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Abstract 


Bone Tissue Engineering (TE) has been evolved as a promising mean to repair and regenerate 
 defect  and/or  diseased  bone  tissues  through  the  development  of  artificial  extracellular  matrix 
 made  from  biopolymers.  Silk  fibroin  based  biomaterials  are  considered  ideal  for  developing 
 scaffolds  for  TE  applications.  The  present  research  aims  to  develop  novel  biomimetic  silk 
 fibroin  (SF)  and  carboxymethyl  cellulose  (CMC)  based  nanofibrous  scaffold  by  free  liquid 
 surface  electrospinning  method.  Randomly  oriented  electrospun  nanofibrous  scaffolds  were 
 developed from  SF/CMC blends. Among the different  blend ratios,  98:2  w/w of SF/CMC2  is 
 the optimal achieving a set of superior scaffold  properties in comparison to pure SF scaffold.  


The  scaffolds  were  characterized  for  morphology  (SEM,  AFM),  structural  (XRD,  FT-IR), 
 surface  property  (%  water  uptake  and  contact  angle  measurement)  and  mechanical  strength. 


The  average  fiber  diameter  was  obtained  as  227.8  ±  87  nm.  The  scaffold  exhibited  higher 
 water uptake capacity, hydrophilicity and bioactivity showing uniform nucleation of Ca/P over 
 the surface with controlled particle size of  ≤ 100 nm than the pure bombyx mori SF scaffolds.  


Though the tensile strength of pure SF (12.7 ± 1.5 MPa) was slightly reduced by the addition 
of CMC (10.54 ± 1.3 MPa), the scaffold still possess sufficient strength to support many types 
of  bone  tissue  regeneration.    In  vitro  cell  culture  study  has  confirmed  the  cell  supportive 
property of the scaffold as evident from cell attachment, cell proliferation, cell penetration and 
cellular  metabolic  activity  of  hMSCs  which  was  derived  from  umbilical  cord  blood  over  the 
scaffold.  The  developed  calcified  SF/CMC2  blend  scaffold  possess  good  osteogenic  property 
as confirmed by ALP activity, biomineralization ability, GAG secretion, osteocalcin, RUN X2 
and  collagen  type1  expression.  The  osteogenic  potential  of  SF/CMC  scaffold  was  further 
enhanced  by  incorporating  nano-bioglass  thereby  SF/CMC/nBG  composite  scaffold  was 
developed.  The  surface  roughness  of  SF/CMC/nBG  (5  -  20  wt%)  scaffolds  was  linearly 
increased  with  nano-bioglass  content.  Among  the  various  concentration  of  nBG,  SF/CMC 
loaded with 10%nBG shows optimal tensile strength of 7.591 ± 1.23 MPa and tensile strain at 
break  of  9.62  ±  0.85  %.  The  ALP  activity  of  hMSCs  on  SF/CMC/10nBG  was  significantly 
(p˂0.05)  higher  than  SF/CMC2  throughout  the  culture  period.  The  OCN  expression  on 
SF/CMC/10%nBG was observed to be 4.1 fold higher than SF/CMC2 and 2.3 fold higher than 
calcified  SF/CMC2  nanofibrous  scaffold.  Hence,  SF/CMC/10%nBG  composite  scaffold  is 
proven to  provide better osteogenic platform for hMSCs. An effort has further been  given to 
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improve the angiogenic property of SF/CMC/nBG composite scaffolds by incorporating Cu2+


ion.  Among the scaffolds with varied compositions, SF/CMC/Cu1-5%nBG exhibited superior 
 osteogenic  and angiogenic property.  Though  a slightly  higher OCN  expression was  observed 
 over SF/CMC/Cu0.5-5%nBG composite scaffold than SF/CMC/Cu1-5%nBG, the difference in 
 the expression was not statistically significant. However, SF/CMC/Cu1-5%nBG shows higher 
 VEGF  expression  representing  its  superior  angiogenic  property  than  SF/CMC/Cu0.5-5%nBG 
 scaffold.  Thus,  copper  doped  nano  bioglass  incorporated  SF/CMC/Cu1-5%nBG  composite 
 nanofibrous  matrix  was  proven  to  be  a  potential  artificial  extracellular  matrix  with  enhanced 
 bioactivity,  osteogenic  and  angiogenic  properties  which  might  be  a  promising  scaffold  for 
 future bone tissue regeneration. 


 Keywords:  Silk  fibroin;  Electrospinning;  Carboxymethyl  cellulose;  Tissue  engineered 
scaffold; Bioactive glass; Osteogenesis; Angiogenesis; Biomineralization. 
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 SF/CMC/5%nBG,  SF/CMC/10%nBG  and  SF/CMC/20%nBG  nanofibrous 
 scaffolds due to the incorporation of nano-bioglass.  
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Figure 5.35  (A)  Load  Vs  Extension  curve  for  composite  scaffolds  in  dry  condition.  (B) 
 Distribution of tensile strength and tensile strength at break of SF/CMC/0%nBG, 
 SF/CMC/5%nBG,  SF/CMC/10%nBG  and  SF/CMC/20%nBG  scaffolds  in  dry 
 condition.  (C)  Load  Vs  Extension  curve  for  composite  scaffolds 
 SF/CMC/0%nBG, SF/CMC/5%nBG, SF/CMC/10%nBG and SF/CMC/20%nBG 
 in wet condition. (D) Distribution of tensile strength and tensile strength at break 


of  SF/CMC/0%nBG,  SF/CMC/5%nBG,  SF/CMC/10%nBG  and 


SF/CMC/20%nBG scaffolds in wet condition. 
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Figure 5.36  Surface  roughness  of  fabricated  SF/CMC/5%nBG,  SF/CMC/10%nBG  and 
 SF/CMC/20%nBG composite scaffolds.  
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Figure 5.37  Swelling  behavior  at  different  time  interval  observed  with  SF/CMC/0%nBG, 
 SF/CMC/5%nBG,  SF/CMC/10%nBG  and  SF/CMC/20%nBG  composite 
 nanofibrous scaffolds in PBS solution.  
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Figure 5.38  FESEM images of SF/CMC/0%nBG, SF/CMC/5%nBG, SF/CMC/10%nBG and 
 SF/CMC/20%nBG composite matrices after SBF treatment for 7 days (A). EDX 
 spectra  depict  the  mineral  deposition  over  SF/CMC/0%nBG  (B)  and 
 SF/CMC/10%nBG (C) after 7 days of SBF treatment.  
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Figure 5.39  Showing  the  XRD  spectrum(A)  and  FT-IR  spectrum(B)  of  SF/CMC/0%nBG, 
 SF/CMC/5%nBG, SF/CMC/10%nBG and SF/CMC/20%nBG after incubation in 
 SBF for 7 days 
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Figure 5.40  Observed  degradation  behaviour  of  SF/CMC/0%,  SF/CMC/5%nBG, 
 SF/CMC/10%nBG  and  SF/CMC/20%nBG  scaffolds  by  soaking  in  enzyme  (A) 
 and PBS solution (B) for 28 days.  
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Figure 5.41  FESEM  images  of  hMSCs  cultured  over  the  SF/CMC/0%nBG  and 
 SF/CMC/10%nBG scaffolds after 12 hour (A) ,7 days (B) & 14 days (C). 
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Figure 5.42  hMSCs  proliferation  and  distribution  are  visualized  under  confocal  microscope 
 on  SF/CMC/0%nBG  (A  and  C)  and  SF/CMC/10%nBG  (B  and  D)  on  7  and  14 
 days  of  culture,  Nuclei  of  the  cells  were  stained  with  DAPI  (blue)  and  actin 
 filaments with phalloidin (green).  
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Figure 5.43  Live/dead  confocal  microscopy  images  (A)  and  MTT  reduction  assay  (B)  of 
 hMSCs  cultured  on  SF/CMC/0%nBG(control)  and  SF/CMC/10%nBG 
 nanofibrous scaffolds.  
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Figure 5.44  Estimation GAG secreted by hMSCs cultured in osteogenic media during 7 and 
 14  days  of  culture  over  SF/CMC/0%nBG  and  SF/CMC10%nBG  nanofibrous 
 scaffolds.  
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Figure 5.45  Alkaline  phosphatase  (ALP)  activity  in  hMSCs  on  SF/CMC/0%nBG  and 
 SF/CMC/10%nBG in an osteogenic culture medium over time (n=3).  
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Figure 5.46  (A)  Alizarin  red  S  staining  of  SF/CMC/0%nBG  and  SF/CMC/10%nBG 
 nanofibrous scaffolds cultured for day 7 (a) and day 14 (b). (B) Alizarin Red S 
 staining  assay  for  quantitative  evaluation  of  hMSCs  mineralization  on 
 SF/CMC/0%nBG and SF/CMC/10%nBG nanofibrous scaffolds after 14 days of 
 culture.  
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Figure 5.47  Immunocytochemistry for Runx2 and osteocalcin expression by hMSCs cultured 
 on SF/CMC/0%nBG and SF/CMC/10%nBG nanofibrous scaffolds. (A) Confocal 
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images  for  Runx2  expressions  (A)  and  Confocal  images  for  osteocalcin 
 expressions  of  hMSCs  on  day  7  and  day  14  in  the  osteogenic  culture  medium. 


Integrated  density  evaluation  for  RunX2  and  osteocalcin  were  shown  in  graphs 
 (C)  and  (D)  respectively. The  osteogenic  differentiation  of  hMSCs  on  SF/CMC 
 and SF/CMC/10nBG scaffolds was assessed by RT-PCR for Runx2, osteocalcin 
 and collagen type1 (E) expression after 14 days of culture. 


Figure 5.48  FESEM,  TEM  and  SAED  pattern  images  of  fabricated  SF/CMC/0%nBG, 
 SF/CMC/Cu0.5-5%nBG,  SF/CMC/Cu0.5-10%nBG,  SF/CMC/Cu1-5%nBG  and 
 SF/CMC/ Cu1-10%nBG scaffolds.  
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Figure 5.49  (A)  XRD  diffractogram  and  (B)  FT-IR  spectra  of  SF/CMC/0%nBG, 
 SF/CMC/Cu0.5-5%nBG,  SF/CMC/Cu0.5-10%nBG,  SF/CMC/Cu1-5%nBG  and 
 SF/CMC/ Cu1-10%nBG nanofibrous scaffolds.  
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Figure 5.50  FESEM  images  of  SF/CMC/0%nBG,  SF/CMC/Cu0.5-5%nBG,  SF/CMC/Cu0.5-
 10%nBG, SF/CMC/Cu1-5%nBG and SF/CMC/Cu1-10%nBG scaffolds after SBF 
 treatment for 7 days (A-E). 
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Figure 5.51  (A)  XRD  diffractogram  and  (B)  FTIR  Spectra  of  SF/CMC/0%nBG, 
 SF/CMC/Cu0.5-5%nBG,  SF/CMC/Cu0.5-10%nBG,  SF/CMC/Cu1-5%nBG  and 
 SF/CMC/ Cu1-10%nBG nanofibrous scaffolds after SBF treatment for 7 days.  
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Figure 5.52  Observed  degradation  behaviour  of  SF/CMC,  SF/CMC/Cu0.5-5%nBG, 
 SF/CMC/Cu0.5-10%nBG,  SF/CMC/Cu1-5%nBG  and  SF/CMC/  Cu1-10%nBG 
 scaffolds by soaking in enzyme (A) and PBS solution (B) for 28 days. 
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Figure 5.53    (A)  Live/dead  confocal  microscopy  images  and  (B)  MTT  reduction  assay  of 
 hMSCs  cultured  on  SF/CMC,  SF/CMC/Cu0.5-5%nBG,  SF/CMC/Cu0.5-10%nBG, 
 SF/CMC/Cu1-5%nBG and SF/CMC/ Cu1-10%nBG nanofibrous scaffolds. 
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Figure 5.54  FESEM images of hMSCs cultured on the SF/CMC/0%nBG, SF/CMC/5%nBG, 
 SF/CMC/Cu0.5-5%nBG and SF/CMC/Cu1-5%nBG scaffolds after 12 hour, 7 and 
 14 days of culture in DMEM media supplemented with FBS.  
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Figure 5.55  hMSCs  proliferation  &  distribution  are  visualized  under  confocal  microscope 
 over  SF/CMC/0%nBG,  SF/CMC/5%nBG,  SF/CMC/Cu0.5-5%nBG  & 


F/CMC/Cu1-5%nBG after 14 days of culture.  
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Figure 5.56  Estimation GAG secreted by hMSCs cultured in osteogenic media during 7 and 
 14  days  of  culture  over  over  SF/CMC/0%nBG,  SF/CMC/5%nBG, 
 SF/CMC/Cu0.5-5%nBG and SF/CMC/Cu1-5%nBG.  
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Figure 5.57  Alkaline  phosphatase  (ALP)  activity  in  hMSCs  on  SF/CMC/0%nBG, 
 SF/CMC/5%nBG,  SF/CMC/Cu0.5-5%nBG  and  SF/CMC/Cu1-5%nBG 
 nanofibrous scaffolds in an osteogenic culture medium over time (n=3).  


129 
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Figure 5.58  Showing the microscopic images of Alizarin red S staining of SF/CMC/0%nBG, 
 SF/CMC/5%nBG,  SF/CMC/Cu0.5-5%nBG  and  SF/CMC/Cu1-5%nBG 
 nanofibrous scaffolds cultured for 14 days (A). Alizarin Red S staining assay for 
 quantitative  evaluation  of  mineralization  on  SF/CMC/0%nBG,  SF/CMC/0.5Cu-
 5nBG and SF/CMC/1Cu-5nBG nanofibrous scaffolds after 14 days of culture.  
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Figure 5.59  Immunocytochemistry  for  Runx2  &  osteocalcin  expression  in  hMSCs  cultured 
 on  SF/CMC/0%nBG,  SF/CMC/5%nBG,  SF/CMC/Cu0.5-5%nBG  & 


SF/CMC/Cu1-5%nBG  scaffolds.  Confocal  images  for  Runx2  (A)  &Osteocalcin 
 expressions  (b)  observed  in  hMSCs  on  day  7  &  14  in  the  osteogenic  medium. 


Integrated  density  evaluation  for  RunX2  and  osteocalcin  were  shown  in  graphs 
 (C)  &  (D)  respectively.  (E)  The  osteogenic  differentiation  of  hMSCs  on  the 
 scaffolds was assessed by RT-PCR for Runx2 & osteocalcin expression after 14 
 days of culture. 
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Figure 5.60  Confocal images for HIF-1α expression in hMSCs seeded on SF/CMC/0%nBG, 
 SF/CMC/5%nBG,  SF/CMC/Cu0.5-5%nBG  and  SF/CMC/Cu1-5%nBG 
 nanofibrous nano composite scaffolds cultured for day 7 (A) and 14 (B).  
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Figure 5.61  Relative  VEGF  expression  in  hMSCs  seeded  over  SF/CMC/0%nBG, 
 SF/CMC/5%nBG,  SF/CMC/Cu0.5-5%nBG  and  SF/CMC/Cu1-5%nBG 
 nanofibrous scaffolds during 7 days culture period.  
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1.1 Background and significance of study 


Bone tissue related defects, wounds and diseases predominantly due to the consequences of 
 trauma, infection and degenerative bone defects and diseases are of major apprehension in the 
 field of human health [1-2]. In USA, around 1 million bone injury cases is reported to occur 
 every year and an alarming increase in bone related defects and diseases is expected to arise 
 worldwide  in  future  [3].  Presently,  orthopaedic  reconstruction  procedure  has  been 
 dramatically  increased,  that  triggers  the  high  demand  for  advanced  bone  reconstruction 
 technology.  The  current  modern  clinical  alternatives  for  orthopaedic  reconstructive  surgery 
 are  includes  autografts,  allograft,  and  xenografts  [4-5].  These  bone  substitutes  have  several 
 limitations  such  as  limited  supply,  immunogenic,  zoonotic  disease  transfer  and  donor  site 
 morbidity  which  are  of  major  concern  [6-7].  Such  intrinsic  problems  associated  with  the 
 currently  available  clinical  strategy  lead  to  the  evolution  of  bone  tissue  engineering  as  a 
 promising  clinical  alternative  in  the  last  decade.  The  aim  of  this  interdisciplinary  tissue 
 engineering field is to replace, maintain and restore damage tissues through the development 
 of  bioactive,  biodegradable  and  biocompatible  functionalized  three  dimensional  (3D) 
 scaffolds made of natural or synthetic biopolymers [8-9].  


The key challenges for bone tissue  engineering is to develop scaffold with desired physico-
 chemical  properties  such  as  biomimetic,  non-immunogenicity,  desired  mechanical  strength, 
 desirable biodegradation, porosity, swelling behaviour and to guide tissue regeneration [10]. 


The  surface  modification  of  the  scaffold  to  produce  biologically  active  matrix  is  another 
important  aspect  which  improves  the  cell  adhesion,  proliferation  and  differentiation  of  host 
cells [11]. Bone tissue extracellular matrix is composed of collageneous fibers and inorganic 
substances  like  carbonated  hydroxyapatite  as  biological  mineral,  which  provides  properties 
like  hardness,  rigidity  and  strength  [12].  To  achieve  biomimetic  properties  of  bone 
extracellular  matrix,  use  of  potential  biopolymers,  inorganic  ceramics  like  hydroxyapatite, 
beta-tricalciumphosphate  and  bioglass  and  their  composites  are  of  prime  interest.    In  this 
context, silk fibroin, a natural polymer widely used in textile industry has drawned attention 
of  the  researchers  worldwide  in  last  two  decades  for  use  in  medical  and  tissue  engineering 
field  because  of  its  excellent  property  like  mechanical  strength,  biodegradability, 
biocompatibility  and  desired  oxygen  and  water  permeability  [13-15].  However,  SF  alone 



(24)2 


cannot  meet  all  the  desired  property  of  the  tissue  engineered  scaffold,  as  it  lacks 
 hydrophilicity,  bioactivity,  osteoconductivity,  swelling,  flexibility  and  lack  of  bioactive  cell 
 signalling molecule [16]. Therefore, many researchers have been given effort to prepared SF 
 blends  like  SF/chitosan,  SF/chitin,  and  SF/PLA  to  improve  the  property  of  SF  [17-20]. 


Besides SF biomaterial, Cellulose derivatives like carboxymethyl cellulose, cellulose acetate, 
 hydroxyethyl  cellulose  and  bacterial  cellulose  have  been  reported  to  be  good  candidates  to 
 fabricate  scaffolds  for  tissue  engineering  application  in  bone  regeneration,  postinjury  brain, 
 blood  vessels,  artificial  liver  and  cardiac  cell  construct  development  [21-25].  Furthermore, 
 development  of  biopolymer/ceramic  composite  scaffold  has  gained  significant  interest  over 
 the  last  decade  for  bone  tissue  engineering  applications.  Besides  exploring  potential 
 scaffolding  material,  fabrication  of  scaffold  with  nanostructure  is  important  aspect  as  it 
 mimics  the  extracellular  matrix  the  structure  and  provide  suitable  template  for  cell 
 attachment, proliferation and differentiation. In this context electrospinning is considered as 
 the suitable fabrication technique that can produce nanofiber from polymeric blend and their 
 composite  solution.  Thus  the  present  research  focused  on  the  development  of  silk 
 fibroin/carboxymethyl cellulose based composite nanofibrous scaffolds as potential artificial 
 extracellular matrix for bone tissue engineering application. 



1.2 Strategies for Tissue regeneration  


Langer  and  Vacanti  defined  tissue  engineering  as  an  interdisciplinary  field  that  applies  the 
principles  of  engineering  and  the  life  sciences  towards  the  development  of  biological 
substitutes  that  can  restore,  maintain  or  improve  tissue  or  organ  function  [26-27].  Tissue 
engineering emerges as a clinical alternative in response to the problem related with the tissue 
damage  or  loss  due  to  trauma  or  diseases.  Tissue  engineering  deals  with  the  creation  of 
scaffold, which allows cell growth and proliferation in vitro and in vivo as well as degraded 
in  time  with  tissue  regeneration  [28].  The  biocompatible  and  biodegradable  scaffold  will 
degrade  completely  and  prevent  any  chronic  inflammation  at  the  site  of  implantation.  The 
scaffold  should  promote  angiogenesis  or  vasculogenesis  for  the  development  of  vascular 
network  throughout  the  scaffold  matrix  for  supplying  oxygen,  nutrient,  growth  factor  and 
removal  of  degraded  waste  of  scaffold  while  tissue  regeneration.  The  design  of  surrogate 
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extracellular matrix with appropriate structural framework embedded with suitable bioactive 
 agent is essential to guide cells behaviour and organize tissue regeneration in vivo.  



1.3 Applications of tissue engineering  


Tissue engineering (TE) is emerging as a low cost and long term alternative clinical treatment 
 method  for  tissue  damage  and  organ  failure.  The  technique  involves  the  implantation  of 
 natural,  synthetic,  or  semi-synthetic  polymeric  biological  substitute  that  mimic  tissue  or 
 organ  and  led  to  regeneration  of  functional  tissue  or  organ.  Tissue  engineering  is  used  to 
 develop  extracellular  matrix  to  coax  differentiated  or  undifferentiated  cells  into  desired  cell 
 type  and  its  important  application  of  includes  bone  [29-30],  cartilage  [31-32],  skin  [33], 
 ligament [34], tendon [34], neural [35], liver [36], cardiovascular [37] and muscle tissue [38-
 40]  related  diseases  [41].  The  global  medical  and  market  potential  attracted  significant 
 research & development academic and corporate interest in the field of tissue engineering. 



1.4 Tissue engineered scaffold 


In  TE  scaffold  is  a  three  dimensional  temporary  structure  which  supports  cell  attachment, 
 proliferation  and  differentiation.  Scaffold  should  be  biocompatible,  bioactive  and 
 biodegradable  in  nature  [42].  Scaffold  material,  its  structure  or  design  and  surface  property 
 are  some  of  the  crucial  factors  which  guide  cell  attachment,  proliferation  and  cell  fate 
 determination  for  desired  tissue  regeneration.  Furthermore,  the  by-product  of  scaffold 
 degradation should not be toxic, inflammatory and should be quickly removed from the site 
 of implantation.  



1.4.1 Properties of scaffold  


Microscopic topography 


The  microscopic  and  ultrafine  structural  properties  of  scaffold  play  vital  role  in  regulating 
cell  behaviour,  cell  migration  into  scaffold  and  influencing  cell  phenotype  while  tissue 
regeneration  [43-44].  The  irregular  fibrous  structures  can  facilitate  cell  adhesion  and 
penetration  into  the  scaffold  [43].  The  biomimetic  architecture  of  human  body  consists  of 
collagen fibers as natural extracellular matrices (ECM) with 50-500 nm diameter range [45]. 
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Thus the nanofibrous architecture of scaffold is one of the essential considerations in scaffold 
 development for tissue engineering applications. 


  


Pore size 


Structure and size of pore is an important consideration in the fabrication of scaffolds in TE. 


Scaffolds must possess interconnected pores to facilitate cell growth, migration, diffusion of 
 nutrients and removal of waste [46-47]. If the pore size is too small it limit the cell migration, 
 diffusion of nutrient,  removable of waste while  if too  large it will limit the cell attachment, 
 cell seeding, mechanical strength and thus scaffolds with too small or too large pore size are 
 not suitable for tissue regeneration. The pore sizes for scaffold varies depending on the type 
 of applications such as for bone tissue engineering pore size lie in the range of 50-300 µm, 
 whereas for cartilage tissue engineering the range is 150–300 µm [48-49]. The minimum pore 
 size for significant bone tissue regeneration is 75-100 µm [49-50]. 


Porosity 


Scaffold  must  be  porous  and  having  optimum  porosity,  as  porosity  play  important  role  in 
 regulating  cell  migration,  diffusion  of  nutrients  and  removal  of  degraded  waste  [51-52]. 


Furthermore, porosity influences directly or indirectly mechanical properties of scaffold, thus 
 the scaffold should have optimum porosity within the construct [53]. 


Mechanical property 


The scaffold supports the tissue regeneration from the time of cell seeding to the remodelling 
 of scaffold at the site of implantation by the host tissue [54]. While application in the case of 
 bone  and  cartilage  tissue,  the  scaffold  matrix  must  provide  enough  mechanical  support  to 
 endure in vivo stress and loading [54]. Also the mechanical property should be optimized so 
 that  it  can  stimulate  lineage  specific  cell  differentiation  [55].  The  material  selection  for 
 scaffold  fabrication  is  also  important  consideration  for  tissue  regeneration,  as  the  scaffold 
 should have adequate strength to support complete tissue regeneration without failure [54]. 


Hydrophilicity 


The  affinity  of  scaffold  for  water  and  getting  wet  is  defined  as  hydrophilicity.  The  wetting 
affinity of scaffold material influences cell adhesion, spreading, proliferation, differentiation 
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and diffusion of nutrients within the cell-seeded construct [48]. The hydrophilicity of scaffold 
 is  determined  by  measuring  contact  angle.  The  cell  response  to  scaffold  material  surface  is 
 governed  by  the  adsorption  of  protein  and  cell  secreted  extracellular  matrix  [48].    Proteins 
 tend  to  adsorb  quickly  on  hydrophobic  surface  in  comparison  to  hydrophilic  surface.  Thus 
 scaffold material should have optimum contact angle [48].  


Surface roughness 


Surface roughness is one of the crucial factors that regulates cell adhesion,  proliferation and 
 phenotype  expression  [48].  The  roughness  of  material  surface  can  be  classified  as  macro-
 roughness  (100 µm  -  millimetres), micro-roughness  (100 nm  -  100 µm) and nanoroughness 
 (less than 100 nm) [48]. Different types of cells have different response depending on surface 
 roughness of the scaffold. However, osteoblast cells show favourable behaviour over scaffold 
 with macro-roughness [48].  


Biocompatibility 


Biocompatibility  of  scaffold  refers  to  its  ability  to  interact  with  the  host  tissue  without 
 causing any inflammatory or harmful  reaction. The degraded product of the scaffold should 
 be non-toxic for the successful tissue regeneration at the site of implantation. 


Biodegradation 


The  scaffold  material  should  be  selected  by  taking  into  consideration  of  its  rate  of 
 degradation and resorption while tissue regeneration [54]. Moreover, the rate of degradation 
 and resorption should be optimized, so that the scaffold maintains its physical properties for 
 at least 6 months [54]. The scaffold should allow cells to proliferate, migrate and differentiate 
 in a controlled way while the scaffold matrix degrades and it should leaves enough space for 
 new tissue growth and vascularisation [54]. 


Bioactivity 


The  development  of  biocompatible,  biodegradable  and  bioactive  scaffold  with  suitable 
porosity  and  mechanical  property  is  of  prime  goal  in  tissue  engineering  application.  The 
bioactivity of scaffold determine its ability to integrate or bonding with host tissue at the site 
of implantation [56]. Therefore, In case of bone tissue engineering it is desirable to determine 
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apatite forming ability of scaffold material for predicting bioactivity of the material [56]. The 
 osteoconductive  and  osteoinductive  property  of  scaffold  are  essential  for  bone  tissue 
 engineering.  Thus  the  development  of  scaffold  with  innate  osteoconductive  and 
 osteoinductive property is of prime goal in bone tissue engineering application. 



1.4.2 Biomaterials for scaffold development 


Material  selection  for  tissue  engineered  scaffold  development  is  one  of  the  most  important 
 strategies in tissue engineering as it determines the rate of degradation and remodelling while 
 host tissue regeneration [57]. An appropriate scaffolding material should possess some of the 
 crucial  properties  like  biocompatibility,  biodegradability,  bioresorbable,  desired  physico-
 chemical  properties  and  desired  mechanical  strength  for  successful  tissue  regeneration  [57-
 59].  Although  a  number  of  implantable  metal  and  ceramic  based  structures  has  been 
 developed  earlier  but  since  these  materials  fail  to  meet  the  criteria  of  biodegradability  thus 
 not  suitable  for  tissue  regeneration  application  [57-58].  Although  there  are  various  ceramic 
 materials  such  as  tri  calcium  phosphate  and  bioglass  with  biodegradability,  bioactivity  and 
 biocompatibility properties but these materials are difficult to process into complex structure 
 and  also  highly  brittle.  Thus  ceramic  material  alone  cannot  fulfil  the  prerequisite  for  tissue 
 engineering application [57-58]. However, polymeric material either natural or synthetic can 
 be used alone or in combination to develop complex structure as polymers are ductile and can 
 be  processed  into  various  shapes.  Thus  to  fulfil  various  strategies  for  developing  smart 
 scaffolding  material  polymers  and  ceramics  are  combined  to  form  composite  to  achieve 
 prerequisite for successful tissue engineering application. 


Natural polymer 


Natural  polymers  derived  from  animal  or  plant  sources  are  considered  as  the  most  suitable 
scaffolding material for TE including bone tissue engineering application. Natural polymers 
like collagen [60], chitosan [61-62], silk fibroin [63-64], cellulose and its derivatives [65] and 
gelatin  [66-67]  are considered as  suitable material  for the development  of scaffold,  as  these 
materials  offer  superior  cell  adhesion,  spreading  and  proliferation  properties.  Natural 
biopolymers  are  of  great  interest  for  the  researchers  because  of  their  low  toxicity, 
biocompatibility,  low  cost,  large  availability  and  renewability.      Also  well  known  chemical 
structure  of  biopolymer  provides  opportunity  to  develop  advanced  functionalized  scaffolds 
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and well known biosynthetic pathway offers to  genetically modify the biopolymer structure 
 and function to make them more potential for tissue engineering application [65].  


Synthetic polymers 


Biodegradable  and  biocompatible  synthetic  polymers  offer  various  advantageous  properties 
 such  as  tuneable  mechanical  property,  defined  degradation  kinetics,  can  be  modified  with 
 desired chemical functional moieties and also can be fabricated in to various shapes thereby 
 making them suitable for various biomedical applications [68-69]. Synthetic biopolymer offer 
 extensive applications in making resorbable sutures, drug delivery and orthopaedic fixations 
 such  as  screws,  pins,  rods  and  plates  [68].  Selection  of  synthetic  polymers  for  tissue 
 engineering  application  is  one  of  the  important  parameters  as  the  biopolymers  like 
 poly(glycolic  acid),  poly(lactic  acid)  and  their  copolymers  resulted  in  to  release  of  acidic 
 products  while  biodegradation,  which  resulted  in  inflammatory  reaction  and  thus  failure  of 
 tissue regeneration occurs  [68]. Thus synthetic biopolymer, which offers  nontoxic degraded 
 product during biodegradation are of preferred choice for tissue engineering application. To 
 fulfil desired characteristic of scaffold for application in tissue engineering various synthetic 
 polymers,  natural  polymers  and  ceramics  were  used  alone  or  in  combination  for  successful 
 tissue regeneration.  


Bioceramics 


Various bio-ceramics  like hydroxyapatite (HAp)  [70], tri-calcium  phosphate (TCP)  [71-72], 
biphasic  calcium  phosphate  (BCP)  [73],  bioglass  [74]  and  wollastonite  [75]  have  been  the 
choice of many researcher for the development of 3D structure by adding with biopolymers 
for  bone  tissue  engineering  applications  [76].  However  matching  mechanical  properties  of 
ceramic  based  scaffold  with  native  bone  remains  a  challenge  as  these  ceramics  based 
matrices are highly brittle and thus limit their clinical application. Presently various ceramic 
based products are available for various clinical applications such as dental, maxillofacial and 
orthopaedic.    But  there  is  of  great  need  to  identify  smart  biomaterials  to  overcome  the 
limitations  such  as  brittleness  of  ceramics  based  product,  lack  of  bioactivity  in  case  of 
polymeric  scaffold,  toxic  product  produced  through  degradation  of  synthetic  polymers  and 
lack  of  osteoconductivity  of  polymeric  scaffolds.  Thus  the  development  of  ceramic-
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biodegradable  polymer  composites  is  of  great  interest  in  bone  tissue  engineering  to  achive 
 desirable mechanical property. 


Hydroxyapatite Ca10(PO4)6(OH)2 is an important biomaterial constituent of bone and teeth. It 
 is  used  in  the  replacement  of  hip  joints,  heart  valves  etc.  Due  to  its  similarity  with  bone 
 material  at  chemical  and  crystallographic  structure  hydroxyapatite,  is  used  as  bio-active 
 material  in  bone  tissue  engineering  [77].  Hydroxyapatite  can  be  synthesized  by  using 
 chemical source of calcium like calcium nitrate or by using natural source of calcium like egg 
 shell.  Using  natural  source  will  minimize  the  impurities  like  silica  in  the  material. 


Concentrations  of  reactant  were  determined  by  the  fact  that  Ca/P  ratio  for  hydroxyapatite 
 equal  to  1.67  [78]. Bioactive  glass and other class  of ceramic material are able to  stimulate 
 bone  regeneration  better  than  other  bioactive  ceramic  materials.  Although  in  vivo  study 
 reveals  that  bioactive  glass  possess  ability  to  bond  with  bone  much  faster  in  comparison  of 
 other bioactive ceramics. Also  in vitro studies shows  that its osteogenic property  are due to 
 the  product  formed  after  its  dissolution  which  stimulate  stem  cell  at  genetic  level  to  form 
 bone  [79-80].  Professor  Hench  made  a  biodegradable  glass  with  Na2O-CaO-SiO2-P2O5


system having high calcium content. Hench developed a glass having composition 46.1 mol% 


SiO2, 24.4 mol% Na2O, 26.9 mol% CaO and 2.6 mol% P2O5, later called as 45S5 Bioglass 
 [81-82].  Dissolution  of  glass  leads  to  the  formation  of  carbonated  hydroxyapatite  on  the 
 surface  of  glass.  carbonated  hydroxyapatite  is  similar  to  bone  mineral,  and  interact  with 
 collagen fibrils that leads to formation of mineralized bone extra cellular matrix [82]. Soluble 
 silica  and  calcium  ions  stimulate  osteoprogenetor  cells  to  produce  bone  matrix  [83]. 


Dissolution rate of glass were regulated by varying its composition and thus can be used for 
 long term  regeneration therapy  as  well as short term  regeneration therapy. Various types  of 
 bioactive  glasses  developed  are  conventional  silicates  (45S5  Bioglass),  phosphate  based 
 glasses, and borate based glasses, which were made by either melt-down method or by sol-gel 
 method. 


Biocomposites 


The ideal scaffolds for bone tissue engineering must possess appropriate pore size, porosity, 
mechanical strength, biodegradability, biocompatibility and ability to integrate with host bone 
tissue.  However  polymeric  scaffold  alone  fails  to  provide  proper  mechanical  strength, 
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bioactive  environment  for  cell  differentiation  and  structural  feature  for  bone  tissue 
 regeneration. Thus in recent years, composite materials gained tremendous attention to fulfil 
 the properties like bioactivity, biocompatibility, biodegradability and mechanical strength for 
 successful bone tissue regeneration. Composites are fabricated by using two or more different 
 materials like polymers (silk fibroin, chitosan, and gelatin etc) and ceramics (hydroxyapatite, 
 bioglass  and  tricalcium  phosphate  etc).  Bioceramics  in  polymers-ceramics  composite 
 improves  its  osteogenic  differentiation  potential,  upregulated  various  osteogenic  genes  such 
 as  collagen  type  1,  osteocalcin,  runt-related  transcription  factor,  bone  sialoprotein  and 
 alkaline  phosphatase  activity.  Thus  bioceramic  based  polymeric  composite  may  provide 
 suitable platform for bone tissues regeneration. 



1.4.3 Scaffold fabrication techniques 


Artificial  extracellular  matrices  (scaffold)  with  three  dimensional  architecture  have  gained 
 widespread application in tissue engineering due to their nano-scale topography, biomimetic 
 property  and  ability  to  direct  specific  tissue  regeneration.  As  of  now  there  are  various 
 techniques  available  to  fabricate  scaffold  such  as  electrospinning,  freeze  drying,  phase 
 separation, rapid prototyping and particulate leaching [84]. But the numbers of challenges are 
 still  need  to  overcome  for  developing  a  functional  smart  matrix  for  successful  bone  tissue 
 regeneration.  Apart  from  the  fabrication  of  scaffold  by  using  various  techniques,  surface 
 modification of scaffold is also desirable to improve cell attachment, migration, proliferation 
 and  differentiation.  Various  methods  and  its  merits  and  demerits  are  listed  out  in  Table  1.1 
 [85]. The most important methods are described below. 


Particulate leaching 


Artificial  extracellular  matrix  (scaffold)  provide  appropriate  surface  for  cell  attachment, 
proliferation and help in tissue regeneration. Pore size and porosity of scaffold are one of the 
crucial factors which determine specific surface area for cell adherence and tissue in-growth 
[86].  Particulate  leaching  technique  involves  preparation  of  polymer  solution  with  well 
distributed  salt  particles  with  uniform  diameter  followed  by  evaporation  of  solvent  leaving 
behind polymer matrix [87]. The polymer –salt composite is then soaked in water to remove 
salt through leaching. The porogens particle size, amount and shape determine pore size and 
porosity of developed scaffold by particulate leaching method [84].  
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 Melt molding 


Melt  molding  method  involves  the  filling  of  mould  with  polymer  powder  and  porogens  of 
 specific  diameter  followed  by  heating  above  the  glass  transition  temperature  of  polymer 
 under  applied  pressure.  This  leads  to  binding  of  polymeric  materials  together  and  then 
 porogens  are  leached  out  using  non-solvent.  Finally  porous  scaffold  with  appropriate 
 morphology  and  shape  are  fabricated.  However  the  major  disadvantage  of  melt  molding 
 method includes high processing temperature and residual porogens.  


Freeze drying 


Freeze  drying  a  drying  process  based  on  the  principle  of  sublimation  is  used  to  fabricate 
 porous structure and to convert solution with useful labile material into solid form with good 
 stability  [84].  It  has  wide  application  in  food  science,  pharmaceutical,  enzyme  stabilization 
 and  biomedical  applications  [88].  Freeze  drying  process  mainly  consists  of  three  steps 
 freezing  of  solution  at  low  temperature  (-20°C  to  -80°C),  followed  by  primary  drying  at  -
 110°C  under  low  pressure  (high  vacuum)  [88].    The  porous  structure  with  proper 
 interconnectivity is obtained from polymeric solution through freeze drying.   The pore size, 
 distribution  and  interconnectivity  of  pores  can  be  controlled  through  the  controlling  rate  of 
 freezing  and  direction  of  solidification  [84].  However,  it’s  a  time  consuming  process  but 
 avoids high temperature and separate leaching step as involved in other process such as melt 
 molding, particulate leaching etc [84]. 


Freeze gelation 


The  freeze  gelation  technique  based  on  freezing  of  polymeric  solution  followed  by  use  of 
non-solvent  to  generate  phase  separation  in  polymeric  solution,  which  finally  leads  to 
development  of  porous  scaffold  [84].  While  freeze  gelation  two  distinct  phase  develop  one 
having  high  polymer  concentration  and  other  is  polymer  deficient  [84].  As  the  temperature 
lowered  liquid-liquid  phase  separations  occur  and  quenched  to  form  solid  phase  and  the 
solvent  phase,  where  the  solvent  phase  is  finally  removed  by  extraction,  evaporation  and 
sublimation  to  fabricate  three  dimensional  porous  structures  [84].  Polymeric  nanofiber  can 
also  be  fabricated  using  phase  separation  method  however  selection  of  solvent  and  phase 
separation temperature is crucial factor for nanofiber formation [84].  
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