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Development of Novel Scaffolds for Skeletal Muscle  Tissue Engineering Applications 


ABSTRACT  


Tissue  Engineering  (TE)  is  emerging  as  an  effective  way  of  curing  tissue  oriented 
disorders through new tissue regeneration. Recently graphene oxide (GO composed of 
graphene  oxide  nanoplatelets,  GOnPs)  is  widely  being  used  for  electronic  and 
biomedical  applications  because  of  its  favourable  physicochemical  properties.  The 
present thesis work focuses on the fabrication of  electrospun GO-poly (ɛ-caprolactone, 
PCL)  and  GO-poly  (lactic-co-glycolic  acid,  PLGA)  composite  scaffolds  for  myoblast 
proliferation and differentiation of human cord blood derived mesenchymal stem cells 
(hMSCs),  which  is  novel  and  challenging.  The  GO  surface  possessing  different 
hydrophilic groups allowed it to be well dispersed in the polymer  matrices for making 
electrospun  fibrous  scaffold  meshes.  Addition  of  GO  in  these  polymers  enhanced 
mechanical  property,  hydrophilicity  and  electrical  conductivity  of  the  GO-polymer 
composites. Electrical conductivity of the GO-PCL and GO-PLGA scaffolds increased by 
about two orders of  magnitudes (from ~5x10-9 to 2.3 x10-7 S/m2) with the addition of 
low  GO  concentration  (within  non-toxicity  limit  <20  µg/ml  for  human  cells). Such 
enhancement  of  conductivity  along  with  nanostructural  surface  morphology  of  GO 
improved the biocompatibility and cell viability of the developed scaffolds. GO-polymer 
composites  showed  percolation  behavior  at  low  GO  concentrations  (~0.79  and 
0.76wt%,  respectively,  for  GO-PCL  and  GO-PLGA).  High  resolution  TEM  (HRTEM)  and 
Raman  G  and  D  peak  values  indicated  the  presence  of  GO  in  the  composite  scaffold  
messes. In-vitro  cell  culture  study  confirmed  excellent  myoblast  differentiation  of 
hMSCs on these electrospun composite scaffolds. The GO-PCL composite scaffolds with 
suitable  mechanical  properties,  little  higher  hydrophilicity  as  well  as  conductivity  and 
dielectric constant (associated with GO surface charge) compared to those of GO-PLGA,  
exhibited  better  myoblast  differentiation  and  promoted  self-aligned  myotubes 
formation,  which  were    evident  by  cell  attachment  (FESEM  studies),  viability  and 
proliferation  (WST-8  assay),  Immunohistochemical  analysis  etc.  Moreover,  IGF-1  cell 
signalling pathway study done on GO-PCL scaffolds also indicated superiority of the GO-
PCL scaffolds for skeletal muscle tissue regeneration. It was  revealed, for the first time, 
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that GO surface charge and significant enhancement of conductivity of the GO–polymer 
 nanocomposite  scaffolds,  GO-PCL  scaffold  in  particular,  might  be  considered  as 
 potential candidates for the myoblast differentiation of hMSCs for the next generation 
 human skeletal muscle tissue regeneration. 



Keywords:
 Tissue Engineering; Myoblast differentiation;  Graphene Oxide (GO); GO-
Polymer  Composites;    Electrospun  Scaffolds;    Umbilical  Cord  Blood;  Mesenchymal 
Stem Cells; Skeletal Muscle Tissue. 
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GO-PCL and PCL , respectively.  P-66 


Figure 4.3.  (a) SEM micrograph showing surface morphology of thin GO  sheet (inset 
 shows  the  FESEM  micrographs  of  a  particular  point    on  the  surface).  (b) 
 SEM  micrograph  of  the  GO-PCL  electrospun  meshes  (inset  shows  the 
 HRTEM  image  of  GO  present  in  GO-PCL  along  with  the  selected  area 
 electron  diffraction  (SAED)  image).  (c)  FESEM  micrographs  of  a  broken 
 edge of thin GO sheet (inset shows the HRTEM image of a single layer GO 


film).    P-67   
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Figure  4.4.  Atomic  force  microscopic  (AFM)  tapping  mode  image  of  the  graphene 
 oxide nanoplatelet sheet  from an aqueous dispersion with superimposed 
 cross  section  measurements  taken  along  blue  and  cyan  line  indicating 


~167 nm in  radial diameter (b) and (c) sheet thickness of approximately 


450nm.   P-68 


Figure 4.5.  Raman  spectra  of  GO  (a)  and  GO-PCL  (inset).  The  characteristic  D  (2Eg) 
 and  G  (A1g)  peaks  of  graphene  are  shown  both  in  GO  and  in  the  GO-
 polymer  composite.  There  is  no  detectable  peak  corresponding  to  2D 
 around ~2700cm -1  indicating that graphene is fully oxidised.  P-69 
 Figure 4.6.  FTIR  spectra  of  GO  sheets  and  pristine  graphite  powder  (inset) 


distinguishing  the  behaviour  of  graphene  and  graphite  powder.  In  GO 
 intense  bond  around  3438cm-1  corresponding  to  O-H  band  of  CO-H  is 


observed.  P-70 


Figure 4.7.  FTIR spectra of PCL and GO-PCL mesh distinguishing the behaviour of the 
 two spectra. The spectra of GO-PCL if different from those of PCL and GO 
 indicating  strong  coupling  of  GO  and  the  PCL  polymer.  GO-PCL  showed 
 absorption bands at 1727cm-1 indicating carbonyl stretching.  P-70 
 Figure 4.8.  UV-visible spectra of GO-PCL composite. The GO peak exhibits maximum 


around 371 nm, characteristic feature of the π-π transition of aromatic C-


C bonds.  P-71 


  


Figure 4.9.  In-vitro  degradation  pattern  of  electrospun  PCL  and  GO-PCL  composite  
 scaffolds  in  PBS  for  30  days.    Inset  shows  contact  angle  analysis  (in 
 degrees) representing both advancing (wetting) and receding (dewetting) 
 water  sessile  drop  on  GO  sheets,  GO-PCL  and  PCL  meshes.  Error  bars 


present standard deviation.          P-73 


Figure 4.10.  The stress-strain curve of the GO sheet and GO-PCL meshes carried out at 
 room  temperature  with  GO  concentration  within  the  non-toxic  limit 


(~20µg/ml).     P-74 


Figure 4.11.  Room  temperature  (RT~300C)    conductivity  (σ)  data  of  a  GO  sheet  as  a 
 function of frequency (a) and corresponding conductivity data of the same 
 sheet (measured at 1000 kHz) after immersion in PBS solution for up to 7 
 days (b) . (c) RT dielectric constant (ε) data of the GO sheet as a function 
 of frequency. (d) Corresponding ε data of the sheet (measured at 1 kHz) 
 after  immersion  in  PBS  solution.  (e)  FESEM  micrograph  showing 
 morphology of the GO sheet surface after immersion in PBS up to 7 days.  


(f) RT variation of electrical conductivity and (g) dielectric constant of PCL 
 fibrous meshes as a function of frequency. In (b) and (d), 0 days indicate, 
 respectively,  RT  σ  and  ε data  of  GO  before  immersion  in  PBS  (shown  for 


comparison).       P-75 
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Figure 4.12.  (a) Room temperature (RT) dielectric constant (ε) and (b) conductivity (σ) 
 data  of  GO-PCL  meshes  before  (0  days  -  before  immersion)  and  after 
 immersion in PBS solution for up to 7 days. RT ε (c) and σ (d) data of PCL 
 meshes  before  (indicated  by  the  O  days)  and  after  immersion  in  PBS 
 solution (all measurements were performed 1 kHz).    P-76 
 Figure 5.1.  (a)  Mononuclear  cells  (MNCs)  layer  (middle)  and  red  blood  cells  (RBC) 


precipitated  at  the  bottom  in  a  50ml  culture  tube.  (b)  Isolation  of  MNCs 


being cultured in a cell culture plate.   P-80 


Figure 5.2.  Gradual  morphological  changes  of  umbilical  cord  blood  derived 
 mesenchymal  stem  cells  (hMSCs).  After  5th  passage  fibroblast  like 
 morphology (d) of the cultured cells were observed under phase contrast 


microscope.     P-80 


Figure 5.3.  Morphology of hMSCs was analysed using phase contrast microscope (a) 
 and  cytoskeleton  staining  of  actin  filaments  (b)  along  with  Nuclei 
 counterstained with DAPI (fluorescence image).          P-81 
 Figure  5.4.  The  immunophenotypic  analysis  was  found  to  be  positive  for  CD90 


(99.2%), CD73 (98.5%), CD105 (98%) and negative for CD45 (1.5%), CD45 
 (0.5%)  and HLA-DR (1.0%) indicating the presence of mesenchymal stem 


cells.      P-81 


Figure 5.5.    Attachment and Spreading of hMSCs on GO-PCL composite scaffolds on  3 
 (fig.  a),  5  (fig.  b)  and  7  (fig.  c)  days  of  culture.  The  hMSCs  are  well 


visualized from the micrographs.   P-82 


Figure 5.6.   WST-8 assay of hMSCs grown on GO sheet, GO-PCL and control substrates 
 after 3, 7 and 11 days of culture. Superior cellular metabolic activity has 
 been observed on GO-PCL based composite meshes. Results presented as 
 the means ± SD. * indicates significant difference (n=5; p<0.05). Metabolic 
 activity was increased with time with the scaffolds showing the trend GO-
 PCL>GO>control (tissue culture plate) substrate. 


P-83 
 Figure 5.7.    Cell proliferation represented in terms of DNA quantification on GO sheet, 


GO-PCL  mesh  and  control  (tissue  culture  plate)  substrates.  An  increased 
 trend  in  DNA  content  is  observed  on  all  the  GO  based  matrixes.  Results 
 represented  as  mean  ±  SD,  *  indicates  significant  difference  (n=5;  p  < 


0.05). Proliferation of hMSCs were increased with time with the scaffolds 
 showing the trend GO-PCL>GO>control substrate.     P-83 
 Figure 5.8.   Morphology of hMSCs (a) changes towards bipolar structure (b), same as 


myoblasts,    on  GO-PCL  electrospun  composite  scaffold  that  indicates 
differentiation of hMSCs  to myoblast cells (morphology  wise).  P-84 
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Figure 5.9.   Viability  and  proliferation  of  myoblasts  observed  by  tetrazolium  salt 
 (WST-8)  assay.  Superior  viability  of  cells  has  been  found  on  GO-PCL 
 composite meshes compare to GO sheet and other controls (collagen and 
 tissue  culture  plate)    indicating  better  myogenic    potential  and  hence 
 biocompatibility. Results presented as the means ± standard deviation). * 
 indicates significant difference (n=5; p<0.05).  P-85 
 Figure 5.10.  Flow  cytometric analysis  of  hSkMCs  obtained  from  GO-PCL  meshes  and 


GO  sheet  (by  trypsinization  method)  after  7  days  of  culture.  Cells  highly 
 expressed  for  skeletal  muscle  markers  CD56  and  desmin  that  confirmed 


myoblast cell phenotype.          P-86 


Figure 5.11.  Analysis  of  cytoskeleton  development  of  hSkMCs  grown  on  (a)  control 
 (tissue  culture  plate  (TCP)),  (b)  collagen  mesh,  (c)  GO  sheets,  (d)  GO-PCL 
 meshes.  (e)  Cell  aspect  ratio  quantification  from  (a-d)  after  3  days  of 
 culture. Increased aspect ratio indicates better elongation of these cells on 


GO based substrates.    P-87 


Figure 5.12.  FESEM  micrographs  of  GO-PCL  electrospun  scaffolds  representing  cells 
 attachment  as  well  as  spreading  at  increasing  time  interval  (Day3(a)-
 Day7(b))  and  also  formation  of  myotubes  at  extended  time  of 
 differentiation  (Day11(c)).  For  better  comparison,  Immunostaining  (with 
 Desmin-FITC  and  MHC-FITC  conjugated)  images  of  the  corresponding 
 FESEM  images  have  also  been  shown  alongside  (d-l)  with  GO  sheet  and 
 control (tissue culture plate (TCP)) substrate.  P-88 
 Figure 5.13.   Expression  of  the  early  myogenic  differentiation  marker  Myogenin-


positive  nuclei  (green)  on  controls  (a,  b),  GO  sheets  (c)  and  GO-PCL 
 meshes  (d).  Immunostaining  of  MHC  (green),  respectively,  on  controls 
 (collagen and tissue culture plate) (e-f), GO sheets (g) and GO-PCL meshes 
 (h) and Dystrophin (red) similarly on controls (I,j), GO sheets (k) and GO-
 PCL meshes (l). Nuclei were counterstained with DAPI.FESEM micrographs 
 (m-p)  of  the  corresponding  samples  were  also  shown  for  better 


demonstration.   P-89 


Figure 5.14.   Quantitative  analysis  of  percentage  myogenin-positive  nuclei  (cells 
 cultured  in  differentiation  medium  for  5  days  before  staining).  * 
 represents  significant  difference  (p<0.05) compare  to  collagen  mesh  and 
 tissue culture plate (TCP) taken as controls.    P-90 
 Figure  5.15.  Expression of myogenic protein Desmin and MyoD (left) and expression of 


fold change on GO-PCL mesh, GO sheet and control (tissue culture plate) 
 (right)  for  the  corresponding  proteins.  *  indicates  significant  difference 


compare to control (p< 0.05).   P-91 


Figure 5.16.   Expression of myogenic protein (MHC) (left) and expression of fold change 
on  control,  GO  and  GO-PCL  substrates  (right).  *  indicates  significant 
difference from control (p< 0.05).             P-92 
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Figure 5.17.  Expression  of  myogenic  genes  (Desmin,  MyoD  and  MHC)  in  myoblasts 
 grown on electrospun GO-PCL mesh, GO sheet and control (tissue culture 
 plate) substrates. * indicates significant difference from control (p < 0.05). 


P-93 
 Figure 5.18.  A  schematic  representation  of  IGF/IRS-1/PI(3)K/Akt/MyoD  signalling 


pathway  that  is  involved  in  skeletal  muscle  differentiation  and 


maturation.    P-94 


Figure 5.19.   Expression of PI(3)k, Akt, pAkt, IRS-1 (a) and expression of fold change for 
 these  corresponding  signaling  proteins  (b)  on  control  (tissue  culture 
 plate), GO sheet and GO-PCL meshes. * indicates significant difference (p< 


0.05).    P-95 


Figure 5.20.  Expression  of  MyoD  (a)  and  the  corresponding  relative  intensity  (b) 
 indicating pre and post inhibition of Akt. * indicates significant difference 
 from post Akt inhibition (p < 0.05).     P-96 
 Figure 6.1.   (a) GO solution, (b) GO film composed of GOnPs and (c) scanning electron 


micrograph of a typical  electrospun GO-PLGA composite scaffold meshes. 


P-99 
 Figure 6.2.  GO  concentration  (fGO)  dependent  dielectric  permittivity  (ε)  and 


conductivity  ()  showing  maximum      ε  and   around  0.75  wt%  GOnPs 


concentration.   P-100 


Figure 6.3.  XRD  pattern  of  PLGA  (a)  and GO-PLGA   composite  meshes  indicating 
 sharp crystalline peaks. Insets of (a) and (b) show the SEM micrographs of 
 electrospun meshes of PLGA and GO-PLGA   composite, respectively.   


P-101 
 Figure 6.4.   Raman  spectra  of  GO  (a)  and  GO-PLGA  (b)  composite  showing  the 


presence of E2g (D) and A1g (G) peak corresponding to the graphene oxide 


GO and GO-PLGA  composite meshes.   P-102 


Figure 6.5.   The FTIR spectra of PLGA (a) and GO-PLGA  (b). The corresponding spectra 
 of  GO  has  been  shown  in  chapter-5.  The  intense  band  at  3438cm-1    was 
 attributed  to  stretching  of  the  O-H  band  of  CO-H.  The  band  at  1639cm-1
 was associated with stretching of the C=O bond of carbonyl groups.  


P-103 


Figure 6.6.  Showed  the  stress  strain  curve  of  GO-PLGA  scaffold  meshes.  The 
 corresponding curve for the GO has been shown in part-1 of this chapter 


for comparison.   P-104 


Figure 6.7.  In-vitro degradation pattern of electrospun PLGA and GO-PLGA composite  
scaffolds in PBS for 30 days. Inset shows contact angle (CA) of GO, PLGA 
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and GO-PLGA  meshes. The wetting and dewetting difference is a measure 
 of the molecular interaction of the liquid and the scaffold.     P-105 
 Figure 6.8.  Swelling  ratio  of  PLGA   and   GO-PLGA   meshes.  The  ratio  increases  with  


addition   of GO in PLGA. Figure shows that GO  addition in PLGA in DMF 
 solution  (20  µg/mL  and  40  µg/mL  of  5LGA  solution)  enhance 


hydrophilicity of the scaffolds.  P-106 


Figure 6.9.  (a) Room temperature (RT~300C) effective dielectric constant  (ε) and (b) 
 effective  conductivity  ()  data  of  GO-PLGA  composite  meshes  before 
 (indicated by 0 days) and after immersion in PBS solution for upto 7 days. 


Similar  ε  (c)  and   (d)  data  from  PLGA  meshes  before  (0days)  and  after 
 immersion  (maximum  7  days)  in  PBS  solution  discussed  in  chapter  3  (all 
 measurements were performed at  1kHz).      P-107 
 Figure 7.1.   Attachment  and  spreading  of  hMSCs  on  GO-PLGA  composite  scaffolds 


examined  on  3rd(fig.  a),  5th(fig.  b),  and  7th(fig.  c)  days  of  culture. 


Proliferation  of  cells  has  been  found  with  increasing  time  interval 
 indicating cells are compatible with scaffold environment.     P-110 
 Figure 7.2.  WST-8 assay of hMSCs grown on GO-PLGA  composite scaffolds  after 3, 7 


and  11  days  of  culture.  Superior  cellular  metabolic  activity  has  been 
 observed on GO-PLGA  composite meshes. Results presented as the means 


±SD.  *  indicates  significant  difference  (n=5;  p  <  0.05).  Metabolic  activity 
 was  increased  with  time  with  the  scaffolds  showing  the  trend 


PLGA>control substrate.   P-111 


Figure 7.3.   Cell proliferation represented in terms of DNA quantification on GO-PLGA  
 mesh  and  control  substrates.  An  increased  trend  in  DNA  content  is 
 observed on GO-PLGA  composite matrixes. Results represented as mean 


±  SD,  *  indicates  significant  difference  (n=5;  p<  0.05).  Proliferation  of 
 hMSCs were increased with time with the scaffolds showing the trend GO-


PLGA >control substrate.          P-112 


Figure 7.4.   Myoblast  cells  viability  and  proliferation  observed  by  tetrazolium  salt 
 (WST-8)  assay.  Results  presented  as  mean  ±  standard  deviation.  * 
 indicates  significant  difference  (n=5,  p<0.05).  Viability  was  found  to 
 increase  with  time  on  the  samples  showing  the  trend  of  GO-


PLGA>GO>control substrates.   P-113 


Figure 7.5.  Flow  cytometric  analysis  of  myoblasts  grown  onto  the  GO-PLGA 
 composite  scaffold.  Positive  expression  of  myogenic  markers  CD56  and 
 Desmin represents myoblast cells  phenotype.   P-114 
 Figure 7.6.   Immunostaining  of  Desmin,  MyoD  and  MHC  (myosin  heavy  chain)  on 


controls  (a-f)  and  GO-PLGA  electrospun  composite  mesh  (g-l). 


Corresponding  FESEM  micrographs  (m-o)  of  these  samples  were  shown 
for  better  demonstration.  It  is  revealed  that  GO-PLGA  showed  better 
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myoblast differentiation compared to that on control groups  (pure PLGA 


mesh and TCP).   P-115 


Figure 7.7.  Expression  of  myogenic  proteins  Desmin,  MyoD  and  MHC  (a)  and 
 expression of fold change on control and GO-PLGA substrates (b-d) for the 
 corresponding  proteins.  Expressions  of  myogenic  genes  (analysed  by 
 quantitative real-time RT-PCR) in myoblasts grown on GO-PLGA mesh and 
 control  substrates  (e).  *  indicates  significant  difference  compared  with 
 control (p< 0.05). Up regulation of  myogenic proteins and genes indicates 
 better myogenic differential potential of the scaffolds.   P-116 
 Figure 8.1.  The  variations  of surface  charge  (Q)  and  current  (I)  with  applied  voltage 


(Vpp)  measured  at  two  different  fixed  frequencies.  Inset  shows 
 capacitance (C) – voltage (V) characteristic curve of thin GO sheet at 100 
 kHz(all measurements at room temperature).   P-120 
 Figure 8.2.  Thermal variations of resistivity of thin GO sheet and GO-PLGA composite 


indicating  a  metal  insulator  like  transition  around  room  temperature. 


Inset  indicates  the  room  temperature  current  (I)  -  dc  voltage  (V) 
 characteristics of GO-PLGA composites with increasing GO concentrations 


(maximum with fc =0.75 wt%).  P-122 
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1. General Introduction 


This  chapter  provides  a  general  introduction  and  brief  discussion  on  different  basic 
 aspects of tissue engineering (TE), skeletal muscle structure and functions, muscle repair 
 mechanism, challenges of skeletal muscle TE, significance and important properties of TE 
 scaffolds,  material  aspect  of  scaffolds,  stem  cells  and  their  importance  in  TE,  future 
 prospect  of  TE,  its  limitations  and  problems. A  brief  outline  of  the  organization  of  the 
 thesis is presented at the end of the chapter. 



1.1. Background and Importance of the Study 


With  the  advent  of  modern  science  and  technology,  conventional  clinical  fields  of 
 research  and  development  have  reached  to  a  peak  of  excellence;  various  complicated 
 tissue related diseases are being treated via medication and through surgeries with the 
 aid of available modern sophisticated instrumental facilities. But, in several acute cases, 
 precise  clinical  services  with  adequate  advanced  technological  approaches  are 
 occasionally  needed;  especially  when  replacement  or  regeneration  of  tissue  is  of  vital 
 importance  and  where  application  of  advanced  TE  becomes  inevitable.  Scientists  and 
 biotechnologists  with  their  innovative  ideas  are  engaged  working  in  this  highly 
 demanding field of “Tissue Engineering”, that regenerates, maintains and improves the 
 functionality of the damaged or diseased tissues [1,2]. Currently, TE has  become  one of 
 the  rapidly  emerging  fields  of  clinical  research  contributing  to  the  advancement  of 
 regenerative medicine to cure various diseases related to skeletal muscle [3,4], bone [5], 
 cartilage [6,7], skin [8] and cardiac failure [9] to name a few. 


The  skeletal  muscle  tissue  (SMT)  is  one  of  the  most  important  tissue  types 
responsible for the movements of different parts of human body. The main purpose of 
SMT  engineering  is  to  restore  movements  of  defective  limbs  [10]  or  organs.  The  SMT 
damage  might  occur  due  to  various  causes  like  injuries,  burns  and  disease  like  muscle 
trauma  [11].  In  such  cases,  large  muscle  tissues  are  lost  or  damaged  thereby  become 
non-functional.  Moreover, there is also a chronic shortage of donor organs available for 
transplantation  that  highlights  the  urgency  to  develop  novel  strategies  to  address  this 
problem.  In general, medical treatment is performed by grafting of muscle from another 
part  of  the  body  to  compensate  the  damaged  area  (auto  graft)  or  by  healthy  tissues, 
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harvested from another animal or human (allograft), are  used. Moreover, as mentioned 
 above, there is also acute donor scarcity. In such cases, immunorejection and matching 
 of  identical  physical  structure  are  of  major  concerns  [12].  Even  if  this  procedure  is 
 carried out successfully, it may not provide natural orientation and functionality to the 
 repaired  or  cured  tissues  [13].  Under  such  circumstances,  patients  might  have  to  go 
 through  repeated  surgeries  that  might  sometimes  be  fatal  [14].  To  cope  up  with  such 
 adverse circumstances, TE has come forward with immense potential, not only to regain 
 lost  tissue,  but  also  to  maintain  and  provide  tissue  structure  and  strength  without 
 hampering its original functionality [15].  


The  most  important  requirements  of  successful  tissue  engineering  are 
 biocompatible scaffolds and live cells. Scaffolds must provide favorable environment for 
 the  differentiation  and  proliferation  of  the  despised  tissues.  Such  scaffolds  should 
 facilitate necessary guiding cues for tissue regeneration within the required time frame. 


For  making  skeletal  muscle  TE  scaffolds,  various  biocompatible  polymers  have  so  far 
 been used depending upon specific tissue types. Most popular biocompatible and widely 
 studied  polymers  are  both  synthetic  such  as  PCL  (polycaprolactone)  [3,4],  PLA  (poly-
 lactic  acid)  [16],  PGA  (poly-glycolic  acid)  [17],  PLGA  (poly-lactide-co-glycolide)  [18]  as 
 well  as  natural  polymers  namely  collagen,  silk  fibroin,  chitosan  [19,20].  But  various 
 problems  related  to  biodegradability,  mechanical  stability,  cell  scaffold  interaction, 
 hydrophilicity, and conductivity of these scaffolds are needed to be tuned to develop a 
 suitable scaffold for a particular tissue engineering application. A single polymer (natural 
 or synthetic) scaffold has not been found, so far, to be suitable to provide all the desired 
 properties (mechanical, biodegradability, conductivity etc.) to successfully regenerate a 
 specific tissue type, for instance, skeletal muscle tissue. Therefore, continuous research 
 and developments are still going on to find a suitable scaffold using novel materials that 
 could effectively be employed to fulfil most of the required factors as mentioned above. 


Recently  carbon  based  materials  like  carbon  nanotubes  (CNT)  [3]  or  nanowire  and 
nanocrystalline  diamond  have  been  widely  tested  for  their  potential  toxicological  risks 
and their possible uses in biomedical applications. The results of such studies involving 
carbon  nanotubes  (CNTs)  are,  however,  not  beyond  contradiction,  showing  cytotoxic 
effects  in  some  cases  and  improved  cell  growth  in  other  case  [21].  The  toxicity  of 
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nanotubes  is  apparently  affected  by  their  degree  of  dispersion,  their  level  of 
 functionalization and length [22-24]. Preparation of pure CNT is also difficult.  Another 
 recently  discovered  very  important  carbon  based  material  is  graphene  and  its 
 derivatives.  These  novel  graphene  and  graphene  derivative,  viz.  graphene  oxide  (GO) 
 and reduced graphene oxide (rGO) have drawn attention world-wide  for applications in 
 electronic devices, biosensors as well as in tissue engineering because of their favorable 
 physicochemical  properties  as  well  as  excellent  biocompatibility  that  support  skeletal 
 muscle  and  other  tissue  growth  and  proliferation  [24].  In  graphene  oxide,  there  are 
 many hydrophilic  groups  on  its  surface  (like  carboxyl,  hydroxyl  and  epoxy)  so  it  can  be 
 dispersed in water and  many other organic liquids, which are ideal solvents of several 
 polymers.  More  importantly,  GO  is  antibacterial  and  nontoxic  (within  50µg/mL  for 
 human cells), ease to make composites with a wide range of conventional biopolymers 
 which  facilitate  GO  for  TE  and  other  biomedical  applications.  Graphene  oxide 
 nanoplatelets  (GOnPs)  form  composites  with  many  bioactive  polymers  [25],  for 
 examples, PCL, PLGA and PVA (polyvinyl alcohol). As usual, bioactive scaffolds composed 
 of  GOnPs  and  polymer  can  be  prepared  by  various  techniques.  Electrospinning  [26]  is 
 one  of  the  latest  popular  modern  techniques  that  had  widely  been  used  for  the  last 
 decade to fabricate fibrous scaffolds with define and controlled characteristics [27]. This 
 technique can also be successfully applied for the fabrications of GO-polymers or other 
 polymer based  composites  for  making  scaffold meshes,  similar to  many  other polymer 
 meshes,  for  TE  applications.    To  find  a  convenient  and  easily  available  source  of  stem 
 cells for tissue regeneration is also of crucial importance [28-30]. 



1.2. Challenges in Skeletal Muscle Tissue Engineering 


Tissue  engineering  is  an  emerging  multidisciplinary  field  of  research  and  development. 


There are various challenges which researchers encounter for the successful applications 
 of  TE.  TE  applies  biological,  chemical,  mechanical,  physical  and  engineering  principles 
 [28-31]  towards  the  repair,  regeneration  or  restoration  of  living  tissues  using 
 biomaterials, cells, and growth factors. The most important issues related to the success 
 of  TE  are  the  procurement  of  stem  cells  and  the  development    of  temporary  holders 
 providing  favourable  environment  for  cell  growth  and  proliferation  called  ‘Scaffolds’. 


Cells are grown onto appropriate scaffolds  with various optimized parameters  to make 
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suitable  constructs.  Here,  one  of  the  major  challenges  is  to  design  and  fabricate  the 
 scaffolds  using  suitable  biocompatible  material  that  would  provide  necessary 
 advantageous  cues  for  the  growth  and  proliferation  of  the  desired  muscle  tissues. 


Moreover,  one  has  to  deal  with  various  physicochemical  parameters  of  the  solid 
 materials  to  find  the  best  biocompatible  scaffolds  for  the  growth  of  specific  cells  on 
 those  scaffolds  successfully  [32-34]  and  also  for  the  desired  cells  differentiation  and 
 proliferation  before  final  implantation  in  the  body.  For  tissue  engineering,  constant 
 supply of living cells is also needed. In this connection, it is to be mentioned that among 
 the various sources of human stem cells (viz. bone marrow, cord blood etc.), the use of 
 human  umbilical  cord  blood  (UCB),  considered  as  biological  waste,  would  be  highly 
 significant if widely being used for TE purposes in a convenient way.  



1.3. Skeletal Muscle Structure and Function 


Skeletal  muscles  (SM)  are  responsible  for  locomotion  of  limbs  and  breathing  and  they 
 also produce body heat called thermogenesis. Human body is comprised of 324 muscles 
 and  about  40-45%  of  human  body  mass  consists  of  muscles.  There  are  three  types  of 
 muscles found in human body such as (a) skeletal muscle [3,4] (b) smooth muscle [35,36] 


located in the blood vessels, respiratory tract, iris of the eye, gastro-intestinal tract and 
(c) cardiac muscle [37] located in the heart that provides the contractile activity [38]. The 
SMT is composed of muscle fibers that are cylindrical-shaped having many nuclei per cell 
(multinucleated) which make up the entire skeletal muscle [30,38,39]. Muscle fibers or 
myotubes are made up of several muscle cells or myoblasts fused together. These fibers 
are again made up of number of myofilaments (~0.05-0.10mm of diameter and ~15cm in 
length).  There  is  a  layer  of  connective  tissue  called  epimysium  surrounding  the  entire 
skeletal muscle fiber [38]. But if this connective tissue is situated surrounding a bundle 
of  muscle  fibers,  it  is  called  perimysium  while  endomysium  surrounds  an  individual 
muscle  fiber.  Each  of  the  muscle  fibers  contains  contractile  machinery  and  cell 
organelles [38]. Skeletal muscle fibers contain blood vessels (capillaries) that enable flow 
supply  of  micronutrients  and  removal  of  waste.  Through  muscle  contraction,  skeletal 
muscle shortens and makes various parts of the skeleton moving. Muscle contraction is 
activated through specific signals carried out to the muscle via somatic nervous system 
[40]. 
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1.4. Muscle Repair Mechanism


Natural  muscle  fibers  cannot  be  repaired  by  their  own.  Muscle  repairing  cells,  called 
 satellite cells [41] are the main tools that involve in this complex mechanism of muscle 
 tissue repair [42, 43]. Skeletal muscles repair themselves via fibrosis repair unlike skin or 
 cardiac  tissue  repair  [44].  Satellite  cells  are  present  in  the  outer  layer  of  muscle  fibers 
 within the sarcolemmal basement membrane [45]. During muscle tissue repair, collagen- 
 III is produced which plays an important role in muscle tissue regeneration. Researchers 
 [46]  later reported matrix metalloproteinase one (MMP-1) which destroyed previously 
 produced collagen III and involved in the development of extracellular matrix (ECM) to 
 migrate  to  the  site  of  wounded/  injured  tissue  by  releasing  of  MMP-2  [47].  Site 
 specificity  of  MMP-1  was  also  reported  by  Wang  and  co-workers  [48].  MMPs  are 
 naturally involved in the formation of ECM. But they can also be used by satellite cells to 
 degrade  basement  membrane  in  order  to  migrate.  On  the  other  hand,  expression  of 
 various transcription factors clearly indicate the current status of the muscle tissue. For 
 example,  MyoD  is  expressed  until  cell  fusion  occurs  in  muscle  tissues.  Similarly, 
 myogenin  marker  also  involves  in  myoblasts  differentiation.  After  fusion  of  those 
 satellite  cells,  MHC  (myosin  heavy  chain)  is  expressed.  So,  Satellite  cells  are  important 
 tools  to  regenerate  skeletal  muscle  tissue  and  to  track  myoblasts  fusion  for  the 
 formation of muscle fibers [49]. 


Figure  1.1.  Schematic  representation  of  human  Skeletal  Muscle  Tissue  (SMT)  showing 
progression  from  muscle  body  surrounded  by  the  epimysium.  Bundles  of  muscle  fibers  are 
encapsulated by the endomysium and collected into fascicles by the perimysium. 
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1.5. Scaffolds for Skeletal Muscle Tissue Regeneration 


On  an  average,  skeletal  muscle  occupies  40-45%  of  total  body  mass.  Skeletal  muscle 
 defects arising due to injury and/or diseases like muscle trauma are very much common 
 and  a  major  challenge  to  conventional  therapeutic  techniques.  Various  alternative 
 techniques  have  been  developed  to  cope  up  with  the  situation.  Tissue  regeneration  is 
 one of the most attractive and promising of them. However, for the success of TE, the 
 design and development of suitable biocompatible scaffolds, as mentioned above, are of 
 paramount  importance.  Skeletal  muscle  tissue  engineering  scaffolds  have  to  be 
 engineered in such a way so that cells can grow onto them and can form myotubes with 
 natural orientation. In addition, scaffolds must facilitate muscle formation by stimulating 
 cells  adhesion,  proliferation  and  differentiation.  To  prepare  scaffolds,  various 
 biopolymers  are  used  either  in  pure  form  or  in  the  form  of  composite.  As  mentioned 
 earlier, PCL [50] and PLGA [51] are among the most common synthetic biopolymers used 
 for  scaffolds  preparation  [52].  Various  other  polymers  or  solid  materials  are  generally 
 used as fillers to make these polymer composites suitable for TE applications. Recently 
 graphene, a 2D monolayer of Sp2 bonded carbon atoms and its derivatives like graphene 
 oxide  (GO)  were  found  to  be  applicable  in  diverse  fields  for  their  excellent 
 physicochemical,  electro-chemical  and  mechanical  properties  [3,  53].  Interestingly,  GO 
 addition  in  polymer  enhances  the  conductivity  along  with  mechanical  property  of  the 
 GO-polymer  composites.  Conductivity  enhancement  of  the  scaffolds  is  important  to 
 induce  myoblast  differentiation  and  formation  of  self-aligned  myotubes,  a  desirable 
 factor  for  skeletal  muscle  tissue  regeneration  [28].  GO  being  nanomaterial  like  carbon 
 nanotubes,  there  are  several  advantages  of  using  such  nanomaterial  in  TE  [3,  54]. 


Graphene  based  materials  are  also  utilized  for  various  biomedical  applications  such  as 
 drug  delivery  [55],  cancer  therapy  [56],  and  bio-sensing  devices  [57]  because  of  their 
 unique  chemical  and  physical  properties.  Graphene  based  materials  have  also  got 
 application as a suitable implantable platform for electro conducting tissue engineering 
 applications  [3,58,59].  For  example,  fibroblast,  osteoblasts  and  human  mesenchymal 
 stem  cells  (hMSCs)  adhered  well  onto  graphene based  substrates  and  developed  good 
 cellular  interaction  [58,59].  Pristine  graphene  induced  the  osteogenesis  of  hMSCs  [60] 


and differentiation of human neural stem cells into neurons [59,61]. GO stimulated the 
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differentiation  of  hMSCs  to  adiposities  and  the  differentiation  of  induced  pluripotent 
 stem  cells  (iPSCs)  into  endodermal  lineages  [62].  GOnPs  (or  GO)  form  interesting 
 nanocomposites  with  bioactive  polymers  like  PCL  [3]  or  PLGA  [63]  which  can  be 
 electrospun  to  produce  fibrous  meshes  for  tissue  regeneration.  The  GO-polymer 
 composites with improved mechanical and electrical conductivity provide suitable cues 
 for  electro-responsive  muscle  tissue  regeneration  [64-67].  Biocompatibility  and 
 myoblast differentiation onto such composite meshes might also be very important for 
 skeletal  muscle  or  other  tissue  engineering  applications.  Because  of  excellent 
 physicochemical  properties,  it  has  been  proposed  [59,67]  to  use  these  GO-polymer 
 composite scaffolds as one of the potential candidates for myoblast differentiation and 
 proliferation and also for myotubes formation.  


In  relation to  scaffolds, cells-scaffold  interaction  also  plays an  important  role  in 
 TE.    Bone  marrow  (BM) derived  stem  cells have generally been used  for various tissue 
 engineering  applications.  Cord  blood  derived  human  mesenchymal  stem  cells  (hMSCs) 
 have also been reported to possess remarkable properties to differentiate into different 
 cell types under suitable condition [68-70]. The study of cell adhesion, proliferation, and 
 differentiation  of  hMSCs  to  skeletal  myoblast  cells  (SkMCs)  might  be  interesting. 


However,  so  far,  very  little  work  has  been  done  on  the  differentiation  of  human 
 mesenchymal stem cells (hMSCs) on GO sheet and GO-polymer composites (like GO-PCL, 
 GO-PLGA or other polymers). Such investigation would establish the potential of GO and 
 GO-polymer  composites  for  myoblast  differentiation  and  proliferation  using  cost 
 effective hMSCs for tissue regeneration [71-74]. In this context, it might be argued that 
 the availability of copious amount of stem cells from umbilical cord blood (UCB) would 
 also  increase  the  importance  and  feasibility  of  the  TE  research  and  applications  in  the 
 field of regenerative medicine.  



1.6.  Important  Properties  of  Skeletal  Muscle  Tissue  (SMT)  Engineering Scaffolds 


The scaffolds used for TE applications must have certain well recognized basic properties 
as follows- 
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(a) Biocompatibility 


It  is  to  be  noted  that  biocompatibility  is  associated  with  the  characteristics  of  the 
 biomaterials  in  different  ways.  It  is  actually  the  ability  of  biomaterial  to  response 
 adequately  (providing  suitable  environmental  cues)  with  the  host  cells  attached  to  it. 


Every  scaffold  material  intended  to  apply  in  human  or  other  animal  body  should  be 
 biocompatible  to  prevent  blood  clot  leading  to  thrombosis  or  immunogenicity.  All 
 materials  used  for  tissue  engineering  or  drug  delivery  purposes  should  be  excellent 
 biocompatible.  Scaffolds  materials  have  to  be  free  from  toxins  and  non-immunogenic. 


Scaffolds  (in-vivo)  must  be  accepted  by  the  body  without  any  infection  or  immune 
 response [75,76] . In this regard GOnPs appears to be an ideal biocompatible material. 



(b) Biodegradability 


It  is  actually  a  chemical  dissolution  of  the  biomaterial  by  biological  means.  Scaffold 
 materials  must  have  appropriate  degradability  inside  the  body  (in-vivo).  In  most 
 desirable  case,  the  rate  of  degradation  must  match  with  new  tissue  formation.  In 
 addition, the rate of biodegradation must not be faster than cellular growth [77]. 



(c) Hydrophilicity 


Hydrophilicity  is  the  behavior  of  molecule  that  has  tendency  to  attach  or  dissolve  in 
 water or other polar substances.  Scaffolds must be hydrophilic (as much as possible) to 
 accelerate cell adhesion and proliferation. Cells naturally prefer hydrophilic environment 
 [78,79]. 



(d) Mechanical properties 


Depending  on  the  applications,  scaffolds  must  have  certain  amount  of  mechanical 
strength. It is important mainly for the bone tissue regeneration. Hard tissues like bones 
require more mechanical strength compare to soft tissues like muscle tissues. But some 
researchers  have  reported  mechanical  stimulation  improves  skeletal  muscle  tissue 
regeneration [80]. For Go based GO-PCL composite  films, Young’s modulus  varied from 
13-19  +±  0.15  (MPs)  and  for  graphene  oxide  it  is  around  10  MPs  [64].  The  addition  of 
filler  like  graphene  oxide  in  polymer  composites  enhances  their  mechanical  properties 
along with conductivity which might also be varied depending on GOnPs contents in the 
composites  [64-67].  Physical  properties  of  the  composite  scaffolds  depend  on  the 
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properties  (nanostructure,  size  etc.)  of  the  filler  and  the  filler-polymer  interaction  [65-
 67]. 



(e) Conductivity () 


Conductivity  (electronic  or  ionic)  is  a  measure  of  the  ability  of  scaffold  material  to 
 conduct  electric  current,  associated  with  movement  of  electron  or  ionic  charge.  


Conductivity  of  scaffolds  is  an  important  physical  property  that  contributes  to  the 
 enhancement  of  biocompatibility  and  also  influences  specific  cellular  growth  and  their 
 orientation.  For  skeletal  muscle  tissue  regeneration,  conducting  scaffold  materials 
 accelerate cells adhesion and  cell-cell  interaction [81-83].  Biocompatibility of  graphene 
 oxide  based  insulating polymer  composites  is  associated  with  unusual  physicochemical 
 properties  of  GO,  namely,  surface  charge  and  dielectric  permittivity  similarly  to  many 
 other scaffold materials [56,85,86].  Conductivity of PAV , PCL , PLGA, and MPPA are very 
 small  (5-10x10-9S/m2).  In  case  of  conducting  polyaniline  added  PCL  conductivity 
 increases  more  than  5  times  along  with  the  increase  of  biocompatibility  [84].  Similar 
 increase  of  mechanical  property,    conductivity  and  dielectric  constant  of  GO-PVA  was 
 also  reported  [65].  So  an  interdisciplinary  approach  of  studying  various  physical 
 properties (conductivity and dielectric constant associated with scaffold surface charge ) 
 of the scaffold materials is being currently made to explore the origin of biocompatibility 
 of  novel  materials  for  the  development  of  better  scaffold  materials  for  tissue 
 engineering and other applications. 



(f) Dielectric permittivity (ε) 


Permittivity  is  a  material  property  that  affects  the  Coulomb  force  between  two  point 
 charges in the material like graphene,  polymers etc. Relative permittivity is the factor by 
 which  the  electric  field  between  the  charges  is  decreased  relative  to  vacuum.  This 
 property is associated with dipoles and surface charge  present in the scaffold materials. 


In general, dielectric permittivity which is frequency and temperature dependent is very 
 small (~5-10 at room temperature) for most of the biopolymers (PVA, PLGA, PCL, PVDF 
 etc.).  Addition  of  GO  possessing  surface  charge  to  these  polymers  enhances  both 
 conductivity  and  permittivity  along  with  biocompatibility  of  the  composites  [26,87] 


thereby showing percolating threshold behavior. 
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