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Abstract 


The present research deals with the development of silk fibroin (SF) and chitosan (CS) based 
microporous  3D  scaffolds  for  cartilage  tissue  engineering  applications.  Porous  scaffolds 
prepared from SF/CS blends with varying ratio of SF and CS by freeze drying method were 
characterized  for  physicochemical,  mechanical  and  biological  properties.  Among  the 
various  blend  ratios,  SF/CS  with  80:20  blend  was  found  to  be  the  most  favourable  for 
achieving  certain  superior  scaffold  properties  than  other  SF/CS  blends.  The  scaffold 
possesses open pore microstructure with interconnected pore network with desired pore size 
(71-210  µm),  average  pore  size  (186±32.2  µm),  porosity  (82.2±1.3%)  and  compressive 
strength  (190  ±0.2kPa).  Bioactive  molecules  namely  glucosamine  sulphate  (Glu)  and 
chondroitin sulphate (Chs),the structural components of native cartilage tissue were added 
individually  and  in  combination  with  the  aim  of  improving  cell  supportive  and 
glycosaminoglycan (GAG) secretive properties thereby facilitating cartilage specific ECM 
production. Thus, SF/CS/Glu and SF/CS/Chs scaffolds with varying percentage of Chs and 
Glu concentrations were developed. The SF/CS/Glu scaffold with 1%  (w/v) Glu was the 
most favourable composition have pore size of 40-190 µm, average pore size of 104±19.6 
µm, 79.6+4.12% porosity and 202 ±12 kPa compressive strength. A marginal improvement 
in scaffold property was also achieved specifically by the addition of 0.8 % (w/v) Chs. The 
scaffold  possess  a  pore  size  of  44-196  µm,  average  pore  size  105±19.5%  porosity  of 
87+2.13% and 204 ±13 kPa compressive strength. In-vitro cell culture study using human 
mesenchymal stem cell (hMSCs) derived from umbilical cord blood (UCB) has shown an 
enhanced  cell  attachment,  proliferation  and  differentiation  (GAG  assay)  with  SF/CS/Chs 
scaffolds  than  its  counterpart  SF/CS  and  SF/CS/Glu  scaffolds.  An  enhanced  scaffold 
porosity, hydrophilicity, cell adhesion and cell proliferation were further achieved by the 
incorporation both Glu and Chs in combination into SF/CS blend. Moreover, the increased 
GAG secretion shown by SF/CS/Glu/Chs scaffolds represents the superiority of the scaffold 
than the other scaffold towards cartilage tissue regeneration. Thus, it has been demonstrated 



(10)can be used as a suitable platform for cartilage tissue regeneration. 


Key  words:  Cartilage;  tissue  engineering;  silk  fibroin;  chitosan;  glucosamine  sulphate;  chondroitin 
sulphate.
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1.1 Background and significance of study 


Cartilage  tissue  reconstruction  has  become  an  important  area  in  modern  medical 
 healthcare system for functional and aesthetic surgery. Articular cartilage is predominantly 
 avascular, aneural, and alymphatic tissue [1] which heals poorly with time. It is composed 
 of sparsely distributed chondrocytes embedded within a dense extracellular matrix (ECM) 
 with primarily type II collagen and proteoglycans [23]. Injuries to the cartilage tissue can 
 occur  through  various  mechanisms  either  through  blunt  trauma  that  breaks  a  piece  of 
 cartilage from the end of the bone or due to the constant wear and tear of cartilage tissue 
 with  aging.  Current  clinical  methods  to  treat  cartilage  defects  include  arthroscopic 
 debridement/lavage,  osteochondral  grafting,  microfracture,  osteochondral  transplantation 
 etc.[4,5].  These  clinical  methods  have  several  limitations  like  lack  of  integration  at  the 
 implantation site, limited mobility, and durability of the implants etc. [4,5]. Cartilage tissue 
 can  be  regenerated  by  tissue  engineering  approach,  which  involves  the  combined  use  of 
 scaffolds,  cells  and  growth  factors.  In  this  technique,  the  scaffold  with  a  desired  set  of 
 material property is an essential component to provide a specific direction for the growth, 
 proliferation  and  differentiation  of  cells  to  their  desired  lineages  [6,7].  Specifically, 
 scaffolds intended for cartilage regeneration require certain properties that offer adequate 
 nutrient and waste transport, adhesion to the defect site, minimal invasive implantation or 
 injection,  biocompatibility  and  biodegradability  [7].  A  temporary  three  dimensional 
 scaffold should mimic the physiological properties and perform the function of a cartilage 
 extracellular  matrix,  enabling  a  microenvironment  that  can  induce  chondrocytes  into  a 
 functional state under in-vitro conditions [8].  


Choosing  the  right  material  for  cartilage  scaffold  is  a  very  important  aspect  for  the 
ultimate  function  of  the  cartilage  scaffold.  Fabrication  of  scaffold  utilizing  the  natural 
components of the cartilage will pave the way for better cartilage tissue regeneration [9]. In 
this context, a variety of natural polymers has been explored for the fabrication of scaffold 
matrices with desired properties [11,12,13]. Silk Fibroin (SF) is an attractive fibrous protein 
and  has  many  biomedical  applications  because  of  its  permeability  to  oxygen  and  water 
vapor and robust mechanical strength [15]. However, SF offers slow degradation, brittleness 
and lack of hydrophilicity, which limits its use in tissue engineering [15]. Chitosan (CS), is 
biocompatible and biodegradable polymer have an excellent wound healing property [16]. 



(26)However, its  rapid  degradation rate and low mechanical  strength  limits its  application in 
 tissue  engineering  [16].  Overall,  the  use  of  SF  or  CS  alone  is  not  suitable  as  scaffold 
 material. In contrast, a few researchers have studied the effect of the combination of these 
 two  natural  polymers  and  reported  the  resultant  SF/CS  blend  with  excellent  scaffold 
 properties [17,18,19]. However, in most of these studies, a specific ratio of SF/CS was used 
 with the aim of exploring the suitability of the blend as scaffold material [17,19]. Therefore, 
 a  systematic  study  is  essential  to  investigate  the  influence  of  SF/CS  blend  ratio  on  the 
 properties of scaffold, targeting cartilage tissue regeneration.


Glucosamine sulfate, present in the cartilage ECM acts as aprecursor for the synthesis 
 of various molecules, including chondroitin sulfate, keratin sulfate etc [20]. It also preserves 
 the structural  integrity of the native cartilage  [20]. Chondroitin  sulfate, synthesized from 
 glucosamine  sulfate,  predominantly  has  the  water  and  nutrient  absorption  property, 
 facilitates cell proliferation and also acts an anti-inflammatory agent [21,22,23]. Both Glu 
 and  Chs  are  used  as  oral  supplements  for  regeneration  of  cartilage  tissue  due  to  their 
 synergistic  effect  [24,25,26].  So,  the  use  of  these  components  can  be  beneficial  in  the 
 fabrication of scaffolds to provide the necessary molecules for cell attachment and promote 
 better regeneration of cartilage. 


The source of cells is another important factor in tissue engineering. Many studies have 
 been  reported  on  the  culture  of  mesenchymal  stem  cells  (MSCs)  derived  from  the  bone 
 marrow of rats [27], adipose tissue [28,29] on SF/CS blend scaffolds for tissue regeneration. 


Umbilical cord blood (UCB), is a relatively cheaper source of stem cells [30,31]. The use 
of  UCB  involves  limited  ethical  issues  and  has  great  potential  in  the  field  of  stem  cell 
engineering [32,33,34]. Thus, the use of MSCs, derived from UCB as a potential cell source 
for cartilage tissue regeneration using SF/CS blend scaffold is desirable. 
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1.2 Scaffolds as the foundation for tissue engineering 


Scaffolds are engineered three dimensioned structures which provide temporary sanctuaries 
 to colonizing cells in order to develop a complete functional tissue [35]. After implantation 
 into the body, they degrade with time, leaving behind the newly formed tissue mass that 
 later develops into the target tissue. Therefore, preparation of the scaffold is a challenging 
 task  as  the  requirements  are  manifold  [35,36].  High  cell  density  combined  with  an 
 interactive scaffold matrix are essential to enhace cell-scaffold interactions, important for 
 tissue generation. 



1.3 Properties of ideal scaffolds 


Scaffolds  have  the  critical  task  of  facing  a  complex  biological  and  sensitive  system,  the 
 human  body.  Therefore,  these  scaffolds  should  be  biocompatible,  biodegradable, 
 sufficiently  porous,  and  contain  sufficient  compressive  properties  [37,38].  In  addition  to 
 their  material  properties,  the  developed  scaffold  must  be  designed  to  accommodate  the 
 seeded cells and facilitate cellular interactions [39]. 


Ideally the scaffold should  facilitate diffusion of  nutrients,  gases  and waste products, 
 provide complete and controlled degradation, support cytocompatibility, cell proliferation 
 and differentiaition, create integration with the host tissue and act as temporary load bearing 
 substrate until the new tissue is functional [40].  


The  foremost  requirement  of  any  scaffold  is  its  biocompatibility,  which  essentially 
means that the scaffold should be accepted by the living cells as a favorable guest and must 
not elicit any kind of immunological response and cytotoxicity [38,39,41]. The geometry 
and  morphology  of  the  scaffold  play  a  pivot  role  in  the  support  of  cellular  growth, 
proliferation and differentiation to a particular lineage [41]. Porosity is essential as it decides 
the  proper  supply  of  nourishment  to  cells,  removal  of  waste  products,  supporting  cell 
recruitment, cell aggregation, vascularisation and cell differentiation. Interconnectivity of 
pores  facilitates  cell  migration  and  cell  signaling  [41].  The  swelling  properties  of  the 



(28)and waste material transport [42]. The biodegradation of the scaffold is a vital process as it 
 permits new tissue ingrowth, remodeling of the extra-cellular matrix (ECM) and matches 
 the  formation  of  new  tissue  [42].  The  mechanical  strength  of  the  scaffold  ensures  the 
 stability of the scaffold in withstanding the compressive behavior in vivo [41,42]. 


Biofactor delivery is also an integral feature of a successful scaffold material [43], with 
 equal support for scaffold degradation with time, and the formation of the regenerated tissue 
 [43,44].  Scaffolds  must  also  be  sterilizable  easily,  to  maintain  aseptic  conditions  during 
 implantation [41]. Thus, the choice of the biomaterial is vital [42]. 



1.4 Scaffold fabrication techniques 


Scaffolds  are  prepared  using  a  wide  range  of  techniques  like  electrospinning,  phase 
 separation, solvent casting, rapid prototyping etc. The miscellany of fabrication methods is 
 mainly because different tissues have different structural requirements in order to regenerate 
 to their complete capacity. 



1.4.1 Electrospinning


Nanoscale scaffold matrices are integral in exercising a deliberate control over better cell 
growth and proliferation. Even though the ECM is not completely reconstrucuted by these 
nanofibers,  this  method  still  makes  engineering  at  the  nanoscale  level  possible [45]. 
Scaffolds made with this technique have numerous advantages like extremely high surface-
to-volume ratio, controllable porosity, ability to produce nanofibers according to the size 
and  shape  required  and  also  the  ability  to  control  the  composition  to  obtain  the  desired 
functions [46]. A typical electrospinning system consists of a high voltage supply system, a 
tip (usually a syringe tip), a ground plate collector, which is either static (plate) or moving 
(rotating drum or mandrel). The principle of electrospinning is that when a polymer solution 
is introduced in a high voltage field, it is accelerated towards the collector maintained at the 
opposite  polarity.  As  a  result,  nanofibers  are  produced  which  are  deposited  over  the 
collector. Factors that control the property of the scaffolds include polymer concentration, 
solvent concentration, tip to target distance, voltage supplied, humidity, extrusion speed of 
the syringe etc [47].  
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1.4.2 Phase separation


Phase separation may be defined as the separation of a polymer solution into its constitutive 
 phases due to the intervention of an external factor, in order to reduce system free energy 
 [48].  This  external  factor  may  be  pressure,  temperature,  solvents  and  nature  of  polymer 
 used. As a result of the separation, two phases are produced, namely the polymer lean phase 
 and polymer rich phase. The residual solvent is removed by evaporation or sublimation. The 
 polymer rich phase solidifies and leaves behind a network of pores [48,49]. Polymer foams 
 produced  by  phase  separation  can  be  tailor-made  to  meet  specific  needs  by  accordingly 
 altering various process parameters. The various steps in phase separation process includes 
 polymer dissolution, phase separation and gelation, solvent extraction from gel, freezing, 
 freeze  drying  [49,50].  Process  parameters  that  determine  the  characteristics  of  phase 
 separated  scaffolds  are  the  solvent  used,  type  of  polymer  used,  polymer  concentration, 
 solvent  exchange,  thermal  treatment  and  the  order  of  procedures  followed.  Each  process 
 parameter has its own influence on the prepared porous scaffold [49,51]. 


The freeze drying technique, an offspring of the phase separation technique, is widely 
 used  to  produce  microporous  scaffolds  for  numerous  tissue  engineering  applications. 


Various types of porous materials like aligned, hybrid etc can be prepared by this method 
 [51].  A  typical  freeze  drying  procedure  includes  the  freezing  of  a  solution  followed  by 
 sublimation via freeze drying. The spaces occupied by the ice crystals are formed as pores, 
 whose size can be altered by varying the freezing temperature and rate of freezing. For a 
 larger pore size, extension of freezing time is necessary and vice versa for smaller pore sizes 
 [51,52].  


The process of freeze drying may be divided into three steps namely freezing, primary 
 drying and secondary drying [52]. In the first step, the desired solution is frozen to a solid 
 state.  This  freezing  can  be  achieved  in  a  deep  freezer,  with  liquid  nitrogen  or  under 
 controlled freezing conditions. Since the rate of freezing has a direct effect on the rate of 
 sublimation  and  the  size  of  pores  formed,  freezing  is  considered  to  be  one  of  the  most 
 important steps in lyophilisation [53]. In primary drying, the frozen solution is subjected to 
 low  temperature  and  vacuum  atmosphere  which  begins  the  sublimation  procedure. 


Secondary  drying  process  deals  with  desorbing  any  unreacted  or  unbound  solvent 
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1.4.3 Particulate leaching 


Particulate leaching is employed to prepare scaffolds with controlled porosity. Porogens are 
 added to the polymeric solution with a suitable solvent. After the evaporation of the solvent, 
 the porogens are leached out in order to create highly porous matrices [54]. Depending upon 
 the size and morphology of the porogen, the pores are produced and organize themselves 
 accordingly. Most commonly used porogen particulates include salt, sucrose, ammonium 
 chloride, paraffin beads, glass beads, ice particles etc. By having control over the amount, 
 size and shape of porogen, the pore size can be altered.  It is a simple, easy technique that 
 helps to control the pore geometry [55]. Choice of porogen size can be decided by sieving 
 the particle to the required dimension. However, pore interconnectivity is not achieved with 
 this process [55].  



1.4.4 Rapid prototyping


Rapid prototyping, also known as solid free form technique enables the production of porous 
scaffolds by layer-layer manufacturing method. Scaffold models, such as images of bone 
defects, designed with the help of computer aided design (CAD) software [56] are expressed 
as cross sections. Ink jet printing technology with x and y axis technology is used to expel 
a binder from the jet head. The head moves according to the CAD data that has been entered 
into the computer, on top of a polymer powder surface. The binder dissolves and mingles 
with the neighbouring particles. The chamber of the piston is lowered in the z-axis and again 
refilled  with  an  additional  layer  of  powder  and  the  entire  procedure  is  continued.  The 



(31)unbound material needs to be cleared after the final product has been completed [57].  The 
 various other branches of rapid prototyping include 3D printing, stereolithography, selective 
 laser sintering, fused deposition modeling, etc. Scaffolds with controlled porosity and high 
 interconnectivity  can  be  designed  with  the  help  of  this  technique.  As  a  result,  optimum 
 mechanical and biological kinetics can be achieved [57]. 



1.5 Applications of scaffolds in cartilage tissue engineering 


The porous scaffolds prepared from various biomaterials, using varied techniques have 
 profound  applications  in  tissue  engineering.  Various  tissues  in  the  human  body  namely 
 bone,  cartilage,  skin,  liver,  cornea,  urinary  bladder  etc.  can  be  repaired/regenerated  by 
 utilizing  the  scaffold  architecture  [58].  Soft  tissues,  in  particular  cartilage,  demand  more 
 attention as they are located in regions which are prone to constant exposure to forces and 
 trauma. Cartilage, a predominantly avascular, aneural, and alymphatic tissue, is composed 
 of sparsely distributed chondrocytes embedded within a dense extracellular matrix (ECM) 
 [58,59]. As this tissue has limited possibilities of self-repair, it is considered to be an ideal 
 candidate  for  tissue  engineering  applications  [60].  Current  treatment  methods  utilized  to 
 treat  cartilage  defects  include  arthroscopic  debridement  /  lavage,  osteochondral  grafting, 
 microfracture,  osteochondral  transplantation  etc  [61,62].  There  is  a  persistent  need  to 
 improvise  these  methods  mainly  due  to  the  lack  of  sufficient  compatibility  and 
 biomechanical  functions.  Tissue  engineering  based  methods  like  combinations  of 
 chondrocytes and copolymer scaffolds and grafts that contain gelatin [63], chondroitin [64], 
 hyaluronan [64], human fibrin [65] and PGA [66] are being used to replace the defect tissue. 


In another report, genetic modification was done by introducing TGF-β1 gene into chitosan 
 polymeric scaffolds to regenerate cartilage tissue [45]. 



1.6 Biomaterials for cartilage tissue scaffold 


Biomaterials for scaffolding applications have a wide range of sources starting from natural 
and  synthetic  origin  polymers,  bioactive  ceramics  and  hydrogels  [57].  Natural  origin 
polymers are an immediate choice for scaffolds as they are composed of structural materials 
of  tissues.  They  are  advantageous  in  terms  of  their  biocompatibility  but  may  sometimes 
cause  significant  immune  responses.  Natural  polymers  that  are  currently  in  use  as 



(32)chitosan,  gelatin,  heparin,  hyaluronic  acid,  elastin,  fibrin,  silk  etc.  [65].  Synthetic 
 biomaterials  are  easily  available  with  varied  physical  and  mechanical  properties  [65,66]. 


Synthetic polymers like polyanhydrides, PLA, PLLA, PLGA, PCL and PVA are employed 
 for scaffold manufacture [65,66]. Composites of these natural and synthetic polymers are 
 also  exploited  to  prepare  scaffolds  for  a  wide  range  of  tissue  regeneration  purposes. 


Biocomposites  based  on  silk  have  also  been  developed  including  silk-HA,  silk-chitosan, 
 silk-gelatin and silk- poly (butylene succinate) [66].  


The  hybridization  of  both  synthetic  and  natural  polymers  is  done  to  evolve  novel 
 composite  materials,  both  for  physicochemical  and  biological  benefits.  Composites  are 
 prepared  to  utilize  the  properties  of  two  or  more  constituents  to  provide  a  combined 
 beneficial  effect  over  the  material  and  biological  properties  of  the  scaffold  material.  By 
 combining various materials, it becomes easier to minimize undesirable effects and obtain 
 materials of required features for specific applications [66]. Composite materials are chosen 
 mainly based on the compatible blend of the composite materials [67]. The properties of the 
 materials must correlate in a proper fashion so as to be in synchronization. Composites of 
 polymers and ceramics improve mechanical property and tissue interaction. 


i.  Silk 


Silk stands top on the list of advanced biomaterials used in tissue engineering owing 
 to the reasons that it has excellent biocompatibility with robust mechanical strength 
 [68]. It is a fibrillar protein which has the ability to be developed into a variety of 
 forms including thin films [68], porous scaffolds [69], sponges [70] and hydrogels 
 [70,71]. Silk possesses a molecular weight of about 370000 Da, a chain length of 
 150 nm and a chain diameter of 0.45 nm [71]. The two main protein constituents of 
 silk include silk fibroin and sericin [72]. The fibroin and sericin percentage is about 
 60 and 40% in weight. Silk fibroin is a novel biomaterial which is biocompatible, 
 biodegradable, non-immunogenic and mechanically strong [73]. 


Natural silk fibers have the ability to dissolve in limited solvents due to the presence 
of a large number of inter and intra-molecular hydrogen bond in fibroin and its high 
crystallinity  [74].  Fibroin  is  insoluble  in  water  and  a  few  organic  solvents,  and 
instead, swells by 30-40%. Fibroin dissolves in concentrated aqueous, organic and  



(33)aqueous-organic  salt  solutions,  namely  LiBr,  CaCl2,Ca(CNS)2,  ZnCl2,  NH4CNS, 
 CuSO4 + NH4OH and Ca(NO3)2 [74]. 


ii.  Chitosan 


Chitosan  (CS)  is  a  polysaccharide  found  as  chitin  in  the  shells  of  crustaceans.  It 
 contains β→1-4 glucosidic linkages. CS is considered to be an excellent biomaterial 
 with properties like wound healing, anti-microbial activity, biocompatibility and less 
 immunogenicity  [75].  It  can  be  prepared  as  scaffolds  in  order  to  provide  growth 
 factors  and  improve  chondrocyte  proliferation  [76].  Being  positively  charged  in 
 acidic  medium,  CS  can  attract  the  negatively  charges  present  in  the  plasma  thus 
 accelerating  the  wound  healing  process  [77].  CS  can  be  processed  to  prepare 
 different  forms  of  scaffolds  namely  hydrogels,  thin  films,  porous  scaffolds  and 
 nanofibers  [78].  However,  CS  has  certain  limitations  like  lack  of  mechanical 
 properties  and  rapid  degradation  which  hampers  its  utilization  as  a  prospective 
 scaffold material [79]. 


iii.  Glucosamine Sulfate 


Glucosamine sulfate is one of the major structural components of cartilage tissue, 
 along  with  chondrocytes  and  hyaluronic  acid  [20].  The  primary  role  of  this 
 component is to provide a structural framework to the chondrocyte network, along 
 with sufficient nutrient balance. As a part of the proteoglycan structure, collaborated 
 with collagen and noncollagenous glycoproteins [24], it provides the cartilage the 
 ability to withstand compressive stress under various circumstances [24]. It also acts 
 as  the  precursor  molecule  for  the  synthesis  of  various  GAG  protein  including 
 chondroitin sulfate, dermatan sulfate, keratin sulfate etc [20]. 


iv.  Chondroitin Sulfate 


Chondroitin  sulfate  is  a  predominant  component  of  the  natural  ECM  of  cartilage 
which is synthesized from glucosamine sulfate [21,63,80]. It plays an important part 
in maintaining the water and nutrient balance of the cartilage tissue. It possess anti 
inflammatory properties and is found to reduce pain [81]. It also has numerous cell 
supportive domains that influences clustering of cells promoting cell adhesion. It is 



(34)also  involved  in  the  signaling  of  various  growth  factors  and  chemokines  like 
 fibroblast derived growth factors [82].  


v.  Collagen 


Collagen  is  natural  biopolymer  found  in  cartilage  which  induces  the  cell-binding 
 motifs  [83].  It  has  versatile  properties  like  being  readily  modifiable  into  desired 
 shapes without disturbing the basic structure, synergy with other biomolecules and 
 promotes  blood  coagulation  [84].  But,  it  has  certain  disadvantages  like  weak 
 mechanical and thermal stability [83,84]. 


vi.  Polylactic acid 


Polylactic  acid  (PLA)  is  an  aliphatic  polyester  which  can  be  degraded  under 
 physiological  conditions  [85,86].  It  has  high  thermal  stability  and  a  low  glass 
 transition  temperature  [87].  It  can  form  compatible  blends  with  numerous  other 
 polymers.  It  finds  extensive  utilization  in  the  field  of  controlled  drug  delivery 
 [86,87].  


vii.  Composites for cartilage tissue regeneration 


A number of researchers have worked on the composites of collagen and chondroitin 
 sulfate  as  a  biopolymer.  The  scaffolds  are  prepared  by  the  co-precipitation  of 
 collagen and chondroitin sulfate or by attaching chondroitin molecules to collagen 
 by a covalent link [88]. Since, there are studies which suggest the relation between 
 chondroitin  sulfate  and  chondrocyte  culture,  the  dual  influence  of  collagen  and 
 chondroitin  sulfate  produces  significant  results  for  the  culture  of  chondrocytes. 


Moreover, while collagen increases the tensile strength of the scaffold, chondroitin 
 sulfate improves cellular growth [88].  


Silk  fibroin  and  chitosan  are  one  of  the  most  widely  used  polymer  blends  for 
numerous tissue regeneration applications. Silk fibroin has sufficient mechanical 
stability  combined  with  biocompatibility  which  can  be  exploited  as  a  favorable 
biomaterial.  But,  it  suffers  from  drawbacks  like  less  hydrophilicity  and  delayed 
degradation  [15].  Chitosan  contains  cell  adhesion  sites  which  can  enhance  the 
wound healing process. It also possess antimicrobial properties. But, due to its rapid 



(35)degradation and lack of sufficient mechanical properties, the utilization of chitosan 
 in tissue engineering applications is limited [16]. However, blends of silk fibroin 
 and  chitosan  have  been  used  to  obtain  scaffolds  with  optimum  mechanical, 
 biodegradation and cell supportive properties. Also, the culture of chondrocytes on 
 the  silk  chitosan  blend  scaffolds  has  been  found  to  enhance  cartilage  tissue 
 regeneration [19].  



1.7 Stem cells for tissue engineering 


Stem cells are an important component of the tissue engineering process. They adhere 
 to the surface of the biomaterial, grow, proliferate and differentiate into particular lineages 
 [29].  Mesenchymal  stem  cells  (MSCs)  are  widely  used  in  numerous  tissue  engineering 
 applications.  The  important  sources  of  mesenchymal  stem  cells  include  bone  marrow, 
 placenta, umbilical cord blood, adipose tissue etc. They have a great potential in the area of 
 tissue regeneration [32]. 


i.  Adult stem cells 


Adult  stem  cells  are  undifferentiated  group  of  cells  found  amongst  the  differentiated 
 cells in tissues and organs [29]. They are usually found in muscle, bone marrow, skin, fat 
 etc. These  cells  play  a crucial role in  repairing the native host tissue. Since they possess 
 immunosuppressive ability, they can be used in allogenic transplants [33].  


ii.  Embryonic stem cells  


These cells are found to originate from the blastocyst. They have the unique ability to 
differentiate  into  various  somatic  cells  [34].  They  possess  self  renewal  capacity  and  can 
differentiate  through  precursor  cells.  They  can  differentiate  into  many  cell  types  like 
chondrocytes,  adipocytes,  osteocytes  etc  [33].  But  the  usage  of  embryonic  stem  cells  is 
limited due to ethical constraints.  



(36)iii.  Mesenchymal stem cells (MSCs) 


MSCs,  also  called  as  somatic  cells,  are  undifferentiated  cells  which  are  prominent  in 
 many organs and tissues. They have originated from the mesoderm and have the ability to 
 develop in numerous tissues like cartilage, bone, blood etc [34]. They can self renew with 
 time  and  can  also  be  readily  isolated,  cultured  under  in-vitro  conditions.  They  possess 
 certain similarities to fibroblasts and are readily utilized in the field of tissue engineering 
 for numerous applications [32]. 



1.8 Organization of thesis 


The whole thesis work has been arranged in the following chapters. 


Chapter 1 describes the structure of cartilage tissue and the need for its regeneration, 
 tissue engineering and the various strategies in regenerating cartilage tissue. This chapter 
 focuses on different scaffold fabrication techniques along with various natural, artificial and 
 composite  polymers  which  can  be  utilized  as  scaffold  materials  for  cartilage  tissue 
 engineering. 


Chapter  2 presents  the  literature  review  on  silk  fibroin  based  polymer  blend  and 
 composite  scaffolds  used  for  cartilage  tissue  engineering.  Silk-chitosan  based  porous 
 scaffolds with various blend ratios which have been developed till now have been briefly 
 described.  


Chapter 3 defines scope and objective of the study.  


Chapter  4  describes  the  materials  and  detailed  methodology  adopted  throughout  the 
 research work. The preparation of SF/CS based blend scaffolds and hybrid scaffolds and 
 the various characterization techniques have been discussed in detail.  


Chapter 5 describes the results and discussion consisting of 4 parts that includes  
 5 A: Development and characterization of SF/CS scaffolds.  


The first part of the research work describes the optimization of various blend ratios of 
SF  and  CS  for  the  preparation  of  SF/CS  porous  scaffolds,  followed  by  the  various 
physicochemical, mechanical and biological characterizations.  



(37)5 B: Development and characterization of SF/CS/Glu scaffolds.  


The  second  part  of  the  research  work  focuses  on  the  improvement  of  cell  affinity 
 properties of SF/CS scaffolds by the addition of Glu. This part explains the preparation and 
 characterization  of  SF/CS/Glu  scaffolds  to  understand  its  role  in  cartilage  tissue 
 regeneration. 


5 C: Development and characterization of SF/CS/Chs scaffolds.  


The third part of the research work explains the addition of Chs to SF/CS scaffolds to 
 validate its efficiency in improving numerous scaffold properties of SF/CS. The SF/CS/Chs 
 scaffold preparation and characterization is described in this part. 


5 D: Effect of addition of Glu and Chs in combination on the scaffold property.  


The  last  part  of  the  research  work  evaluates  the  effect  of  addition  of  Glu  and  Chs  in 
 combination towards the various SF/CS scaffold properties. This part also emphasizes the 
 superior properties of SF/CS/Glu/Chs which can be utilized for cartilage tissue regeneration. 


Chapter 6 presents a brief summary of the research work highlighting the superior in-
vitro  biocompatibility  properties  of  the  SF/CS  based  porous  scaffolds  which  shows  the 
potentiality  of  the  developed  scaffolds  for  potential  cartilage  tissue  regeneration 
applications.  



(38)
Chapter 2



Literature Review 



(39)Cartilage repair has become important in modern medicine for both functional and esthetic 
 surgery. The need for treatments options is strongly associated with the fact that native cartilage 
 is a hypocellular, avascular and not innervated tissue and thus heals poorly [89]. Defects which 
 are confined to the articular cartilage region require restoring the structural and functional 
 wellbeing of the tissues as it has lost its inherent capacity to regenerate. Articular cartilage 
 forms  one  of  the  most  native  tissues  of  the  human  body  [89,90].  Cartilage  has  sparsely 
 distributed chondrocytes embedded in a dense extracellular matrix (ECM) [82]. This ECM 
 comprises of primarily type II collagen along with proteoglycans that supply the cartilage 
 tissue  with  sufficient  mechanical  strength  for  proper  function  [2].  As  cartilage  possess  a 
 limited ability to self-repair, it is considered to be an ideal application for tissue engineering. 


Articular cartilage, a soft tissue by nature, requires materials that can be flexible, while not 
 necessarily  providing  vascularization.  The  material  must  also  cater  to  the  optimal 
 functionality of the tissue [4]. Current treatment options like tissue grafting, mosaic plasty, 
 autologous chondrocyte transplantation may be temporarily palliative but do not encourage 
 long term cure [5]. A promising alternative to this treatment methods is tissue engineering 
 which  allows  the  regeneration  of  any  functional  tissue  by  employing  artificial  matrices 
 (scaffolds), cells and several growth factors. Novel features are being introduced into this 
 technique in order to achieve better cell-material and cell-cell interactions [4]. 


Cartilage is primarily located on the outer surface of load bearing tissues and enables 
 smooth movement of the joints. Molecules are transported in and out of the cartilage matrix 
 with water which helps in providing lubrication and prevents friction.  Articular cartilage is 
 a special type of hyaline cartilage which helps reduce the friction produced in the joints [5]. 


It  is  derived  from  the  blastula  stage  of  mesenchyme  when  the  cells  begin  to  secrete  an 
 extracellular  cartilage  matrix  and  form  chondroblasts.  These  chondroblasts  later  come 
 together  and  arrange  in  the  dense  matrix  thus  forming  chondrocytes.  Water  is  the  major 
 structural  component  and  is  responsible  for  load  dependant  deformation  of  the  cartilage 
 structure. Collagen, mainly present as collagen II offers the framework and tensile strength. 


Proteoglycans  like  chondroitin  sulphate  and  dermatan  sulphate  provides  electrostatic 
balance to the cartilage system [8]. Table 2.1 explains the basic structural components of 
cartilage tissue. 



(40)Table 2.1: Structural components of cartilage tissue 
 Component of cartilage  Proportion (%) 


Chondrocytes  1-10 


ECM  95 


Water  60-85 


Collagen  60 


Proteoglycans  25-35 


Glycoproteins  15-25 


Materials like fibrin, collagen, alginate, chitosan, hyaluronan etc belong to the natural 
 origin polymers that were utilized for preparing scaffolds for cartilage tissue engineering. 


Fibrin glue is the end product from the clot reaction which is known to enhance the growth 
 and proliferation of chondrocytes [91]. Peretti et al. developed a fibrin based scaffold mixed 
 with  lyophilized  cartilage  extract  which  was  used  to  culture  chondrocytes.This  scaffold 
 showed  enhanced  biomechanical  properties  in  addition  to  implant  preservation  [91]. 


Collagen  is  a  natural  component  of  the  osteochondral  framework.  It  therefore,  has  the 
 inherent  property  of  promoting  cell  attachment  and  proliferation  in  the  joint  areas. 


Hydrogels  made  from  collagen  have  been  utilized  for  the  in  vitro  growth  study  of  bone 
marrow derived mesenchymal stem cells [88]. CS is a natural polysaccharide derived from 
the crustacean shells which has glycosminoglycan chains as a part of its structure. It can be 
prepared as scaffolds to supply growth factors and promote chondrocyte proliferation at the 
site of implantation [79]. Hydrogels act as injectable scaffolds as they can take up the shape 
of  the  defect  in  a  minimal  non  invasive  procedure.  Their  biomechanical  properties  are 
limited  to  the  crosslinking  density.  Polyethyleneglycol  hydrogels,  after  crosslinking  and 
addition of specific peptide sequences support chondrogenesis [67]. CS can be prepared as 
scaffolds  to  supply  growth  factors  and  promote  chondrocyte  proliferation  at  the  site  of 
implantation [78]. Hydrogels act as injectable scaffolds as they can take up the shape of the 
defect in a minimal non invasive procedure. Their biomechanical properties are limited to 



(41)the crosslinking density [11]. Polyethyleneglycol hydrogels, after crosslinking and addition 
 of specific peptide sequences support chondrogenesis [11]. 


Porous scaffolds, also known as sponges provide the desired porosity and surface area 
 for cell adhesion and cell infiltration in the scaffolds. Also, the porous network is significant 
 in providing efficient nutrient and gas exchange [68]. Nanofibrous networks also commonly 
 called as meshes provide greater surface area and directionality for enhanced cell growth. 


The  fiber  diameter  and  interspace  between  fibers  have  a  crucial  impact  over  the  cell 
 behavior [47]. 


Wang et al investigated the effects of using silk scaffolds for potential cartilage tissue 
 engineering applications.  The chondrocytes proliferated slowly during the first  7 days  of 
 culture,  with  increase  in  the  rate  of  cell  proliferation  over  the  next  ten  days.  Most  cell 
 attachment was limited to the surface of scaffolds [94]. Uniform morphology and porosity 
 was observed in freeze-dried sericin/gelatin blended scaffolds, with homogeneous pore size 
 distributions.  Enhanced  mechanical  properties  were  observed  with  increase  in  gelatin 
 concentration. Presence of gelatin in addition to sericin also increased the number of pores 
 and interconnectivity. Water swelling was also found to be uniform and retention was found 
 to be up to several hours [94].  


Effect of SF / hyaluronic acid blend scaffolds on the growth and proliferation of MSC’s 
 was investigated by Marcos et al. Increased swelling was observed in the blend scaffolds 
 which may enable the infiltration of cells into the scaffolds. The enhanced cell arrangement 
 can be attributed to a more organized pore morphology and material hydrophilicity. This, 
 in turn, has favoured better cell attachment and proliferation [95]. Mandal et al reported the 
 use of silk scaffolds for cell migration. Scaffolds were prepared by freezing silk solution for 
 24  hours,  sealed  on  all  three  sides  except  bottom  with  thermocole  box,  for  uniform 
 cooling.The  insulation  cover  permits  controlled  cooling  vapours  from  bottom.  Notable 
 changes with regard to pore size and porosity were evident in various freezing temperatures. 


Pores of diameter 200–250 µm were formed due to slow cooling at -20°C and -80°C. These 
scaffolds had limited porosity and pore interconnectivity. But scaffolds developed by rapid 
freezing at -196°C were found to possess 96% porosity [95].  



(42)Nazarov et al investigated the preparation of silk fibroin porous scaffolds by different 
 techniques. The morphology of the scaffolds varied according to the concentration of the 
 solution  and  alcohol  used.  High  alcohol  concentrations  caused  the  scaffolds  to  become 
 brittle. Pore size reduced with increase in concentration of the silk solution. Higher freezing 
 temperatures above the glass transition temperature causes longer time for ice formation. 


The ice particles have a direct influence in pore size namely; greater freezing time causes 
 larger  ice  crystal  sizes  and  therefore  larger  pore  size  [68].  A  novel  method  for  the 
 preparation of silk porous membranes was studied by Nogueira et al. Foaming was induced 
 in the silk fibroin solution by mechanical agitation. The foam was collected and compressed 
 between  polystyrene  plates  by  applying  pressure  to  remove  excessive  water.  The 
 membranes, after ethanol treatment, were stable, but became brittle at room temperature. 


The  scaffolds  had  an  irregular  pore  arrangement,  with  only  limited  visible  pores.  The 
 porosity and moisture content of the scaffold were 68% and 91%, respectively. Membranes 
 produced using this method can be considered for large scale production, use of scaffold 
 materials in tissue engineering applications [97]. 


Silk  scaffolds  with  the  desired  porous  structure  were  prepared  by  varying  the  silk  in 
 methanol [98]. The increase in fibroin concentration, decreases the pore size and increases 
 the pore density. The water molecules were restricted in their movement  during freezing 
 due to fibroin molecules and as a result, smaller ice crystals were formed at higher fibroin 
 concentration.  The  compressive  strength  along  with  the  compressive  modulus  were 
 increased with increase in fibroin concentration. The mechanical properties also enhanced 
 due to the increased pore wall thickness which resulted from the decreased pore size. The 
 addition  of  methanol  makes  the  fibroin  molecular  chains  better  interactand  rearrange  to 
 produce  a  crystalline  structure,  which  would  result  in  structures  with  different 
 morphologies. Also, scaffold morphology could be affected by freezing temperature after 
 methanol  treatment.  With  increase  in  cooling  rate,  aggregate  formation  was  favoured. 


Therefore,  the  small  ice  crystals  are  formed  in  the  spaces  once  occupied  by  water, 
subsequently leading to formation of smaller pores. [98]. Feng et al reported the preparation 
of silk fibroin porous scaffolds using the freeze drying / foaming technique. The foam was 
collected  by  mechanical  agitation  of  the  SF  solution  and  was  compressed  between  glass 
plates to remove water present. They were then allowed to partly thaw at room temperature 
before  freeze  drying.  The  scaffolds  showed  both  open  and  closed  pore  structures.  The 



(43)porosity  increased  with  the  decrease  of  fibroin  solution  concentration.  No  flake  like 
 morphology was evident. The use of foaming and freeze drying technique leads to enhanced 
 mechanical  properties  of  the  scaffolds  [99].  The  effect  of  the  freezing  method  on  the 
 properties  of  lyophilized  SF  porous  membranes  was  studied  by  Weska  et  al.  In  order  to 
 study the effect of varying freezing methods prior to lyophilization, porous SF membranes 
 were shock frozen in liquid nitrogen (–196 °C) or slow frozen using an ultrafreezer at –80 


°C,  for  24  hours.  The  main  difference  observed  between  the  frozen  and  liquid  nitrogen 
 treated scaffolds was in the presence of water. Water was present in the samples before the 
 freeze-drying procedure, and was the reason behind plastification of wet membranes. The 
 quench  freezing  with  liquid  nitrogen  and  lyophilization  caused  the  collapse  of  the 
 membranes.  On  the  other  hand,  slow  cooling  preserved  membrane  integrity.  The 
 denaturation  of  proteins  increases  under  conditions  when  the  freezing  creates  a  large  ice 
 surface area. The observed results indicate that the freezing rate is an essential parameter 
 that decides the integrity of lyophilized porous SF membranes [97]. 


Nam  et  al  studied  the  effect  of  freezing  temperature,  alcohol  addition  and  molecular 
 weight  to  the  morphology  of  regenerated  SF  membranes.  SF  porous  membranes  were 
 prepared  by  varying  freezing  temperatures  and  solvents,  followed  by  lyophilisation. 


Different freezing temperatures as such did not affect the morphology of the SF membrane. 


But  the  addition  of  methanol  promoted  aggregate  particle  formation  which  caused  the 
 random  coil  to  change  into  a  β-sheet  conformation.  At  a  lower  cooling  rate,  protein 
 aggregate formation takes place in a speed slow sufficient to synthesize an aggregate with 
 larger  voids  which  had  been  occupied  by  water.  So,  the  formation  of  larger  ice  crystals 
 would consequently lead to larger pores after lyophilization [100]. 


Guang et al reported modification of PCL porous scaffolds by SF. Scaffold morphology 
 was  altered  due  to  the  presence  of  silk  fibroin,  whereby  increasing  cell  adhesion  and 
 metabolism. Liu et al studied the application of polyurethane and SF films in controlling the 
 release of heparin. The presence of SF improved the release of heparin from the SF films 
 [101]. Li  et  al  analyzed  the role of  BMP-2 in  improving the osteogenic properties  of  SF 
 nanofibers.  Improved osteoconductivity was noted in  the BMP modified scaffolds  [102]. 


Lee et al found that alginate improved the various material properties of SF based sponges 



(44)[103]. Yang et al analyzed the role of cellulose combined with SF and their post treatment 
 with alkali [104].  


SF/CS blends have been utilized for many tissue engineering applications (table 2.2). 


She et al has studied the in vitro degradation properties of SF/CS porous scaffolds.Mass % 
loss of scaffolds was found to be 19.28 wt% after 8 weeks of degradation [15]. Gobin et al 
explained the mechanical and structural properties of SF/CS porous scaffolds [69]. Altman 
et al described the in vitro studies on SF/CS scaffolds using human adipose tissue derived 
stem cells. They also explained the adhesion, migration and mechanics of human adipose-
tissue-derived stem cells on these scaffolds. Enhanced wound healing and differentiation of 
adipose derived stem cells was observed on silk chitosan scaffold [28]. Bhardwaj studied 
the  blend  of  SF/CS  in  preparing  porous  scaffolds  and  their  characterization  for  tissue 
engineering applications [23]. They have also analyzed the potential of this scaffold blend 
for  the  culture  of  bovine  chondrocytes  and  also  rat  derived  chondrocytes.  The  scaffolds 
facilitated  mesenchymal  stem  cell  attachment,  migration,  cell–cell  interaction  and 
differentiation [27]. Zeng et al explained in detail the various blend ratios of SF/CS scaffolds 
for bone tissue engineering applications. The 40% SF-60% CS group proves the preferred 
ratio of scaffold material for bone tissue engineering [106]. 
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