on the basis of swelling and
viscoelasticity. The B-TCP and HA were incorporated in the ratio of 10:90, 20:80,
40:60, 50:50, 60:40 into the scaffold matrix to achieve the calcium phosphate
reinforced BC based hydrogel scaffolds and were termed as, “BC-PVP-f-
TCP/HA_10:90” (for p-TCP: HA= 10:90), BC-PVP-B-TCP/HA_20:80” (for f-TCP:
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HA= 20:80), BC-PVP-B-TCP/HA 40:60” (for B-TCP: HA= 40:60), BC-PVP-§-
TCP/HA_50:50” (for p-TCP: HA= 50:50), BC-PVP-B-TCP/HA_60:40” (for B-TCP:
HA= 60:40). BC-PVP-p-TCP/HA_20:80 was kept as reference sample. BC-PVP
scaffold was also used as a control. Analyses of swelling and viscoelastic property
IS important in respect to the utilization of the calcium phosphate reinforced BC
based hydrogel scaffolds in bone tissue regeneration application. Thus, the
developed calcium phosphate reinforced hydrogel scaffolds (i.e. BC-PVP-4-
TCP/HA _10:90, BC-PVP-5-TCP/HA 20:80, BC-PVP-4-TCP/HA _40:60, BC-PVP-
S-TCP/HA _50:50, BC-PVP-4-TCP/HA_60:40) were first analyzed on the basis of
swelling at physiological temperature (37°C) in physiological saline solution (Ringer
solution; pH. 7.4), then the viscoelastic property of the scaffolds was analyzed both
at room temperature (28°C) and physiological temperature (37°C) regime.
Furthermore, the morphological characterization of the hydrogel scaffolds at “before
swelling” and “after swelling” was also analyzed. All the BC based hydrogel
scaffolds have shown notable viscoelastic property both at 28°C and 37°C. However,
among the all calcium phosphate reinforced BC based hydrogel scaffolds, the BC-
PVP-4-TCP/HA 20:80 and BC-PVP--TCP/HA 50:50 hydrogel scaffolds were
found significant in the context of swelling and rheological property. The above-
mentioned results were reported and published in “Journal of Applied Polymer
Sciences” (2020), 137, 48522. DOI: 10.1002/app.48522. [Web of Science Indexed,
Q2 [Polymer Science], Jimp: 2.188).

Article V entitled “Viscoelastic behavior of Calcium Phosphate Packed Bacterial
Cellulose -Polyvinylpyrrolidone based Hydrogel Scaffolds at Human Fever
Temperature” emphasized the analysis of swelling and viscoelastic property of
calcium phosphate reinforced BC based hydrogel scaffolds at altered human

physiological temperature i.e. human fever temperature (39°C). Earlier, Article IV
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demonstrated and reported that all calcium phosphate reinforced BC based hydrogel
scaffolds showed significant swelling and rheological behavior at both room
temperature (28°C) and human physiological temperature (37°C). Especially, BC-
PVP-p-TCP/HA 20:80, BC-PVP-4-TCP/HA_50:50 and also BC-PVP-g-
TCP/HA 40:60 hydrogel scaffolds were showing notable swelling and rheological
property among all calcium phosphate reinforced BC based hydrogel scaffolds.
Thus, this work focused the analysis of swelling and viscoelastic property at human
fever temperature (39°C) with BC-PVP--TCP/HA_20:80, BC-PVP-4-
TCP/HA _40:60 and BC-PVP-4-TCP/HA _50:50 hydrogel scaffolds. It has been
observed that all the three calcium phosphate reinforced BC based hydrogel
scaffolds were showing significant swelling ability and viscoelastic behavior at
human fever temperature (39°C). The above-mentioned result was reported and
accepted for publication in “AlP conference proceedings related to PPS Europe-
Africa 2019 Regional Conference” (2020) (Will be indexed in Web of Science, Book
Chapter).

Article VI entitled “Calcium Phosphate Incorporated Bacterial Cellulose-
Polyvinylpyrrolidone Based Hydrogel Scaffold: Structural Property and Cell
Viability Study for Bone Regeneration Application” emphasized the physical
property analysis like void fraction, porosity, study of biodegradability and primary
cell viability property. Earlier, Article 1V and Article V were reported the analysis of
the important implant properties like swelling and viscoelastic behavior of calcium
phosphate reinforced BC based hydrogel scaffolds. It has been observed at human
physiological temperature regime (37°C), BC-PVP-4-TCP/HA_20:80, and BC-PVP-
S-TCP/HA 50:50 hydrogel scaffolds have indicated notable swelling and
viscoelastic behavior. Furthermore, at human fever temperature (39°C), BC-PVP-3-
TCP/HA 20:80, BC-PVP-B-TCP/HA 40:60 and BC-PVP-B-TCP/HA 50:50
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hydrogel scaffolds also have demonstrated notable swelling and rheological
property. Hence, in this work, the physical property and primary cell viability
behavior study were performed with BC-PVP-g-TCP/HA_20:80, BC-PVP-4-
TCP/HA _40:60 and BC-PVP--TCP/HA _50:50 hydrogel scaffolds. BC-PVP was
kept as control set. The porosity and void fraction of BC-PVP-4-TCP/HA 50:50
hydrogel scaffold was found higher than other two calcium reinforced BC based
hydrogel scaffolds. Additionally, BC-PVP-4-TCP/HA_50:50 hydrogel scaffold has
the highest degree degradation than BC-PVP-S-TCP/HA 20:80 and BC-PVP-4-
TCP/HA 40:60 hydrogel scaffolds. On the other hand, compressive strengths of all
the calcium reinforced hydrogel scaffolds were found comparable with the human
cancellous bone. Furthermore, Saos-2 cell viability was found significant for all the
calcium phosphate reinforced BC based hydrogels. Thus, in this work, this was
suggested that the BC-PVP-4-TCP/HA _20:80, BC-PVP-p-TCP/HA_40:60 and BC-
PVP-4-TCP/HA 50:50 hydrogel scaffolds can be further evaluated on the basis of
detailed in vitro efficiency in the context of bone tissue regeneration application.
The above-mentioned observations were reported and published in “Polymers”
(2019), 11, 1821. DOI:10.3390/polym11111821 (Web of Science Indexed, Q1
[Polymer Science], Jimp: 3.164).

Article VIl entitled “In vitro efficiency of calcium phosphate incorporated
bacterial cellulose based hydrogel scaffold for bone regeneration” emphasizes the
in vitro efficiency of calcium reinforced BC based hydrogel scaffolds. Earlier in
Article VI, according to the physical, biodegradable, mechanical and primary cell
viability property of three calcium phosphate reinforced BC based hydrogel
scaffolds: BC-PVP-4-TCP/HA 20:80, BC-PVP-4-TCP/HA 40:60 and BC-PVP-4-
TCP/HA 50:50 were suggested for the further analysis in the context of biological

applicability for bone regeneration application. Thus, this work focuses in-depth
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analysis of in vitro cell biological efficiency of the BC-PVP-4-TCP/HA_20:80, BC-
PVP-f-TCP/HA_40:60 and BC-PVP-A-TCP/HA_50:50 hydrogel scaffolds. BC-PVP
scaffold was kept as control set. The in vitro efficiency was studied on the basis of
comparative analysis of the biocompatibility (through MTS analysis) with human
osteosarcoma cell line, Saos-2 and human adipose derived mesenchymal stem cells
(MSC). Additionally, ki-67 protein expression (marker for cell proliferation)
analysis was performed. Furthermore, bone marker study (Alkaline phosphatase
expression) was also analyzed. Finally, cell-biomaterial interaction was analyzed by
SEM study. Albeit, notable biocompatibility was observed with all the hydrogel
scaffolds however, a significant MSC biocompatibility was found for BC-PVP- f-
TCP/HA 20:80 and BC-PVP- p-TCP/HA _50:50. Both Saos-2 and MSC cells also
expressed ki-67 protein for cell proliferation. Additionally, it was observed that both
the cell line expressed notable alkaline phosphatase (bone marker) in presence of the
BC-PVP- p-TCP/HA 20:80 and BC-PVP- B-TCP/HA 50:50 scaffolds extracts.
Finally, the SEM study indicated a significant growth of Saos-2 cells on to the
surface of the calcium phosphate reinforced BC based hydrogel scaffolds: BC-PVP-
S-TCP/HA_20:80 and BC-PVP- -TCP/HA_50:50. Thus, these results indicated the
future possibility of BC-PVP- g-TCP/HA_20:80 and BC-PVP- p-TCP/HA 50:50
hydrogel scaffolds to be utilized in bone tissue engineering application. These
scaffolds were recommended for further analysis on the basis of in vivo evaluation
for soft bone tissue engineering. The above-mentioned results are being prepared

and will be submitted in a Web of Science indexed impact factor journal.
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Chapter 5. CONCLUDING REMARKS

5.1 Conclusion

This doctoral work focuses the development and characterization of a novel
calcium reinforced BC based hydrogel scaffold suitable for BTR application. The
hydrogel scaffolds were developed with natural polymer, BC. Additionally, other
synthetic polymers: PVP, CMC, PEG etc. were also utilized. Calcium reinforced BC
based hydrogel scaffolds were prepared in the form of calcium phosphate reinforced
BC based hydrogel scaffolds (BC-PVP-4-TCP/HA and BC-CMC- g-TCP/HA) and
calcium phosphate and calcium carbonate reinforced BC based hydrogel scaffolds
(BC-PVP-4-TCP/HA_CaCO3; and BC-CMC- p-TCP/HA_CaCOs). The calcium
phosphate was initially given in the form of B-TCP and HA in the ratio of 20:80.
Then the calcium phosphate reinforced BC based hydrogel scaffolds were in vitro
bio-mineralized to develop calcium phosphate and calcium carbonate reinforced BC
based hydrogel scaffolds. They were then characterized on the basis of structural
(i.e. physiochemical property, thermal, optical and morphological, degradation,
mechanical property) and functional properties (antibacterial property and in vitro

efficiency of bone specific cell lines).

The structural property of calcium reinforced BC based hydrogel scaffolds was
analyzed on the basis of physiochemical property, thermal, optical and
morphological, degradation, mechanical behavior. Study indicated that the swelling
ability and porosity of calcium phosphate reinforced BC based hydrogel scaffolds
(BC-PVP-4-TCP/HA 20:80 and BC-CMC-p-TCP/HA_20:80) were significant and
higher than calcium phosphate and calcium carbonate reinforced BC based
hydrogel scaffolds (BC-PVP-4-TCP/HA _CaCOs; and BC-PVP-4-TCP/HA _CaCO:s).

Moreover, among calcium phosphate reinforced hydrogel scaffolds, the swelling
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property was found notable for BC-PVP-p-TCP/HA_20:80, and BC-PVP-4-
TCP/HA 50:50 scaffolds. On the other hand, the FTIR and TGA studies indicated
the presence of all of the necessary ingredients within the hydrogel scaffolds. The
biodegradation of the calcium phosphate reinforced hydrogel scaffolds was also
analyzed. Albeit, all the hydrogels were found hydrolytically degradable; however,
BC-PVP-4-TCP/HA _50:50 scaffold has shown notable hydrolytic degradation. On
the other hand, all the hydrogel scaffolds were found to be viscoelastic in nature at
room temperature (28°C); however, the viscoelastic property of BC-PVP-g-
TCP/HA 20:80 and BC-PVP-4-TCP/HA_50:50 scaffolds was notable at human
physiological temperature (37°C) and human fever temperature (39°C).
Additionally, the mechanical strength (i.e. compressive strength) of all calcium
reinforced BC based hydrogel scaffolds were found similar with the human

cancellous bone.

On the other hand, the functional properties of the calcium reinforced BC based
hydrogel scaffolds were analyzed majorly on the basis of cell biological efficiency
analysis. Antibacterial property of the hydrogel scaffolds was also analyzed with
Staphylococcus aureus (S. aureus CCM #18) [gram +ve bacteria] and Escherichia
coli (E. coli CCM %) (Gram — ve bacteria). No significant antibacterial property
was found. However, a faint antibacterial efficiency was only for BC-CMC-f-
TCP/HA_CaCOg3 with S. aureus. The cell biological efficiency was analyzed with
bone specific cells with different cell lines like human fibroblast (Lep-3) cells,
mouse bone explant cell line (BEC), human osteosarcoma cell line (Saos-2) and
human mesenchymal stem cells (MSC); that established the biocompatibility of the
hydrogel scaffolds. Albeit, all the calcium phosphate reinforced BC based hydrogel
scaffolds and calcium phosphate and calcium carbonate BC based hydrogel

scaffolds shown notable biocompatibility with human fibroblast (Lep-3) and bone
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explant cells (BEC); however, it was also observed that biocompatibility was
significant for “BC-PVP-4-TCP/HA _20:80” hydrogel scaffold. Furthermore, the
cellular apoptosis was also notably less for the above-mentioned scaffold. Thus, the
“BC-PVP-4-TCP/HA” hydrogel scaffold was selected for further analysis and
different “BC-PVP-S-TCP/HA” hydrogel scaffolds were prepared by applying
different B-TCP and HA concentration ratios (w/w): BC-PVP-5-TCP/HA_10:90,
BC-PVP-4-TCP/HA_20:80, BC-PVP-4-TCP/HA_40:60, BC-PVP-4-
TCP/HA 50:50, BC-PVP-p-TCP/HA _60:40. On the basis of structural,
physiochemical, mechanical/viscoelastic properties of the above-mentioned
scaffolds, the in vitro efficiency was analyzed with BC-PVP-4-TCP/HA_20:80, BC-
PVP-3-TCP/HA_40:60, BC-PVP-3-TCP/HA_50:50 hydrogel scaffolds. Finally, the
cell viability and biocompatibility of human osteoblast like cell line Saos-2 and
human MSC confirmed the efficiency of the BC-PVP-4-TCP/HA 20:80, BC-PVP-
S-TCP/HA _50:50 hydrogel scaffolds. Additionally, cell biomaterial interaction and
bone marker expression were also found significant for the BC-PVP-p-
TCP/HA 20:80, BC-PVP-p-TCP/HA_50:50 hydrogel scaffolds.

Hence, on the basis of above observations, the calcium phosphate reinforced BC
based hydrogel scaffolds: BC-PVP-g-TCP/HA 20:80 and BC-PVP-g-
TCP/HA _50:50 were further recommended for the in vivo analysis and application
in BTR.
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5.2 Contribution of the doctoral work to society

In the present scenario, bone fracture caused by bone related disorders is a serious
problem of the society. This doctoral work focuses the preparation and
characterization of novel calcium reinforced polymeric hydrogel scaffold that can be

utilized for bone tissue regeneration application.

Different combinations of polymeric components have been utilized to develop
hydrogel scaffolds which can be utilized as bone implant. However, a very less
number of bone implant is currently functional in the commercial market, which
have both osteoconductive and osteoinductive property. This work focuses the
preparation of hydrogel scaffold with osteoconductive and osteoinductive property.
The hydrogel scaffolds were prepared with biopolymer, BC. Additionally, the
bioactivity of the BC based hydrogel scaffold has been enhanced by reinforcing the
scaffold with the incorporation of calcium mineral (calcium phosphate and/or
calcium carbonate). Thus a bioactive biocompatible calcium reinforced BC based
hydrogel scaffold is developed, which is especially prepared for bone tissue

engineering and regeneration application.

This study will elaborate the use of natural polymer based calcium reinforced
polymeric hydrogel scaffold in bone tissue engineering application and can provide
opportunity to the next generation scientific researchers to develop further modified
and extremely specific polymeric hydrogel scaffolds intended for bone tissue

regeneration application.
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5.3 Future plan

The goal of this doctoral work is the development and characterization of a novel
calcium reinforced BC based hydrogel scaffold suitable for BTR application.
However, the following studies should be performed before the final application of
the scaffolds.

» Analysis of mechanical property linked to degradation of the scaffolds to
understand the change in mechanical strength with degradation phenomenon.

» Gene and mRNA expression analysis to understand the genetic response
especially for bone regeneration, induced/stimulated by these hydrogel
scaffolds.

> Finally, in vivo analysis with different animal models is required.
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ABSTRACT

This work emphasizes the structural, physio-chemical characterization and cell biological efficiency
analysis of novel inorganic calcium (only calcium phosphate and in combination of calcium phos-
phate & CaCO;) filled bacterial cellulose (BC) based hydrogel scaffolds. FTIR and TG analysis indi-
cates the presence of BC and inorganic calcium within the hydrogel scaffolds. SEM establishes the
porous structures (50-200 um). Swelling study indicates significant swelling ability in both calcium
phosphate filled and calcium phosphate & CaCOs filled hydrogel scaffolds. Compressive strength
(0.24-0.60 MPa) of the calcium filled hydrogel scaffolds are similar like trabecular bone. Significant
cell viability (Lep-3) was further noticed until 72,120 and 168 h.
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2 . P. BASU ET AL.

1. Introduction

Bone is an extremely specified structure of animal body!"’.

Research indicated that about 75 million individuals have
been troubled by osteoporosis in Europe, USA and Japan.
Moreover, studies showed that osteoporosis causes more
than 8.9 million fractures worldwide annually, with a condi-
tion where an osteoporotic fracture occurs in every 3 sec-
onds'?. The treatment methods related to the fracture
resulted from osteoporosis include utilization of either auto/
allografts or ceramic coated/inert metallic implant which are
expensive for application!®’. In this regard, the application of
bioactive hydrogel scaffold can become a significant
approach in bone tissue engineering due to its osteoconduc-
tion and osteoinduction property, notable mechanical prop-
erty and cost-effective production attributes'®,

The objective of the tissue engineering approach can be ful-
filled by development of a tissue engineering scaffold which
will act as an extra cellular matrix (ECM) to give the necessary
platform for bone regeneration'™. Hydrogel is a three dimen-
sional polymeric network structure which can retain signifi-
cant amount of water'®®. The primary function of tissue
engineering scaffolds (e.g., hydrogel scaffolds) include cell
adhesion, stimulation of cell proliferation at the desired site
and facilitation of cell-biomaterial interaction'®’. The signifi-
cant properties of scaffold materials involve efficient architec-
ture, cyto-compatibility and notable mechanical property!'®.,

Different polymers, co-polymers, polymer blends, polymer-
composite scaffolds were utilized to design an efficient tissue
engineering scaffold material. Several synthetic polymers PLA,
PLLA, PLGA, and PCL etc. were applied to develop novel tis-
sue engineering scaffolds™™"). In addition, several natural poly-
mers like collagen, hyaluronic acid, fibrin, fibronectin, alginate,
chitosan, silk were also used in the fabrication of scaffold"*~**/,
Different polyesters like Poly-epsiloncaprolactone (PCL) based
materials is also considered as exciting material for tissue
engineering applications''®. Additionally, different nano-filler
filled polymer material like hydroxyapatite, silica, carbon nano-
tube can also act as a potential biomaterial'”*®,

On the other hand, studies indicated that bioactive inor-
ganic fillers like calcium phosphate e.g., tri-calcium phosphate
(B-TCP), octa-calcium phosphate (OCP) and hydroxyapatite
(HA) could enhance the osteoconduction and osteoinduction
property of the biomaterial'®. In addition, calcium carbonate
(CaCO3) is found also effective in respect to providing stiff-
ness which is a very important factor for the development of
a bioactive hydrogel scaffold. Diverse methods of the organic-
inorganic hybridization (i.e. solvent casting/particle leaching,
scaffold coating etc.) were found useful for the inclusion of
CaCO; within the polymer matrix!*%.

Interestingly, cellulose based hydrogel scaffolds are con-
sidered as a promising material for tissue engineering appli-
cations'®!. Research demonstrated that cellulose and its
derivatives can be utilized to improve the structural proper-
ties of different types of polymer systems!??. Bacterial cellu-
lose (BC) based hydrogel scaffolds has also the attributes to
become a potential biomaterial®®!. BC is biocompatible bio-
polymer®!. It has high crystallinity, ultra-fine network
structure and high water absorption capability?>2°),

The PVP-CMC hydrogel scaffold were previously developed
at our laboratory in combination of synthetic polymers like
polyvinylpyrrolidone (PVP), carboxymethyl cellulose (CMC)'®
7] Further, following the biomimetic biomineralization tech-
nique, CaCO; filled PVP -CMC hydrogel scaffold was prepared
for bone tissue engineering application[zo]. Moreover, in our pre-
vious work, hydrogel scaffold developed using bacterial cellulose
(BC) and polyvinylpyrrolidone (PVP), were also reported[zs].
However, all the above mentioned hydrogel scaffolds have a sig-
nificant elastic and mechanical property, which is the prerequis-
ite for tissue engineering application; but for bone tissue
engineering application more specific bioactive and suitable bio-
material (in the form of scaffold) is needed. Studies showed that
calcium phosphates, B-tri calcium phosphate (B-TCP) and
hydroxyapatite (HA) have the potentiality to induce osteogen-
and thereby facilitate bone tissue engineering. Hence, in
this work, inorganic calcium filled BC based hydrogel scaffold is
developed by addition of B-TCP and HA and then followed by
simple biomimetic biomineralization technique to incorporate
(CaCOs) within the calcium phosphate filled hydrogel scaffold.

Earlier studies indicated the preparation of the hydrogel
scaffolds through a variety of means; involving chemical cross
linking and irradiation techniques'***?). Albeit, these methods
have been considered as significant approach to achieve a
hydrogel structure but, it has also some adverse effects (like
introduction of possible DNA damage by the effects of chem-
icals and/or ionizing radiation), which can bring the negative
consequences on the cellular level; especially, on the genome
level. On the other hand, instead of chemical crosslinking
method, physical crosslinking method can also beneficial and
efficient to develop hydrogel scaffolds”®® which can be effect-
ively used in the biomedical field. This work focuses on the
development of novel inorganic calcium filled BC based
hydrogel scaffolds which are prepared with the unique com-
bination of blending that involves biocompatible and bioad-
hesive biopolymers like BC, polyvinylpyrrolidone (PVP) and
carboxymethylcellulose (CMC) through physical crosslinking
method (i.e., moist heat treatment). Additionally, inorganic
calcium filler ie. calcium phosphate was administered to
increase their osteoinductive property. Then through in vitro
biomineralization method, CaCO; mineral was also incorpo-
rated in the calcium phosphate filled BC based hydrogel scaf-
fold in order to increase its stiffness and mechanical property
for making it suitable for its potential application in bone tis-
sue regeneration. The analysis of structure (FTIR, TGA, and
SEM), function (compressive strength, swelling, porosity) and
biological efficiency (cell viability) study with the novel inor-
ganic calcium filled BC based hydrogel scaffolds were the
principal goal of investigation in regard to its potential util-
ization in bone tissue engineering application.

2. Experimentation
2.1. Materials

2.1.1. Materials for preparation of inorganic calcium phos-
phate filled BC based hydrogel scaffold

Polyvinylpyrrolidone K30 (PVP K30; molecular weight:

40,000), polyethylene glycol 3000 (PEG; average molecular
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Table 1. Composition of BC-PVP, BC-CMC and B-TCP/HA filled BC based hydrogel scaffold.

Sample index PVP (g) CMC (q) BC (g) PEG (g) Agar (g) Glycerin (mL) B-TCP/HA (g) Water (mL)
BC-PVP 0.5 0.0 0.5 1 2 1 0.0/0.0 95
BC-CMC 0.0 0.5 0.5 1 2 1 0.0/0.0 95
BC-PVP B-TCP/HA 0.5 0.0 0.5 1 2 1 0.2/0.8 94
BC-CMC-B-TCP/HA 0.0 0.5 0.5 1 2 1 0.2/0.8 94
<
"5}?& Bacterial Cellulose (351.03 nm) 80 Calcium phosphate Og CaCO;

[ (a) Hydrogel scaffold with no inorganic calcium ]
15 1bs (107 KPa) and 120°C for 20 mins

&

Polymer solution
with no inorganic

Thickness: 6-6.2 mm
Diameter: 75 mm

calcium

[ (b) Hydrogel scaffold with calcium phosphate ]

15 1bs (107 KPa) and 120°C for 20 mins

=

]

Polymer Solution
with Calcium

Thickness: 5.5-6 mm
Diameter: 75 mm

Phosphate

[ (c) Hydrogel scaffold with calcium phosphate and CaCOs ]

Thickness: 4.5-4.9 mm

Calcium
Phosphate filled
hydrogel Scaffold

30 mins in CaCl,+ 30 mins in Na,CO;
In vitro Bio-mineralization

Diameter: 75 mm

Figure 1. Preparation of BC based hydrogel scaffolds: (a) scaffold with no inorganic calcium: BC-PVP and BC-CMC; (b) Scaffold with calcium phosphate: BC-PVP-
B-TCP/HA, BC-CMC-B-TCP/HA (c) Scaffold with calcium phosphate and CaCOs. BC-PVP-B-TCP/HA-CaCOs;, and BC-CMC-B-TCP/HA-CaCOs,

weight: 2700-3300), agar, B-tri calcium phosphate (B-TCP;
molecular weight: 310.18 g/mol) were supplied by Fluka,
Switzerland; sodium carboxy-methyl cellulose (CMC) was
purchased from Sinopharm Chemical Reagent Co Ltd
(SCRC), China; anhydrous calcium chloride (CaCl,; molecu-
lar weight 110.99 g/mol, 97.0%) was obtained from Penta,
Czech  Republic; and sodium carbonate-decahydrate
(Na,CO3; molecular weight 286.14 g/mol), hydroxyapatite
(HA; molecular weight: 502.31 g/mol) were obtained from
Sigma Aldrich.

BC was synthesized and derived from the microbiological
laboratory of Centre of Polymer System, Tomas Bata
University in Zlin. BC (holding 99% H,0) was synthesized
in presence of basal synthetic Hestrin-Schramm (HS) nutri-
tive medium (pH 7.0) using Gluconacetobacter xylinus CCM
36117 (syn. Acetobacter xylinum), incubated at 30°C for 15
days. The freshly prepared BC pellicle is treated with 0.5 N
NaOH solution and then heated at 80°C for 1h to remove

the possible contaminations from the BC pellicle. Thereafter,
a homogenous suspension of BC (particle size: 351.03 nm)
from the obtained BC mat was prepared by grinding the BC
mat in distilled water.

2.1.2. Materials for antibacterial study and cell viabil-

ity study
For antibacterial study, the bacteria selected for antibacterial
study are Staphylococcus aureus (S. aureus CCM 4516)
(Gram + ve bacteria) and Escherichia coli (E. coli CCM
4517) (Gram - ve bacteria).

For cell viability study, the Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were
obtained from Gibco-Invitrogen (UK). Dimethyl sulfoxide
(DMSO) and trypsin were obtained from AppliChem
(Germany). The antibiotics (Penicillin and Streptomycin) for
cell cultures were from Lonza (Belgium).
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Ethylenediaminetetraacetic acid (EDTA) was purchased
from local agents and distributors.

2.2. Methods

2.2.1. Preparation of calcium phosphate filled BC based
hydrogel scaffolds

Calcium phosphate filled BC based hydrogel scaffolds were
prepared with polymer solution of BC (holding 99% water)
with CMC and PVP and other ingredients and bioactive
materials (as shown in Table 1)P!. PEG was added in all
the hydrogel solutions to reduce the risk of tissue damage
and other significant cytotoxic effects”®?. Glycerin used as
humectant!® ® 3. Agar is a hydrophilic polymer®¥! per-
formed as a gelling agent, might help in the increase of the
degree of swelling. The bioactive materials (B-TCP and HA)
were incorporated in the ratio of 20:80°** to achieve calcium
phosphate filled biomaterial considering its application in
bone tissue engineering; finally termed as “BC-PVP-B-TCP/
HA” and “BC-CMC- B-TCP/HA” (as shown in Figure 1).
Both “BC-PVP” and “BC-CMC” scaffolds were used as base
scaffolds/control sets. All the hydrogel scaffolds were pre-
pared following the solvent casting method, applying the
physical cross-linking agent (moist heat and pressure). The
polymer solutions (100 mL) were prepared in 250 mL sealed
glass bottles under 15 lbs (107 KPa) pressure and 120°C
temperature for 20 min!® *°\, Two sets of polymer solutions
were prepared. One set was free form bioactive materials
(i.e. inorganic calcium) and another set was with bioactive
materials (i.e. calcium phosphate, in the form of B-TCP and
HA). 25mL polymer solutions from each bottles were
poured into 75mm diameter petri-dishes and allowed to
cool at room temperature (22-25°C). Finally, smooth,
round shaped, off white color BC based scaffold (BC-PVP,
BC-CMC) without inorganic calcium/bioactive materials
(Diameter: 75mm; Thickness: 6.0-6.2mm) and calcium
phosphate filled/with bioactive materials (i.e. BC-PVP-
B-TCP/HA and “BC-CMC- B-TCP/HA) hydrogel scaffolds
(Diameter: 75 mm; Thickness: 5.5-6 mm) were achieved.

2.2.2. Preparation of calcium phosphate and CaCO:; filled
BC based hydrogel scaffolds

The calcium phosphate and CaCOs filled BC based hydrogel
scaffolds was prepared following in vitro bio-mineralization
technique. The calcium phosphate filled hydrogel scaffolds
were placed for in vitro biominaralization process to incorp-
orate CaCO; for the development of stronger bioactive poly-
meric scaffold material. The in wvitro bio-mineralization
process was performed following the simple liquid diffusion
technique[35]. Two different ionic solutions (i.e., Na,COj
and CaCl,) were operated at fixed concentration ratios
(5.25/100 mL and 7.35/100 mL) to prepare inorganic calcium
phosphate and CaCOj filled BC based hydrogel scaffolds.
Research demonstrated that the deposition and accumula-
tion of CaCO; within the hydrogel scaffold are notable
between 60-90 min of in vitro bio-mineralization'*”. Thus,
in this study, the bio-mineralization of hydrogel matrix was

performed for 60 mins by keeping the test samples in each
ionic solution. The calcium phosphate filled BC based
hydrogel scaffolds were first immersed in 100 mL solutions
of CaCl,. H,O for 30 mins and then transferred into 100 mL
of Na,COj solution and kept them for 30 mins. In this pro-
cedure, calcium phosphate and CaCOj; filled BC based in
vitro bio-mineralized hydrogel scaffold were achieved
(Diameter: 75 mm; Thickness: 4.5-4.9 mm), which are finally
termed as “BC-PVP-B-TCP/HA-CaCO;” and “BC-CMC-
B-TCP/HA-CaCO3” respectively.

2.3. Characterization of BC Based hydrogel scaffolds

2.3.1. Scanning Electron Microscopy (SEM)

The morphology of the BC based hydrogel scaffolds were
established by SEM analysis. The surface and cross sectional
structures were discussed. The hydrogel scaffolds were first
lyophilized for 24h, using Scanvac Cool Safe 110-4 PRO,
Lynge; lyophilization at —80°C temperature and 0-5kPa
pressure. Thereafter, the SEM study was performed by
“Phenome Pro” (Phenome World, Netherlands) table SEM,
operating in the secondary electron imaging mode at an
accelerating voltage of 5-20kV. The image magnification
was 100X - 10kX. Additionally, the average pore diameters
of the hydrogel scaffold samples were investigated by using
Image ] software (NIH, USA).

2.3.2. Fourier Transform Infrared Spectroscopy (FT-IR)
Fourier Transform Infrared Spectroscopy (FT-IR) analysis of
all the BC based hydrogel scaffolds were performed at room
temperature at wave number 600-4000cm ™" with uniform
resolution of 2cm™'. The ATR-FTIR analysis was conducted
by using NICOLET 320FT-IR Spectrophotometer with
Omnic software package.

2.3.3. Thermal analysis

The thermogravimetric analysis (TGA) of all six different
hydrogel scaffolds was done by the TA Q500 apparatus (TA
Instruments, USA). The analysis was performed with 8 mg
amount of sample with platinum pan, at the constant heat-
ing rate of 10°C/min between the temperature ranges from
25-700 °C under nitrogen atmosphere (50 mL/min).

2.3.4. Swelling study

The swelling analysis was performed with physiological
saline solution (pH 7.40) at 37°C (£1°C). Sections
(10 mm®) of the hydrogel scaffolds were soaked for specific
time intervals (5min, 60 min, 120 min, 180 min, 240 min,
300 min, 360min and 1020 min). The absorptivity of the
hydrogel scaffolds is measured by the degree of swelling

which is defined by the following equation:
Degree of swelling (%) = ([W,— Wg]/W,4) x 100

Where, W, and W, are weight of the swollen and
dried hydrogel.
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Additionally, the equilibrium liquid content (ELC), where
the liquid is physiological saline solution; was calculated!*®’
by using following equation:

ELC (%) = (M;-My/M,) x 100

Where, M, is the weight of swollen hydrogel at
equilibrium.

2.3.5. Porosity study

The porosity of the hydrogel samples was examined by
liquid displacement method™”). Sections (10mm?) of six
studied samples were carefully immersed into absolute etha-
nol for 48h until the saturation was reached. The porosity
of the samples was calculated by the following equation:

P = (W,-W1)/pVy

Where, W; and W, are the weight of the hydrogel scaf-
folds before and after the immersion into absolute ethanol
and V; is the volume of the scaffolds before immersion into
ethanol, p is the constant of the density of ethanol.

2.3.6. Compression study

Compression study was done by using Testometric M350-
5CT, England at room temperature (20°C) with a load cell
having a full scale 300kg. 20 mm diameter sections from
freeze dried hydrogel samples were taken for the study. The
study was done with a compression rate of 1 mm. min .

The result was expressed as the mean +S.D.

2.3.7. Antibacterial study

The antibacterial activity of all BC based hydrogel scaffolds
were studied by following agar disc diffusion method®®).
The bacteria selected for this study are Staphylococcus aureus
(S. aureus CCM 4516) (Gram + ve bacteria) and Escherichia
coli (E. coli CCM 4517) (Gram - ve bacteria). 100 pL of bac-
terial suspension was used and 8 mm circular specimens
were selected from the all the hydrogel samples. The anti-
bacterial study was performed using sterile nutrient agar
(2%) medium. Finally, testing plates were then incubated in
a temperature controlled incubator at 37 °C for 24 h.

2.3.8. Cell biological study

2.3.8.1. Cell and cell culture. The human diploid fibroblast
cell from the lung of 3 months’ normal embryo, Lep-3""
was used as model systems in our study. The cell line was
obtained from cell culture collection of the Institute of
Experimental Morphology, Pathology and Anthropology
with Museum - Bulgarian Academy of Sciences (IEMPAM-
BAS), Sofia, Bulgaria.

The cell culture was cultivated in DMEM supplemented
with 5-10% fetal bovine serum, 100 U/mL penicillin and
100 pg/mL  streptomycin. The cultures were kept in a
humidified incubator (Thermo Scientific, HEPA Class 100)
at 37°C under 5% CO, in air. For routine passages, the
adherent cells were detached using a mixture of 0.05% tryp-
sin and 0.02% EDTA. The cell lines were passaged 2-3 times

per week. The experiments were performed during the expo-
nential phase of cell growth.

2.3.8.2. Cell viability study. Cell viability was examined
with the extract of the sterilized samples of the hydrogel
scaffolds. 6 mm circular sections from all BC based hydrogel
scaffolds were taken for this study. Sections were placed in
the culture plate and treated with 50 puL of 96% ethanol and
dried in the room temperature (30-32°C) for 60 min. Then,
they were sterilized under the exposure of UV radiation for
80-90 min. Thereafter, 4mL of DMEM (containing 10%
FBS) was given to the wells containing sterilized sample sec-
tions and then placed in the humidified incubator at 37°C
under 5% CO, in air.

The cells were seeded in 96-well flat-bottomed micro-
plates at a concentration of 1x 10* cells/well. At the 24™
hour, the culture medium withdrawn and changed with 100
uL DMEM containing the extract of the BC based hydrogel
scaffolds sections. Cells were further grown in non-modified
medium (culture medium control). The effects of the scaf-
fold extract on the cell viability was evaluated using thiazolyl
blue tetrazolium bromide (MTT) test, after 72h, 120h and
168 h of incubation. The cells were incubated for 180 min of
MTT solution (5mg MTT in 10 mL DMEM) at 37 °C under
5% CO, condition. The formed blue MTT formazan was
extracted with a mixture of absolute ethanol and DMSO
(1:1, v/v).

The quantitative analysis was performed by absorbance
measurements in an automated microplate reader (Tecan,
Sunrise™, Austria) at 540/620 nm.

3. Statistical analysis

The data are presented as mean +*standard error of the
mean. Statistical differences between control and treated
groups, as well as between the studied samples were assessed
using one-way analysis of variance (ANOVA) followed by
suitable post-hoc test (Dunnett/Bonferroni) by using
GraphPad Prism version 5.00 for Windows, GraphPad
Software, San Diego California USA, www.graphpad.com.

4. Result and discussion

Inorganic calcium filled BC based hydrogel scaffolds are
either filled with calcium phosphate or with both calcium
phosphate and CaCOj;. These novel biomaterials/scaffolds
were designated as “BC-PVP-B-TCP/HA”, “BC-CMC-
B-TCP/HA”, “BC-PVP-B-TCP/HA-CaCO5 , and “BC-CMC-
B-TCP/HA-CaCO;  respectively. The “BC-PVP” and
“BC-CMC” scaffolds were considered as control set of scaf-
folds. To analyze the structure, function and biological effi-
ciency of these scaffolds, the following investigations were
performed and discussed below.

4.1. Scanning electron microscopy

The morphological structures (surface, cross section and
porosity) of BC based hydrogel scaffolds were analyzed and


http://www.graphpad.com

6 P. BASU ET AL.

(A) [

(a) Scaffolds with no inorganic calcium ]
]

BC-PVP

= BC-PVP-B-TCP/HA
-y

s - =7

BC-CMC-B- |
TCP/HA-CaCO,

Figure 2. (A) SEM image of BC based hydrogel scaffolds: (a) scaffold with no inorganic calcium: BC-PVP and BC-CMC; (b) Scaffold with calcium phosphate: BC-PVP-
B-TCP/HA, BC-CMC-B-TCP/HA, (c) Scaffold with calcium phosphate and CaCO3: BC-PVP-B-TCP/HA-CaCOs, and BC-CMC-B-TCP/HA-CaCOs (B) The average pore diame-
ters of all six the BC based hydrogel scaffolds. Pore diameter of scaffold without inorganic calcium (BC-CMC) is significantly (*P < .05) higher than the biomineral-

ized scaffold (BC-CMC-B-TCP/HA-CaCOs).
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Figure 3. FTIR spectra of BC based hydrogel scaffolds: (a) scaffold with no inorganic calcium: BC-PVP and BC-CMC; (b) Scaffold with calcium phosphate: BC-PVP-
B-TCP/HA, BC-CMC-B-TCP/HA (c) Scaffold with calcium phosphate and CaCOs: BC-PVP-B-TCP/HA-CaCOs, and BC-CMC -B-TCP/HA-CaCOs,

illustrated in Figure 2. It can be observed from Figure 2A,
that the surface structure of BC-PVP and BC-CMC hydro-
gels is much smoother than the surfaces of inorganic cal-
cium filled BC based hydrogel scaffolds. Moreover, surfaces

of BC-PVP-B-TCP/HA and BC-CMC-B-TCP/HA scaffolds
are comparatively smoother than the surface of biomineral-
ized hydrogel scaffolds. Significant rough surface of these
scaffold is attributed due to the deposition of further CaCOj;
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Figure 4. The TG analysis of different BC based hydrogel scaffolds: (a) Scaffold with no inorganic calcium: BC-PVP, BC-CMC, (b) Scaffold with calcium phosphate:
BC-PVP-B-TCP/HA, BC-CMC-B-TCP/HA (c) Scaffold with calcium phosphate and CaCO3: BC-PVP-B-TCP/HA-CaCOs, and BC-CMC-B-TCP/HA-CaCOs,

into the calcium phosphate filled hydrogel scaffolds during
in vitro bio-mineralization process. On the other hand, cross
sectional images of BC based scaffolds were confirmed that
all these biomaterials are comprised of substantially porous
structures. The average pore diameter of calcium phosphate
filled hydrogel scaffolds is comparatively less than the BC-
PVP and BC-CMC hydrogel scaffolds. This is due to the
accumulation of calcium phosphate within BC-PVP or BC-
CMC blend polymeric biomaterials, as showed in the
Figure 2A. The average pore diameter of all the six BC
based hydrogel scaffolds are ranging from 50-200 pm.
However, the average pore diameter of non- mineralized
hydrogel scaffolds is 100-200 um. The additional deposition
of CaCOj; is the cause of a decrease in pore size further.
The pore diameter of BC-CMC hydrogel was significantly
higher (P<.05) than the biomineralized BC-CMC-B-TCP/
HA-CaCOj; (Figure 2B). On the basis of difference in pore
diameter, the hydrogel scaffolds were classified as follows:
BC-PVP, BC-CMC > BC-PVP-B-TCP/HA, BC-CMC-B-TCP/
HA > BC-PVP-B-TCP/HA-CaCO;,  BC-CMC-B-TCP/HA-
CaCO;. Research indicated that the tissue engineering scaf-
fold with a pore diameter of 100 pm and above is important
for its efficiency*®*!). Thus, the morphological study con-
firmed the significant applicability of BC based hydrogel
scaffolds in regard to their effect.

4.2. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR analysis of all BC based hydrogel scaffolds is shown in
Figure 3. Here, the data represented in the range between
600-2000cm %, as all the notable bands and peaks were
revealed in this region. The FT-IR spectra exhibit characteris-
tic bands of bond stretching patterns for C-O, C=0O groups.

Research indicated that cellulose and its carboxymethylderiva-
tive, CMC contain very similar functional groups with the
same absorption band for the C-O bond stretching in FTIR
analysis*?). The peak at 1042cm™' and band at 1073 cm™*
correspond to the C-O bond stretching is caused by the pres-
ence of cellulose!®?. Additionally, the absorption band at
1600cm™" in CMC containing hydrogel scaffolds (BC-CMC,
BC-CMC-B-TCP/HA) is typical for CMC!**. On the other
hand, the peak at 1657 cm ™" indicates the C=0 stretching of
pyrrolidone, confirming the existence of PVP. This similar
type of result was also reported by Kesavan et al.**) and Shah
et al.**), The potential interaction of calcium phosphate with
the extra ingredients mask the functional groups of calcium
phosphate. However, significant peaks at 1401cm ' and at
872cm™ ' in BC-PVP-B-TCP/HA-CaCO;, and BC-PVP-
B-TCP/HA-CaCOs; indicate the notable presence and inter-
action of CO5>~ group with other components*®*”) In some
cases, some peaks in FTIR can be masked by the strong band
peaks*®.  During the in vitro biomineralization for
60-90 min, the CaCO; mineral is deposited on the surface of
the hydrogel scaffold and the mineral also gradually nucleated
on the polymer chains. Thus, there is a high possibility to
mask the presence of phosphate due to higher concentration
of CaCOs. This is evident with the FTIR results where the
significant peaks at 1401cm ™' and at 872cm ™" for CaCOs is
clearly visible. Moreover, the band at 3352cm™" (not shown
in the range of depicted in Figure 3) is the characteristics of a
hydroxyl group (-OH) stretching!** */,

4.3. Thermogravimetric Analysis (TGA)

The rate of mass change as a function of temperature of six
separate BC based hydrogel scaffolds is shown in the
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Figure 5. (A) Swelling effect of BC based hydrogel scaffolds (BC-PVP, BC-CMC,
BC-PVP-B-TCP/HA, BC-CMC-B-TCP/HA, BC-PVP-B-TCP/HA-CaCOs, and BC-CMC-
B-TCP/HA-CaCOs). (B) The degree of swelling of BC-CMC hydrogel scaffolds is
significantly higher than BC-CMC-B-TCP/HA. Additionally, the degree of swelling
of BC-PVP is also higher than BC-PVP-B-TCP/HA. On the other hand, swelling
degree is found higher with BC-CMC-B-TCP/HA than BC-PVP-B-TCP/HA. Asterix
(***) indicates level of significance at P <.0001; where n=3.

Figure 4. It can be seen from the figure that the initial stage
of decomposition up to 150 °C shows the moisture loss from
all the six hydrogels. The second stage exhibits the decom-
position (nearly 57.07% weight losses) of bacterial cellulose
(BC) at 300-350°CP%. In addition to it, the decomposition
of CMC (nearly 80.59% weight loss) also occurred at
300-400°C. Furthermore, significant weight loss of PVP
generally starts from 200°C, up to 400°C!"> > On the
other hand, the pyrolytic decomposition of inorganic cal-
cium present at high temperature. For calcium phosphate
filled BC based hydrogel scaffolds, the significant weight loss
profile was seen between 200°C to 400°C. This indicates
the decomposition of calcium phosphate (especially
hydroxyapatite) in between that temperature range, which
was comparable with earlier research report'®?. Again, for
the calcium phosphate & CaCOj; filled bio-mineralized
hydrogel scaffolds, the TG profile is not similar to the cal-
cium phosphate filled hydrogels. This might arise from the
significant distribution of CaCO; along with the calcium
phosphate throughout the polymeric matrix. The thermal
breakdown of CaCO; requires a higher temperature (ie.,
over 700°C)"**! It can be also seen from the figure that
there very less thermal breakdown was occurred until

(a) Scaffolds with (b) Scaffolds (¢) Scaffolds with
no inorganic with i Ici phosphat
calcium phosphate and CaCO;

120

Porosity (%)
3

i
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Figure 6. Percentage of porosity of different BC based hydrogel scaffolds: (a)
Scaffold with no inorganic calcium: BC-PVP, BC-CMC, (b) Scaffold with calcium
phosphate: BC-PVP-B-TCP/HA, BC-CMC-B-TCP/HA (c) Scaffold with calcium phos-
phate and CaCOs: BC-PVP-B-TCP/HA-CaCOs;, and BC-CMC-B-TCP/HA-CaCOs.
Asterisk (***) indicates the significant difference (P <.0001; n=3) of porosity
among the BC based hydrogel samples. Regular line indicates relation between
BC-PVP based scaffolds and dotted line indicates BC-CMC based scaffolds.

700 °C. Thus, the high concentration of inorganic calcium of
biomineralized hydrogel matrices went thermal decompos-
ition at high temperature (>700°C).

4.4. Swelling study

The swelling characteristics with physiological saline solution
(pH 4.2, 37°C £1°C) of six different BC based hydrogel
samples is indicated in Figure 5. The study was performed
for 17h to confirm the equilibrium rate of absorptivity of
the hydrogel samples. As can be seen from the Figure 5A
that the degree of swelling of BC-CMC scaffold was signifi-
cant (P <.001). This hydrogel scaffold is reached at equilib-
rium nearly after 5h, whereas BC-PVP scaffold reached at
equilibrium nearly after 3h. Additionally, it can also be seen
that, the degree of swelling is higher (P <.001) for calcium
phosphate filled hydrogels than both calcium phosphate and
CaCOs; filled bio-mineralized hydrogel. However, the degree
of swelling of the bio-mineralized hydrogels is lower than
the BC-PVP and BC-CMC hydrogel. Moreover, the biomin-
eralized samples took nearly 3h to arrive at the equilibrium
swelling. Additionally, these biomineralized scaffolds reach
to nearly equilibrium level after 5min, whereas calcium
phosphate filled hydrogel scaffolds were showing a signifi-
cant increase (P<.0001) at the same time duration. In
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Table 2. The compressive strength (MPa) of inorganic calcium filled BC based hydrogel scaffolds.

BC based hydrogel scaffolds

Compressive Strength (MPa)

Scaffold with no inorganic calcium BC-PVP 0.21 £ 0.02
BC-CMC 0.20 + 0.03

Scaffold with calcium phosphate BC-PVP-B-TCP/HA 0.31 = 0.01
BC-CMC-B-TCP/HA 0.24 + 0.007

Scaffold with calcium phosphate and CaCO; BC-PVP-B-TCP/HA-CaCO3 0.50 + 0.03
BC-CMC-B-TCP/HA-CaCO3 0.60 + 0.01

context of degree of swelling, it is relevant to mention that
the compositions of all hydrogels contain agar. Agar is a
hydrophilic polymer®®. Thus, the hydrophilic nature of
agar could further increase the degree of swelling of BC-
PVP B-TCP/HA) and BC-CMC- B-TCP/HA hydrogel scaf-
folds. However, this effect can not be seen in In vitro bio-
mineralized hydrogel scaffolds due to the deposition of
CaCOj3 which reduces the degree of swelling. The deposition
of high concentration of inorganic calcium to the crosslink-
ing polymeric network affects notably the swelling capacity
of the bio mineralized hydrogels. Thus, for bio-mineralized
samples, although the equilibrium swelling reached early,
but the degree of swelling is not significant. Research
showed that increased polymeric interaction contributes the
water or solution absorbance/retention ability of hydrogel
scaffold'*™ **. Interestingly, PVP has low water absorption
capacity®> **). CMC blended with BC increases the absorp-
tion capacity of the CMC containing hydrogel scaffolds
(BC-CMC, BC-CMC-B-TCP/HA), compared to the PVP
containing  hydrogels (BC-PVP, BC-PVP-B-TCP/HA)
(Figure 5B). The significant absorptivity is majorly attributed
by BC in PVP containing hydrogels'*®’,

Furthermore, all the six hydrogels retain a high amount of
physiological saline solution. The ELC of BC-CMC hydrogel is
sizeable (95.83+0.0131) at its equilibrium swelling condition.
Additionally, the ELC of BC-PVP-B-TCP/HA (92.01+0.01)
and BC-CMC-B-TCP/HA (94.34£0.02) are also notable. The
scaffolds, BC-PVP-B-TCP/HA-CaCO; (89.18 +0.05), BC-CMC-
B-TCP/HA-CaCO; (89.36+£0.01) also showed high liquid
(physiological saline solution) retention ability.

4.5. Porosity study

Porosity of the six BC based scaffolds are shown in Figure
6. As it can be seen from the figure that BC-PVP to BC-
PVP-B-TCP/HA-CaCO; and BC-CMC to BC-CMC-B-TCP/
HA-CaCOj; hydrogel scaffolds, the percentage of porosity
were gradually decreasing. Additionally, the porosity of
calcium phosphate filled BC based hydrogel scaffold is sig-
nificantly (P <.0001) different than the calcium phosphate
and CaCO; filled BC based biomineralized hydrogel
scaffolds: for BC-PVP based scaffolds: BC-PVP > BC-PVP-
B-TCP/HA > BC-PVP-B-TCP/HA-CaCO; and for BC-CMC
based  scaffolds: BC-CMC > BC-CMC-B-TCP/HA > BC-
CMC-B-TCP/HA-CaCQO3). Calcium phosphate particles were
distributed throughout the polymer matrix and filling up the
space of the porous structures. Moreover, in vitro bio min-
eralization causes the further deposition of CaCO; near the
porous structures which in turn influence the porosity and
pore size of the bio mineralized samples.

(a) Scaffolds with no
inorganic calcium

(b) Scaffold with calcium
phosphate

(c) Scaffolds with calcium
phosphate & CaCO;

. BCPVE [ BC-PYPB-TCREA [ BC-PVP-p-TCRHA-CaCO,
O seome O Be-cMC-p-TCPHA . BC-CMC-J-TCPHA-CaCO,
[ coxTroL
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(%]
(=]
1

Cell Viability (% of the Control)
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(=]
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Figure 7. The cell viability profile of Lep-3 cells (after 72h, 120h and 168 h of
incubation) in presence of extract of BC based hydrogel scaffolds: (a) scaffold
with no inorganic calcium: BC-PVP and BC-CMC; (b) Scaffold with calcium phos-
phate: BC-PVP-B-TCP/HA, BC-CMC-B-TCP/HA (c) Scaffold with calcium phos-
phate and CaCOs: BC-PVP-B-TCP/HA-CaC0s, and BC-CMC-B-TCP/HA-CaCOs,

4.6. Compression study

Mechanical property of all six different BC based hydrogel
scaffolds are depicted in Table 2. Research reported that, the
compressive strength of the trabecular bone ranged from
0.22 to 10.44 MPa”). As it can be observed in the table, the
calcium phosphate filled hydrogel scaffolds and calcium
phosphate & CaCOs; filled BC based in vitro bio-mineralized
hydrogel scaffolds are showing similar compressive strength
values like the trabecular or cancellous bones. This might be
explained the presence of inorganic fillers like calcium phos-
phate and CaCO; within the scaffolds. The compressive
strength of all BC based scaffolds (Table. 2) can be catego-
rized as follows: BC-PVP, BC-CMC < BC-PVP-B-TCP/HA,
BC-CMC-B-TCP/HA < BC-PVP-B-TCP/HA-CaCOs, and
BC-CMC-B-TCP/HA-CaCOj;, The CaCO; deposition of in
vitro bio-mineralization process within the calcium phos-
phate filled BC based scaffold slightly changes the compres-
sive strength of them compared to only calcium phosphate
filled BC based hydrogel scaffold.

4.7. Antibacterial study

Antibacterial study showed that there no clear zone of
inhibition in the presence of BC based hydrogel scaffolds
with E. coli. However, BC-PVP and BC-CMC were shown a
faint zone of inhibition with S. aureus. Interestingly, BC-
CMC-B-TCP/HA-CaCO; hydrogel showed notable zone of
inhibition with S. aureus. However, BC-CMC-B-TCP/HA
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scaffold did not show any significant antibacterial property.
Previous study indicated that CaCOj; has notable antibacter-
ial activity[ss]. Moreover, studies also showed that Ca*>"-ion
has the significant ability to disrupt the membrane of S. aur-
eus but does not show any similar effect on the E. coli’®.
The BC-CMC-B-TCP/HA-CaCOs5 scaffolds contains a high
concentration of Ca®'-ion, which provides a notable anti-
bacterial activity to it, specifically against the S. aureus. On
the other hand, the antibacterial activity was not found for
BC-PVP-B-TCP/HA-CaCOj; with S. aureus. This might have
resulted from a possible introduction of potential chemical
modifications within the compositional ingredients which
result in the loss of the antibacterial ability'*").

4.8. Cell viability study

The cell viability of six different BC based hydrogel scaffolds
showed in Figure 7. The study was performed in three separ-
ate time intervals i.e,, 72h, 120h and 168h. As can be seen
from the Figure 7, the cell viability with BC-PVP remained
notable than the other hydrogel scaffolds from 72h to 168h
of incubation. However, the cell viability with BC-PVP in
168 h incubation is seen higher than 72h and 120 h duration.
Polymer like BC, PVP, and CMC have significant biocom-
patibility. BC together with PVP or CMC may provide the
combinatorial stimulated biological effect on the cells, which
ultimately reflected in high cellular viability. On the other
hand, the cell viability is found more than 90% for BC-PVP-
B-TCP/HA and BC-CMC-B-TCP/HA hydrogel scaffold in
both 120h and 168 h of incubation than 72h. This might be
due to the presence and activity of calcium phosphate.
According to earlier studies, calcium phosphate like B-TCP
and HA can facilitate osteoconduction, which ultimately
results in high cell viability®"). Interestingly, the cell viability
is gradually increased from 72h to 168h for BC-CMC-
B-TCP/HA-CaCO; and 72h to 120h for BC-PVP-B-TCP/
HA-CaCOs, This phenomenon is similar to the assumption
of earlier research which indicates CaCOj; facilitates cell via-
bility for fibroblasts!®*. However, all the BC based hydrogel
scaffold showed notable cell viability throughout the study
period (72h, 120h, and 168h). In this context, it is relevant
to mention that, the Lep-3 cells are embryonic fibroblast
cells® and not specified to elicit a prompt response in the
presence of notable calcium content in the surrounding
environment like that of the specified bone fibroblast. Thus,
through acclimatization with the significant inorganic cal-
cium environment within the DMEM containing scaffold
extract, the cells exhibit high viability with the gradually
increasing incubation period from 72h to 168 h.

5. Conclusions

The present work focuses the preparation of novel inorganic
calcium filled BC based hydrogel scaffolds which contains cal-
cium phosphate (in the form of B-TCP and HA) and CaCOs.
The structure, function and cell biological attributes were
thereafter investigated. FTIR and thermal characterization
studies prove the presence of the ingredients like BC, PVP,

CMC, inorganic calcium. The SEM study revealed signifi-
cantly different pore diameters (50-200 pm) within six differ-
ent BC based hydrogel samples. Additionally, the degree of
swelling of calcium phosphate filled BC based hydrogel sam-
ples was found higher than the bio-mineralized samples.
Furthermore, inorganic calcium filled BC based hydrogel scaf-
folds has the similar compressive strength (0.24-0.60 MPa)
like the trabecular bones. Moreover, study demonstrated that
BC-CMC-B-TCP/HA-CaCO; has antibacterial property (only
for S. aureus). Finally, cell viability study demonstrates the
cell biological efficiency of inorganic calcium filled BC based
hydrogel scaffolds. Thus, inorganic calcium filled BC based
hydrogel scaffolds might provide a significant stimulating
environment as a bone implant that facilitate the soft bone
tissue regeneration process. Generally, the trabecular or can-
cellous bone are primarily found at the metaphysis region of
the femur bone'®®!. Hence, inorganic calcium filled bacterial
cellulose based hydrogel scaffolds can be used for the metaphy-
seal bone regenerations.
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Abstract. Bacterial cellulose (BC) based hydrogels (BC-PVP and BC-CMC) are modified with B-tri-calcium phosphate
(B-TCP) and hydroxyapatite (HA) to improve the structural and functional properties of the existing hydrogel scaffolds.
The modified hydrogels are then biomineralized with CaCOs; following liquid diffusion technique, where salt solutions of
Na,CO5(5.25 g/100 mL) and CaCl, (7.35 g/100 mL) were involved. The BC-PVP and BC-CMC are being compared with
the non-mineralized (BC-PVP-B-TCP/HA and BC-CMC-B-TCP/HA) and biomineralized (BC-PVP-B-TCP/HA-CaCOs;
and BC-CMC- B-TCP/HA-CaCO;) hydrogels on the basis of their structural and rheological properties. The Fourier
Transform Infrared (FTIR) spectral analysis demonstrated the presence of BC, CMC, PVP, B-TCP, HA in the non-
mineralized and BC, CMC, PVP, B-TCP, HA and CaCOj; in the biomineralized samples. Interestingly, the morphological
property of non-mineralized and biomineralized, hydrogels are different than that of BC-PVP and BC-CMC based novel
biomaterials. The Scanning Electron Microscopic (SEM) images of the before mentioned samples reveal the denser
structures than BC-PVP and  BC-CMC, which exhibits the changes in their pore sizes. Concerning rheological analysis
point of view, all the non-mineralized and biomineralized hydrogel scaffolds have shown significant elastic property.
Additionally, the complex viscosity (4°) values have also found in decreasing order with the increase of angular
frequency (w) 0.1 rad.sec”’ to 100 rad.sec”. All these BC based hydrogel scaffolds are elastic in nature, can be
recommended for their application as an implant for bone tissue engineering.

INTRODUCTION

Viscoelasticity represents a combinatorial properties of viscosity and elasticity of a material with the parallel
contribution of each being dependent on time, temperature, stress and strain rate [1]. The viscoelastic property of a
biomaterial is significantly contingent upon composition and the concentration of the administered material as well
as the preparation condition of the hydrogels. [1,2]. Viscoelastic properties of hydrogel scaffold correspond
significantly with its microstructures and might give useful information for modulating their performance
characteristics [3]. Bacterial cellulose (BC) is a cellulose, which has a wide ranging applications. BC has been
produced by Gluconacetobacter xylinus (syn. Acetobacter xylinum), a gram negative, aerobic bacterium which uses
a wide range of carbon and nitrogen source from the growth medium and produce a pellicle of cellulose on the
surface of the medium [4]. Due to its significant mechanical strength and biocompatibility, it has a notable demand
in the field of biomedical research [5]. Tissue of human bone is a viscoelastic material. This property is responsible
for its significant toughness and strength [6]. The hydrogel scaffold with significant elastic property will ensure its
efficiency as a bone implant material. Thus, the hydrogel scaffolds become a poignant interest for researchers
working in bone tissue engineering [7]. Hydrogels are the three dimensional polymeric network structure containing
pores and facilitate the growth of inorganic minerals by providing an efficient structural framework [8]. Researchers
of Center of Polymer systems, University Institute, Tomas Bata University in Zlin have already reported the
rheological characteristics of “BC-PVP” and “BC-CMC” hydrogels in their previous studies. In the present study,
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these bacterial cellulose (BC) based hydrogels are modified with p-tri-calcium phosphate (B-TCP) and
hydroxyapatite (HA) to improve the structural and functional properties of the existing hydrogel scaffolds. The
modified hydrogels are then biomineralized for the formation of calcium carbonate (CaCOs), a natural biomineral.
The modified/non-mineralized BC based hydrogels are designated as “BC-PVP-B-TCP/HA” and “BC-CMC-f-
TCP/HA” and the biomineralized scaffolds are termed as “BC-PVP-B-TCP/HA-CaCO;” and “BC-CMC- B-
TCP/HA-CaCOs;” respectively. The BC-PVP and BC-CMC scaffolds are being compared with the BC-PVP-§-
TCP/HA, BC-CMC-B-TCP/HA, BC-PVP-B-TCP/HA-CaCO; and BC-CMC-B-TCP/HA-CaCOs; on the basis of their
structural and rheological properties. The present work is an endeavor to study the viscoelastic and the structural
properties of all the six different BC based hydrogels.

EXPERIMENTAL

The BC based hydrogels were prepared by using the polymers: BC suspension (particle size: 250 nm), dry
polyvinylpyrolidone (PVP) and carboxymethylcellulose (CMC). B-Tri-Calcium Phosphate (B-TCP) and
Hydroxyapatite (HA) were added to acheive calcium phosphate filled composite biomaterials. These calcium
phosphate filled wet hydrogels were then biomineralized for 60 minutes following liquid diffusion technique [7],
where salt solutions of Na,CO; (5.25 g/100 mL) and CacCl, (7.35 g/100 mL) were involved and finally get CaCOj;
filled novel biomaterials. PVP, a synthetic polymer, has a variety of applications in the pharmaceutical and
biomedical field because of high absorption capacity and high mechanical property [9,10]. Whereas, CMC is an
ether derivative of cellulose used in the field of foods, cosmetics and paint as a viscosity modifier, thickener and
water retention agent [11]. B-Tri-Calcium Phosphate (3-TCP) has considered as an attractive additive/compound for
bone tissue engineering because of its efficient biocompatibility, biosafety and long shelf life. B-TCP exhibit an
excellent balance in absorption, degradation [12]. Moreover, HA is generally used as a bone filling material [13].
The B-TCP and HA added in the ratio of 20:80 [14].

All the chemicals used in this study are AR grade and purchased from Sigma-Aldrich. The BC mat (holding
99% H,0), obtained from the microbiological laboratory of the Centre of Polymer System, Tomas Bata University
in Zlin, was synthesized in presence of basal synthetic HS nutritive medium using Gluconacetobacter xylinus CCM
3611". The composition of the polymeric solutions for each hydrogel scaffolds are described in Table 1.

TABLE 1. Composition of BC-PVP, BC-CMC and B-TCP/HA filled BC based hydrogel scaffold.

Sample index PVP CMC BC PEG AGAR GLYCERINE p-TCP/HA Water
@ @ ® @©® @ (mL) @ (mL)
BC-PVP 0.5 0.0 0.5 1 2 1 0.0/0.0 95
BC-CMC 0.0 0.5 0.5 1 2 1 0.0/0.0 95
BC-PVP -TCP/HA 0.5 0.0 0.5 1 2 1 0.2/0.8 94
BC-CMC- B-TCP/HA 0.0 0.5 0.5 1 2 1 0.2/0.8 94

The BC based hydrogels mentioned in Table 1 were prepared following the solvent casting technique [15].
The polymer solutions were treated under moist heat and pressure (15 lbs pressure and 120°C temperature) for
20 minutes in a sealed glass bottle. The 30 mL polymer solution was poured into 75 mm diameter petri-dishes and
allowed to cool at room temperature (22-25°C) for 5-10 minutes. Finally, smooth, round shaped and off white
(diameter: 75 mm; thickness: 5.5-6.0 mm) hydrogel scaffolds were obtained. The B-TCP/HA filled BC based
hydrogel scaffold were selected for biomineralization for further incorporation of additional CaCO; for the
development of more stiff and strong bioactive polymeric material as an implant for bone tissue regeneration.
Finally, soft, smooth, round shaped milky white (diameter:75mm; thickness: 1.8-2.4 mm) hydrogel scaffolds were
achieved.

The structural analysis of hydrogel scaffolds had done by ATR-FTIR spectroscopy by using NICOLET 320
FTIR Spectrophotometer with “Omnic” software package with the Germanium ATR crystal within the wave number
of 600-4000 cm™ at room temperature. The morphological characteristics of all of the hydrogel samples were
ascertained by scanning electron microscopy (SEM). The analysis has done with “Phenome Pro” (PhenomeWorld,
Netherlands) SEM, operating in the electron imaging mode at an accelerating voltage of 5-20 kV. The images were
taken at a magnification of 100X — 10kX.

The nonmineralized i.e. BC-PVP, BC-CMC and B-TCP/HA filled BC based hydrogel scaffold and
biomineralized (CaCO;) incorporated B-TCP/HA filled BC based hydrogel scaffolds (at before dry state) were
measured to evaluate their viscoelastic properties. The viscoelastic properties of the hydrogel samples were studied
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by using a modular compact rheometer testing device (Anton Paar, Austria) and “Rheoplus” software package for
data analysis. A 20 mm diameter parallel plate measuring geometry with a gap between the plates adjusted
according to the sample thickness (5.5-6.0 mm for nonmineralized hydrogel and 1.8-2.4 mm for mineralized
hydrogel). Dynamic frequency sweep analyses were conducted at room temperature to obtain the storage (G’) and
loss (G”) modulus and complex viscosity (7). The measurement had done in the oscillation mode with the angular
frequency range from 0.1 to 100 rad.s’ at 1% strain amplitude. The influence of angular frequency and
mineralization on storage (G”) and loss (G””) modulus and complex viscosity (1) will be calculated by the following
equation:

N =1(Glw)* +(Glw) " (1)
RESULTS AND DISCUSSION

Structural Analysis of BC based Nonmineralized and Bio-mineralized Hydrogel Scaffold

The morphological (surface and cross section) images of BC-PVP and BC-CMC hydrogels (before modification
and biomineralization); BC-PVP-B-TCP/HA and BC-CMC-B-TCP/HA hydrogels (after modification and before
mineralization); PVP-BC-B-TCP/HA/CaCO; and CMC-BC-B-TCP/HA-CaCOj; hydrogels (after biomineralization)
are shown in Fig. 1. It can be seen from SEM images that the surfaces of the PVP-BC and BC-CMC hydrogels are
smoother than the surfaces of the other hydrogels. This can be a result of the aggregation of the BC particles in the
CMC-BC and PVP-BC hydrogels. However, the visible coarse surfaces of PVP-BC-B-TCP/HA, CMC-BC-f-
TCP/HA hydrogels and biomineralized (CaCO;) hydrogels confirm the presence of B-TCP, HA, and CaCO;
respectively within the hydrogel scaffolds. On the other hand, the observed porous structures in the SEM images
(cross section) confirmed that the resultant scaffolds are nothing but polymeric hydrogel.

*)

(B) ©

FIGURE 1. SEM Micrographs of Hydrogel Scaffolds: BC-PVP and BC-CMC (before modification and biomineralization) (A),
BC-PVP-B-TCP/HA and BC-CMC-B-TCP/HA (after modification and before mineralization) (B), and
PVP-BC-B-TCP/HA/CaCO; and CMC-BC-B-TCP/HA-CaCOj (after biomineralization) (C).
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The presence of B-TCP/HA particles can be seen like white dots on the surface as well as within the porous
structure of PVP-BC-B-TCP/HA, CMC-BC-B-TCP/HA hydrogels. Additionally, it can be noticed that pore sizes
were gradually changed from the PVP-BC, CMC-BC to PVP-BC-B-TCP/HA-CaCO; and CMC-BC-B-TCP/HA-
CaCO; hydrogels. This change in pore size results in the development of much denser structures which is caused by
an increase in inter-polymeric network. These hydrogels with porous structures can facilitate the diffusion of water,
drug and other bioactive agents like growth factors, vitamin D, etc.

The FTIR spectra of PVP-BC, CMC-BC, PVP-BC- B-TCP/HA, CMC-BC- B-TCP/HA, PVP-BC- f-
TCP/HA/CaCO;, CMC-BC- B-TCP/HA-CaCO; hydrogels are shown in Fig. 2. A significant band seen between
3338 cm™ to 3388 cm that corresponds to the hydroxyl group (-OH) stretching. The band between 1044 cm™ to
1073 ecm™ corresponds to the C-O bond stretching of cellulose, which can be found all the BC based hydrogels.
Moreover, the peak present at 1657 cm™ exhibits the presence of C=0 stretching of pyrolidone, which can be found
in all PVP containing hydrogels. Additionally, the peak between 963 cm™ to 1110 cm™ which corresponds to
phosphate (PO4”) group confirms the presence of p-TCP and HA within the BC based hydrogels. Furthermore, the
peak between 1401 cm™ to 1405 cm™ corresponds to C-O stretching of HA. The peak at 872 cm™ to 874 cm’
confirms the presence of CO5”™ in the biomineralized samples.
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1 BC-PVP-B-TCP/HA-CaCO, 157 1073
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FIGURE 2. FTIR Spectra of Hydrogel Scaffolds: PVP-BC, CMC-BC (before modification and biomineralization), PVP-BC- 3-
TCP/HA, CMC-BC- B-TCP/HA (after modification and before mineralization) PVP-BC- B-TCP/HA/CaCO;, CMC-BC- -
TCP/HA-CaCO; (after biomineralization).

The viscoelastic property of the BC based hydrogel [non-mineralized and mineralized (60 mins) with CaCO;]
samples were measured at room temperature. Fig. 3 exhibits the storage (G*) and loss modulus (G”) of the non-
mineralized and biomineralized BC based hydrogels against the angular frequency (). It was observed that for all
samples, the storage modulus is greater than the loss modulus and exhibit a rubbery consistency throughout the
entire measurement. The overall trend of the storage moduli sustained a plateau behavior which indicates that the
material is rigid cross-linked gel. Moreover, it is also seen that storage modulus (G”) is not dependent on the angular
frequency (w). However, the values of the loss modulus (G”) for all samples are found to be somewhat dependent on
angular frequency (). From the Fig. 3, it can be noticed that the values of the loss modulus of PVP-BC hydrogel
and CMC-BC hydrogel is higher than that of other non-mineralized and the biomineralized hydrogels, which
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demonstrates their lower viscous behavior. This trend might be contributed by the presence of the additive like
B-TCP and HA in the BC based hydrogels. Furthermore, the CaCOj; influences significantly the viscous behavior in
the biomineralized hydrogel.
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FIGURE 3 Viscoelastic Nature of Hydrogel Scaffolds: PVP-BC, PVP-BC- 3-TCP/HA, PVP-BC- B-TCP/HA/CaCO; (a), and
CMC-BC, CMC-BC- B-TCP/HA, CMC-BC- 3-TCP/HA-CaCOs (b) where storage modulus (G’, filled symbols) and loss
modulus (G”, open symbol) as a function of angular frequency (w) at 1% strain for non-mineralized and bio-mineralized BC
based hydrogels.

Fig. 4 exhibits effect of angular frequency on complex viscosity of PVP-BC and CMC-BC and biomineralized
hydrogels. It is noticeable from the figure that at 1% strain, all the nonmineralized and biomineralized hydrogels
demonstrates a similar relationship trend among angular frequency and complex viscosity i.e., from low to high
angular viscosity at 1% strain the values of complex viscosity is decreasing. All of the BC based hydrogels have
significantly maintained elastic nature throughout the study.
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FIGURE 4. Effect of angular frequency () at 1% strain on complex viscosity (") of non-mineralized and biomineralized BC
based hydrogels (a and b).

CONCLUSION

This work includes the study of the viscoelastic properties of the novel bacterial cellulose (BC) based hydrogel
scaffolds which involve the B-Tri-Calcium Phosphate (B-TCP) and Hydroxyapatite (HA) as additional bio-active
materials. The modified hydrogel composites are then subjected to bio-mineralization for the incorporation of
CaCOj; within the BC based hydrogel matrix, to achieve an efficient functional property oriented polymeric
scaffold/implant for bone tissue regeneration or drug delivery. The electron microscopic study entails the structural
characteristics of all BC based nonmineralized and biomineralized (CaCO;) hydrogels. Further, the non-mineralized
and biomineralized hydrogel scaffolds are confirmed by FTIR examination. The rheological study suggests that all
BC based nonmineralized and biomineralized (CaCOs3) hydrogels have a significant elastic property. The result
indicates about the potential application of BC based hydrogels in the field of biomedical application, especially as
an implant for transdermal drug delivery and bone tissue engineering. All the hydrogels are exhibiting significant
porous structures which may facilitate the diffusion of electrolytes, drugs and other bioactive agents like growth
factors, vitamin D etc.
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Abstract: The principal focus of this work is the in-depth analysis of the biological efficiency of
inorganic calcium-filled bacterial cellulose (BC) based hydrogel scaffolds for their future use in
bone tissue engineering/bioengineering. Inorganic calcium was filled in the form of calcium
phosphate (3-tri calcium phosphate (3-TCP) and hydroxyapatite (HA)) and calcium carbonate
(CaCOs3). The additional calcium, CaCO3; was incorporated following in vitro bio-mineralization.
Cell viability study was performed with the extracts of BC based hydrogel scaffolds:
BC-PVP, BC-CMC; BC-PVP-3-TCP/HA, BC-CMC-3-TCP/HA and BC-PVP-3-TCP/HA-CaCO;,
BC-CMC-B-TCP/HA-CaCOs; respectively. The biocompatibility study was performed with two
different cell lines, i.e., human fibroblasts, Lep-3 and mouse bone explant cells. Each hydrogel
scaffold has facilitated notable growth and proliferation in presence of these two cell types.
Nevertheless, the percentage of DNA strand breaks was higher when cells were treated with BC-CMC
based scaffolds i.e., BC-CMC-3-TCP/HA and BC-CMC-B-TCP/HA-CaCQO3. On the other hand,
the apoptosis of human fibroblasts, Lep-3 was insignificant in BC-PVP-3-TCP/HA. The scanning
electron microscopy confirmed the efficient adhesion and growth of Lep-3 cells throughout the
surface of BC-PVP and BC-PVP-3-TCP/HA. Hence, among all inorganic calcium filled hydrogel
scaffolds, ‘BC-PVP-f3-TCP/HA’ was recommended as an efficient tissue engineering scaffold which
could facilitate the musculoskeletal (i.e., bone tissue) engineering /bioengineering.

Keywords: bacterial cellulose; in vitro bio-mineralization; bone tissue engineering; biocompatibility;
apoptosis; DNA damage

1. Introduction

Bone is an important part of the animal musculoskeletal system. The structural framework
of an animal is preserved by the bones through modelling and remodeling events [1,2]. Extensive
research indicated that bone related disorders like osteoporosis affect 75 million individuals throughout
Europe, USA and Japan. In addition, many studies also showed that osteoporosis causes more than
8.9 million fractures worldwide annually; with a condition where an osteoporotic fracture occurs in
every 3s [3]. The possible treatment methods for this comprise the use of either auto/allografts or
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ceramic coated /inert metallic implants, which in many cases are far too expensive for application [4].
In this context, the hydrogel based bioactive scaffold can become a notable approach in bone tissue
engineering /bone bioengineering; due to its osteo-conduction and osteo-induction properties, notable
mechanical property and further its cost-effective production attributes [5].

The hydrogel is a three dimensional polymeric network structure which can retain significant
amount of water [6-8]. The hydrogel based bioactive scaffolds have the necessary attributes to become
an efficient extra cellular matrix (ECM) that has the potential to execute the primary functions of
the tissue engineering scaffolds like cell adhesion, stimulation for cell proliferation and others [9,10].
Different polymers, polymer-composite scaffolds are often utilized in the design of an efficient scaffold
material. Additionally, a variety of synthetic polymers like poly(lactic-co-glycolic) acid (PLGA),
poly(glycolic acid) (PGA) poly(caprolactone) (PCL) and natural polymers like collagen, hyaluronic
acid have also been used in the fabrication of tissue engineering scaffold [11-16].

Research showed that bacterial cellulose (BC) based hydrogel scaffolds could also become a
potential biomaterial for tissue regeneration application [17]. BC is a biocompatible biopolymer [18] and
has high crystallinity, ultra-fine network structure and high water absorption capability [19,20]. These
significant structural and functional properties of BC increase its importance in musculosketal/tissue
engineering /bone bioengineering applications.

The inorganic phase of the bone tissue is composed majorly of calcium mineral [21]. However,
recent research data reported that the extracellular calcium had a significant role in cellular growth
and development [22]. Bone cells are comprised of different calcium ion channels and extracellular
calcium receptors that receive the signals from the extracellular Ca?* [23,24], which in turn generates
specific genetic responses related to cell growth and proliferation [25]. Studies indicated that
the biocompatibility and the mechanical properties of the tissue engineering scaffolds can be
modified and improved by addition of calcium phosphate [26,27]. Bioactive calcium phosphate
fillers like 3-tri-calcium phosphate (3-TCP), octa-calcium phosphate (OCP) and hydroxyapatite (HA)
improve the osteo-conduction and osteo-induction properties of the biomaterial [17,28]. On the
other hand, inorganic calcium can also be incorporated in the tissue engineering scaffold through
organic-inorganic hybridization. A variety of methods of the organic-inorganic hybridization (i.e.,
solvent casting /particle leaching, scaffold coating, etc.) have been developed for the inclusion of
bioactive CaCOj3; within the polymer matrix in order to obtain improvement in the structural and
functional properties of the scaffold [29].

Polyvinylpyrrolidone (PVP) is a synthetic polymer which has significant biocompatibility. Several
studies indicated that the application of PVP is not so widespread due to its poor mechanical properties
and low swelling capacity [30]. However, the properties of PVP can be improved when it is blended
with polysaccharides. On the other hand, carboxymethyl cellulose (CMC) is the cellulose derivative
which has also significant utilization in cosmetology and as a water retention agent. Additionally,
CMC has notable biocompatibility [30,31]. The blending of the above mentioned polymers, PVP-CMC
hydrogel scaffold; has been previously successfully prepared in our laboratory. The biological efficiency
of PVP-CMC scaffold has also been found suggestive [30-32]. BC is a natural polymer which also
has significant biocompatibility and notable mechanical properties. Recent data indicated that a
variety of composite materials prepared with BC such as BC/Chitosan, BC/collagen were used in
biomedical applications; especially in tissue engineering /bone bioengineering [33,34]. The hydrogel
scaffolds prepared from the natural polymers like BC and synthetic polymers PVP and CMC have
also been reported in our previous work [19]. Albeit all the above-mentioned hydrogel scaffolds have
the necessary material characteristics (like mechanical, rheological properties) for tissue engineering
application; however, in order to develop a more specific bone tissue engineering scaffold, inorganic
calcium (in the form of calcium phosphate or/and CaCO3) filled BC based hydrogel scaffolds were
developed. In the present work, the focus is given on the in vitro characterization of the novel inorganic
calcium filled BC based hydrogel scaffolds through evaluation of their biocompatibility and biological
efficiency in a series of cell-based assays.
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2. Results

The novel inorganic calcium filled scaffolds “BC-PVP-3-TCP/HA”, “BC-CMC-3-TCP/HA”,
“BC-PVP-3-TCP/HA-CaCO3”, and “BC-CMC-B-TCP/HA-CaCO3;” were prepared and their
biocompatibility and biological efficiency (in a series of cell based assays) were evaluated in order to
recommend for its application for bone tissue engineering /bioengineering, where, the “BC-PVP” and
“BC-CMC” scaffolds were considered as a control set of scaffolds. To analyze the biological efficiency
of these scaffolds, the following investigations were performed and discussed below.

2.1. Cell Viability and Biocompatibility Study

Cell viability studies have been performed through MTT(3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) test in indirect (IDE) and direct experiments (DE) using human
embryonic fibroblasts (Lep-3) and mouse bone explant cells (BEC), and are summarized in Figure 1.

It can be seen from Figure 1 that the detected cytotoxicity of the calcium filled scaffolds was
low in the studied cell cultures, when determined in IDEs and incubated in 3, 5 and 7 days’ extract
culture medium. In contrast, it is clearly visible that the existence of the viable Lep-3 and BEC cells has
been specially affected by the presence of BC-CMC-3-TCP/HA-CaCOj3 and decreased in number after
5 days. However, both the cells were affected more or less in the presence of all the scaffolds after 7 days
except “BC-PVP-A-TCP/HA” in DE and in presence of BEC. In general, “BC-CMC-3-TCP/HA-CaCO3”
exhibited the highest cytotoxic activity in DEs for both human and mouse cells (i.e., Lep-3 and BEC).
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Figure 1. Human fibroblast, Lep-3 and mouse bone explant cells (BEC) cellular viability (proliferation
profiles) after incubation with six different BC based hydrogel scaffolds (scaffolds without inorganic
calcium, scaffolds with calcium phosphate, scaffolds with calcium phosphate and CaCO3); established
by indirect (IDE) and direct experiments (DE). * p < 0.05; ** p< 0.005; *** p < 0.0001 as compared to
the control.

2.2. Genotoxic Potential of the Studied BC Based Inorganic Calcium Filled Hydrogel Scaffolds

The genotoxic potential of the studied BC based inorganic calcium filled hydrogel scaffolds was
determined by the method of Comet Assay in alkaline conditions in order to detect all kinds of DNA
breaks; in which the tested scaffolds can potentially induce genotoxic effect (i.e., DNA breaks) in
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the cells. Lep-3 cells were used as the model cellular system in this study. The Comet Assay data
quantitation included calculation of the percentage of comets, i.e., cells with damaged DNA in all
tested probes and results are displayed on Figure 2. It can be seen that, the higher percentage of
comets (cells with damaged DNA) was observed in Lep-3 cells grown in 3 days’ extract culture
medium from BC-CMC-3-TCP/HA and BC-CMC--TCP/HA-CaCQOj3;; where more than 60% of all
observed cells per probe were with damaged DNA. On the other hand, more than 60% of cells
incubated with BC-PVP-B-TCP/HA and BC-PVP-B-TCP/HA-CaCO;3; were found with native, i.e.,
untouched /unaffected DNA, in comparison to the control and cells with BC-CMC-3-TCP/HA and
BC-CMC--TCP/HA-CaCOs scaffolds.
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Figure 2. Genotoxicity testing of the studied biocompatible scaffolds was done by the method of Comet
Assay in Lep-3 cells in the presence of extracts of all six BC based hydrogel scaffolds. Data quantitation
proceeded with estimation of the percentage of comets by assuming the total number of objects per
probe (n = 1000) as 100% and the percentage of comets, i.e., cells with damaged DNA was estimated
and represented as a graph. Student ¢ test was performed and the estimated p values for all probes in
comparison to the control were statistically significant p < 0.05.

2.3. Study on Apoptosis/Necrosis

In order to elucidate the mechanisms of the biological action of the tested scaffolds on the
studied cellular model systems and to understand the reasons for the detected genotoxic potential
of those with calcium phosphate and carbonate functionalization, i.e., BC-CMC-3-TCP/HA and
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BC-CMC-B-TCP/HA-CaCOg3 (already detected with the Comet Assay Figure 2), FACS analysis
(fluorescence activated cell sorting) with Annexin V-FITC kit performed for evaluation of the percentage
of cells undergoing apoptosis and necrosis when layered onto all studied scaffolds. The percentage
of apoptotic and necrotic cells together with the percentage of live cells was estimated by software
data quantitation. Further on the ratio among cells in apoptosis and necrosis and alive cells was done
and is displayed in procedure data values (PDU) on Figure 3. The last represents the ratio between
apoptotic and necrotic cells in the probes versus these percentages in the controls (Lep-3 control cells).
The blue bars on Figure 3 represent the ratio between the percentages of apoptotic cells in the probes
versus the control, while the red bars represent the ratio between the percentages of necrotic cells in
the tested probes versus the necrotic cells in the control. As it is easily seen on Figure 3 an increased
number (around 40%) of apoptotic cells was detected in the probes of human Lep-3 cells grown in
3 days’ extract culture medium in presence of BC-CMC-p3-TCP/HA, BC-PVP-3-TCP/HA-CaCO3
and BC-CMC-p3-TCP/HA-CaCOs;. Interestingly, the trend with the observed increase of apoptosis
between BC-PVP and BC-PVP-f3-TCP/HA was similar but when compared to BC-CMC-3-TCP/HA,
BC-PVP-p3-TCP/HA-CaCO3 and BC-CMC-p-TCP/HA-CaCOs it was not so-well pronounced as
previously expected.
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Figure 3. Discrimination between apoptotic and necrotic types of cell death induced by the tested
scaffolds in Lep-3 cells. FACS analysis with Annexin V-FITC kit for apoptosis/necrosis detection
was applied on Lep-3 cells cultivated in presence of six studied scaffolds. Data quantitation included
estimation of the percentage of cells undergoing apoptosis and necrosis and the ratio between these
percentages in comparison to the control cells is given in PDU (procedure data units).

Noteworthy, the results from the FACS analysis for discrimination between apoptosis and necrosis
are in correspondence with the results from the alkaline Comet Assay. The detected genotoxic potential
of BC-CMC-3-TCP/HA and BC-CMC-B-TCP/HA-CaCOj is also reflected in the experiments for
studying of the mechanisms for the induction of different types of cell death. In the cases when



Int. . Mol. Sci. 2018, 19, 3980 7 of 16

cells were cultivated in the presence of these types of scaffolds (i.e., BC-CMC-p3-TCP/HA and
BC-CMC-B-TCP/HA-CaCOs3), the higher levels of apoptosis were seen. It could be a result from the
possible genotoxic effect of these substances/scaffolds.

2.4. SEM Analysis

The SEM analysis of hydrogel scaffolds-Lep-3 cell interaction is depicted in Figure 4. The
analysis was performed with BC-PVP and BC-PVP-3-TCP/HA, as these materials showed better
cyto-compatibility in direct (DE) and indirect experiments (IDE). The presence of Lep-3 cells including
groups of 2-3 cells was observed on the surface of both materials (Figure 4). The adhered Lep-3 cells
on the surface of BC-PVP-3-TCP/HA can be seen notably.

18k x1, 280 = JEHM=-55182

Figure 4. SEM images of Lep-3 cells grown on BC based hydrogel (BC-PVP and BC-PVP-3-TCP/HA).
The orange colored arrow indicates developing projections.

3. Discussion

Generally, the significant properties of scaffold materials involve efficient architecture,
cyto-compatibility and notable mechanical property. Recently many different scaffold materials
have been developed with a variety of synthetic and natural polymers [11]. However, the application
of natural polymers like bacterial cellulose (BC) for tissue regeneration is also very promising [35].
In this study, BC was used with different biocompatible polymers like PVP, CMC, etc. Calcium
phosphate (in the form of 3-TCP/HA) was added within the polymer matrix. Moreover, the calcium
phosphate filled scaffolds were further in vitro biomineralized to develop calcium phosphate and
calcium carbonate filled biomineralized hydrogel scaffold. The applied cell based assays for studying
of their biological properties demonstrated the promising cyto-compatibility.

Calcium phosphate like 3-TCP and HA can facilitate osteo-conduction, which ultimately results
in high cell viability [36]. In the cell viability study with sample extract in IDE, the BEC viability was
significant for BC-PVP-3-TCP/HA-CaCOQOj; after 5 days of incubation. Additionally, there was a trend
of increase also seen in BEC viability with BC-CMC and calcium phosphate and calcium carbonate
filled hydrogel scaffolds after 5 day of incubation. Moreover, until the 7 day of incubation, cell viability
for Lep-3 and BEC was still significant for all the BC based hydrogels. Other authors studies indicated
that CaCOs facilitates cell viability for fibroblasts [37]. In this context, it is relevant to mention that;
the Lep-3 cells are embryonic fibroblast cells [38] and not at all are specified to elicit prompt response in
the presence of notable calcium content in the surrounding environment. Thus, through acclimatization
with the significant inorganic calcium environment, the cells exhibit high viability with the gradually
increasing incubation period from 72 to 168 h. In regard to the biocompatibility study in the direct
contact (DE) with the scaffolds, the BEC and Lep-3 cells initially acclimatized with the chemical and
physical environment that has been provided by the scaffold sections and thus showed cell growth
and viability after 3 days of incubation. Then gradually the higher cell viability started to be visible
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after 5 days of incubation. Interestingly, after 7 days of incubation, the Lep-3 and BEC cell viability
decreased in comparison to cell viability after 3 days and 5 days of incubation. In any case, the BEC
viability was found higher for BC-PVP after 7 days of incubation.

Porosity is an important factor for bone cell growth and proliferation [39]. Thus, the significant
porous structures of BC-PVP scaffold section might provide the necessary environment for BEC
growth efficiently after 7 days of incubation. On the other hand, research indicated that high
levels of Ca?* can negatively influence DNA repair ability to the cells [40] and thereby can cause
less cell viability. Interestingly, after 7 days of incubation, the BEC and Lep-3 cell viability was
significantly fewer when incubation performed with in vitro biomineralized samples. Lep-3 cells were
unable to get any proliferation stimulation in contact (DE) with the in vitro biomineralized samples
(BC-PVP-B-TCP/HA-CaCO3, BC-CMC-3-TCP/HA-CaCOs3) after 7 days of incubation. This indicates
that in vitro biomineralized hydrogels can only provide an initial stimulatory signals to Lep-3 cells.
As Lep-3 cells are sensitive human embryonic cells (but not stem cells), the initial high concentration
of calcium in the cell culture environment causes them to significantly proliferate up to 3 days of
incubation in the presence of all six hydrogel scaffolds, while no proliferation was observed after
5 days of incubation during direct experiments (DE). However, the Lep-3 cell viability after 5 days
of incubation with BC-PVP-3-TCP/HA-CaCOs very possibly resulted from the combined positive
effect provided by the polymers (BC and PVP) and the inorganic calcium content. Finally, the high
calcium content most probably inhibits the subsequent proliferation of both human and mouse cells
after 7 days of incubation.

The results from the method of comet assay signified the occurrence of DNA damage in the cells
when Lep-3 cells were used in the study to evaluate the genotoxic effect of hydrogel scaffolds. Albeit,
BC and CMC have been proved to be biocompatible polymers, together with calcium phosphate in
BC-CMC-B-TCP/HA hydrogel scaffold, they might develop a cellular burden by possible induction
of considerable number of DNA breaks. Earlier reports showed that several polymers and ceramics
can indeed cause oxidative stress [41,42] in the cells, which ultimately resulted in DNA strand
breaks [43]. The possible interaction of BC, CMC and calcium phosphate (for BC-CMC-3-TCP/HA
hydrogel scaffold) might develop oxidative stress to the cells which could finally result in high
percentage of comets (cells with damaged DNA). Moreover, research indicated that the elevation
of the calcium ion (Ca%*) concentration can also influence DNA repair ability of the cells [40].
This phenomenon is evident of Figure 1, where the percentage of live cells was found less for the
BC-CMC-B-TCP/HA-CaCOj3 hydrogel scaffold. The degree of DNA damage might be greater than
the DNA repair ability for BC-CMC-3-TCP/HA-CaCOs. On the other hand, the notable percentage of
live cells for BC-PVP-3-TCP/HA and BC-PVP-B-TCP/HA-CaCOs; indicated the introduction of less
DNA damage into the fibroblast cells (Lep-3).

Regarding apoptosis/necrosis study, the necrosis level was found gradually decreasing compared
to apoptosis (Necrosis: BC-PVP > BC-CMC > BC-PVP-3-TCP/HA > BC-CMC-3-TCP/HA >
BC-PVP-B-TCP/HA-CaCO3 > BC-CMC-pB-TCP/HA-CaCQ3). Other researchers demonstrated that,
an elevated extracellular Ca?* can cause the production of reactive oxygen species (ROS) in cellular
mitochondria, which thereby induces the destruction of the mitochondrial membrane that finally
initiates the apoptosis through the release of cytochrome C into the cytoplasm [44]. Possibly, the in vitro
biomineralized CaCO; filled samples (BC-PVP--TCP/HA-CaCOj3, BC-CMC-3-TCP/HA-CaCOs),
creates high Ca?" environment around the Lep-3 cell population which might also increase the
intracellular Ca®* levels which could have resulted in apoptosis. Earlier research indicated that
caspase-8; a cysteine aspartate protease involved in apoptosis, has a specific role in suppression
of necrosis and facilitation of apoptosis [45]. Our studies show that, the apoptosis level is also
seen increasing following incubation time with the calcium phosphate filled scaffolds and with the
in vitro biomineralized CaCOs filled hydrogel scaffolds. The possible formation of caspase-8 in some
population of the cells might be responsible for the significant shift from necrosis to apoptosis in
all biomineralized CaCOj filled hydrogel scaffolds. Interestingly, the elevated level of apoptosis
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compared to necrosis can also be seen in BC-CMC-p3-TCP/HA compared to BC-PVP-3-TCP/HA
hydrogel scaffold. This might be associated with the combinatorial effect of polymers (BC, CMC)
and calcium phosphate (3-TCP/HA). In addition, the cell viability, rather than apoptotic/necrotic
cell death is also found higher in BC-PVP-3-TCP/HA, compared to BC-CMC-3-TCP/HA and
BC-CMC-B-TCP/HA-CaCOs3. Furthermore, the apoptotic/necrotic cell death is also found 10 folds
less for BC-CMC than BC-PVP.

Scientific data revealed that different materials contains various surface characteristics like the
surface topography, wettability, roughness, softness which notably influence a variety of cell behavior
like cellular adhesion, growth, differentiation [46,47]. BC-PVP and BC-PVP-3-TCP/HA hydrogel
scaffolds contain the necessary attributes (mechanical and microstructural properties) [48] which
facilitate efficient Lep-3 fibroblast cell adhesion on the surface of the hydrogel scaffolds. Additionally,
the homogenous cell adhesion also signifies the efficient adsorption of cell adhesion proteins to the
surface of the hydrogel scaffolds. This focal adhesion of cells on the surface of these hydrogel scaffolds
will further facilitate the cell proliferation and growth events which ultimately elaborate the event of
tissue regeneration [45].

4. Materials and Methods

4.1. Materials

Polyvinylpyrrolidone K30 (PVP K30; molecular weight: 40,000), Polyethylene glycol 3000 (PEG;
average molecular weight: 2700-3300), Agar, 3-tri calcium phosphate (3-TCP; molecular weight:
310.18 g/mol) were supplied by Fluka, Switzerland; Sodium carboxymethyl cellulose (CMC) was
purchased from Sinopharm Chemical Reagent Co Ltd. (SCRC), China; anhydrous Calcium chloride
(CaCly; molecular weight 110.99 g/mol, 97.0%) was obtained from Penta, Czech Republic; and Sodium
carbonate-decahydrate (Na,CO3; molecular weight 286.14 g/mol), Hydroxyapatite (HA; molecular
weight: 502.31 g/mol) were obtained from Sigma Aldrich.

Dulbecco’s modified Eagle’s medium (DMEM) and Fetal bovine serum (FBS) were obtained from
Gibco-Invitrogen (Loughborough, UK). Thiazolyl blue tetrazolium bromide (MTT). Dimethyl sulfoxide
(DMSO) and Trypsin were obtained from AppliChem (Darmstadt, Germany). Agar is supplied by
Fluka, Switzerland. The antibiotics (Penicillin and Streptomycin) for cell cultures were from Lonza
(Verviers, Belgium). Ethylenediaminetetraacetic acid (EDTA), Glutaraldehyde, Ammonium hydroxide,
Formaldehyde and all other chemicals of the highest purity commercially available were purchased
from local agents and distributors. All sterile plastic ware and syringe filters were from Orange
Scientific (Braine-I" Alleud, Belgium). Agarose (low-gelling) was purchased from Sigma-Aldrich.
ANNEXINV—GFP-Certified Apoptosis/Necrosis detection kit was used from Enzo Life Sciences
(Long Island, NY, USA).

4.2. Synthesis and Preparation of Homogenous Suspension of BC

BC (holding 99% H,O) was synthesized in presence of basal synthetic Hestrin-Schramm (HS)
nutritive medium (pH 7.0) using Gluconacetobacter xylinus CCM 36117 (syn. Acetobacter xylinum)
at 30 °C for 15 days. 100 mL bacteriological culture bottles were inoculated with 5 mL of H.S.
medium containing 96 x 108 cells/mL bacteria (bacteria counted at 550 nm wavelength with Grant-Bio
McFarland Densitometer DEN-1B, Grant Instruments Ltd., UK). The freshly prepared BC pellicle
is treated with 0.5 N NaOH solution and then heated at 80 °C for 1 h to remove the possible
contaminations from the BC pellicle. Thereafter, a homogenous suspension of BC (particle size:
351.03 nm) from the obtained BC mat was prepared by grinding the BC mat in distilled water.

4.3. Preparation of Inorganic Calcium Phosphate Filled BC Based Hydrogel Scaffold

BC based hydrogel scaffolds were first developed by applying the BC (holding 99% water) with
CMC and PVP (Table 1) [49]. Polyethylene glycol (PEG) was also used in all the solutions to reduce



Int. J. Mol. Sci. 2018, 19, 3980 10 of 16

the risk of tissue damage and other significant cytotoxic effects [50]. Agar used as gelling agent and
glycerin used as humectant [49].

Additionally, 3-TCP and HA were applied in the ratio of 20:80 [49,51] in the hydrogel scaffolds to
produce the inorganic calcium phosphate filled BC based hydrogel scaffolds. The prepared scaffolds
were termed as, “BC-PVP-3-TCP/HA” and “BC-CMC-B-TCP/HA” (Figure 5), where, BC-PVP and
BC-CMC hydrogel scaffolds were used as base scaffolds/control set [19].

Table 1. Composition of inorganic calcium phosphate filled BC based hydrogel scaffold [48,49].

Sample Index PVP(g CMC(g) BC (g) PEG (g) Agar(g) Glycerin  -TCP/HA  Water

(mL) (g (mL)
BC-PVP 0.5 0.0 0.5 1 2 1 0.0/0.0 95
BC-CMC 0.0 0.5 0.5 1 2 1 0.0/0.0 95
BC-PVP-3-TCP/HA 0.5 0.0 0.5 1 2 1 0.2/0.8 94
BC-CMC-B-TCP/HA 0.0 0.5 0.5 1 2 1 0.2/0.8 94

The BC based hydrogel scaffolds were prepared following the solvent casting method, applying
moist heat and pressure. 100 mL polymer solutions were prepared in 250 mL sealed glass bottles under
15 Ibs (107 KPa) pressure and 120 °C temperature for 20 min [6]. Two sets of polymer solutions were
prepared; where one set was without inorganic calcium phosphate, and another set was with inorganic
calcium phosphate (3-TCP/HA). 25 mL polymer solution from each sealed glass bottles was poured
into 75 mm diameter petri-dishes and allowed to cool at room temperature (22-25 °C). Finally, smooth,
round shaped, off white color BC based scaffold without inorganic calcium phosphate (“BC-PVP”
and “BC-CMC”) were achieved; diameter: 75 mm; thickness: 6.0-6.2 mm in wet state. The inorganic
calcium phosphate filled scaffolds are termed as “BC-PVP-3-TCP/HA” and “BC-CMC-3-TCP/HA”;
diameter: 75 mm; thickness: 5.5-6 mm of hydrogel scaffolds were attained.

4.4. Preparation of Biomineralized Inorganic Calcium Phosphate and Calcium Carbonate (CaCO3) Filled BC
Based Hydrogel Scaffold

The calcium phosphate filled BC based hydrogel scaffolds were further bio-mineralized for
incorporation of additional CaCOj for the development of strong bioactive polymeric scaffold
material. For achieving that, the in vitro bio-mineralization process was performed following the
simple liquid diffusion technique [52]. Two different ionic solutions (i.e., Na,CO3 and CaCl,) were
used at fixed concentration ratios (5.25/100 mL and 7.35/100 mL) to prepare inorganic calcium
phosphate and CaCO; filled BC based hydrogel scaffolds. Research demonstrated that the deposition
and accumulation of CaCOj3; within the hydrogel scaffold is notable between 60-90 min [29]. Thus,
in this study, the bio-mineralization of hydrogel matrix was carried out for 60 min by keeping the
test samples in each ionic solution. The calcium phosphate filled BC based hydrogel scaffolds were
first immersed in 100 mL solution of CaCl,-H,0O for 30 min and then transferred into 100 mL of
NayCO3 solution and kept them for 30 min. In this procedure, calcium phosphate and CaCO; filled
BC based in vitro bio-mineralized hydrogel scaffold were achieved having diameter: 75 mm; thickness:
4.5-4.9 mm (in wet state), and as a result, they are finally termed as “BC-PVP-3-TCP/HA-CaCO3” and
“BC-CMC-B-TCP/HA-CaCO3” respectively (Figure 5).
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Figure 5. Schematic diagram: preparation of inorganic calcium filled BC based hydrogel scaffolds.

4.5. Cell cultures

Human diploid fibroblast; Lep-3 cells from lung of 3-month old human embryo and cell culture
established from bone explants of 2-3 months old ICR mice (Bone explant cells, BEC) as it was earlier
described [39] were used as model systems in our study. Lep-3 and BEC cells were obtained from the
Cell culture collection of the Institute of Experimental Morphology, Pathology and Anthropology with
Museum—Bulgarian Academy of Sciences (IEMPAM-BAS).

Both the cultures were grown in DMEM medium supplemented with 10% fetal bovine serum,
100 U/mL penicillin and 100 pg/mL streptomycin. The cultures were kept in a humidified incubator
(Thermo Scientific, HEPA Class 100, Waltham, MA, USA) at 37 °C under 5% CO5 in air. For routine
passages, the cells were detached using a mixture of 0.05% trypsin and 0.02% EDTA. The cell cultures
were passaged 2-3 times per week (1:2 to 1:3 split). The experiments were performed during the
exponential phase of cell growth. During investigations performed the BEC cells were on their
44-50th passages.
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4.6. Evaluation of Cell Viability and Proliferation

4.6.1. Sample Preparation

Circular sections (size: 6 mm in diameter, 2-3 mm thickness) of the six freeze dried
samples (BC-PVP, BC-CMC, BC-PVP--TCP/HA, BC-CMC-3-TCP/HA, BC-PVP-p-TCP/HA-CaCO3,
BC-CMC-3-TCP/HA-CaCOs) were taken for this study. Sections were placed in the 48-well cell culture
plate, treated with 50 pL of 96% ethanol for 40 min after which the ethanol was removed and dried at
30-32 °C to complete dryness. Then, the materials were sterilized under the exposure of UV radiation
for 80-90 min.

Indirect and direct experiments were performed for evaluating the influence of the materials on
cell viability and proliferation

4.6.2. Indirect Experiments (IDE)

Each material was placed in bottom of a 48 well cell culture plate on the drop (20 pL) of FBS for
30 min at 30-32 °C in order to stick the sample to the surface of the well. Thereafter, 1 mL of DMEM
(containing 10% FBS and antibiotics) was given to the wells (containing sterilized sample sections
as well as empty wells that serve as controls) and then placed in the humidified incubator at 37 °C
under 5% CO; in air for 3, 5 and 7 days. The cell culture medium (sample extracts and extract control
medium) was collected and used in indirect experiments.

For cell viability/proliferation study, the cells (i.e., Lep-3 and BEC) were seeded in 96-well
flat-bottomed microplates at a concentration of 1 x 10% cells/well in fresh DMEM medium
with 10% FBS. At the 24th h, the culture medium from each well was removed and changed
with 100 uL DMEM containing hydrogel scaffolds extract (sample extracts, obtained after 3-, 5-
and 7-day incubation periods). The percent of viable cells was determined using MTT (3-(4,
5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test.

MTT test was performed as it was earlier described [33]. Briefly, the cells were incubated for 3 h
with MTT solution (0.3 mg MTT in 10 mL DMEM) at 37 °C under 5% CO; condition. The formed
blue MTT formazan was extracted with a mixture of absolute ethanol and DMSO (1:1, v/v). The
quantitative analysis was performed by absorbance measurements in an automated microplate reader
(Tecan, Sunrise™, Grodig, Austria) at 540/620 nm.

4.6.3. Direct Experiments (DE)

The cells (5 x 10* cells/well) were seeded directly on the material sample placed on the bottom
of a 48-well cell culture plate and incubated for 3, 5 and 7 days in CO; incubator at 37 °C. The number
and viability of the cells were determined before seeding using automated cell counter by trypan
blue dye exclusion technique (zero time). The cell viability was found to be >95% in all experiments
performed. At the start of the experiment the cell numbers are equal in all wells / between all different
samples, and they are cultured in equal conditions. Cells were grown in wells without materials,
served as controls. The effect of the materials on cell viability and proliferation was studied by MTT
test as described in Section 4.6.2 with MTT concentration is corresponding to the volume of the plate.

4.7. Study of DNA Damages

The presence of single and double stranded DNA damages was assessed by single cell gel
electrophoresis (Comet assay) at alkaline pH. Lep-3 cells were seeded in 6-well flat-bottomed
microplates at a concentration of 3 x 10° cells/well. At the 24th hour the culture medium was
removed and changed with sample extract media (3-days modified media) and control media prepared
as described in Section 4.6.2.

The Lep-3 cells were mixed with 1.4% of low-gelling agarose (Sigma Type II) and immediately
spread onto microscopic slides precoated with 0.5% normal agarose. Cells were lysed for 1 h in a lysis
solution (1 M NaCl, 50 mM EDTA pH 8, 30 mM NaOH, 0.1% N-lauroylsarcozine; pH 10). After 1-h
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incubation in the denaturing solution (30 mM NaOH, 10 mM EDTA; pH 12.6) for DNA unwinding,
the slides were electrophoresed for 20 min at 0.46 V/cm in the same denaturing buffer. At the end of
the electrophoresis the slides were subsequently dehydrated for 5 min in 75% and in 96% of ethanol.
Comets were observed under Leitz epifluorescent microscope (Orthoplan, VARIO ORTHOMAT 2)
using a 450-490 nm band-pass filter following staining of microgels with the fluorescent dye SYBR
green I (Molecular Probes, Eugene, OR, USA). 1000 randomly chosen objects per each probe and
treatment were taken for quantification. Two repetitions of the experiment were done and standard
deviations were quantified. In all cases they were very small.

4.8. Apoptosis/Necrosis Study via Annexin V-FITC

The ability of the materials to induce cells death was evaluated by APOPTOSIS detection kit,
(ANNEXINV—GFP-Certified Apoptosis/Necrosis detection kit, Enzo Life Sciences). Cells were
spinned down at 400 g for 5 min at room temperature and carefully re-suspended in 1 mL cold 1x PBS
(2.68 mM KCl, 1.47 mM KH,POy, 1.37 mM NaCl, 8 mM Na,HPOy), pH 7. Spinning down follows at the
same conditions and the pellet was re-suspended in 510 uL Dual Detection Reagent (500 pL 1 x binding
buffer, 5 uL. Apoptosis Detection reagent/Annexin V-Enzo Gold; 5 uL Necrosis Detection Reagent).
Samples were incubated at room temperature for 10 min at dark and were analysed via cytometry
using 488 nm laser at FL 2 and FL 3 channels for apoptosis and necrosis detection respectively. Results
were quantified with Flow]o software. Two repetitions of the experiment were done. Data quantitation
included estimation of the percentage of cells undergoing apoptosis and necrosis and the ratio between
these percentages in comparison to the control cells is given in PDU (procedure data units).

4.9. SEM Analysis

The samples prepared as described in Section 4.6.1. Lep-3 cells (7 x 10° cells/well) were seeded
directly on sample materials in a 48-well cell culture plate and left in an incubator (Thermo Scientific)
at 37 °C, 5% CO,. After 7 days’ incubation period, the culture medium was removed and the sample
sections were washed with 4% glutaraldehyde for 1 h followed by washing with double distilled
water. The samples were then subjected to dry by filter system CORNING 431097 (0.22 um) under
low pressure for 2 h and were left for 2 days at 30-32 °C for complete drying. Finally, samples were
prepared for SEM analysis by a standard procedure and observed under scanning electron microscope
(JEOL JSM-5510, Tokyo, Japan) at an accelerating voltage of 10 kV.

4.10. Statistical Analysis

The data are presented as mean =+ standard error of the mean. Statistical differences between
control and treated groups were assessed using one-way analysis of variance (ANOVA) and student’s
t-test followed by suitable post-hoc test by using GraphPad Prism version 5.00 (San Diego, CA, USA)
for Windows and MS Office 2010 (Redmond, WA, USA).

5. Conclusions

The present work focuses the biocompatibility and biological efficiency of inorganic calcium filled
hydrogel scaffold in bone regeneration/bone bioengineering. The comprehensive comparative study
with two cell lines indicates the cell biological efficiency of the scaffolds. Lep-3 cell line represents
non-specified human fibroblast and mouse bone explant cell (BEC) line represents specified bone cells.
The comparative cell viability study (with the extracts of all the six BC based hydrogel scaffolds) and
biocompatibility study with two different cell lines indicates that the PVP based hydrogel scaffold
can facilitate the growth and proliferation of both types of cell lines. Additionally, the percentage of
DNA strand break were found less in PVP based samples than CMC based samples. Furthermore,
apoptosis events were not so significantly found in Lep-3 cells with BC-PVP-3-TCP/HA. Finally,
SEM study indicates the efficient adhesion and growth of fibroblast (Lep-3) cells throughout the
BC-PVP-3-TCP/HA hydrogel scaffold surface. Thus, this scaffold exhibits promising osteo-conduction.
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Additionally, the notable cyto-compatibility of this scaffold suggests its putative ability to facilitate
the process of bone regeneration. However, further studies are required with different osteogenic cell
lines (i.e., osteoblast) and mesenchymal stem cell line to ascertain the efficiency of abovementioned
hydrogel scaffold in bone tissue engineering.
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ABSTRACT: This work focuses mainly about swelling and rheological properties of calcium phosphate filled bacterial cellulose (BC)-based
hydrogel scaffolds. Calcium phosphate is incorporated in the form of hydroxyapatite (HA) and B-tricalcium phosphate (B-TCP) in dif-
ferent ratios, that is, 00:00, 10:90, 20:80, 40:60, 50:50, and 60:40. These scaffolds are also comprised with polyvinylpyrrolidone (PVP),
poly(ethylene glycol), agar, and glycerin; designated as “BC-PVP” and “BC-PVP-B-TCP/HA.” All the hydrogel scaffolds are showing the
notable viscoelastic property at 28 and 37 °C temperatures. The degree of swelling is found significant in BC-PVP-p-TCP/HA_50:50
scaffold and it is notably elastic at 37 °C after 5 min of swelling. However, after 60 min of swelling and at equilibrium swelling state, the
elastic property of BC-PVP-B-TCP/HA_20:80 is revealed the highest. Considering the degree of swelling and rheological properties, the
BC-PVP-B-TCP/HA_50:50 and BC-PVP-B-TCP/HA_20:80 hydrogel scaffolds found suitable for their application in bone tissue engi-

neering or bone tissue regeneration. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2020, 137, 48522.
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INTRODUCTION

The human musculoskeletal system is comprised of bones,'
which provide necessary mechanical support to the body.>’
However, the fracture of bone seldom happens in significant
stressful mechanical and/or physiological conditions. Aging
and bone-related diseases also enhance the propensity for
bone fracture.’ Study indicated that bone-related diseases like
osteoporosis is the cause of 2 million bone fractures every year
and this number will increase to 3 million by 2025.* Bone
auto-grafting is a well-practiced method, which facilitates the
fracture healing process through significant osteoconductivity
and osteoinductivity.” However, the limitations of this method
are also notable.””” The autograph-based approach involves
the application of implant which is obtained from the host
body. The bone volume which can be collected is also limited.
In addition, the potential surgical risks like infection and
inflammation, bleeding, hypersensitivity, and damage of
donor tissue are also prominent.” Hence, a new approach
toward the potential solution of this problem is a current and
immediate need."” The polymeric biomaterial can mimic the
physical and biochemical attributes of the natural bone
matrix.® In addition, the use of polymeric degradable biomaterials
will not require a secondary surgical procedure for implant
removal. Thus, bone tissue engineering with polymeric biomaterial

© 2019 Wiley Periodicals, Inc.
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can become an efficient alternative approach to solve this
problem.>™°

Biomaterials are the materials which can be used as scaffolds for
tissue engineering.'"'* Tt elaborates the cell-cell attachment and
communication through the porous networks."® Different metal-
based material like titanium along with calcium phosphate
ceramics like hydroxyapatite (HA) and P-tricalcium phosphate
(B-TCP) have been significantly and successfully utilized for bone
tissue engineering applications.

Different composite materials for bone tissue engineering were
developed by using synthetic polymers like poly(glycolic acid),
poly(e-caprolactone), poly(lactic-co-glycolic) acid, poly(r-lactic
acid), poly(vinyl alcohol), poly(acrylic acid), and poly(aldehyde
gluconate).'*"” In addition, natural polymers like collagen, gela-
tin, fibrin,'® agar,' and cellulose®® have also been used in tissue
engineering application. Bacterial cellulose (BC) is considered as
a significant biopolymer because of its high mechanical property,
high crystallinity, and notable biocompatibility. Earlier studies
reported that the BC-based biomaterial has applied in wound
dressing, development of vascular grafts and artificial blood ves-
sel, tissue engineering application, and so forth.”'** BC-based
polymeric hydrogel scaffold can be efficiently utilized as three-
dimensional scaffold material for bone tissue engineering.*>*
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Appropriate mechanical property and biocompatibility are the
two important concerns for the biomaterials for bone tissue engi-
neering application. The major challenge of the recent materials
is the proper tuning of these properties which are essential for
their application.®** Thus, in addition to the appropriate biocom-
patibility, the study of the mechanical property of biomaterial is
necessary for its successful applicability.

The rheological analysis indicates the mechanical property of a
composite biomaterial by explaining its nature of the internal
structure and physical properties of the polymer-filler compos-
ite.’®?! Various researches were conducted to understand the
rheological behavior of the hydrogel scaffolds®*™° utilized in
bone tissue engineering applications. The frequency dependence
of storage (G') and loss (G”) modulus in the linear viscoelasticity
region (LVR) provides significant information regarding gel
structure and its mechanical behavior,” which confirms the
applicability of the biomaterial.

Polymeric hydrogel scaffold [polyvinylpyrrolidone (PVP)-
carboxymethyl cellulose (CMC)] was earlier developed in our labo-
ratory in combination of synthetic polymers, PVP, and CMC.*>*!
Moreover, hydrogel scaffold was developed using BC and PVP in
our previous work. ** However, all the afore-mentioned hydrogel
scaffolds had the notable elastic property; more specific bioactive
suitable biomaterial is needed, especially for bone tissue engineer-
ing application. Very few researches have been performed which
have indicated the swelling and rheological behavior of the scaffold
material 2% Previously, Tommasi et al.®® have indicated the rheo-
logical behavior of injectable hydrogel (prepared with synthetic
polymers and chemical crosslinking agents) after 14 days of swell-
ing. However, there is no significant study that has indicated the
viscoelastic changes of hydrogel scaffolds corresponding to their
swelling effect. The present study only focuses on the swelling and
viscoelastic changes at physiological temperature (37 °C). How-
ever, the change in chemical and surface properties of the calcium
phosphate filled hydrogel scaffold with the gradual swelling can
also be observed for a better degree of understanding regarding the
physiochemical attributes of the scaffolds in the physiological con-
ditions, which might be analyzed and reported in our future work.

Moreover, previous studies showed that the human body temper-
ature and pH have also their effects on the viscoelastic behavior
of the scaffolds.*®*” Thus, the current study of viscoelasticity of
the scaffolds at human physiological temperature (+37 °C) will
finally lead to the selection of better calcium phosphate filled BC
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based hydrogel scaffold material in regard to its rheological
behavior/mechanical property for bone tissue engineering
application.

EXPERIMENTAL

Materials

Polyvinylpyrrolidone K30 (PVP K30; molecular weight:
40 000 g/mol), poly(ethylene glycol) 3000 (PEG; average molecu-
lar weight: 2700-3300 g/mol), agar, and B-TCP (molecular
weight: 310.18 g/mol) were supplied by Fluka, Switzerland.
Hydroxyapatite (HA; molecular weight: 502.31 g/mol) were
obtained from Sigma-Aldrich, St. Louis, USA. Glycerin was
obtained from Lach-Ner s.r.o., Czech Republic.

Synthesis and Preparation of Homogenous Suspension of BC
BC (holding 99% H,0) was synthesized in presence of basal syn-
thetic Hestrin-Schramm nutritive medium (pH 7.0) using Glu-
conacetobacter xylinus CCM 36117 (syn. Acetobacter xylinum) at
30 °C for 15 days. Hundred milliliters of bacteriological culture
bottles were inoculated with 5 mL of HS medium containing
96 x 10° cells/mL bacteria [bacteria counted at 550 nm wave-
length with Grant-Bio McFarland Densitometer DEN-1B, Grant
Instruments Ltd., U.K.]. The freshly prepared BC pellicle was
then treated with 0.5 N NaOH solution and then heated at 80 °C
for 1 h to remove the possible contaminations from the pellicle.
The newly produced BC pellicle was then treated with deionized
water and the water was refreshed after 2 h of interval until the
pH reached a neutral value. Thereafter, a homogenous suspen-
sion of BC [particle size: 159 nm (SD: +11.33)] from the
obtained BC mat was prepared by grinding (12 min) the BC mat
in distilled water.

Preparation of Calcium Phosphate Filled BC-Based Hydrogel
Scaffolds

BC-based hydrogel scaffolds were developed by applying the BC
(holding 99% water) with PVP*® (Table I). PEG was also used in
all the hydrogel solutions to reduce the risk of tissue damage and
other significant cytotoxic effects.*” Moreover, agar has used as a
gelling agent and glycerin used as humectant.*® Agar is a hydro-
philic polymer that performs as a gelling agent and help in the
increase of the degree of swelling.

Additionally, p-TCP and HA were incorporated in the ratio of
00:00, 10:90, 20:80, 40:60, 50:50, and 60:40 into the hydrogel scaf-
fold matrix to achieve the calcium phosphate filled BC-based

Table I. Composition of Calcium Phosphate Filled Bacterial Cellulose-Based Hydrogel Scaffolds with Varied §-TCP and HA

Sample index PVP (g) BC (g) PEG (g) Agar (g) Glycerin (mL) B-TCP/HA (g) Water (mL)
BC-PVP 0.5 0.5 1 2 1 0.0/0.0 95
BC-PVP--TCP/HA_10:90 0.5 0.5 1 2 1 0.1/0.9 94
BC-PVP-g-TCP/HA 20:80 0.5 0.5 1 2 1 0.2/0.8 94
BC-PVP-p-TCP/HA_40:60 0.5 0.5 1 2 1 0.4/0.6 94
BC-PVP-g-TCP/HA 50:50 0.5 0.5 1 2 1 0.5/0.5 94
BC-PVP-g-TCP/HA_60:40 0.5 0.5 1 2 1 0.6/0.4 94

Abbreviations: BC, bacterial cellulose; HA, hydroxyapatite; PEG, poly(ethylene glycol); PVP, polyvinylpyrrolidone; TCP, tricalcium phosphate.
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hydrogel scaffolds (Table I) and henceforth will be termed as,
“BC-PVP-B-TCP/HA_10:90” (for p-TCP: HA = 10:90), “BC-
PVP-B-TCP/HA_20:80" (for B-TCP: HA = 20:80), “BC-PVP-
B-TCP/HA_40:60” (for P-TCP: HA = 40:60), “BC-PVP-
B-TCP/HA_50:50” (for B-TCP: HA = 50:50), and “BC-PVP-
B-TCP/HA_60:40” (for p-TCP: HA = 60:40). BC-PVP scaffold
was used as a control.

All the BC-based hydrogel scaffolds were prepared by following
the solvent casting method, applying only the physical crosslinking
agent (moist heat and pressure). The polymer solutions (100 mL)
were prepared in 250 mL sealed glass bottles under 15 lbs
(107 kPa) pressure and 120 °C temperature for 20 min.*%*
Twenty-five milliliters of polymer solutions from each sealed glass
bottles were poured into 75 mm diameter petri-dishes and
allowed to cool at room temperature (22-25°C). Finally,
smooth, round shaped, oftf white color BC-based scaffold without
calcium phosphate (i.e, BC-PVP; diameter: 75 mm; thickness:
6.0-6.3 mm) and with calcium phosphate filled hydrogel scaffolds
(BC-PVP-B-TCP/HA_10:90; BC-PVP-B-TCP/HA_20:80; BC-
PVP-B-TCP/HA_40:60; BC-PVP-B-TCP/HA_50:50; BC-PVP-
B-TCP/HA_60:40; diameter: 75 mm; thickness: 5.9-6.2 mm) were
attained.

Swelling Property Analysis

The swelling analysis was performed with physiological saline
solution (pH 7.40) at 37 °C (%1 °C). Sections (diameter: 20 mm)
of the hydrogel scaffolds were soaked for specific time (5, 30,
60, 120, 180, 240, 300, and 360 min). The water absorptivity of
the hydrogel scaffolds was measured by the degree of swelling
which is defined by the following equation:

Degree of swelling (%) = [(W,—W4)/W4] x 100 (1)

where W, and W, are the weight of the swollen and dried hydro-
gel scaffold section.

The swelling study was performed in triplicate (n = 3) for all six
samples BC-PVP, BC-PVP-B-TCP/HA_10:90, BC-PVP-
B-TCP/HA_20:80, BC-PVP-B-TCP/HA_40:60, BC-PVP-
B-TCP/HA_50:50, and BC-PVP-B-TCP/HA_60:40.

Morphological Analysis

Morphological character is one of the important factors that also
influence the viscoelastic property of the material. Thus, to iden-
tify the plausible influence of the morphological characters on the
rheological aspects, the structure of the calcium phosphate filled
BC-based hydrogel scaffolds were observed by the scanning elec-
tron microscopy (SEM) analysis. The surface and cross-sectional
structures of all the six hydrogel samples were analyzed. The
freshly prepared samples and equilibrium swelled samples
(i.e., after 330 min) were lyophilized using Scanvac Cool Safe
110-4 PRO, Lynge; lyophilizator at —80 °C temperature and
0-5 kPa pressure. Thereafter, the SEM study was performed by
“NOVA nanoSEM” (FEI), operating in the secondary electron
imaging mode at an accelerating voltage of 5-20 kV. The image
magnification was X100-x10k. Additionally, wet BC mat was
lyophilized and then SEM images were taken at X250 000 magni-
fication with an accelerating voltage of 5 kV. The pore size and

WILEYONLINELIBRARY.COM/APP

Applied Polymer

concentration containing hydrogel scaffolds were investigated by
using Image]/Fiji software (NIH). In addition, the BC fiber orien-
tation between 0° and 180° was also analyzed with SEM image
by using directionality plug-in for Fiji software (Ashburn, VA)
with default bin size.

Rheological Property

The viscoelastic property of the hydrogel samples was studied by
using a modular compact rheometer testing device (Anton Paar,
Austria) and “Rheoplus” software package for data analysis.
Dynamic frequency sweep analysis was conducted in the LVR at
1% strain amplitude at room temperature (28 °C) and physiologi-
cal temperature (37 °C). The rheological measurements of
“before dry” and “after swelled” (after 5 min of swelling) samples
(20 mm diameter; thickness: 5.9-6.3 mm) were done in the oscil-
lation mode with the angular frequency range from 0.1 to
100 rad s™" and in some fixed angular frequencies (0.39 rad s™',
3.9 rads™', 39 rads™") in the linear viscoelastic region, at 1%
strain amplitude at 37 °C. The tan & value was also determined.
In addition, the viscoelastic properties of swelled samples after
60 min of swelling and after equilibrium swelling were also stud-
ied in 3.9 rad s™" at 1% strain amplitude. The influence of angu-
lar frequency on storage (G') and loss (G”) modulus and
complex viscosity (7*) was calculated by the following equation:

n*=[(Gl/w)” + (Grrfw)’] (2)
The rheological analysis was performed in triplicate (n = 3) for
all six samples BC-PVP, BC-PVP-B-TCP/HA_10:90, BC-PVP-
B-TCP/HA_20:80, BC-PVP-B-TCP/HA_40:60, BC-PVP-
B-TCP/HA_50:50, and BC-PVP-B-TCP/HA_60:40.

1/2

Statistical Analysis

The data are presented as mean =+ standard error of the mean.
Statistical differences between the studied samples were assessed
using one-way analysis of variance (ANOVA) followed by the
Bonferonni’s post hoc test by using GraphPad Prism version 5.00
for Windows, GraphPad Software, San Diego, CA, www.
graphpad.com.

RESULTS AND DISCUSSION

BC-based hydrogel scaffolds filled with different concentrations
of calcium phosphate (in the form of f-TCP and HA): BC-PVP-
B-TCP/HA_10:90, BC-PVP-B-TCP/HA_20:80, BC-PVP-
p-TCP/HA_40:60, BC-PVP-B-TCP/HA_50:50, and BC-PVP-
B-TCP/HA_60:40 are characterized on the basis of swelling, mor-
phology, and rheological property. The rheological characteriza-
tion of the afore-mentioned hydrogel scaffold is performed and
compared at room temperature (28 °C) and human physiological
temperature (37 °C). In the context of the applicability of the
scaffolds in the physiological environment, the swelling study is
performed at physiological temperature (37 °C). Additionally, the
rheological characterization has also been performed in the phys-
iological temperature (37 °C) to analyze the change in viscoelastic
behavior. BC-PVP hydrogel scaffold is kept for control in both
the temperatures and the BC-PVP-B-TCP/HA_20:80 hydrogel
scaffold kept as a reference sample for the rheological study,

pore distribution of the different calcium phosphate  swelling study, SEM study, and pore size distribution.
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Swelling Analysis

One of the significant characteristics of a hydrogel is high water
retention capacity. Figure 1(a) represents the swelling characteris-
tics of calcium phosphate filled BC-based hydrogel scaffolds (BC-
PVP-B-TCP/HA_10:90, BC-PVP-B-TCP/HA_20:80, BC-PVP-
B-TCP/HA_40:60, BC-PVP-B-TCP/HA_50:50, BC-PVP-
B-TCP/HA_60:40). Here, BC-PVP and BC-PVP-B-TCP/HA_20:80
hydrogel scaffolds are used as a control set.

The high degree of swelling of the polymeric gels is attributed by
intermolecular noncovalent interactions like hydrogen bonding,
columbic repulsion.”®*> The significant (P < 0.0001) swelling
degree of BC-PVP hydrogel scaffold has resulted from the nota-
ble interaction between the polymeric chains. Albeit, the swelling
capacity of the only PVP is notably poor,”® but in combination
with BC the BC-PVP hydrogel scaffold can able to show a promi-
nent (P < 0.0001) degree of swelling. It can be observed that all
the hydrogel scaffolds reach the equilibrium swelling nearly
after 300 min, that is, 330 min. Interestingly, BC-PVP-
B-TCP/HA_50:50 hydrogel scaffold is showing a significant
degree of swelling (P < 0.0001) from 180 min [Figure 1(b)]. At
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equilibrium swelling (330 min), the degree of swelling of the BC-
PVP-B-TCP/HA_50:50 hydrogel scaffold is also notably higher
(P <0.0001) than the other calcium phosphate filled hydrogel
scaffolds [Figure 1(c)]. BC-based hydrogel scaffolds contain cal-
cium phosphate as filler. The swelling ability of the calcium phos-
phate filled hydrogels can be influenced by the degree of filling,”"
which might be the reason for a lower degree of swelling of cal-
cium phosphate containing BC-based hydrogel samples com-
pared to BC-PVP. The distribution of the calcium phosphate
(in the form of B-TCP/HA) within the BC-based hydrogel matrix
might affect their swelling degree®® in the following way (from
180 to 300 min): BC-PVP-B-TCP/HA_50:50 > BC-PVP-B-TCP/
HA_40:60 > BC-PVP-B-TCP/HA_20:80 > BC-PVP-B-TCP/HA_
60:40 > BC-PVP-B-TCP/HA_10:90. Specifically, swelling capacity
can be influenced by the presence of calcium phosphate fillers
like B-TCP and HA.>*® The presence of p-TCP and HA as cal-
cium phosphate fillers might influence the degree of swelling of
the calcium phosphate filled hydrogel scaffolds. On the other
hand, the significant swelling rate of BC-PVP-B-TCP/HA_50:50
hydrogel scaffold might be because of the presence of high
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g sermarcrm o PR | e .
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Figure 1. (a) Degree of swelling of bacterial cellulose (BC)-based calcium phosphate filled hydrogel scaffolds: BC-PVP-B-TCP/HA_10:90, BC-PVP-
f-TCP/HA_20:80, BC-PVP-B-TCP/HA_40:60, BC-PVP-B-TCP/HA_50:50, BC-PVP-B-TCP/HA_60:40; (b) BC-PVP-B-TCP/HA_50:50 is showing high
degree of swelling from 180 to 300 min of swelling. (c) Degree of swelling of the BC-based calcium phosphate filled hydrogel scaffolds at equilibrium swell-
ing (i.e., 330 min). Asterisk (***P < 0.0001) indicates the significant degree of swelling. [Color figure can be viewed at wileyonlinelibrary.com]
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macroporous structure and high porosity.>* The presence of
high macroporous structures might facilitate the high degree of
swelling of the afore-mentioned hydrogel scaffold than the
other.

SEM Study

The morphological characterization of BC is depicted in Figure 2
(a). BC is composed of different fibers, which are forming net-
works and interacting with each other to generate the meshlike
structure. The rheological behavior of BC-based material depends
on the orientation of the BC fibers. The difference in the orienta-
tion of fibers can affect rheological behavior.” It also influences
the mechanical strength of the composite scaffold.*® Different BC
fibers have different structural orientation, which significantly
confirms the structural anisotropy of the BC fibers. It can be seen
in Figure 2(b) that a notable amount of BC fibers is found struc-
turally oriented between the direction 120-160 . Additionally, the
fiber diameter is one of the important factors that influences the
rheological behavior of the material.>” The average fiber diameter
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of the BC mat is depicted in Figure 2(c). It can be seen that the
BC mat is composed of BC fibers with different fiber diameter.
These differences in the fiber diameter along with different cal-
cium phosphate concentration influence the viscoelastic behavior
of the scaffolds.

Figure 3 depicts the morphological characteristics (surface and
cross sections) of fresh and equilibrium swelled (after 330 min of
swelling) calcium phosphate filled BC-based hydrogel scaffolds
(BC-PVP-B-TCP/HA_10:90, BC-PVP-B-TCP/HA_20:80, BC-
PVP-B-TCP/HA_40:60, BC-PVP-B-TCP/HA_50:50, BC-PVP-
B-TCP/HA_60:40). BC-PVP scaffold is used as the control. The
surface structure of fresh BC-PVP is found smoother than the
fresh calcium phosphate filled hydrogel scaffolds. Additionally,
it can be observed that the surface of fresh BC-PVP-
B-TCP/HA_50:50 hydrogel scaffold is highly rough compared to
other fresh calcium phosphate filled hydrogel scaffolds. On the
other hand, the surface of the calcium phosphate filled hydrogel
scaffolds after equilibrium swelling (i.e., after 330 min) is signifi-
cantly rough due to the deposition of salts like NaCl sourced

00251 (b)
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Figure 2. (a) Scanning electron microscopy (SEM) image of bacterial cellulose (BC). (b) Orientation direction of BC fiber in the produced BC. (c) Average

BC fiber diameter versus fiber distribution count. Asterisk (*** = P < 0.001; ** = P < 0.01) indicates the significant occurrence of fibers with a specific range

of diameter. [Color figure can be viewed at wileyonlinelibrary.com]
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After 330 mins of Swelling

Surfac Cross Section

BC-PVP-B-TCP/HA 40:60

i BC-PVP--TCP/HA 50:50

Figure 3. Scanning electron microscopy images of fresh and after swelled (after 330 min) calcium phosphate filled bacterial cellulose (BC)-based hydrogel
scaffold: BC-PVP-B-TCP/HA_10:90, BC-PVP-B-TCP/HA_20:80, BC-PVP-B-TCP/HA_40:60, BC-PVP-B-TCP/HA_50:50, BC-PVP-B-TCP/HA_60:40; yellow
arrows indicate the point of interaction of calcium phosphate and polymer phase. [Color figure can be viewed at wileyonlinelibrary.com]

from the physiological saline solution. All the hydrogel scaffolds
contain porous structures. The porous structures of the hydrogel
can facilitate diffusion of water and other bioactive agents.*® The
morphology of the porous structures of fresh scaffolds is notable
than after 330 min of swelling. A significant change in the porous
structure influences the diffusion property of the material.>® This
diffusion property is also connected with the rheological behavior

of polymer.”
The relationship between pore distribution and pore size of the

fresh calcium phosphate filled BC-based scaffolds is also demon-
strated in Figure 4. Tissue engineering scaffold with a pore
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diameter of 100 pm and above is an important factor in the con-
text of cell-matrix and cell-cell interaction.®® The porous struc-
tures (>100 pm) are significant (P < 0.0001 and P < 0.01) in all
the calcium phosphate filled BC-based hydrogel scaffolds, which
can facilitate efficient cell adhesion to the scaffold.*® Additionally,
BC-PVP-B-TCP/HA_10:90, BC-PVP-B-TCP/HA_40:60, and BC-
PVP-B-TCP/HA_50:50 also contain pores with a significant
(P < 0.01) size ranging between 50 and 100 pm.

Rheological Study
Figure 5 depicts the viscoelastic property of before dry BC-based
hydrogel scaffolds with different concentrations of calcium
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Figure 4. Relationship between pore size and pore distribution of calcium phosphate filled bacterial cellulose-based hydrogel scaffolds in fresh condition.
Asterisk (*** = P < 0.0001; ** = P < 0.01) indicates the significant difference of occurrence of a specific size of pore.

phosphate (BC-PVP-B-TCP/HA_10:90, BC-PVP-3-TCP/HA_20:80,
BC-PVP-B-TCP/HA_40:60, BC-PVP-3-TCP/HA_50:50, BC-PVP-
B-TCP/HA_60:40). The properties are measured at room tempera-
ture (28 °C) and human internal body temperature (37 °C) to
understand the rheological behavior of calcium phosphate filled
BC-based hydrogel scaffolds. BC-PVP scaffold used as a control for
both 28 and 37 °C. BC-PVP-B-TCP/HA_20:80 considers as a refer-
ence sample for 28 °C* From Figure 5(a), it can be seen that
the storage modulus (G') of the different calcium phosphate filled

ADVANCED
SCIENCE NEWS

advancedsciencenaws.com

48522 (7 of 14)

BC-based hydrogels have significantly higher than the loss modulus
at both 28 and 37 °C, which in turn indicate their notable elastic
property. Figure 5(a) also exhibits the higher storage modulus of the
calcium phosphate containing hydrogel scaffolds at 28 °C which can
be classified as follows: BC-PVP-B-TCP/HA_20:80 > BC-PVP-
B-TCP/HA_10:90 > BC-PVP-B-TCP/HA_50:50 > BC-PVP > BC-
PVP-B-TCP/HA_40:60, and BC-PVP-B-TCP/HA_60:40. On the
other hand, the G’ of the aforementioned scaffolds at 37 °C exhibit
the following pattern: BC-PVP-B-TCP/HA_50:50 > BC-PVP-
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Figure 5. Viscoelastic property of calcium phosphate filled bacterial cellulose (BC)-based “before dry” hydrogel scaffolds at 28 and 37 °C at 1% strain ampli-
tude and between 0.1 and 100 rad s™'; (a) storage modulus (filled symbols) and loss modulus (open symbols); (b) shear stress versus shear rate of different
concentrations containing calcium phosphate filled BC-based hydrogel scaffolds at 28 and 37 °C. [Color figure can be viewed at wileyonlinelibrary.com]

B-TCP/HA_40:60 > BC-PVP-B-TCP/HA_60:40 > BC-PVP-B-TCP/
HA_20:80 > BC-PVP > BC-PVP--TCP/HA_10:90. However, the
overall trends of storage modulus at both temperatures (28 and
37 °C) are indicating that the scaffolds maintained crosslinked gel
structure throughout the range of angular frequency. The signifi-
cant storage modulus of the hydrogel scaffolds indicates their nota-
ble elastic property. The potential interactions between filler and
polymer matrix of composite material influence the storage modu-
lus.®" The hydrogel scaffolds contain BC, PVP, PEG, agar as poly-
meric component, and calcium phosphate as rigid filler. The
crosslinked polymeric matrix has its own viscoelastic property,
where the calcium phosphate strengthens the rheological property
of the scaffolds. The interactions between polymer chains and cal-
cium phosphate in BC-PVP-B-TCP/HA_50:50 hydrogel scaffold at
37 °C facilitate its high storage modulus. The nature and place-
ments of monomers of the polymers along with the filler concen-
tration have also a significant effect on the viscosity at different
temperatures.®> The temperature can be the reason for the decrease
of loss modulus of all BC-based hydrogel scaffolds at 37 and 28 °C.
It is also observed that at 1% strain, the complex viscosity is
decreasing with the increasing angular frequency, for all the BC-
based hydrogel scaffolds both at 28 and 37 °C, respectively.
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Additionally, the complex viscosity of all calcium phosphate filled
hydrogel scaffold was found in decreasing trend with the increase
of angular frequency, which indicates the nature of polymeric
hydrogel.>” This trend is also indicating the possible hydrodynamic
effect of calcium phosphate fillers® inside the scaffolds.

The relationship between shear stress versus the shear rate of dif-
ferent calcium phosphate filled BC-based fresh hydrogel scaffolds
at 28 and 37 °C is depicted in Figure 5(b). Here, BC-PVP is also
used as a control scaffold. It can be seen that in both the temper-
atures, the shear stress of the scaffolds is showing an increasing
trend with increasing shear rate. Interestingly, with the increase
in temperature (from 28 to 37 °C) the shear stress values of BC-
PVP-B-TCP/HA_20:80 hydrogel scaffolds are found to be
decreased. On the other hand, the shear stress values of BC-PVP-
B-TCP/HA_50:50, BC-PVP-B-TCP/HA_40:60, and BC-PVP-
B-TCP/HA_60:40 hydrogel scaffolds remain higher at 37 °C. The
temperature has a significant effect on the shear stress.** The
increase and decrease of the shear stress values might reflect the
effect of temperature on the structural composition of hydrogel
composites. With the increasing shear rate, different particles can
interact with each other by forces like Van der Walls force,”
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which ultimately results in an increasing trend of shear stress
with the increasing shear rate. This could be a plausible reason
for the increasing trend of shear stress.

Figure 6 depicts the analysis of damping factor (tan 8) of fresh
calcium phosphate filled BC-based hydrogel scaffolds at human
body temperature (37 °C). The variation of tan & was studied in
four different angular frequencies (0.1 rads™, 1 rads™',
10 rad s7%, 100 rad sfl) in 1% strain at 37 °C. From the figure, it
can be seen that the values of the damping factor of all the
hydrogel scaffolds are less than 1 (tan & < 1) at 37 °C, which
indicate the maintenance of gel-like elastic behavior throughout
the four different angular frequencies.*® Filler concentration and
its interaction with the polymers have the possible influence on
the elastic and viscous properties.®> At the angular frequencies
(ie, 01, 1, 10, 100rad s™') the tan & of BC-PVP-
B-TCP/HA_10:90 hydrogel scaffold remains less than 1, which
reflects its overall gel-like elastic character. However, at 1, 10, and
100 rad s, its tan & value found higher than the other scaffolds.
The presence of different fillers can also affect the flow behavior
of the filled-in polymer system.®> The concentration of B-TCP
and HA of BC-PVP-B-TCP/HA_10:90 hydrogel might affect the
viscous and elastic property of the afore-mentioned hydrogel.
The differential loading of calcium phosphates (in the form

0.1 radis @ 1% strain |

Damping Factor (tan §)
[

0.5+

Damping Factor (tan )

0.0 .

o &’QG'?\W
A}
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B-TCP and HA) in the BC-based polymeric matrix facilitates the
stress transfer phenomenon, which ensures the elastic strength of
the scaffold.

As an implant, the hydrogel scaffold will immediately encounter
different physiological parameters like temperature and pH after
application in the body. In addition, the scaffold will show swell-
ing over a period of time after interacting with water, blood, and
other biological fluids. Thus, analysis of the rheological behavior
of the “after swelled” (5 min) calcium phosphate filled hydrogel
scaffold at 37 °C is demonstrated in Figure 7. The effect of three
specific angular frequencies in the low range: 0.39 rad s™', mid-
range: 3.9 rad s™', and high range: 39 rad s™' on the viscoelastic
property at 37 °C are analyzed. It can be seen from Figure 7
(a) that the values of storage modulus (G') remain higher than
the loss modulus (G”) at 37 °C throughout the study period for
all the hydrogel scaffolds (BC-PVP, BC-PVP-B-TCP/HA_10:90,
BC-PVP-B-TCP/HA_20:80, BC-PVP-B-TCP/HA_40:60, BC-PVP-
B-TCP/HA_50:50, BC-PVP-B-TCP/HA_60:40), which indicates
their significant elastic behavior. Specifically, the storage modulus
of BC-PVP-B-TCP/HA_50:50 hydrogel scaffolds is found higher
in 0.39 rad s™', 3.9 rad s™" at 37 °C than the other hydrogel scaf-
folds. However, the elasticity of BC-PVP-B-TCP/HA_50:50
remains higher between 0 and 90 min at 39 rad s™'. On the other

1 rad/s @ 1% strain |

10

Damping Factor (tan &)

| 100 rad/s @ 1% strain |

0.5+

Damping Factor (tan 3)

Figure 6. Damping factor (tan 8) values of calcium phosphate filled bacterial cellulose-based hydrogel at different angular frequencies at 37 °C.
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Figure 7. (a) Rheological behavior of different calcium phosphate filled bacterial cellulose (BC)-based hydrogel scaffolds after 5 min of swelling at 37 °C in
three different angular frequencies (0.39 rad s, 39rads™}, 39 rads™Y), storage (filled symbols) and loss modulus (unfilled symbols); (b) Schematic diagram
of plausible polymer—polymer and polymer-filler interactions inside the matrix of calcium phosphate filled BC-based hydrogel scaffolds. [Color figure can

be viewed at wileyonlinelibrary.com]

hand, the modulus of “after swelled” BC-PVP-$-TCP/HA_20:80
(after 5 min of swelling) scaffold has remained independent of
angular frequency (i.e., 3.9 rad s™') up to below 60 min at 37 °C.
However, both the G' and G’ of “after swelled” BC-PVP-
B-TCP/HA_20:80 scaffold started to decrease from 60 min. Addi-
tionally, the modulus (G’ and G”) of this scaffold has also
remained lower than the other hydrogel scaffolds in 39 rad s™" at
37 °C. This behavior might result from either the rupture of the
interface between the polymer and filler surface or the slipping
phenomenon between polymer and filler.*”*® Additionally, tem-
perature (i.e., 37 °C) might also be a significant reason behind
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this behavior. At a small angular frequency, the material behaves
elastically,®* which is evident from Figure 7(a), where the storage
modulus remains significantly higher than the loss modulus. This
indicates the dominance of the elastic behavior of the hydrogel
scaffolds.

In the filled in polymer system, the ability of stress transfer of
polymer to filler is an important aspect, which ensures the
mechanical strength of the polymer composite. Here, the calcium
phosphate (in the form of B-TCP/HA) is present as rigid inor-
ganic filler in the calcium phosphate filled BC-based hydrogel

J. APPL. POLYM. SCI. 2020, DOI: 10.1002/APP.48522



http://wileyonlinelibrary.com
http://WILEYONLINELIBRARY.COM/APP

ARTICLE

scaffolds. On the other hand, the hydrogel scaffolds also contain
BC fibers which are also reinforcing the composite structure.®>
Both the inorganic filler and BC fibers, provide the mechanical
strength to the hydrogel samples, whereas the hydrophilic poly-
mers like PVP and PEG successfully accomplish the stress trans-
fer to the filler substances, which ultimately reflects through the
higher storage modulus of the samples. Interestingly, BC is a bio-
polymer which has high mechanical property.*® Being a hydro-
philic polymer, BC has the natural affinity to water; thus, gradual
swelling of BC-based scaffolds have also a plausible effect on its
mechanical property. On the other hand, BC is considered as a
reinforcement fiber which provides an additional degree of
mechanical strength to the scaffolds. The fiber structural anisot-
ropy and fiber diameter are the two important factors for the rhe-
ological behavior of a composite.> As a natural fiber, BC has a
significant structural anisotropy. Additionally, the diameters of
the BC fibers are also different, which have a notable influence
on the viscoelastic property of the materials.”” These physiologi-
cal factors of BC are responsible for the significant elastic behav-
ior of the BC-based hydrogel scaffolds. Additionally, all the
hydrogel scaffolds contain porous structures which can also influ-
ence the rheological property.”® This can be reflected from the
variation of the values of storage modulus of the different cal-
cium phosphate filled BC-based hydrogel scaffolds in the same
angular frequency range. The mechanical characteristics of com-
posite materials depend also on the filler—filler interactions.®>”°
In the calcium phosphate filled BC-based hydrogel scaffolds, the
calcium phosphate fillers interact between each other significantly
along with the polymer chains. Both types of interactions (poly-
mer-filler and filler-filler) influence the mechanical characteris-
tics like elastic property of the calcium phosphate filled BC-based
hydrogel scaffolds [Figure 7(b)]. As the filler, calcium phosphate
like HA interacts notably with the BC.”' The interaction between
the polymer chains and calcium phosphate mainly involves ionic
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bonds and hydrogen bonds.”> The hydroxyl groups of polymer
chains develop hydrogen bonds with the oxygen atom of phos-
phorous groups of calcium phosphate,”® which facilitate the inter-
action of polymer chains and calcium phosphates. Additionally,
the calcium phosphate particles have been found to be signifi-
cantly adsorbed on the BC.”* The irregular presence of calcium
phosphate particles on the surface and porous structure [indi-
cated with arrows in Figure 3] of the polymer phase from SEM
study indicates the potential interaction of calcium phosphate
and polymers.

Swelling study indicated the hydrogel scaffolds gradually swell
and reach an equilibrium degree of swelling. As the hydrogel
gradually swells, its volume also increases. Thus, the rheological
behavior of swelled hydrogel scaffold at a higher swelling time
and at equilibrium swelling condition will also be indicating the
mechanical strength of the scaffolds and thereby confirms the
efficiency of the scaffold material in the application site. Thus, for
further analysis, the rheological study of three hydrogel scaffolds
BC-PVP-B-TCP/HA_10:90, BC-PVP-B-TCP/HA_20:80, and BC-
PVP-B-TCP/HA_50:50 is performed. These scaffolds are selected on
the basis of their swelling behavior, which is as follows: BC-PVP-
B-TCP/HA_50:50 > BC-PVP-B-TCP/HA_20:80 > BC-PVP-B-TCP/
HA_10:90. BC-PVP scaffold has also kept here as a control.
Figure 8(a,b) depicts the rheological characteristics in terms of
storage and loss modulus of BC-PVP-B-TCP/HA_10:90, BC-PVP-
B-TCP/HA_20:80, BC-PVP-B-TCP/HA_50:50 hydrogel scaffolds
in 1% strain and 3.9 rad s™" at 37 °C. It is reported that materials
behave elastically in fast deformations; however, in slow defor-
mations, the materials behave liquid like.”” Thus a mid-angular
frequency, 3.9 rad s~' is selected for the study. It can be seen
from the figure that, after 60 min of swelling and equilibrium
swelling (i.e., 330 min), the trend of storage modulus has
remained higher than the loss modulus for all the hydrogel
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Figure 8. Viscoelastic behavior of calcium phosphate filled bacterial cellulose (BC)-based hydrogel scaffolds (ie., BC-PVP-B-TCP/HA_10:90, BC-PVP-
B-TCP/HA_20:80, BC-PVP-B-TCP/HA_50:50) after (a) 60 min and (b) after 330 min (equilibrium swelling). Storage (filled symbols) and loss modulus

(open symbols). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 9. A thematic diagram representing about swelling and rheological characteristics of calcium phosphate filled bacterial cellulose-based hydrogel scaf-

folds in bone tissue engineering, where ¢ = time of application and o = new bone cells grown around the hydrogel scaffold. [Color figure can be viewed at

wileyonlinelibrary.com]

samples. In this regard, it should be mentioned that, although
all the hydrogel scaffolds are showing significant elastic property
after 60 min of swelling and equilibrium swelling, however, the
objective of this study is to find the better scaffold material with
specific f-TCP and HA ratios. Thus, elastic property of the all
studied hydrogel scaffolds was compared. The storage modulus
is found to be the highest for BC-PVP-B-TCP/HA_20:80 in both
after 60 min and after equilibrium swelled samples at 37 °C.
The G’ remained higher than G” for BC-PVP-$-TCP/HA_20:80
scaffold in 3.9 rad s™" at 37 °C after 60 min of swelling and also
after equilibrium swelling (i.e., after 330 min). However, the
trend of the storage modulus is observed to be notably different
from the trend after 5 min of swelling. This difference in the
trend of the modulus in 3.9 rad s™" at 37 °C after 60 min and
after equilibrium swelling might be attributed from the signifi-
cant polymer-filler, filler-filler interactions, and interaction
between hydrophilic polymers with water molecules. The grad-
ual swelling of the hydrogel scaffolds (from 5 min to 60 min
and then to equilibrium swelling) develops a strong interaction

ADVANCED
SCIENCE NEWS 48522 (12 of 14)

advancedscienceneaws.com

between BC fibers and water molecules.”*”” This interaction
further facilitates the intermolecular hydrogen bonds to develop
amorphous and crystalline domains, which ultimately improves
the strength of the BC and/or BC-based matrix.”””® This can be
the reason behind the high storage modulus of the aforemen-
tioned hydrogel scaffolds; especially, BC-PVP-B-TCP/HA_20:80
after 60 min and after equilibrium swelling (i.e., after 330 min).

CONCLUSIONS

This study focuses on the analysis of swelling characteristics and
rheological behavior of calcium phosphate filled BC based hydro-
gel scaffolds: BC-PVP-B-TCP/HA_10:90, BC-PVP-B-TCP/HA_
20:80, BC-PVP-B-TCP/HA_40:60, BC-PVP-p-TCP/HA_50:50,
BC-PVP-B-TCP/HA_60:40. The surface structures of all the fresh
calcium phosphate filled BC based hydrogel scaffolds are rough
compared to the control (i.e., BC-PVP). However, the surface
roughness of BC-PVP-B-TCP/HA_50:50 hydrogel scaffold is
higher. Additionally, the SEM study revealed that internal
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structure/morphology of hydrogel scaffolds comprises porous
structures. From the swelling point of view, the highest degree of
swelling exhibited in BC-PVP-B-TCP/HA_50:50 scaffold. All the
fresh hydrogel scaffolds have found to be significantly elastic
between 0.1 and 100 rad s~ and BC-PVP-B-TCP/HA_50:50 scaf-
fold is found more elastic in 0.39 rad s~' and 3.9 rad s~' at 37 °C
(after 5 min swelling). The elasticity of BC-PVP-
B-TCP/HA_20:80 is also found notable after 60 min and at equi-
librium swelling (i.e., after 330 min). Considering the swelling
and rheological behavior of all the examined calcium phosphate
filled BC-based hydrogel scaffolds, the BC-PVP-p-TCP/HA_20:80
and BC-PVP-B-TCP/HA_50:50 scaffolds exhibited their efficiency
in regard to its applicability in bone tissue engineering. A the-
matic image about applicability of calcium filled hydrogel scaffold
is depicted in Figure 9 for better understanding.
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Abstract

Calcium phosphate (CaP) packed bacterial cellulose (BC) and polyvinylpyrrolidone (PVP) based hydrogel scaffolds (BC-PVP-
CaP) are being reported here considering its possible ap\plication in bone restoration. The primary_focusiof this'work is to analyze
the viscoelastic behavior of ‘BC-PVP-CaP’ hydrogel scaffolds at human fever temperature cofidition (39°C) in swelled state. In
BC-PVP scaffolds, CaP [in the form of B-tricalcium phosphate (B-TCP) and hydroxyapatite*(HA) is present as filler in different
concentrations (i.e. B-TCP/HA_20:80, B-TCP/HA_40:60, B-TCP/HA_50:50). The BC-PYP scaffold-(without CaP) was marked
as a control set for the evaluation of viscoelasticity of scaffolds. The BC-PVP-CaP_50:50:hydrogel scaffold showed the highest
degree of swelling at 39°C among the other BC-PVP-CaP scaffolds. However, the,otherhydfogel scaffolds were also showed
notable viscoelasticity at 39°C. Experimental results confirmed that the CaP filled BC-PVP hydrogel scaffolds (BC-PVP-
CaP_20:80, BC-PVP-CaP_40:60, BC-PVP-CaP_50:50) exhibit a promising“viscoelastic behavior at human fever temperature
condition (39°C), can be endorsed for its potential application in bone repairing /bonerestoration.

INTRODUCTION

Bone is a fundamental unit of human musculoskeletal organ. Notable stressful physiological conditions lead to the
unwanted bone fracture situation [1]. Aging along with,a bone-telated disease also ameliorate the likeliness for bone
fracture [2]. Among different well practiced methods, the bone autografting has been considered promising, due to
its facilitation of fracture healing. Howeverthis“method also has some significant limitations [3]. Hence, a new
approach is needed for the potential alternative to this method. In this context, a polymeric biomaterial can be
efficient alternative approach to this problem. Hydrogel scaffold is a polymeric biomaterial which can retain
significant amount of water [4]. It cah be used.in tissue engineering applications due to its similarity with the living
tissue (in context of its water retaining capacity) [5]. Different polymer composites have been used as tissue
engineering scaffolds. Synthetie, polymers like poly (glycolic acid) [PGA], poly (lactic-co-glycolic) acid [PLGA]
and natural polymers like”chitosan, gelatin were being utilized [6]. Bacterial cellulose (BC) is biocompatible
polymer which has significant mechanical property [5]. Different combinations of biomaterials were prepared with
BC; where, the other components were either polymer or other bioactive agents e.g., BC/chitosan,
BC/hydroxyapatite. ‘Research indicated that calcium phosphate (CaP) [like hydroxyapatite (HA) and p-tricalcium
phosphate (B-TCP)] can be used in bone tissue engineering application [6]. In our earlier work, we have prepared
CaP packedyBC-polywvinylpyrrolidone (PVP) based hydrogel scaffold, which has the necessary mechanical property
and physiochemical property for utilization in bone tissue engineering [5]. The viscoelastic behavior of the CaP
packed BC-PV/P based hydrogel scaffold was also analyzed at normal human homeostatic temperature (37°C).
However, the analysis of rheological performance of the scaffold material in altered physiological condition is
important for the understanding its sustained efficiency. Thus, this study aims to analyze the rheological
performance of CaP packed BC-PVP based hydrogel scaffolds in altered physiological condition (i.e. human fever
temperature). The temperature plays a pivotal role in the maintenance of the viscoelastic property of the polymeric
system. This work facilitates the understanding of the swelling and mechanical property (in the form of viscoelastic
property) of CaP packed BC based hydrogel scaffolds in human fever temperature. According to the American
College of Critical Care Medicine, and the Infectious Diseases Society of America, a human fever condition can be
defined an elevation of the temperature of the human body at 38.3°C or higher [7]. This study focuses the
rheological behavior of calcium phosphate filled BC based hydrogel scaffold at human fever temperature condition
(39°C).



EXPERIMENTATION
Preparation of CaP packed BC-PVP based hydrogel scaffold

BC (holding 99% H,0) was synthesized in presence of basal synthetic Hestrin-Schramm (HS) nutritive medium (pH
7.0) using Gluconacetobacter xylinus CCM 36117 (syn. Acetobacter xylinum) at 30°C for 15 days. 100 mL
bacteriological culture bottles were inoculated with 5 mL of H.S. medium containing 96 x 10 cells/mL bacteria
[bacteria counted at 550 nm wavelength with Grant-Bio McFarland Densitometer DEN-1B, Grant Instruments Ltd,
UK]. The freshly prepared BC pellicle is treated with 0.5 N NaOH solution and then heated at 80°C for 1 hours to
remove the possible contaminations from the BC pellicle. Thereafter, a homogenous suspension of BC (particle size:
159 nm [SD: +11.33]) from the obtained BC mat was prepared by grinding (12 minutes) the BC mat in distilled
water. Hydrogel scaffolds were first developed by applying the BC (holding 99% water) with polyvinylpyrrolidone
(PVP) [5]. 0.5 g BC and 0.5 g PVP were used in each composition. 1 g polyethylene glycol (PEG) Was also used in
all the solutions to reduce the risk of tissue damage and other significant cytotoxic effects42 g)Agarjwas used as
gelling agent and glycerin (1 mL) was used as a humectant. Additionally, calcium phosphate (€aP) was used in the
form of B-TCP and HA and were applied (Table. 1) in the ratio of 20:80, 40:60 and 50:50 inithe hydrogel scaffolds
to produce the CaP packed BC based composite hydrogel scaffolds and henceforth will be termed as, “BC-PVP-
CaP_20:80”, “BC-PVP-CaP_40:60”, “BC-PVP-CaP_50:50”. BC-PVP hydrogel scaffoldwwas used as base scaffolds
(Table 1). All materials were used are reagent grade and majorly purchased from'Sigma Aldrich.

Table 1. CaP in BC-PVP based hydrogel scaffelds.

Sample index CaR ()
[B-FCP/HA]
BC-PVP 0.0/0.0
BC-PVP- CaP_20:80 0.2/0.8
BC-PVP- CaP_40:60 0.4/0.6
BC-PVP- CaP_50:50 0.5/0.5

The BC-PVP based hydrogel scaffolds wereprepared following the solvent casting method, applying moist heat and
pressure. 100 mL polymer solutions were/prepared in 250 mL sealed glass bottles under 15 lbs (107 KPa) pressure
and 120°C temperature for 20 minutes {4]. Pwo sets of polymer solutions were prepared; where one set was without
CaP, and another set was with CaP (B-TCPIHA). 25 mL polymer solution from each sealed glass bottles was poured
into 75 mm diameter petri-dishes and, allowed to cool at room temperature (22-25°C). Finally, smooth, round
shaped, off white color BC-PVR based scaffold without CaP (i.e. “BC-PVP”, Diameter: 75 mm; Thickness: 6.0-6.3
mm) and with calcium phosphate packed (i.e. “BC-PVP-CaP_20:80”, “BC-PVP-CaP_40:60”, “BC-PVP-
CaP_50:50”; Diameter: 75'mm; Thickness: 5.9-6.2 mm) hydrogel scaffolds were attained.

Swelling analysis at human fever temperature (39 °C)

Practically, as an\implant/scaffold material, the hydrogel scaffolds will be first become swelled after in contact with
the biological fluids..Thus, the swelling analysis of CaP packed BC-PVP based hydrogel scaffolds (BC-PVP-
CaP_20:80”,\"“"B€-PVP-CaP_40:60”, “BC-PVP-CaP_50:50) was performed with physiological saline solution (pH
7.40) at human fever temperature (39 °C). Circular sections (Diameter: 20 mm) of the hydrogel scaffolds were
soaked for specific time intervals (5 min, 30 min, 60 min, 120 min, 180 min, 240 min, 300 min, 360 min). The
absorptivity of the hydrogel scaffolds is measured by the degree of swelling which is defined by the following
equation:

Degree of swelling (%) = ([Ws-W4]/Wq) x 100
Where, W, and Wy are weight of the swollen and dried hydrogel scaffold section.
Study of viscoelastic behavior at human fever temperature (39 °C)

Thereafter, the viscoelastic property of the equilibrium swelled hydrogel scaffold samples (20 mm diameter) were
studied and by using a modular compact rheometer testing device (Anton Paar, Austria) and “Rheoplus” software



package for data analysis. Dynamic frequency sweep analysis was conducted in the linear viscoelasticity region
(LVR) at 1% strain amplitude. The rheological measurement was done in the oscillation mode with the angular
frequency range from 0.1 to 100 rad.s™ at human fever temperature condition (39°C). The influence of angular
frequency on storage (G’) and loss (G”) modulus and complex viscosity (1) was calculated by the following
equation:

1 =[(G/w)* + (Gw) 1

The tan & (damping factor) was also studied at specific angular frequencies (i.e. 0.1 rad.s™, 1 rad.s?, 10 rad.s*, 100
rad.s™.) intervals.

Statistical Analysis

The data are presented as mean + standard error of the mean (SEM). Statistical differences hetween the studied
samples were assessed using one-way analysis of variance (ANOVA) followed by Bonferomni’s post-hoc test by
using GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego  California USA,
www.graphpad.com.

RESULT AND DISCUSSION
The CaP packed BC-PVP based hydrogel scaffolds (BC-PVP-CaP_20:80”, “BC-BRVP-CaP’ 40:60”, “BC-PVP-
CaP_50:50) were prepared and their swelling and viscoelastic behavior werestudiethat-human fever temperature (39
°C). BC-PVP (without CaP) scaffold is kept as control.

Fig. 1. demonstrates the degree of swelling of the CaP packed BC-PV/P based hydrogel scaffolds i.e. “BC-PVP-
CaP_20:80”, “BC-PVP-CaP_40:60”, “BC-PVP-CaP_50:50" at human\fever temperature (39°C). BC-PVP (without
CaP) hydrogel scaffold used as control. It can be seen from thesFig. 1. that, BC-PVP (without CaP) is majorly
showing highest degree swelling throughout the study periad®On the other hand, BC-PVP-CaP_50:50 hydrogel
scaffolds is also showing the highest degree of swelling,than{ BC-PVP-CaP_20:80 and BC-PVP-CaP_40:60. The
hydrogel scaffolds reached to equilibrium swellingeconditiop after 300 mins. After equilibrium swelling (i.e. 330
min), BC-PVP (without CaP) hydrogel scaffold is showing:highest (P<0.0001) degree of swelling. On the hand, the
degree of swelling of BC-PVP-CaP_50:50 is~alse,significant (P<0.0001). Additionally, the degree of swelling of
BC-PVP-CaP_40:60 hydrogel scaffold is.alse, found higher (P<0.0001) than BC-PVP-CaP_20:80 in equilibrium
swelling condition.
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FIGURE 1. Degree of swelling of CaP packed BC-PVP based hydrogel scaffolds: BC-PVP-CaP_20:80”, “BC-PVP-CaP_40:60",
“BC-PVP-CaP_50:50 at human fever temperature (39°C). Asterisk (***) indicates level of significance (i.e. P <0.0001).

The CaP packed BC-PVP based hydrogel scaffolds have shown significant swelling ability at 39°C; especially, BC-
PVP-CaP_50:50 and BC-PVP-CaP_40:60 hydrogel scaffolds has the highest swelling ability, which also indicate
their significant macroporous internal structures [8].

Fig. 2. represents the viscoelastic behavior of the CaP packed BC-PVP based hydrogel scaffolds i.e. BC-PVP-
CaP_20:80”, “BC-PVP-CaP_40:60”, “BC-PVP-CaP_50:50 at human fever temperature (39°C). It can be seen from

3



Fig. 2(a). that the storage (G”) modulus of CaP packed BC-PVP based hydrogel scaffolds were higher than the loss
(G”) modulus ,which indicates their significant rubbery consistency at 39°C throughout the angular frequency- 0.1-
100 rad.s™. BC-PVP (without CaP) scaffold was used as control. However, the storage modulus value of BC-PVP-
CaP_50:50 hydrogel scaffold is found higher at 39°C compared to other scaffolds. This indicates the notable
mechanical strength of the BC-PVP-CaP_50:50 hydrogel scaffold at 39°C .In general, the sustained plateau trend of
storage modulus of all of the hydrogel scaffolds is also indicating cross-linked rigid gel like property. Interestingly,
the overall trend of loss modulus of the hydrogel scaffolds throughout the angular frequency is increasing. This
might be a plausible effect of the temperature.

The maintenance of the elastic nature at different angular frequency will indicate the integrity of the internal
property and mechanical strength of the hydrogel scaffolds at fever temperature (39°C). Fig. 2(b). indicates the
effect of angular frequency (o) on complex viscosity (1) of the CaP packed BC-PVP based hydfogel scaffolds. It
can be observed that the complex viscosity values are decreasing with the increasing angular frequeney at 1% strain
amplitude, which indicates the significant elastic nature of the hydrogel scaffolds at 39°C.

Additionally, Fig. 2(c). shows the damping factor (tan 8) values of CaP packed BC-P\/Pybased hydrogel scaffolds at
specific intervals of angular frequencies: 0.1 rad.s?, 1 rad.s®, 10 rad.s™, 100 rad,s™, Jt.can be observed that the
values of damping factor of all the hydrogel scaffolds are less than 1 (tan 3/< 1) at¥39°C which indicates the
maintenance of gel like elastic behavior throughout the four different angular frequencies in human fever
temperature. This indicates that the CaP packed BC-PVP based hydrogel scaffelds maintain a notable mechanical
property at altered physiological temperature i.e. human fever temperature.
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FIGURE 2. Viscoelastic behavior of CaP packed BC-PVP based hydrogel scaffolds i.e. “BC-PVP-CaP_20:80”, “BC-PVP-
CaP_40:60”, “BC-PVP-CaP_SOiSO” at human fever temperature condition (39°C). (a) Storage (G’) and Loss modulus (G”); (b)
Complex viscosity (77); (c) tan & values at angular frequencies: 0.1 rad.s™, 1 rad.s*, 10 rad.s™, 100 rad.s™%.

CONCLUSION

This works focuses the viscoelastic behavior of*equilibrium swelled CaP packed BC-PVP based hydrogel scaffolds
i.e. BC-PVP-CaP_20:80, BC-PVP-CaP_40:60, BC-PVP-CaP_50:50 at human fever temperature (39°C). The BC-
PVP-CaP_50:50 hydrogel demonstrated¢the;highest degree of swelling at 39°C. The high swelling ability indicates
the notable macro-porous structures/of the scaffolds. On the other hand, it can be observed that, the BC-PVP-
CaP_20:80, BC-PVP-CaP_40:60,{BC-PVP-5-CaP_50:50 scaffolds maintain a significant viscoelastic property at
the human fever temperature €ondition.pThese observations further indicate the possibility of further study and
utilization of the abovementionediscaffolds in bone bioengineering application.
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Abstract: This work focuses on the analysis of structural and functional properties of calcium
phosphate (CaP) incorporated bacterial cellulose (BC)-polyvinylpyrrolidone (PVP) based hydrogel
scaffolds referred to as “CaP/BC-PVP”. CaP is incorporated in the scaffolds in the form of
hydroxyapatite (HA) and B-tricalcium phosphate (3-TCP) in different concentrations (3-TCP: HA
(w/w) = 20:80, 40:60, and 50:50). The scaffolds were characterized on the basis of porosity, thermal,
biodegradation, mechanical, and cell viability/cytocompatibility properties. The structural properties
of all the hydrogel scaffolds show significant porosity. The biodegradation of “CaP/BC-PVP” scaffold
was evaluated following hydrolytic degradation. Weight loss profile, pH change, scanning electron
microscopy (SEM), and Fourier Transform Infrared Spectroscopy (FTIR) study confirm the significant
degradability of the scaffolds. It is observed that a 50:50_CaP/BC-PVP scaffold has the highest degree
of degradation. On the other hand, the compressive strengths of CaP/BC-PVP hydrogel scaffolds
are found between 0.21 to 0.31 MPa, which is comparable with the human trabecular bone. The cell
viability study is performed with a human osteosarcoma Saos-2 cell line, where significant cell
viability is observed in all the hydrogel scaffolds. This indicated their ability to facilitate cell growth
and cell proliferation. Considering all these substantial properties, CaP/BC-PVP hydrogel scaffolds
can be suggested for detailed investigation in the context of bone regeneration application.

Keywords: bacterial cellulose; calcium phosphate; hydrogel scaffolds; degradation; mechanical
property; bone regeneration

1. Introduction

Different traumatic and pathological phenomena can cause significant bone fractures [1-4]. Studies
have indicated that more than 20 million individuals have been affected annually by the loss of bone
due to trauma and other associated diseases [1,5]. The cost of bone defect repair in the European
Union (EU) is currently estimated at about 40 billion Euros, and it is expected to increase by up to
25% by 2025 [1,6,7]. Additionally, the devices used for orthopedic trauma treatment had a market
of 5.7 billion in 2013, and has been predicted to reach about 7.2% of the entire global market by
2020 [8]. The current bone fracture fixation treatments include the application of stainless steel,
titanium, and titanium alloys [9]. However, these metallic implants are non-degradable and thus need
to be surgically removed from the body [8,10]. In addition, the mechanical properties of the devices
have also occasionally not matched with the human bone, which affects the normal load transfer
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phenomenon from the implant to the healing bone [11]. Bone autografting has considered as the gold
standard method, which facilitates the fracture healing through significant osteoconductivity and
osteoinductivity [5]. However, the limitations of this method are also notable [11]. In this context,
the application of polymeric biomaterials can be considered as a suitable alternative due to their
composition, performance, and cost-effective production attributes [12].

Tissue engineering biomaterial has been devised using both natural and synthetic polymers [1,13].
Various synthetic polymers like polyethersulfone (PES), polycaprolactone (PCL), polyglycolide (PGA),
poly (lactic-coglycolic acid) (PLGA), poly (r-lactic acid) (PLLA), poly (glycerol sebacate), and poly
(propylene fumarate) were used in the development of biomaterials [1,14-22]. On the other hand,
several natural polymers like collagen, chitosan, fibrin, silk, and fibroin have also been used [1,16-25].
Additionally, different polymer composites like hydroxyapatite (HA)-coated PLGA/poly (r-lactic
acid) (PLLA), HA/collagen/chitosan, HA/methacrylate-co-acryloayl6-aminocaproic acid, and poly
(e-caprolactone)/tricalcium phosphate (PCL/TCP) were also notably utilized in bone tissue engineering
applications [1,16].

Cellulose has been considered as an excellent polymer due to its notable mechanical properties
and crystallinity (60%-80%) [26]. Bacterial cellulose (BC) is a significant biodegradable biopolymer [27].
Significant biocompatibility makes this biomaterial important for application as tissue engineering
scaffold [28]. Studies indicated that different composite materials with BC like calcium phosphate,
BC/chitosan, BC/collagen, BC/agarose, and BC/poly (3-hydroxybutyrate) have been used in tissue
engineering applications [29-32].

Material properties like porosity, degradation properties, mechanical properties, and biocompatibility
are the important attributes of tissue engineering implantable devices [32] like polymeric hydrogels [12,
33-39]. A hydrogel is a polymeric structure which can retain a significant amount of water [40] and
thus can be used notably in tissue engineering. Porosity and bio-degradability are important criteria
for the applicability of polymeric tissue engineering scaffolds. Porosity of the polymeric scaffold
will ensure that cell attachment occurs and facilitate significant vascularization inside the scaffold
during regeneration [41]. On the other hand, the information regarding the ability of a scaffold
material to disintegrate into its fundamental components after encountering with biological solution
has provided the idea of the biodegradability of a material [42]. While the biodegradability of a
tissue engineering scaffold promotes the development of an extracellular matrix [43], the controlled
degradability is also an important aspect of a tissue engineering scaffold device [44]. Moreover, the cell
viability and biocompatibility of the scaffold material indicates the cell’s attachment, proliferation,
and differentiation [45].

Polymeric PVP-CMC hydrogel was previously developed at our laboratory as a combination
of synthetic polymers, polyvinylpyrrolidone (PVP), and carboxymethyl cellulose (CMC) [36,46].
The hydrogel was also found to be degradable [46]. Furthermore, in our previous work, the development
of a hydrogel scaffold using BC and PVP was also reported [47]. Research indicated that the biphasic
calcium phosphate (prepared in a combination of HA and (3-TCP in different ratios after being sintered
above 700 °C) were successfully utilized in bone tissue engineering application [48]. In our work,
the osteogenic bioactive calcium phosphates (CaP): hydroxyapatite (HA) and 3-tri calcium phosphate
(B-TCP) [49] are simply combined with a BC-PVP polymeric matrix in different concentrations (i.e.,
B-TCP:HA (w/w) = 10:90, 20:80, 40:60, 50:50, and 60:40) to prepare a calcium phosphate (CaP) filled
BC-PVP based hydrogel scaffold (i.e., CaP/BC-PVP). Our previous work indicated the swelling and
rheological behavior of different CaP filled BC based hydrogel scaffolds, where the swelling and
rheological properties were found to be promising for the samples with 3-TCP:HA = 20:80, 40:60,
and 50:50 [50].

Few studies have been reported so far where the structural and functional properties (like the
cytocompatibility and cell proliferation ability) of polymeric tissue engineering scaffolds like hydrogel
scaffolds have been analyzed simultaneously [33,34,51-55]. Additionally, there is little work where
the structural properties and functional properties of CaP filled natural polymer, BC and synthetic
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polymer, and a PVP based composite hydrogel scaffold were reported with the specific purpose
of bone tissue regeneration. This article reports the structural and cell viability/cytocompatibility
properties of CaP/BC-PVP hydrogel scaffolds. The test samples (20:80_CaP/BC-PVP, 40:60_ CaP/BC-PVP,
and 50:50_ CaP/BC-PVP) were chosen on the basis of their swelling and rheological properties,
which were noticed in hydrogel scaffolds [50]. Structural properties like porosity, thermal and
degradation characteristics, mechanical behavior and cell viability/cytocompatibility are reported in
regard to their applicability for bone tissue engineering.

2. Experimental Section

2.1. Materials

Polyvinylpyrrolidone K30 (PVP K30; molecular weight: 40,000), polyethylene glycol 3000 (PEG;
average molecular weight: 2700-3300), agar, and (3-tri calcium phosphate (3-TCP; molecular weight:
310.18 g/mol) were supplied by Fluka, Buchs, Switzerland. Hydroxyapatite (HA; molecular weight:
502.31 g/mol) was obtained from Sigma Aldrich (St. Louis, MO, USA). Glycerin was obtained from
Lach-Ner Ltd., Neratovice, Czech Republic.

Dulbecco’s modified Eagle’s medium (DMEM) and Fetal bovine serum (FBS) were obtained from
Gibco-Invitrogen (Loughborough, Bishop Meadow Road, UK). Thiazolyl blue tetrazolium bromide
(MTT), Dimethyl sulfoxide (DMSO) and Trypsin were obtained from AppliChem (Darmstadt, Germany).
The antibiotics (Penicillin and Streptomycin) for cell cultures were from Lonza (Verviers, Belgium).
Ethylenediaminetetraacetic acid (EDTA), and all other chemicals of the highest purity commercially
available were purchased from local agents and distributors. All sterile plastic ware and syringe filters
were from Orange Scientific (Braine-10 Alleud, Belgium).

2.2. CaP/BC-PVP Hydrogel Preparation

2.2.1. Microbial Synthesis and Preparation of Homogenous Suspension of BC

BC (holding 99% H;,O) was synthesized in the presence of basal synthetic Hestrin-Schramm (HS)
nutritive medium (pH 7.0) using Gluconacetobacter xylinus CCM 36117 (syn. Acetobacter xylinum) at
30°C for 15 days. 100 mL bacteriological culture bottles were inoculated with 5 mL of H.S. medium
containing 96 x 108 cells/mL bacteria (bacteria counted at 550 nm wavelength with Grant-Bio McFarland
Densitometer DEN-1B, Grant Instruments Ltd., Shepreth, Royston, UK). The freshly prepared BC
pellicle is treated with 0.5 N NaOH solution and then heated at 80 °C for 1 h to remove the possible
contaminations from the BC pellicle. The newly produced BC pellicle was then treated with deionized
water and the water was refreshed after 2 h of interval until the pH reached a neutral value. Thereafter,
a homogenous suspension of BC (particle size: 159 nm (SD: +11.33)) from the obtained BC mat was
prepared by grinding (12 min) the BC mat in distilled water [12,31,50].

2.2.2. Preparation of Hydrogel Scaffolds

“BC-PVP” hydrogel scaffold was prepared with BC (0.5 g, w/v ~ 50 mL water based BC) suspension,
where PVP (0.5 g, w/v), PEG (1 g, w/v), Agar (2 g, w/v), and glycerin (1 mL, v/v) were incorporated.
The final volume of aqueous polymer solution was made to be 100 mL by adding additional distilled
water [31,47].

The CaP filled BC-PVP based (CaP/BC-PVP) hydrogel scaffolds were prepared following the
aforementioned composition with the addition of different amounts of CaP. The CaP was added
into the “BC-PVP” polymer solution [47] in the form of 3-TCP and HA, and incorporated in the
following ratio: 3-TCP: HA (w/w) = 20:80, 40:60, and 50:50, to achieve the calcium phosphate containing
polymer solutions.

Both the polymer solutions (with and without calcium phosphate) were then physically crosslinked
by treating with moist heat and pressure. BC and PVP polymeric chains crosslinked together and



Polymers 2019, 11, 1821 4 of 24

formed the hydrogel’s network structure. Afterwards, 100 mL of polymer solution was treated in
250 mL sealed glass bottles under 15 Ibs (107 KPa) of pressure and a temperature of 120 °C for
20 min [31,46]. Then, 25 mL of hot polymer solutions (from each sealed glass bottles) were poured
into 75 mm diameter petri-dishes following the solvent casting method and allowed to cool at room
temperature (22-25 °C) to obtain hydrogel scaffolds. Finally, smooth, round shaped, off white color
hydrogel scaffolds were obtained. Here, while PEG and agar both had a role in the development of the
polymeric hydrogel through cross-linking with base polymers like BC and PVP, the major role of PEG
in calcium filled hydrogel scaffolds was to act as an agent which lowers the cellular cytotoxicity and
reduces the tissue damage, while Agar acted as a notable gelling agent which maintains the hydrogel
structure after solvent casting. Additionally, Glycerin acts as a humectant that retains the moisture
content of the hydrogels to maintain its structural integrity [31].

The developed calcium filled BC-PVP based hydrogel scaffolds (Diameter: 75 mm; Thickness:
5.9-6.2 mm) are termed as “20:80_CaP/BC-PVP” (B-TCP:HA = 20:80), “40:60_CaP/BC-PVP”
(B-TCP:HA = 40:60), and “50:50_CaP/BC-PVP” (3-TCP:HA = 50:50), respectively (as mentioned
in Table 1). BC-PVP based hydrogel scaffold (Diameter: 75 mm; Thickness: 6.0-6.3 mm) was marked
as the control.

Table 1. Concentration (w/w) of CaP in BC-PVP based hydrogel scaffolds.

Sample Index BC-PVP Solution (mL) B-TCP (g) HA (g)
BC-PVP 100 0.0 0.0
20:80_CaP/BC-PVP 99 0.2 0.8
40:60_CaP/BC-PVP 99 0.4 0.6
50:50_CaP/BC-PVP 99 0.5 0.5

Finally, the BC-PVP and CaP/BC-PVP hydrogel scaffolds were freeze dried or lyophilized using
Scanvac Cool Safe 110-4 PRO, Lynge; lyophilizator at —80 °C temperature and 0-5 kPa pressure,
and then stored for further analysis. The thickness of freeze dried samples was as follows: BC-PVP
(~5.91 mm) and CaP/BC-PVP (~4.70-5.03 mm).

2.3. Porosity and Void Fraction Study

The porosity of the freeze dried CaP/BC-PVP hydrogel scaffold samples was analyzed by the liquid
displacement method. Three test samples (L = 10 mm X B = 10 mm x H = 1.5-2.0 mm = 150-200 mm?)
for each were immersed into absolute ethanol for 48 h and examined carefully until they reached the
saturation point [12]. The porosity of the samples was calculated by the following equation:

P = (W, - Wy)/pVy (1)

where W1 and W, are the weight of the hydrogel scaffolds before and after the immersion into absolute
ethanol, V1 is the volume of the scaffolds before immersion into ethanol, and p is the constant of the
density of ethanol. During the porosity study, the test sample “BC-PVP” was kept as the control and
“20:80_CaP/BC-PVP” was kept as the reference sample [12]

The void fraction of CaP/BC-PVP hydrogel scaffold were also determined by keeping the sample
in ethanol [56]. Ethanol was selected as the solution because hydrogel is insoluble in ethanol [57].
The void fraction (F) was determined by the following equation:

F=Vy/ Vp )

where V}, is the volume of the hydrogel and V), is the total volume of the pores. The total volume
of the pores was determined by the amount of ethanol absorbed into the polymeric hydrogel [58].
BC-PVP (without CaP) was kept as the control.
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2.4. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) of freeze dried samples of CaP filled BC based hydrogel
scaffolds (20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP) was performed to determine
the thermal characteristics of the hydrogel scaffolds. 5-8 mg of the sample was taken. The DSC
was measured with a differential scanning calorimeter (Mettler Toledo, Columbus, Ohio, USA) at a
temperature range of —50 to 500 °C in the presence of the nitrogen gas flow rate at 50 mL/min [59].

2.5. Degradation Characterization

The degradability and the characteristics after degradation of the CaP/BC-PVP hydrogel scaffolds
were measured through the following studies:

2.5.1. Weight Loss Profile Study

Degradability of CaP/BC-PVP hydrogel scaffolds was analyzed on the basis of weight loss profile
due to hydrolytic degradation. Sections (® volume: 628.32-785.40 mm?) of freeze dried hydrogel
scaffolds were prepared for this study. The hydrolytic degradation experiment was performed through
incubation of the sample sections in 25 mL of physiological saline solution (Ringer’s solution; pH: 7.4)
maintaining at 37 °C for 28 days (i.e., 4 weeks). The saline solution was changed weekly. The sample
sections were removed from the solution at a specific time (i.e., after 7, 14, 21, or 28 days). The weight
loss was also checked between 0-5 days (i.e., after 3 days) to understand the nature of the weight loss
during the first week. They were then freeze dried after being washed by distilled water. The percentage
of weight loss was evaluated according to the following equation [60]:

Weight loss (%) = (W - W¢)/Wp) x 100 3)

where Wy is the initial weight of the non-degraded freeze dried sample sections and W; is the
weight of the freeze dried biodegraded sample section at a specific time interval (i.e., 7, 14, 21, or 28
days), respectively.

2.5.2. Gel Content Study

Changes in gel content of the hydrolytically degraded CaP/BC-PVP hydrogel samples were
analyzed. The weights of the freeze dried hydrogel scaffolds were measured initially (W) and after a
specific time (7, 14, 21, or 28 days) (W;). The gel content of the scaffolds was measured through the
following equation [61]:

Gel content = W/W;, x 100. (4)

2.5.3. Gel Density Study

The density of the freeze dried CaP/BC-PVP hydrogel scaffolds was studied at specific times (7,
14, 21, and 28 days) during the degradation study (in a physiological saline solution). The gel density p
was determined by the following equation [62]:

p=W/mtx (d/2)> x h ®)
where W = weight of the scaffold, 7t = 3.14, d = diameter of the samples, and & = thickness of the samples.

2.5.4. pH Change and Calcium Release Study

The pH change of the medium (i.e,, a physiological saline solution in which scaffolds
were immersed) was also analyzed with a pH meter (Lovobond pH meter, Amesbury, UK).
Additionally, the percentage of calcium released by the CaP/BC-PVP scaffolds (i.e., 20:80_CaP/BC-PVP,
40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP) at specific times (i.e., 7, 14, 21, and 28 days) during
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degradation was also studied. The percentage of calcium release was studied by X-ray fluorescence (ARL
Quant X, Spectrometer, Thermo Scientific, Waltham, MA, USA) in the presence of helium atmosphere.

2.5.5. Fourier Transform Infrared Spectroscopy (FTIR) Study

FTIR analysis was performed using fresh and hydrolytically degraded hydrogel scaffolds (over
7,14, 21, or 28 days), which are calcium phosphate filled BC based hydrogel scaffolds designated as
20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, 50:50_CaP/BC-PVP. In each case, the freeze dried sample was
used for FTIR analysis and performed at room temperature (20-22 °C). A small amount of samples
with flat surface were selected from each freeze dried hydrogel scaffolds. Three repeats of experiments
were conducted. FTIR was performed at wave number 600-4000 cm~! with a uniform resolution of
2 cm~!. The ATR-FTIR analysis was conducted by using NICOLET 320 FTIR spectrophotometer with
the “Omnic” software package.

2.5.6. Energy Dispersive X-ray Fluorescence Study and Morphological Characterization by Scanning
Electron Microscopy

The presence of calcium (Ca) and phosphate (P) in the CaP/BC-PVP scaffolds was determined by
scanning electron microscope-energy dispersive X-ray fluorescence (EDX) study (SEM-EDX) with an
accelerated voltage of 15 kV.

The morphological characterization of CaP/BC-PVP hydrogel scaffolds before being degraded
(i.e., freshly prepared sample) and being after degraded was also performed. The samples were first
lyophilized using Scanvac Cool Safe 110-4 PRO, Lynge; lyophilizator at —80 °C temperature and 0-5 KPa
pressure. The cross-sectional structure of the fresh hydrogel scaffold and hydrolytically degraded
scaffolds after 7, 14, and 21 days were then studied and compared by scanning electron microscopy
(SEM) “NOVA nanoSEM” (FEIL, Hillsboro, OR, USA), operating in the secondary electron imaging
mode at an accelerating voltage of 5-20 kV. The pore size and pore distribution of the hydrolytically
degraded CaP/BC-PVP scaffolds were investigated and analyzed by using Image]/Fiji software (Version
J2, NIH, Bethesda, MD, USA).

2.6. Mechanical Property

Mechanical behavior of the fresh freeze dried CaP/BC-PVP scaffolds was analyzed in compression
mode. “BC-PVP” was kept as the control and “20:80_CaP/BC-PVP” was kept as the reference sample.
Compressive strength of calcium phosphate filled BC based hydrogel scaffold was determined by
using Testometric M350-5CT, England, UK at room temperature (20 °C) with a load cell having a full
scale 300 kgf. Sections with 20 mm diameter and 2.5-3.5 mm thickness from freeze dried hydrogel

samples were taken for the study. The study was done with a compression rate of 1 mm min~?.

2.7. Cell Proliferation and Cytocompatibility Study

2.7.1. Cell Culture

Human osteosarcoma cell line and Saos-2 were used as model systems in our study. The cells
were obtained from the cell culture collection of the Institute of Experimental Morphology, Pathology,
and Anthropology Museum—Bulgarian Academy of Sciences IEMPAM-BAS). The cell cultures
were grown in DMEM medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 pug/mL
streptomycin. The cultures were kept in a humidified incubator (Thermo Scientific, HEPA Class 100,
Waltham, MA, USA) at 37 °C under 5% CO, in air. For routine passages, the cells were detached using
a mixture of 0.05% trypsin and 0.02% EDTA. The cell cultures were passaged 2-3 times per week (1:2
to 1:3 split). The experiments were performed during the exponential phase of cell growth.
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2.7.2. Preparation of Test Samples for Cytocompatibility /Cell Viability/Proliferation Study

Three circular sections (volume: & 1.01-1.26 mm?) of each freeze dried sample (BC-PVP,
20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP) were taken for this study. Circular
sections were placed in the 48-well cell culture plate, treated with 50 uL of 96% ethanol for 40 min at
30-32 °C until they were completely dried. Then, the prepared samples (BC-PVD, 20:80_CaP/BC-PVP,
40:60_CaP/BC-PVP, 50:50_CaP/BC-PVP) were sterilized under the exposure of UV radiation for
80-90 min (surface sterilization) before use.

Indirect and direct experiments for cell proliferation/cytocompatibility study were performed
to evaluate the influence of the materials (with and without calcium filled hydrogel scaffolds) on
cell viability and proliferation. The number of test samples was 4 (BC-PVP, 20:80_CaP/BC-PVP,
40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP) with 1 (Human osteosarcoma cell line; Saos-2) control,
whereas the number of repeat experiments per condition was 8.

2.7.3. Indirect Experiments (IDE) for Cell Viability/Proliferation Study

For the cell viability/proliferation study, the Saos-2 cells were seeded in 96-well flat-bottomed
microplates at a concentration of 7.5 x 10% cells/well in fresh DMEM medium with 10% FBS and
antibiotics. At the 24th hour, the culture medium from each well was removed and changed
with 100 uL. DMEM containing hydrogel scaffolds extract (sample extracts, obtained after 1-, 3-,
5-, and 7-day incubation periods). The percent of viable cells was determined using an MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test.

The MTT test was performed as described earlier [31]. Briefly, the cells were incubated for 3 h
with MTT solution (0.3 mg MTT in 10 mL DMEM) at 37 °C under 5% CO, condition. The formed blue
MTT formazan was extracted with a mixture of absolute ethanol and DMSO (1:1, v/v). The quantitative
analysis was performed by absorbance measurements in an automated microplate reader (Tecan,
Sunrise™, Grodig, Austria) at 540/620 nm.

2.7.4. Direct Experiments (DE) for Cytocompatibility Study

For cytocompatibility study, each material was placed in bottom of a 48 well cell culture plate on
the drop (10 pL) of FBS for 30 min at 30-32 °C in order to stick the sample to the surface of the well.
Thereafter, 1 mL of DMEM (containing 10% FBS and antibiotics) was given to the wells (containing
sterilized sample sections as well as empty wells that serve as controls).

The cells (5 x 10* cells/well) were seeded directly on the material sample placed on the bottom of a
48-well cell culture plate and incubated for 1, 3, 5, and 7 days in CO, incubator at 37 °C. The number and
viability of the cells were determined before seeding using an automated cell counter and the trypan
blue dye exclusion technique (zero time). The cell viability was found to be >95% in all experiments
performed. At the start of the experiment the cell numbers were equal in all wells/ between all different
samples, and they were cultured in equal conditions. Cells were grown in wells without materials,
which served as controls. The effect of the materials on cell viability and proliferation was studied
by MTT test. MTT concentration corresponded to the volume of the plate. Like those discussed in
Section 2.7.3, the cells here were also incubated in MTT solution at 37 °C under a 5% CO, condition.
The quantitative analysis was performed following the extraction of blue colored formazan.

3. Statistical Analysis

The data for void fraction, porosity, biodegradation study, and cell viability study are presented
as the mean =+ standard error of the mean. The data of compressive strength is presented as mean +
standard deviation of the mean. Statistical differences between control and treated groups, as well as
between the studied samples were assessed using one-way analysis of variance (ANOVA) followed
by a suitable post-hoc test (Dunnett/Bonferonni) by using GraphPad Prism version 5.00 for Windows
(San Diego, CA, USA) and MS Office 2010 (Redmond, WA, USA).
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4. Results and Discussion

4.1. Void Fraction and Porosity

Figure 1a depicts the void fraction of CaP filled BC-PVP based hydrogel scaffolds (i.e., BC-PVP,
20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP). BC-PVP (without CaP) scaffold was
kept as the control. Void fraction indicates the water/solution uptake capability of the hydrogel scaffolds.
Additionally, it provides information regarding the void volume of the scaffolds. It can be seen from
Figure 1a that the void fraction of BC-PVP (without CaP) is notably higher (P < 0.0001) than CaP/BC
based scaffolds. In this study, CaPs (3-TCP/HA) are filler material, which interact with and occupy the
spaces within the BC-PVP based scaffolds after application. The void fraction of 50:50_CaP/BC-PVP
hydrogel scaffold is significantly higher (P < 0.0001) than 40:60_CaP/BC-PVP and 20:80_CaP/BC-PVP.
This also indicates the higher water/solution uptake capacity of the 50:50_CaP/BC-PVP scaffold. In the
filled-in polymer system there are two major types of interaction observed: one is the filler-matrix
interaction and the other is the filler-filler interaction. These types of interactions strengthen the
hydrogel internal structure [63]. These interactions could have the ability to affect the porous structures
of the scaffold since filler-matrix interaction influences the polymeric network structures. Thus,
differential loading of filler material can potentially influence the porous structures of different
CaP/BC-PVP based scaffolds. Figure 1b depicts the porosity of CaP filled BC-PVP based scaffolds.
BC-PVP (without CaP) and 20:80_CaP/BC-PVP scaffolds have been kept as the control. It can be seen
from this figure that the porosity of CaP/BC-PVP scaffolds and BC-PVP (without CaP) was significantly
different (P < 0.001). Additionally, the porosity of the 50:50_CaP/BC-PVP scaffold was notably higher
(P <0.0001) than 40:60_CaP/BC-PVP and 20:80_CaP/BC-PVP. However, the porosity of the BC-PVP based
hydrogel scaffold followed the following trend: BC-PVP > 50:50_CaP/BC-PVP > 40:60_CaP/BC-PVP >
20:80_CaP/BC-PVP. Our study showed that the porosity of a material can be adjusted by changing the
concentration of the structural composition/particles of that material [64]. The interaction of different
concentrations of 3-TCP and HA with the polymers present in the CaP/BC-PVP hydrogel scaffolds
might be responsible for this trend.
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Figure 1. Void fraction (a) and Porosity (b) of calcium phosphate incorporated BC based hydrogel
scaffolds (i.e., 20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP). Asterisk (***P < 0.0001)
indicates level of statistical significance. (Statistical analysis performed through mean + standard error
of the mean and suitable post-hoc (Bonferonni test/Dunnet) test was performed followed by ANOVA).
(Note: *** indicates the level of significance is explained by P value and thus written ***P < 0.0001.)

4.2. Differential Scanning Calorimetry

Figure 2 represents the thermal characterization of CaP filled BC-PVP based hydrogel scaffolds
(i.e., BC-PVP, 20:80_CaP/BC-PVDP, 40:60_CaP/BC-PVP, 50:50_CaP/BC-PVP) through differential scanning
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calorimetry (DSC). BC-PVP (without CaP) scaffold was kept as the control. It can be seen from
the figure that the DSC profiles of the hydrogel samples contained a notable endothermic peak
between 50-100 °C, which occurred due to the moisture loss and which is typical for cellulose based
materials [65]. This dehydration phenomenon can also be seen during a thermogravimetric analysis
profile of the calcium filled hydrogel samples in our earlier study [12]. PVP polymer generally shows an
endothermal peak near 100 °C, which corresponds to the moisture loss phenomenon [66]. Additionally,
the endo peak occurring in the range 60-100 °C might be the melting temperature of PEG. Another
endothermal event can also be observed near 250 °C, which might be due to melting of the crystalline
region of cellulose [67]. The exothermic peak around 400 °C occurred due to the possible pyrolysis of
cellulose. In CaP filled BC-PVP based hydrogel scaffold, the intensity of the peaks is less compared
to BC-PVP (without CaP), but it indicates the significant interaction of calcium phosphate and the
polymers. The intensity of the endothermic peaks gradually broadened from BC-PVP (without CaP)
to 20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, 50:50_CaP/BC-PVP. The intensity of the melting of the
crystalline region had a decreasing trend from 50:50 to 20:80. This might be due to the differential ratio
(w/w) of CaP and its interaction with the polymers, particularly with BC. Many materials require a
broad temperature range to melt [68]. The calcium phosphate melts at very high temperatures [69],
and thus can be responsible for the different DSC thermogram to that of BC-PVP (without CaP).
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Figure 2. Thermal characterization of calcium phosphate incorporated BC based hydrogel scaffolds
(i.e., 20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, 50:50_CaP/BC-PVP) by DSC.

4.3. Hydrolytic Degradation Study

4.3.1. Weight Loss Profile Study

Hydrolysis has been considered as one of the main degradation mechanisms which can occur
inside the human body in the presence of the water from tissues. Research on hydrolytic degradation of
biomaterials/tissue engineering scaffolds prepared with biodegradable polymers has been considered to
be an important factor for biodegradation [39]. The degradation of cellulose based material is explained
by the activity of cellulase enzyme. However, with the increase of time, the presence of significant
cellulose amorphous structures in water based degradation medium indicates a notable chemical
interaction and plausible breakdown of glycosidic bonds of cellulose [39,70,71]. Figure 3a represents the
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hydrolytic degradation study of CaP filled BC-PVP based hydrogel scaffolds (i.e., 20:80_CaP/BC-PVP,
40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP). BC-PVP (without CaP) scaffold was kept as a control.
The figure indicates the weight loss (%) profile of CaP filled BC-PVP based hydrogel scaffolds is
significant (P < 0.001,=3) after 7, 14, 21, and 28 days of hydrolytic degradation. It can be seen from the
Figure 3a that, after 7 days in the physiological solution, the CaP/BC-PVP hydrogel scaffolds showed
a marked 42%-52% weight loss. The weight loss between 0-5 days was also 30%—-40%. However,
after 14 days of hydrolytic degradation, a notable 48%-52% weight loss occurred. In particular,
after 21 and 28 days, a significant weight loss was observed for 20:80_CaP/BC-PVP. The hydrogel
scaffolds contain hydrophilic polymers like BC and PVP, which are also biodegradable [47]. All the
BC-PVP based polymeric hydrogel scaffolds could have undergone majorly bulk degradation and
surface degradation, facilitated by hydrolysis. These changes would have influenced the weight loss
of the hydrogel scaffolds [72]. During the degradation period, the hydrogel scaffolds absorbed the
physiological solution and swelled up. In this process, the hydrolysis was facilitated by the diffusion of
water inside the matrix, which finally led to bulk degradation of the scaffolds (Figure 3b) [72]. However,
the balance between the hydrolysis and the swelling characteristics of the entire gels provides the
idea of the bulk degradation phenomenon of the hydrogel scaffold material [73]. Previously, the void
fraction study indicated the water uptake capacity of the CaP/BC-PVP hydrogel scaffolds and showed
a comparable result with the weight loss (%) profile in hydrolytic degradation. The possible significant
bulk degradation phenomenon led to the weight loss of the scaffolds. BC-PVP hydrogel scaffold
(i.e., the control scaffold) showed a significant degradation ability (P < 0.0001). On the other hand,
50:50_CaP/BC-PVP hydrogel scaffold has shown a notable degradability (P < 0.0001) compared to
other CaP filled hydrogel scaffolds (i.e., 20:80_CaP/BC-PVP and 40:60_CaP/BC-PVP).

It should also be noted that a CaP like hydroxyapatite has insignificant solubility in water and
other physiological saline media. It maintains its mechanical property in the medium. Research showed
that the ceramic scaffolds with different HA/B-TCP compositions were non-degradable in water based
media, even after 1 month [42,74]. In this study, different concentrations of HA/-TCP containing
BC-PVP based hydrogel scaffolds (i.e., 20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP)
have demonstrated the significant weight loss due to the hydrolytic degradation of the compositional
polymers like BC and PVP. On the other hand, the poor interaction between polymer matrix and
filler material could facilitate the degradation phenomenon [75,76]. The significant degradability
of 50:50_CaP/BC-PVP hydrogel scaffold might be due to its weak mechanical properties and poor
filler-matrix interaction other than with the other calcium phosphate filled hydrogel scaffolds. However,
in general, the CaP/BC-PVP hydrogel scaffolds demonstrated a notable degradability throughout the
degradation period.
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Figure 3. Hydrolytic degradation study of calcium phosphate filled BC based hydrogel scaffolds (i.e.,
20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP). (a) Weight Loss (%) profiles of the
scaffolds, Asterisks (***P < 0.0001) indicate the level of significance, (Statistical analysis performed
through mean + standard error of the mean and suitable post-hoc (Bonferonni test/Dunnet) test was
performed followed by ANOVA). (b) Possible bulk degradation phenomenon of CaP filled BC based
hydrogel scaffolds after 7, 14, 21, and 28 days of degradation [72].

4.3.2. Gel Content Study

The degradation of the CaP/BC-PVP hydrogels was also indicated by the change in gel content of
the hydrogel scaffolds, as shown in Figure 4a. It can be observed that the gel content of the CaP filled
BC based hydrogel scaffolds (i.e., 20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP)
gradually decreases after hydrolytic degradation: Gel content before degradation > after 7 days > after
14 days > after 21 days > after 28 days. This might be led by the bulk degradation phenomenon caused
by hydrolysis. Additionally, the change in gel content was notably seen after 28 days, which is also
consistent with the weight loss profile of CaP/BC-PVP based hydrogel scaffolds.

4.3.3. Gel Density Study

Gel density indicates the structural integrity of the gel [77]. The physical changes during the
degradation period involve the change in gel density [42]. Figure 4b represents the change in gel
density of the CaP/BC-PVP hydrogel scaffolds due to degradation. It can be seen from the figure that
the hydrogel density gradually declined with the degradation time, with the trend being gel density
before degradation > after 7 days > after 14 days > after 21 days > after 28 days. This declining trend
of the hydrogel density provides the necessary information of the notable gel structure which could
be obtained from the bulk degradation events facilitated by significant hydrolysis [42]. On the other
hand, an increasing trend of gel density before the degradation stage from BC-PVP (without CaP)
to 50:50_CaP/BC-PVP hydrogel scaffold can be observed, which might be caused by the presence of
different concentrations of CaP (3-TCP/HA) loading.

4.3.4. pH Change and Calcium Release Study

A degradation phenomenon facilitates the physiochemical changes of the studied material,
which involve the expected change of pH in the surrounding medium, facilitated by the local change
of the concentration of the ions [42,78]. Figure 4c depicts the change in pH of the medium of the CaP
filled BC based hydrogel scaffolds after 7, 14, 21, and 28 days of hydrolytic degradation. It can be seen
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that the pH of the mediums of 20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP were in
decreasing order from before the degradation state (i.e., 0 days) to after 7 days of degradation, in general.
However, the trend of decrease of the pH value of BC-PVP hydrogel scaffold (i.e., control) medium was
the following: Before degradation > 7 days > 14 days > 21 days > 28 days. Nevertheless, the general
decrease in the pH indicates the occurrence of hydrolysis inside the hydrogel structure [79], which could
facilitate the bulk degradation phenomenon of the BC-PVP based scaffolds. Research demonstrated
that the development of an oligomeric hydrolysis product like a carboxylic or acidic group could
accelerate the decrease in the local pH, which in turn facilitates the degradation phenomenon [72].
This can be a plausible reason behind the sudden decrease in pH in the environment after 7 days of
hydrolytic degradation. On the other hand, the pH values of the medium containing CaP/BC-PVP
hydrogel scaffolds (20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP) are also in an
increasing trend between 7 days and 28 days of hydrolytic degradation. Studies showed that the local
increase of calcium ion could elevate the pH of the environment [80]. These increased values of pH of
the CaP/BC-PVP hydrogel scaffold containing medium might be caused by the notable calcium release
due to erosion and degradation of the CaP filled scaffolds.
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Figure 4. Gel content (%) histogram (a) and (b) Hydrogel density profile before and after 7, 14, 21, and 28
days of hydrolytic degradation analysis; pH change (c) and calcium release (%) profile (d) in the medium
after 7, 14, 21, and 28 days of hydrolysis degradation analysis of calcium phosphate incorporated BC
based hydrogel scaffolds (i.e., BC-PVP, 20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP).

Ion exchange within the study material and in the solution can result in the gradual breakdown of
the structural network, which subsequently facilitates the degradation phenomenon [42]. Figure 4d
represents the release profile (%) of calcium ion from the CaP filled BC based hydrogel scaffolds to the
medium after 7, 14, 21, and 28 days of hydrolytic degradation. The leaching out of the filler material
could also explain the degradation phenomenon of the scaffolds [81]. The release of calcium ion into
the medium can be thus related with the elevated pH from 7 days to 28 days within the mediums
of CaP/BC-PVP hydrogel scaffolds (Figure 4c). Interestingly, the calcium ion release profile from
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50:50_CaP/BC-PVP hydrogel scaffold after 7, 14, 21, and 28 days of hydrolytic degradation was found
to be higher than the 20:80_CaP/BC-PVP and 40:60_CaP/BC-PVP hydrogel scaffolds. The significant
calcium release from 50:50_CaP/BC-PVP might facilitated the notable degradation of this scaffold;
which is also comparable with the weight loss profile of 50:50_CaP/BC-PVP (Figure 3a).

4.3.5. Fourier Transform Infrared Spectroscopy (FTIR) Study

Figure 5 depicts the FTIR analysis of CaP/BC-PVP hydrogel scaffolds (i.e., 20:80_CaP/BC-PVP,
40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP) before degradation and after 7, 14, 21, and 28 days of
degradation. Here the data is given in the range of 800-2600 cm~!, as all the significant peaks and
bands were revealed in this zone. BC-PVP (without CaP) was also used here as the control. The FTIR
spectra provides information of the characteristic bond vibrations. It can be seen from the figure that at
1106 cm™!, there is a peak that corresponds to C-O stretching of glucose [82]. Additionally, the peaks at
1279 and 1342 cm™! correspond to the C—H stretching and C-H, deformation vibration of cellulose [83].
These peaks confirm the presence of the biopolymer, BC. On the other hand, the peaks at 1290 and
1657 cm™! correspond to the C=0 stretching and C-N bond vibration, which are the signature peaks of
the synthetic polymer, PVP [12,77]. In addition, the peak at 1030~1043 cm™! indicates the presence of
POy of the CaP filled BC based hydrogel scaffolds [84]. This peak represents the presence of CaP in
the hydrogel scaffold materials. CaP is a filler material which interacts with the polymer chains of
the hydrogel scaffolds. As a filler, it also influences the mechanical property and at the same time it
also has a role in chemical characteristics of the material. The significance presence of the CaP in the
hydrogel scaffolds supports the fact that the CaP/BC-PVP based hydrogel scaffolds has the necessary
ability to interact with the bone specific cells and can thereby initiate or facilitate cell proliferation.

Research indicated that the degradation time for calcium phosphate is very long [85]. This study
was done for 28 days and this period is not enough for the complete degradation of calcium phosphate.

The effect of hydrolytic degradation on the CaP/BC-PVP hydrogel scaffolds can also be visualized
in the Figure 5. The signature peaks of the components of the hydrogel scaffolds are in decreasing
order along with increasing degradation times (i.e., before degradation > after 7 days of degradation
> after 14 days of degradation > after 21 days of degradation > after 28 days of degradation).
Interestingly, FTIR peak intensity is influenced by the degradation phenomenon. Degradation causes
the generation of ions and compounds, which affects the peak intensity of functional groups. Thus, FTIR
qualitative analysis of hydrolytic degradation is performed and shown here (Figure 6). Two signature
wavenumbers of the main/major polymers BC and PVP were selected and the absorbance peaks were
compared with the degradation time (i.e., after 7, 14, 21, and 28 days of degradation). The 1279

1 wavenumbers were

and 1342 cm~! wavenumbers were selected for BC, while 1290 and 1657 cm™
selected for PVP. Figure 6 represents the relationship between absorbance values of the aforementioned
wavenumbers and degradation time. It can be seen that a clear decreasing trend of the absorbance
peaks and values occurred, which is indicated by the trend line in Figure 6. The decreasing trend of the
absorbance values indicates the degradation phenomenon of the major polymeric components BC and

PVP of the hydrogel scaffolds.

4.3.6. Energy Dispersive X-ray Fluorescence Study and Morphological Characterization

Figure 7a represents the elemental analysis through an energy dispersive X-ray (EDX) study of CaP
filled BC based hydrogel scaffolds (20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP).
From the EDX spectra, it can be seen that the calcium (Ca) and phosphorous (P) are present in the CaP
filled BC based hydrogel scaffolds. However, only BC-PVP hydrogel scaffold showed no Ca and P.

From the weight loss study, it was observed that the significant degradation had occurred after up
to 21 days of hydrolytic degradation. Thus the morphological analysis was done after 7, 12, and 21 days
of degradation. Figure 7b represents the morphology of the cross sectional structures of CaP/BC-PVP
hydrogel scaffolds (20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, and 50:50_CaP/BC-PVP) before degradation
and after 7, 14, and 21 days of hydrolytic degradation. A BC-PVP (without CaP) scaffold was also
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kept as a control. The surface structures of all CaP filled hydrogels were rough and contained
much fewer notable changes during this period, and thus are not discussed further here. However,
the cross-sectional structures demonstrated significant changes and are thus provided here. It can
be seen from the figure that all the hydrogel scaffolds contained porous structures. The morphology
of the pores between before degradation and after degradation was significant. The degraded
hydrogel scaffold contained irregular pore morphologies [86]. The change in pore morphology was
significant between before degradation condition and after 21 days of degradation. This might be
due to a loss of interaction between the polymer chains, which causes an altered pore structure.
In particular, the change in morphologies of the pores of 40:60_CaP/BC-PVP, 50:50_CaP/BC-PVP,
and 20:80_CaP/BC-PVP hydrogel scaffolds are significant from before degradation to after 21 days of
degradation. The loss of interaction between the polymer chains may create an possible overlapping
(of the polymer phase) between each other, which can affect the morphology of the pores. Additionally,
the degradation can result in the change in the matrix properties [87], which influences the morphology
of the pores. The porosity and pore size have a significant relationship with the degradation rate [88].
Figure 7c indicates that the change in average pore sizes of the pores which are categorized as: >100 um,
between 50-100 pm, and < 50 pm pores. It can be seen that the average pore size of all the pores of CaP
filled BC-PVP based hydrogel scaffolds (20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, 50:50_CaP/BC-PVP)
are in an increasing trend with the degradation time as follows: Before degradation < After 7 days of
degradation < After 14 days of degradation < After 21 days of degradation. The degradation time
influences the the pore sizes in the polymer systems [89]. The hydrolytic degradation decreases the
interaction of the polymer-polymer and polymer-CaP, which ultimately causes the larger pore sizes.

BC-PVP s i 20:80_CaP/BC-PVP 1106 et
em' 1280 cm* i om* =5 — ; 71\
A 2o B Rl VPPl T
E— B . 5 1 S S I e Time)
After 28 days Degradation i i Aftor 21 days Degradation I h i
o — R ekl st N : il e
After 21 days Degraciation i iy E - : Ul N
= A i i ! II lll'. 8 After 21 days Degradation 1 : .l'l. \
Q \ § oA
c i i o c ! I P R T
-E 4 - Ty o ! il A
£ ‘Mr144““w i i = b i ‘After 14 days Degradation i o
8 ] 7 J) | I o
< = = < After T days Degradation 2 I A
After 7 days Degradation 3 I I'.
A \
Ilfr I'\ | ‘_,'4'\,__,; \-'!'-\ A
Before Degradation Bafore Dﬂmﬁm—
T T T T T T T T
2500 2000 1500 1000 2500 2000 1500 1000
-1,
Wavenumber (cm’) Wavenumber (em”)
40:60_CaP/BC-PVP 50:50_CaP/BC-PVP
~ 1290 :m" 1106 cm!
i ——— 1857 O 142 et Y1270 e}/ A
After 28 days Degradation m . N I
After 28 days Degradation A
e — ! B
] After 21 days Degradation e =1
a ¢ After 21 days Dogradation i : LA
Q ; 1
E After 14 days Degradation c | ,'.-'J K
8 s A - E e :ﬂtMWDo_qu_w_" 5‘:
é J After 7 days Degradation 2 = — i ! il |
< After 7 days Degradation N
! i o I|I
,\_ I VA Y b "L.’\-/\J_
Befors Degradation
Before Degradation
T T T T L T T T
2500 2000 1500 1000 2600 2000 1500 1000
Wavenumber (cm’) Wavenumber (cm”)

Figure 5. FTIR analysis of calcium phosphate incorporated BC based hydrogel scaffolds (i.e.,
20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, 50:50_CaP/BC-PVP) before and after hydrolytic degradation.
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and 28 days).
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Figure 7. CaP/BC-PVP hydrogel scaffolds (a) SEM-EDX of CaP/BC-PVP hydrogel scaffolds indicates the
presence of Ca and P in the scaffolds; (b) SEM morphology of cross-sectional structure after hydrolytic
degradation; (c) relationship average pore size (pores > 100 um, pores between 50-100 um, and pores <
50 um) with hydrolytic degradation times.

4.4. Mechanical Property Analysis

The mechanical characteristics of fresh/before degraded freeze dried CaP filled BC-PVP based
hydrogel scaffolds are represented in Table 2. “BC-PVP” was kept as the control and “20:80_CaP/
BC-PVP” was kept as the reference sample. Earlier research reported that the compressive strength
of human cancellous bone ranged between 0.22 and 10.44 MPa [90,91]. It can be seen from Table 2
that the compressive strength of all the BC-PVP based hydrogel scaffolds is comparable with the
human trabecular or cancellous bone. Interestingly, the compressive strength of all the BC-PVP
based hydrogel scaffolds can be categorized as follows: 20:80_CaP/BC-PVP > 40:60_CaP/BC-PVP >
50:50_CaP/BC-PVP > BC-PVP. A varying concentration of fillers can influence the mechanical property
of the composite [45,91]. The variation of the compressive strength of CaP filled BC based hydrogel
scaffolds can be the result of varying degree of polymer-filler interaction in the hydrogel composite
system. The compressive strength values are given here as mean + standard deviation (S5.D).

Table 2. The compressive strength of BC based hydrogel scaffolds.

BC-PVP Based Hydrogel Scaffolds Compressive Strength (MPa)
BC-PVP based scaffold without CaP BC-PVP 0.21 +£0.02
20:80_CaP/BC-PVP 0.31 +£0.01
BC-PVP based scaffold with CaP 40:60_CaP/BC-PVP 0.25 + 0.04

50:50_CaP/BC-PVP 0.24 +0.08
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4.5. Cell Viability and Cytocompatibility Study

Figure 8 indicates the cell viability/cytocompatibility property of CaP filled BC-PVP based hydrogel
scaffolds (20:80_CaP/BC-PVP, 40:60_CaP/BC-PVP, 50:50_CaP/BC-PVP). It can be seen from Figure 8
that there is significant growth of cells both in DE and IDE. The cell viability of BC-PVP (without CaP)
remains notable throughout 7 days in IDE. However, in DE, a sudden decrease can be seen in the
percentage of growth of BC-PVP scaffold in 3 days compared to 1, 5, and 7 days of incubation. On the
other hand, a gradual increase from 1 to 5 days of Saos-2 cell viability can be seen in IDE and DE for
50:50_CaP/BC-PVP. Additionally, a notable increase of cell viability can also be seen from 1 to 5 days for
40:60_CaP/BC-PVP and 20:80_CaP/BC-PVP in IDE. The cell viability was found to be more significant
(P < 0.0001) for 40:60_CaP/BC-PVP and 20:80_CaP/BC-PVP than for 50:50_CaP/BC-PVP after 1 day
of incubation at IDE. Interestingly, after 1 day of incubation, the cell viability of BC-PVP (without
CaP) was found to be more significant than CaP filled hydrogels in IDE. On the other hand, the cell
proliferation has found prominent (***P < 0.0001 and **P < 0.001) for 20:80_CaP/BC-PVP after 1 day of
incubation in DE. This might be result from the stimulatory effect of CaP filled BC based hydrogel
scaffolds. The appropriate mechanical property and calcium induced stimulatory effect might activate
the cell signaling for proliferation of Saos-2 cells after 1 day of incubation [31,45]. In DE, the cell
viability is also significant (P < 0.05) for 20:80_CaP/BC-PVP than 40:60_CaP/BC-PVP. Additionally,
significant cell viability was also found for 50:50_CaP/BC-PVP (P < 0.05) after 5 days of incubation in
DE. In this context, it should be mentioned that human Saos-2 exhibits similar characteristics to those
of human osteoblast cell lines. The presence of the calcium phosphate in the medium can be notably
recognized by the Saos-2. This might be the reason for the significant cell viability seen both in IDE
and in DE from 1 day of incubation. Additionally, the presence of significant calcium concentration in
the medium allows them to maintain proliferation signaling, which is evident from the significant cell
proliferation/viability of the scaffold during 7 days of incubation. Interestingly, the BC-PVP (without
CaP) scaffold shows significant cell viability in both IDE and DE. It is known that porosity and pore
geometry is one of the most important factors for cell viability [45]. BC-PVP scaffold i.e., control
scaffold is a significant porous scaffold [12] and is devoid of any CaP, which helps the bone specific
Saos-2 cells to grow. However, from Figure 8b, it is also evident that more significant cell growth
is seen after 1 day of incubation with the CaP/BC-PVP scaffolds than for the BC-PVP (without CaP)
scaffold. Nevertheless, the cell proliferation for all hydrogel scaffolds is found to be promising after the
1st, 3rd, 5th, and 7th day of incubation when compared to the control, both in indirect experiment
(IDE) and direct experiment (DE).
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Figure 8. Direct and indirect cell viability for CaP/BC-PVP hydrogel scaffold with Saos-2. (A) Indirect
experiment (IDE) and (B) direct experiment (DE). The asterisks indicate the level of significance
(***P < 0.0001, **P < 0.001, *P < 0.05) in cell viability/proliferation.

5. Conclusions

This study focuses on the analysis of structural and functional properties of calcium phosphate
(CaP) which incorporated bacterial cellulose (BC)-polyvinylpyrrolidone (PVP) (i.e., 20:80_CaP/BC-PVD,
40:60_CaP/BC-PVP, 50:50_CaP/BC-PVP) based hydrogel scaffolds. The evaluation of the properties of
scaffolds was performed on the basis of porosity, degradability, thermal, and mechanical properties,
and cell viability/cytocompatibility. The porosity of all the CaP filled BC-PVP based hydrogel scaffolds
was found to be nearly 80% which is significant. DSC indicates the thermal characterization of the
hydrogel scaffolds. Moreover, the weight loss profile through hydrolytic degradation confirms the
significant degradability of the calcium phosphate which incorporated hydrogel scaffolds. It was
determined that 50:50_CaP/BC-PVP hydrogel scaffold has the highest degree of weight loss compared
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to the other scaffolds. The degradation behavior was also indicated by the gel content, density studies,
FTIR study, and SEM study. SEM study portrays the notable structural morphology of pores of the
hydrogel scaffolds. In addition, it can be observed that average pore sizes are gradually increased
with the period of hydrolytic degradation (i.e., 7, 14, and 21 days). On the other hand, compressive
strengths of the hydrogel scaffolds were found to be comparable (0.21-0.31 MPa) with the human
cancellous bones. In addition, significant cell viability and proliferation can be found with all the
BC-PVP based hydrogel scaffolds during between 1 day and 7 days of incubation, which confirms the
cytocompatibility of the CaP filled BC based hydrogel scaffolds. Thus, it can be notably concluded
that the calcium phosphate incorporated polymeric hydrogel scaffolds (CaP/BC-PVP) can be utilized
in bone tissue engineering applications. Further intensive in vivo investigation is recommended in
animal models before their application in bone regeneration.
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