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Abstract 


The  purpose  of  this  research  was  to  synthesize  and  characterize  gelatin  and  tamarind 
 gum/carboxymethyl  tamarind  gum  based  phase-separated  hydrogels  and  films  for  tissue 
 engineering  applications.  The  polymeric  constructs  were  thoroughly  characterized  using 
 bright-field  microscope,  FTIR  spectroscope,  differential  scanning  calorimeter  (DSC), 
 mechanical  tester  and  impedance  analyzer.  The  biocompatibility  and  swelling  property 
 also  evaluated.  The  antimicrobial  efficiency  of  ciprofloxacin  (model  antimicrobial  drug) 
 loaded  hydrogels  and  films  were  studied  against E.  coli.  The in  vitro  drug  release  was 
 carried out in pH 7.4. Microstuctural analysis suggested the formation of phase-separated 
 formulations.  FTIR  studies  suggested  that  carboxymethyl  tamarind  gum  altered  the 
 secondary structure of the gelatin molecules.  Presence of the polysaccharides within the 
 formulations  resulted  in  the  increase  in  the  enthalpy  and  entropy  for  evaporation  of  the 
 moisture  from  the  hydrogels  and  films. The  mechanical  studies  indicated  viscoelastic 
 nature  of  the  polymeric  constructs.  Electrical  analysis  suggested  an  increase  in  the 
 impedance  of  the  formulations  in  the  presence  of  the  tamarind  gum.  The  presence  of 
 carboxymethyl  tamarind  gum  resulted  in  the  decrease  in  the  impedance  of  the 
 formulations.  The  hydrogels  and  films  exhibited  good  biocompatibility,  and  pH 
 dependent  swelling  behavior.  The  drug  loaded  samples  showed  good  antimicrobial 
 activity and the drug release was pH dependent and diffusion mediated. 


Keywords: hydrogels; films; phase-separated; tamarind gum; microstructure; swelling; 


hydrophobic; ciprofloxacin; Antimicrobial 
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Chapter 1  Introduction 


Organ transplantation is still the main medical procedure to cure a patient with damaged 
tissues and organs [1]. In the recent past, tissue engineering has attracted the attention of 
the researchers and the surgeons. Tissue engineering is a field of science, which involves 
fabricating of tissues and organs for replacing damaged parts of the human body [2]. This 
field has opened up a new area in medicine and has provided new treatment modalities for 
many disease conditions, where conventional treatment has failed. In the last two decades, 
the field of tissue engineering has gained tremendous importance in the field of medicine 
due  to  the  enormous  advantageous  potentialities  it  has  offered  to  the  surgeons  [3].  The 
advances  in  tissue  engineering  have  allowed  the  scientists  in  regenerating  organs  and 
tissues [4]. This has allowed the reducing demand for organs and tissues to a great extent, 
thereby,  resulting  in  overcoming  the  shortage  of  organ  donors  to  a  certain  extent.  The 
field  of  tissue  engineering  is  multi-disciplinary  in  nature  requiring  the  expertise  of  cell 
biology, materials science and medicine (diseased organ and biomolecule delivery) [5]. In 
recent  days,  the  advances  in  imaging  modalities  (e.g.  fluorescent  microscopy,  confocal 
microscopy,  environmental  scanning  electron  microscopy,  field  emission  scanning 
electron  microscopy)  have  played  an  important  role  in  understanding  the  interaction 
between the cells and the materials [6]. The major challenge in tissue engineering is the 
designing of the artificial extracellular matrix (ECM) component, which can promote cell 
proliferation onto itself [7]. The architectures used as artificial ECM are often regarded as 
scaffolds.  A  scaffold  is  defined  as  the  porous  architecture  which  has  the  capability  to 
support cell growth and allow deposition of the natural ECM proteins over it during the 
initial  stages  [8].  The  deposition  of  the  ECM  proteins  over  the  scaffolds  elicits  specific 
cellular  activity,  which  promotes  functional  integration  of  the  cell-scaffold  constructs 



(16)with the body tissues [9]. The deposition of the proteins over the scaffolds is mainly due 
 to the non-specific adsorption [10]. The scaffolds may be designed using materials which 
 undergo biodegradation/ bioresorption during the integration process [11]. Such scaffolds 
 lose their existence once they have completed their tasks. The desired properties (physical  
 or chemical) of the scaffolds are different for different tissues and are mainly dependent 
 on the functionality of the organ and the specific application which is expected to be met 
 by the scaffold [12]. Scaffolds may be designed to induce the regeneration of the tissues 
 and  the  organs,  which  do  not  possess  regeneration  capability  [13].  Such  scaffolds  have 
 been  regarded  as  regeneration  templates.  In  short,  the  process  of  regeneration  using  the 
 tissue engineering protocol includes initial isolation of specific cells from the biopsies of 
 the  patients  [14].  The  isolated  cells  are  then  cultured  over  the  scaffolds in  vitro  and 
 subsequently transplanted into the patient.  The transplanted  cell-scaffold  constructs  help 
 in the regeneration of the tissues or organs in vivo [15]. If the isolated cells are stem cells, 
 the cells have to be differentiated into the specific cells before the cell-scaffold constructs 
 are transplanted. 


The  properties  of  the  materials  used  for  the  fabrication  of  the  scaffold  play  a 
 significant role in the success of the tissue engineering procedure [16]. The scaffolds are 
 expected  to  be  highly  biocompatible  with  negligible  antigenicity  and  excellent 
 thromboresistant  behavior  [17].  Scaffolds  can  be  designed  using  biomaterials,  namely, 
 polymers,  ceramics  and  metals  [18].  Of  the  different  types  of  biomaterials,  polymeric 
 biomaterials have gained much importance [19]. This is due to the fact that the polymers 
 are more versatile materials  than the other types  of biomaterials.  Polymers  are  available 
 with different chemistries. This allows easy modification of the surface properties of the 
 polymeric architectures, which might be necessary to improve the cell proliferation [20]. 


Additionally, the physical  properties of the scaffolds  may be easily  altered by designing 
 the polymeric architectures using polymer blends and composites [21]. This can allow the 
 scientists  to  develop  scaffolds  using  materials  which  can  promote  biomolecular 
 recognition  based interactions  of the scaffolds  and the surrounding tissues  [22]. Further, 
 modulating  the  properties  of  the  polymeric  architectures  allow  scientists  in  studying  the 
 interactions between the cells and the developed constructs under in vitro conditions [23]. 


The  research  on  the  biomaterials  has  provided  information  on  a  group  of  polymeric 
 materials,  which can help restoring the functionality of the diseased/  traumatized tissues 
 or organs  in  a relatively  quick time. Polymeric materials  have been successfully used to 
 design  sutures,  bone  plates  and  screws,  acetabular  cup,  vascular  grafts,  heart  valves, 
 intraocular lens, ligaments, skin grafts, wound dressings and so on [24].  


The polymeric biomaterials used for scaffold fabrication are broadly categorized into 
two groups, namely, synthetic polymers and natural polymers [25]. Though many of the 



(17)synthetic  polymers  are  known  to  have  better  mechanical  properties,  controlled 
 biodegradability  and biocompatibility, the high cost  of these polymers restricts  their use 
 to  design  commercially  viable  scaffolds  [26].  On  the  other  hand,  natural  polymers  are 
 much  cheaper  due  to  their  abundance  in  nature  [27].  The  natural  polymers  are  further 
 categorized  into  two  broad  categories  as  per  their  source  of  origin,  namely,  animal 
 derived  natural  polymers  and  plant  derived  natural  polymers  [28].  The  commonly  used 
 animal  derived  natural  polymers  include  collagen,  gelatin,  hyaluronic  acid,  elastin, 
 chondroitin  sulphate,  and  fibrin  [29].  On  the  other  hand,  plant  derived  natural  polymers 
 include  agarose,  alginate,  chitosan  and  tamarind  gum  [30].  These  polymers  are 
 crosslinked  to  form  hydrogels  [31].  The  crosslinking  may  either  be  due  to  covalent 
 bonding,  physical  entanglements,  associative  interactions  due  to  hydrogen  bonding  and 
 van der Waals interactions and crystallite interactions [32]. Hydrogels are 3-D polymeric 
 constructs,  which  can  hold  large  amount  of  water  into  their  architecture  [33].  They  are 
 reported  to  be  highly  biocompatible  in  nature.  The  inherent  biocompatibility  of  the 
 hydrogels has been explained by the presence of water in high quantity. In addition to the 
 presence of water in high quantity, hydrogels are soft and flexible, thereby, mimicking the 
 properties  of  the  tissues.  The  afore-mentioned  properties  along  with  the  ability  of  the 
 hydrogels  to  deliver  drugs  at  controlled  rate  make  them  suitable  candidates  for  tissue 
 engineering  applications,  where  there  is  a  need  to  deliver  growth  factors  and  stem  cell 
 differentiation factors for proper regeneration of the tissues and the organs [34].  


In  recent  years,  phase-separated  hydrogels  have  received  special  attention  of  the 
 researchers.  Phase-separated  hydrogels  are  the  hydrogels  having  two  distinct  phases 
 where  a  polysaccharide-rich  phase  is  homogeneously  dispersed  in  a  protein-rich  phase 
 [35].  These  are  also  regarded  as  water-in-water  emulsions  due  to  the  existence  of  two 
 separate aqueous phases having distinct interfaces [36]. The phase separation occurs due 
 to  thermodynamic  instability  of  the  molecules  in  the  hydrogel  [37].  Phase-separated 
 hydrogels  have  been  proposed  by  various  researchers  for  various  tissue  engineering  and 
 drug  delivery  applications  [38].  Usually,  gelatin  has  been  used  as  continuous  polymeric 
 phase.  On  the  other  hand,  different  polysaccharides  have  been  experimented  as  the 
 dispersed  aqueous  phase.  A  thorough  literature  survey  suggested  that  though  tamarind 
 gum  and  its  carboxymethylated  derivatives  have  been  used  for  animal  cell  culture  and 
 tissue  engineering  applications,  no  reports  on  applications  on  tamarind  gum/ 


carboxymethyl  tamarind  gum  based  phase-separated  polymeric  constructs  could  be 
 located [39]. 


Taking  a  note  of  the  afore-mentioned  facts,  the  current  study  proposes  the 
development  of  gelatin  and  tamarind  gum/carboxymethyl  tamarind  gum  based  phase-
separated  hydrogels  and  films  for  bone  and  skin  tissue  engineering  applications.  The 



(18)hydrogels  and  films  were  characterized  thoroughly  using  bright-field  microscope,  FTIR 
spectroscope,  differential  scanning  calorimeter  (DSC),  mechanical  tester  and  impedance 
analyzer.  The  swelling  and  the  biocompatibility  properties  were  also  evaluated  under in 
vitro conditions. The antimicrobial efficiency of ciprofloxacin (model antimicrobial drug) 
loaded  hydrogels  and  films  were  studied  against E.  coli.  The in  vitro  drug  release  was 
carried out in both gastric and intestinal pHs. 



(19)
Chapter 2 



Review of literature 


In  this  section,  a  thorough  review  of  the  literature  on  various  natural  biopolymers  and 
 their  applications  in  the  field  of  tissue  engineering  has  been  done.  As  previously 
 discussed, the natural polymers can be categorized into two broad categories as per their 
 source  of  origin,  namely,  animal  derived  natural  polymers  and  plant  derived  natural 
 polymers. 



2.1 Animal Derived Natural Polymers 


In  this  section,  different  applications  of  animal  derived  natural  polymers  in  the  field  of 
 tissue engineering in the last five years have been discussed. The commonly used animal 
 derived  natural  polymers  include  collagen,  gelatin,  hyaluronic  acid,  elastin,  chondroitin 
 sulphate, and fibrin. 



2.1.1 Collagen 


Collagen  is  the  most  abundant  protein  available  in  the  extracellular  matrices  (ECMs)  of 
 the living tissues [40]. It provides structural support and strength to the tissues along with 
 a degree of elasticity. Collagen is extracted from different animal sources like skin, bones 
 and  connective  tissues  of  cow,  pig,  horse,  chicken  and  fish  [41].  The  purification  of 
 commercial collagen meshwork or sponge is done through enzymatic processes and salt/ 


acid extraction. Collagen requires proper processing before use to reduce its antigenicity 
[42]. It has found numerous applications in tissue engineering due to its permeability, in 
vivo stability, porosity and hydrophilic nature.  



(20)In the recent years, researchers have also investigated the applicability of collagen based 
 composite  polymeric  scaffolds  (e.g.  demineralized  bone  power  homogeneously  mixed 
 with type I collagen) for bone tissue engineering applications along with the pure collagen 
 scaffolds. It is found that the collagen based composite polymeric scaffolds exhibit better 
 osteoinductive  potential  than  the  pure  collagen  scaffolds  [43].  Lomas et  al.  (2013) 
 reported  the  use  of  PHBHHx  (poly  (3-hydroxybutyrate-co-3-hydroxyhexanoate))/ 


collagen composite scaffolds  in  combination with human embryonic stem  cells  (hESCs) 
 and  messenchymal  stem  cells  (MSCs)  as  a  biocompatible  approach  for  replacement  of 
 damaged  tissues.  The  PHBHHx/collagen  composite  scaffolds  were  prepared  through 
 syringe injection of collagen/cell mixtures into PHBHHx porous tubes (generated using a 
 dipping  method  followed  by  salt  leaching)  [44].  Although  various  properties  and 
 structures  of  natural  ECMs  are  mimicked  by  collagen,  collagen  hydrogels  often  don‘t 
 exhibit  the  suitable  three-dimensional  (3D)  and  mechanical  properties  essential  for 
 various  types  of  tissues  [45].  Han et  al.  (2013)  have  reported  a  new  microribbon-like 
 scaffold  made  of  type  I  collagen  having  adjustable  stiffness,  3D  structure  and 
 microporous nature desirable for cell migration [46]. Cao et al. (2015) have reported the 
 development  of  fish  collagen-based  scaffolds  containing  PLGA  microspheres  for 
 controlled growth factor delivery in skin tissue engineering, where the fish collagen-based 
 scaffolds were prepared by freeze dying method and integrated with bFGF-loaded PLGA 
 microspheres (MPs). These scaffolds exhibited a very good biocompatible nature and the 
 ability to stimulate skin tissue regeneration and fibroblast cell growth [47].   


   



2.1.2 Gelatin 


Gelatin  is  a  partial  hydrolysis  derivative  of  collagen.  It  preserves  several  signaling 
 sequences  of  collagen  like  the  Arg-Gly-Asp  (RGD)  sequence  that  encourages  the 
 adhesion,  differentiation  and  growth  of  cells.  Gelatin  exhibits  much  lesser  antigenicity 
 than  collagen.  However,  the  poor  mechanical  strength  of  pure  gelatin  reduces  its  direct 
 use  in  various  tissue  engineering  applications  like  in  cartilage  tissue  engineering.  In 
 general, gelatin based formulations are mechanically stable and function as suitable space 
 filling materials in bone tissue engineering applications [22].  


In the recent  years, gelatin has received much attention of the researchers because of 
 its  natural  origin  and  its  capability  to  suspend  cells  in  a  gel  at  low  temperatures  [48]. 


Various  researchers  have  proposed  the  manual  fabrication  of  liver  tissue  constructs 
prepared  from  gelatin  and  chitosan  mixed  with  hepatocytes  prior  to  fixation  of 
glutaraldehyde [49].  



(21)Billiet et al. (2014) have suggested the 3D printing of gelatin methacrylamide cell-laden 
 tissue-engineered  constructs  for  liver  tissue  engineering,  which  have  high  cell  viability 
 [50].  Yazdimamaghani  et  al.  (2014)  have  synthesized  hybrid  microporous  gelatin/ 


bioactive-glass/  nanosilver  scaffolds  having  controlled  degradation  and  antimicrobial 
 properties  for  bone  tissue  engineering  applications.  These  macroporous  scaffolds  were 
 prepared from an aqueous solution of gelatin using freeze-drying method and crosslinking 
 was  achieved  using  genipin  at  ambient  temperature.  These  scaffolds  can  be  used  as 
 antibacterial scaffolds as evident from the viability of the hESCs on these scaffolds [51]. 


Surface  topography  of  the  scaffolds  has  been  found  to  affect  the  stem  cells  and  is 
 considered as a physical stimulus to alter the cellular activities (e.g. adhesion, growth and 
 differentiation)  on  two-dimensional  (2D)  surfaces.  Therefore,  the  incorporation  of 
 suitable topography to 3D scaffolds can be helpful to direct the cell fate for various tissue 
 engineering  applications. Nadeem  et  al.  (2015) have reported a new fabrication method, 
 based  on  computer  controlled  machining  and  lamination,  to  produce  3D  calcium 
 phosphate/  gelatin  scaffolds  having  surface  micropatterns  (created  by  embossing  before 
 machining) to promote bone tissue regeneration [52]. Bareil et al. (2010) has reported that 
 collagen  based  biomaterials  are  the  better  materials  for  tissue  engineering  applications 
 and regenerative medicine due to their superior biocompatibility and low immunogenicity 
 [53].  Gelatin  is  the  denatured  form  of  collagen  protein  where  the  natural  triple-helix 
 structure of collagen breaks in to single-stand molecules by hydrolysis process. Zhu et al. 


has proposed that gelatin is less immunogenic than collagen and it retains the signals like 
 Arg-Gly-Asp  (RGD)  sequence.  Due  its  less  immunogenic  nature,  it  promotes  the  cell 
 adhesion, differentiation, migration and proliferation [54]. Chen et al. (2013) has reported 
 that  gelatin  is  potential  for  in  situ  applications  as  it  is  non-immunogenic  in  nature  [55]. 


Tan  et  al.  (2010)  has  also  proposed  that  gelatin  is  a  superior  material  for  tissue 
 engineering applications as it is less immunogenic in nature [56].  



2.1.3 Hyaluronic acid 


Hyaluronic acid is a linear polysaccharide found in all types of connective, epithelial and 
 neural  tissues  of  animals  [57].  It  is  energetically  stable  and  has  high  molecular  weight 
 [58]. Hyaluronic acid is a major component in animal extracellular matrix. It consists of 
 repeated  disaccharides  made  of  N-acetylglucosamine  and  glucuronic  acid  [59].  It  is 
 synthesized by the class of proteins named as hyaluronan synthases.  


Collins et al. (2013) have reported the fabrication of hyaluronic acid based chemically 
crosslinked  hydrogels  for  use  as  space  filling  and  bulking  materials  to  cure  urinary 
incontinence  and  to  maintain  alveolar  spaces  [60].  Nath et  al.  (2015)  have  synthesized 
hyaluronic acid/chitosan based scaffolds (crosslinked with genipin), for use in bone tissue 
engineering, that promotes the regeneration of defective and damaged bones. This can be 
attributed  to  the  immobilization  and  controlled  release  of  bone  morphogenic  protein-2 



(22)(BMP-2) from the scaffolds [61]. Hyaluronic acid/tyramine based covalently crosslinked 
 hydrogels  are  capable  of  regenerating  of  cartilage  tissues.  Skop  et  al.  (2014)  have 
 reported the  application  of hyaluronic acid/gelatin based scaffolds  in  nervous  tissues (as 
 cell  delivery  systems  in  translational  therapy)  for  stroke  recovery  [62].  Hyaluronic  acid 
 based  hydrogels  are  used  as  drug  delivery  vehicles  due  to  their  controlled  degradation 
 process.  High  biocompatibility  nature  of  hyaluronic  acid  doesn‘t  allow  scar  formation. 


Park  et  al.  (2012)  have  suggested  that  hyaluronic  acid  based  scaffolds  can  induce 
 angiogenesis [63]. Due to its high viscoelastic nature, it has great potential in the field of 
 dermal  filling.  Liu et  al.  (2013)  have  reported  the  development  of  collagen-gelatin-
 hyaluronic  acid  based  biomimetic  films  for  cornea  tissue  engineering  applications  using 
 1-ethyl-3-(3-dimethyl  aminopropyl)  carbodiimide  (EDC)  and  N-hydroxysuccinimide 
 (NHS)  as  the  crosslinkers.  These  films  are  highly  biocompatible  in  nature  and  promote 
 adhesion and proliferation of human corneal epithelial cells  [64]. Ivan et al. (2014) have 
 reported the synthesis of calcium phosphate-chitosan-hyaluronic acid based biodegradable 
 scaffolds using a biomimetic co-precipitation method for application in the field of bone 
 tissue  engineering.  These  scaffolds  exhibit  a  slow  degeneration  and  limited  swelling  in 
 simulated body fluids [65].  



2.1.4 Elastin 


Elastin  is  a  protein  based  biopolymer,  present  in  various  connective  tissues.  It  has  an 
 amorphous  structure,  wavy  appearance  (when  viewed  under  the  light  microscope)  and 
 highly refractive nature [66]. Although, it constitutes a small fraction of a tissue, its role is 
 highly  important.  It  provides  elasticity  to  tissues  and  organs  [66].  Elastin  plays  an 
 important  role  for  the  flow  of  blood  in  the  arteries  by  acting  as  a  medium  for  pressure 
 wave transmission.  


Rnjak et al. (2013) have reported the importance of elastin in the healing of wounds 
and  in  the  designing  of  dermal  substitute  [67].  Girrotti et  al. (2015)  have  reported  the 
development  of  recombinant  protein-based  biomaterials  obtained  from  elastin  and  their 
applications  for  the  repairing  of  soft  tissue  [68].  Grover et  al.  (2012)  have  investigated 
various  properties  (e.g.  structural,  mechanical  and  degradation)  of  scaffolds  synthesized 
from  collagen,  gelatin  and  elastin  and  have  suggested  that  the  use  of  gelatin  (instead  of  
collagen) with incorporation of elastin can be considered as a low cost design strategy of 
scaffolds for potential applications in soft tissue engineering [69]. Machado et al. (2012) 
have  reported  the  synthesis  of  elastin  based  nanoparticles  for  the  delivery  of  bone 
morphogenic  proteins  [70].  Dunphy et  al.  (2014)  have  proposed  that  elastin-collagen 
based hydrogels are suitable materials for application in lung tissue engineering [71]. 



(23)
2.1.5 Chondroitin sulphate 


Chondroitin  sulfate  is  an  abundant  biopolymer,  which  is  commonly  derived  from  the 
 cartilages  of  shark,  pig  and  cow.  It  is  a  sulfated  glycosaminoglycan  (GAG),  which 
 consists of sugars of N-acetylgalactosamine and glucuronic acid. It is the major structural 
 constituent of animal cartilage and provides resistance to the tissues and the organs during 
 compression.  Chondroitin  sulphate  based  drugs  are  commonly  used  for  heart  diseases, 
 heart attacks, breast cancer and several bone diseases. It is also used to prepare veterinary 
 medicines to cure wounds, burns and scrapes in animals.  


Chondroitin  sulphate  has  useful  applications  in  the  cartilage  tissues  as  it  the  major 
 structural  component  of  cartilage.  Silva et  al.  (2013)  have  reported  the  fabrication  of 
 chitosan-  chondroitin  sulphate  based  nanostructured  3D  scaffolds,  which  supported  the 
 adhesion  and  growth  of  bovine  chondrocytes  [72].  These  scaffolds  were  highly  porous 
 and viscoelastic in  nature, which made them a better asset in  the area of cartilage tissue 
 engineering. Levett et al. (2014) have also reported the preparation of gelatin-chondroitin 
 sulphate  based  hydrogels  for  application  in  field  of  cartilage  tissue  engineering.  The 
 prepared hydrogels  behaved as  an extracellular matrix and enhanced the chondrogenesis 
 process  [73].  In  general,  mechanical  strength  of  many  polymeric  constructs  is  increased 
 by  adding some  ceramics  for utilizing them  as load bearing scaffolds.  Venkatesan et  al. 


(2012)  have  fabricated  chitosan-hydroxyapatite-chondroitin  sulphate  based  freeze  dried 
 scaffolds for bone tissue engineering applications. Due to addition of hydroxyapatite, the 
 mechanical strength of the scaffolds was enhanced. The proliferation of MG-63 cells was 
 improved on the surface of the scaffold and no cytotoxicity was found. So the fabricated 
 scaffolds can be considered as a suitable component in the area of bone tissue engineering 
 [74].   As chondroitin sulphate is highly biodegradable and biocompatible, it has no toxic  
  effect  to  the  living  body  systems.  Deepthi et  al.  (2014)  have  developed  chitin-poly 
 (butylenes succinate) - chondroitin sulphate based hydrogels for skin tissue applications. 


The  presence  of  chondroitin  sulphate  in  the  devloped  hydrogels  enhanced  the  cell 
adhesion  process.  Proliferation  of  fibroblasts  was  better  on  the  hydrogel  surface.  The 
above results demonstrated the capability of chondroitin sulphate to be used in skin tissue 
engineering  [75].  Yan et  al.  (2013)  have  prepared  silk  fibroin-chondroitin  sulphate-
hyaluronic acid based scaffolds for the reconstruction of the dermal tissues. In their study, 
dermis regeneration and collagen deposition was achieved on the scaffold surface [76].  



(24)
2.1.6 Fibrin  


Fibrin is a biopolymer, composed of blood proteins like fibrinogen and thrombin.  It is a 
 major  ECM  component.  Fibrin  based  scaffolds  are  one  of  the  most  useful  assets  in  the 
 field  of  tissue  engineering  due  to  their  high  biocompatibility,  non-toxicity  and 
 degradability  nature.  The  physical  and  chemical  properties  of  the  fibrin  based  scaffolds 
 can  be  altered  as  per  the  requirement.  Fibrin  is  commonly  used  to  prepare  scaffolds  for 
 skin  tissue  engineering  applications  (e.g.  wound  healing).  Fibrin  is  capable  of  inducing 
 angiogenesis and can promote the proliferation of cells in an appropriate manner. Martin 
 et al. (2013) have reported the influence of fibrin and fibrin-agarose on the ECM profile 
 of  bioengineered  oral  mucosa  [77].  Puente et  al.  (2014)  have  reported  the  possible  cell 
 culture applications of autologous fibrin scaffolds [78]. 



2.2 Plant Derived Natural Polymers 


As discussed in the previous section, the commonly used plant derived natural polymers 
 include  agarose,  alginate,  chitosan,  tamarind  gum  and  carboxymethyl  tamarind  gum.  In 
 this section, different applications of plant derived natural polymers in the field of tissue 
 engineering in the last five years have been discussed.  



2.2.1 Agarose 


Agarose  is  a  linear  biopolymer,  commonly  derived  from  seaweed.  It  is  a  white  powder 
 which gets dissolved in hot water and forms gel after cooling. Agarobiose disaccharide is 
 the  main  structural  component  of  agarose.  Agarose  is  commonly  used  for  gel 
 electrophoresis.  Due  to  low  mechanical  strength,  it  is  added  with  other  polymers  to 
 fabricate  polymeric  constructs  for  tissue  engineering  applications.  It  is  highly 
 biocompatible and degradable in nature.  


Miguel et al. (2014) have developed chitosan–agarose based hydrogels for skin tissue 
engineering  application.  In  their  study,  a  better  attachment  and  viability  of  cells  on  the 
hydrogel  surface  was  observed  during in  vitro  cell  study.  The in  vivo  study  showed 
complete  healing  of  the  wounds  after  21  days.  So,  the  agarose  based  biomaterials  have 
great  potential  in  the  field  of  skin  tissue  engineering  [79].  Bhatt et  al.  (2012)  have 
fabricated chitosan-gelatin-agarose based cryogels [80]. In their study, different cell lines 
(cardiac and fibroblast) were cultured on the gel surface and the proliferation was found 
to  be  very  good.  This  study  also  suggested  the  promising  nature  of  agarose  based 
materials  in  skin  tissue  engineering  applications.  Jebahi et  al.  (2014)  have  developed 



(25)agarose-chitosan  based  scaffolds  as  bone  grafts  for  bone  tissue  engineering  applications 
 [81]. The graft was implanted for 30 days in a rabbit. It was found that angiogenesis was 
 increased  and  formation  of  new  tissue  occurred  on  the  site.  These  results  suggest  that 
 agarose-chitosan based biomaterials can be used for the regeneration of bones. 



2.2.2 Alginate 


Alginate is an anionic polymer derived from the cell walls of brown algae. This is a linear 
 polymer with high molecular mass. It has high water absorption property, which makes it 
 useful for thickening of foods in different food industries. It is used as a gelling agent in 
 pharmaceutical industries. Due to high biocompatibility, it acts as an excellent biomaterial 
 for numerous applications. 


Venkatesan et  al.  (2015)  have  developed  alginate-chitosan-gelatin  based  hydrogels 
 which  can  be  used  as  skin  substitutes  for  skin  tissue  engineering  applications  [82].  In 
 recent  years,  alginate  based  injectable  hydrogels  have  been  prepared  to  induce  tissue 
 regeneration. Kirdponpattara et  al.  (2015) have fabricated freeze dried cellulose-alginate 
 scaffolds for tissue engineering applications. These scaffolds were analyzed by cell study 
 using  fibroblast  cells.  The  proliferation  and  the  attachment  of  the  fibroblast  cells  was 
 quite  good  on  the  scaffold  surface,  which  suggested  the  potential  of  alginate  based 
 scaffolds  to  be used for  tissue engineering applications  [83]. Castilho et  al. (2015) have 
 developed alginate-tri calcium phosphate (TCP) based scaffolds for regeneration of bone 
 tissue. The mechanical strength of the developed hydrogels was high and they promoted 
 proliferation  of  osteoblast  cells.  These  results  suggested  the  suitability  of  the  alginate-
 TCP based scaffolds for bone tissue engineering applications [84]. Sowjanya et al. (2013) 
 have  prepared  alginate-chitosan-nano  silica  based  scaffolds  for  bone  tissue  engineering 
 applications. These scaffolds showed better proliferation of osteoblasts (during cell study) 
 and no toxic effect was found. These results suggested that alginate can be used for bone 
 tissue applications [85].  



2.2.3 Chitosan 


Chitosan is a semi-crystalline biopolymer, commonly found in the exoskeleton of marine 
animals  (e.g.  shrimps,  crabs  and  lobsters).  It  is  commercially  produced  by  deacetylation 
of  chitin.  Shalumon  et  al.  (2012)  have  developed  poly(lactic  acid)-Chitosan  based 
nanofibers  using  electrospun  method  for  skin  tissue  engineering  applications  [86].  The 
cell  study  of  the  developed  nano-fibres  with  human  dermal  fibroblasts  suggested  the 
orientation  of  cells  along  the  direction  of  fiber  alignments.  These  nanofibers  have  been 



(26)proposed  for  potential  use  as  skin  tissue  substitutes.  Han et  al.  (2014)  have  fabricated 
 gelatin-chitosan  based  sponges  for  potential  application  as  skin  substitutes  [87].  All  the 
 characterizations  of  the  fabricated  sponges  were  done  thoroughly  and  biocompatibility 
 was tested by MTT assay  method. Proliferation  and adhesion  of the cells  on the sponge 
 surface was found to be better. Based on these results, the fabricated sponges have been 
 proposed as suitable material for skin tissue engineering applications like wound healing 
 [87].  Rahman et  al.  (2013)  have  reported  the  fabrication  of  gelatin-chitosan  porous 
 scaffold  films  [88].  The  microscopic  analysis  of  these  films  indicated  a  smooth  and 
 homogeneous  surface. In  vivo cell  study  on  a  rat  model  suggested  very  good  healing 
 process.  Therefore,  gelatin-chitosan  porous  scaffold  films  have  been  proposed  as  a 
 promising biomaterial for skin tissue applications. Frohbergh et al. (2012) have prepared 
 hydroxyapatite-chitosan  based  nanofibers  prepared  by  electrospinning  method  [89].  The 
 osteoblast  cell  proliferation  on  these  nanofibers  was  found  to  be  very  good  and  they 
 showed expression of mRNA. These results suggested that hydroxyapatite-chitosan based 
 nanofibers can be considered as a potential material for bone tissue engineering. Niranjan 
 et  al.  (2013)  have  reported  the  fabrication  of  zinc  doped  chitosan/-glycerophosphate 
 hydrogels. The differentiation and proliferation of osteoblasts were found to be enhanced 
 by these hydrogels which suggested that these hydrogels can be used as materials for bone 
 tissue engineering applications. 



2.2.4 Tamarind gum (TG) 


Tamarind  gum  is  extracted  from  the  endosperm  of  the  seeds  of  the  tamarind  tree 
(Tamarindus  indica)  [90].  It  is  also  termed  as  tamarind  kernel  powder.  The  seeds  are 
collected initially and put in dry places. Several steps are properly followed to prepare the 
tamarind  gum  powder  like  seed  collection,  seed  coat  removal,  milling,  grinding  and 
sieving.  Chemical  structure  of  tamarind  gum  consists  of -(1,4)-d-glucan  back  bone 
substituted  with  side  chains  of  -(1,4)-d-xylopyranosy  and  (1,6)  linked(-d-
galactopyranosyl-(1,2)--d-xylopyranosyl)  to  glucose  residues  [91].  In  its  chemical 
composition,  glucose,  xylose  and  galactose  units  are  available  in  the  proportions  of 
2.8:2.25:1.0  as  the  monomer  units.  Tamarind  gum  has  common  applications  as 
stabilizing, thickening, emulsifying and gelling agent in different food and pharmaceutical 
industries.  It  is  highly  biocompatible,  non-toxic,  non-carcinogenic,  biodegradable  and 
hydrophobic in nature and has high drug loading capacity. These basic characteristics of 
tamarind gum make it a promising material in the field of tissue engineering. Generally, it 
forms gel at high temperature, which having viscoelastic nature.  



(27)In  recent  years,  researchers  have  developed  tamarind  gum  based  tablets  that  exhibit 
 very  good  drug  release  property  [92].  So,  tamarind  gum  has  the  potential  to  be  used  as 
 drug delivery vehicle for tissue engineering applications. Nayak et al. (2014) have studied 
 the  release of metfomin HCl from tamarind gum polysaccharide-gellan gum based beads 
 [93]. The release was excellent and pH dependent. But, no reports have been found where 
 tamarind gum is used for application of skin and bone tissue engineering. Manchanda et 
 al. (2014) has reported that tamarind gum polysaccharide has several applications in the 
 field of pharmaceuticals as it is non-toxic and non-irritant in nature. Due to its high drug 
 holding  capacity,  it  has  several    applications  as  controlled  drug  delivery  systems  [94]. 


Sahoo et  al.  (2010)  has  also  proposed  that  due  to  high  muco-adhesive  and  non-toxic 
 nature, TG has several applications as biomaterials in tissue engineering applications [95]. 



2.2.5 Carboxymethyl tamarind gum (CMT) 


In  some  cases,  quick  degradation  and  unpleasant  odour  of  tamarind  gum  reduce  its 
 application. So, some chemical modification of tamarind gum has been proposed to make 
 it  a  better  material  for  tissue  engineering  application.  Carboxymethyl  tamarind  gum 
 (CMT)  is  the  modification  of  tamarind  gum  [96].  The  CMT  powder  solution  is  more 
 viscous  than  tamarind  gum  solution.  CMT  is  hydrophilic  in  nature  and  capable  of 
 absorbing  more  water.  The  carboxymethyl  group  enhances  the  viscosity  and  makes  the 
 molecule  resistant  toward  enzymatic  attack.  Due  to  above  characteristic  phenomena,   
 both TG and CMT are commonly used as drug delivery systems and emulsifying agents 
 [97].  CMT  has  been  used  to  develop  novel  drug  delivery  systems  for  pharmaceutical 
 applications.  Sanyasi  et  al.  (2014)  have  developed  CMT-HEMA  (2-
 Hydroxyethylmethcrylate) hydrogels, which were capable of inducing osteogenesis  [39]. 


The proliferation and attachment of bone precursor cells were better on their surface. So, 
 CMT can be a useful asset for bone tissue engineering applications. 



2.3 Objectives


Taking a note from the literature review, gelatin-tamarind gum and gelatin-carboxymethyl 
 tamarind  gum  based  phase-separated  hydrogels  and  films  were  developed  and  analyzed 
 for tissue engineering applications. The following objectives were set: 


i.  Development  of  gelatin-tamarind  gum  and  gelatin-carboxymethyl  tamarind  gum 
based hydrogels and films for tissue engineering applications. 



(28)ii.  To  study  the  physicochemical  and  mechanical  properties  of  the  polymeric 
 structures. 


iii.  Mathematical modelling of the experimental data obtained from the physical and 
experiments. 



(29)
Chapter 3 



Development and Characterization of  Gelatin-Tamarind Gum/Carboxymethyl  Tamarind Gum Based Phase-Separated  Hydrogels: A Comparative Study 



3.1 Introduction 


Polysaccharides are generally obtained from plant sources and are usually biocompatible 
[98]. Due to their inherent biocompatibility, polysaccharides have been explored to design 
polymeric  constructs  of  biomedical  importance  (pharmaceutical,  cosmetic  and  tissue 
engineering  applications)  [99].  The  mechanical  properties  of  the  polysaccharide  based 
polymeric  constructs  are  usually  poor.  Scientists  have  applied  various  methodologies  to 
improve  the  mechanical  properties  of  the  polysaccharide  constructs  [100].  Among  the 
various  methodologies,  the  commonly  used  techniques  include  blending  the 
polysaccharides  with  other  polymers  (e.g.  gelatin,  PVA  etc.)  and  crosslinking  (chemical 
and physical) of the polymeric constructs  [101]. The commonly studied polysaccharides 
include  starch,  carboxymethyl  cellulose,  methyl  cellulose,  chitosan,  alginate, 
carboxymethyl  chitosan  and  carboxymethyl  starch.  In  recent  years,  tamarind  gum  (TG), 
due  to  its  thickening  property,  has  been  explored  as  a  natural  polysaccharide  for  the 
development  of  pharmaceutical  formulations  [102]  and  food  products  [103].  The 
thickening property of TG helps stabilizing emulsions and induce gelation of the aqueous 
phase  [104].  TG  is  extracted  from  the  seeds  of  the  plant, Tamarindus  indica  [94].  The 
backbone of TG consists of β -(1,4)-D-glucan substituted with side chains of  α-(1,4)-D-
xylopyranose  and  (1,6)  linked  [β-D-galactopyranosyl-(1,2)-α-D-xylopyranosyl]  to 
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glucose  residues  [94,  105].  TG  has  been  reported  to  be  non-carcinogenic  and  non-toxic 
 (biocompatible) in nature [106]. The addition of TG improves the mucoadhesive property 
 of  the  pharmaceutical  formulations.  The  main  disadvantages  of  TG  include  unpleasant 
 odour  and  quick  microbial  degradation.  To  overcome  these  disadvantages,  the 
 derivatization of TG by chemical treatment has been explored. Carboxymethylation is one 
 such  chemical  modification.  Introduction  of  carboxymethyl  group  in  TG  makes  the 
 polymer  anionic  [96].  This  improves  the  hydration  of  the  polysaccharide,  thereby, 
 resulting  in  the  higher  viscosity  of  the  carboxymethylated  product.  It  has  been  reported 
 that  the  increase  in  the  viscosity  lowers  the  biodegradation  of  the  polysaccharide  [107]. 


Though  TG  has  been  extensively  studied  for  developing  delivery  vehicles  for 
 neutraceutical  and  pharmaceutical  agents,  carboxymethyl  tamarind  gum  (CMT)  has  not 
 been  explored  to  that  extent,  even  though  it  holds  a  great  promise  in  developing 
 controlled release systems. The difference in the chemical structure of TG and CMT has 
 been shown in Figure 3.1. 


Figure 3.1: Chemical structures of TG and CMT 


As mentioned earlier, polysaccharides are seldom used alone for devising polymeric 
constructs.  In  this  regard,  gelatin-polysaccharide  based  composite  hydrogels  have  been 
well  explored  [108].  Gelatin-polysaccharide  based  hydrogels  usually  forms  phase-
separated hydrogels [109]. This may be explained by the thermodynamic incompatibility 
of  the  polymer  mixture  during  gelation.  This,  in  turn,  results  in  the  formation  of  two 
phases: (a) polysaccharide rich phase, and (b) gelatin rich phase. Since both the phases are  
aqueous in  nature, the formed composite hydrogels  are often regarded  as water-in-water 
emulsions  [110].  The  commonly  used  polysaccharides  for  developing  such  systems 
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include (but not limited to) starch, soluble starch, hydrated starch, carboxymethyl starch, 
 carboxymethyl  cellulose  dextran  and  maltodextan.  No  reports  were  found  to  study  the 
 properties of gelatin- TG and gelatin- CMT phase-separated hydrogels. 


      In  the  current  study,  an  in-depth  analysis  was  done  to  optimize  the  gelatin 
 concentration  and  it  was  found  that  gelatin  concentration  more  than  20%  is  difficult  to 
 handle due to higher viscosity  [111]. So, the gelatin concentration was fixed to 20% for 
 all  the  formulations.  As  per  the  literature  study,  3  %  carboxymethyl  tamarind  gum  was 
 used (Sanyasi et al. 2013) to develop the hydrogels, which showed a better proliferation 
 of  osteo-precursor  cells  [39].  Mishra  et  al.  (2011)  has  reported  that  tamarind  gum  is  a 
 suitable material for grafting process. In their study, concentration of TG was fixed to 1% 


and a greater thermal stability was observed in the developed formulations [112]. So, the 
 polysaccharide solution was prepared with two different concentrations (1% and 2 %) to 
 develop  the  hydrogels.  Further,  different  proportions  of  gelatin  and  TG/CMT  (5:0,  4:1, 
 3:2,  2:3  and  1:4)  were  taken  to  develop  the  hydrogels  and  films.  From  all  the 
 compositions,  the  best  compositions  were  selected  out  as  per  their  stability.  The 
 formulation 1:4 was not formed due to lower proportion of gelatin. So, all the hydrogels 
 and films were selected by verifying their mechanical strength and stability. Optimization 
 process  facilitated  choosing  the  best  compositions  for  the  hydrogels  and  films  for  their 
 tissue  engineering  application.  Taking  a  note  from  the  above,  we  have  developed  the 
 hydrogels  and  films  by  altering  both  the  concentrations  and  proportions  of  the  polymer 
 and polysaccharides. 


      Taking inspiration from the above, we have tried to develop gelatin-TG and gelatin-
 CMT  based  phase-separated  hydrogels.  The  physicochemical,  thermal  and 
 electrochemical  properties  of  the  hydrogels  were  thoroughly  characterized  using  FTIR 
 spectroscopy,  differential  scanning  calorimetry,  static  mechanical  tester  and  impedance 
 analyzer.  The  biological  activity  of  the  hydrogels  were  studied  by  mucoadhesive  and 
 biocompatibility  (hemocompatibility  and  cell  viability  assay)  studies.  To  understand  the 
 ability of the developed  hydrogels  as vehicles for controlled release, the hydrogels  were 
 loaded  with  ciprofloxacin  (fluroquinolone  antibiotic).  The  drug  release  kinetics  and  the 
 antimicrobial activity of the drug loaded hydrogels were also studied in-depth. 



3.2 Materials and Methods 



3.2.1 Materials 


TG  and  CMT  (degree  of  carboxylation  of  CMT  is  0.372)  were  procured  from  Maruti 
hydrocolloids,  India. Gelatin was procured from  Himedia, Mumbai,  India. Ciprofloxacin 
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(CF) was  procured from Fluka Biochemical,  China. Ethanol  was obtained from  Honyon 
 International  Inc.,  Hong  Yang  Chemical  Corporation,  China.  Glutaraldehyde  (25%,  for 
 synthesis; GA) and hydrochloric acid (35% pure) were obtained from Merck Specialities 
 Private  Limited  Mumbai,  India.  Goat  intestine  and  blood  were  collected  from  the  local 
 butcher shop. Double distilled water (DW) was used throughout the study. 



3.2.2 Preparation of the formulations 


Stock  solution  of  gelatin  (20%  w/w)  and  polysaccharides  (2%  w/w)  were  freshly 
 prepared. The stock solutions  were maintained at 50 oC. The gelatin  and  polysaccharide 
 solutions  were  mixed  together  (100  rpm,  10  min)  in  varying  proportions  (Table  3.1) 
 followed by addition of crosslinking reagent (0.5 ml of GA, 0.5 ml of ethanol, and 0.01 
 ml of 0.1N HCl). The mixture was mixed for 10 sec and subsequently poured into petri-
 plates/cylindrical  moulds.  The  petri-plates/moulds  were  incubated  at  room  temperature 
 (25 oC) for 1 h to induce gelation.  


Drug loaded hydrogels  were prepared by dispersing 0.1 g of ciprofloxacin  in  gelatin 
 solution.  Ciprofloxacin  containing  gelatin  solution  was  used  for  the  preparation  of  the 
 hydrogels. Rest of the process remained same. The final concentration of the drug in the 
 hydrogels was 0.5 % w/w. The hydrogels were washed thoroughly using PBS buffer and 
 double distilled water before all the experiments. Further, glycine solution (1% w/v) was 
 used to inhibit the chemical reactions of glutaraldehyde after the said incubation period. 


Table 3.1: Composition of the hydrogels 
 Formulations  Gelatin 


solution (g) 


TG 
 Solution 


(g) 


CMT 
 Solution 


(g) 


Crosslinker  
 (ml) 


Ciproflaxacin 
 (g) 


T1  16  4  --  1  -- 


T2  12  8  --  1  -- 


T3  8  12  --  1  -- 


C1  16  --  4  1  -- 


C2  12  --  8  1  -- 


C3  8  --  12  1  -- 


T1C  15.9  4  --  1  0.1 


T2C  11.9  8  --  1  0.1 


T3C  7.9  12  --  1  0.1 


C1C  15.9  --  4  1  0.1 


C2C  11.9  --  8  1  0.1 


C3C  7.9  --  12  1  0.1 
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3.2.3 Microscopy studies 


The  microstructures  of  the  uncrosslinked  physical  formulations  were  visualized  under 
 bright field microscope (LEICA-DM 750 equipped with  ICC 50-HD camera, Germany). 


The formulations were converted into thin smears over glass slides before visualization. 



3.2.4 Infrared spectroscopy 


The  raw  materials  and  the  hydrogels  were  analyzed  using  FTIR  spectrophotometer 
 ((Alpha-E, Bruker, USA). The analysis was done in the wavenumber range of 4500 cm-1
 to 450 cm-1. The spectrophotometer was being operated in the ATR mode.  



3.2.5 Thermal analysis 


The  thermal  profiles  of  the  raw  materials  and  the  dried  hydrogels  were  tested  using 
 differential  scanning  calorimeter  (DSC  200  F3  Maia,  Netzsch,  Germany)  in  the 
 temperature  range  of  40  oC  to  400 oC  under  nitrogen  atmosphere.  The  rate  of  thermal 
 scanning was 5 oC/min. 



3.2.6 Mechanical Analysis 


The  mechanical  properties  of  the  hydrogels  were  tested  using  a  static  mechanical  tester 
 (Stable  Microsystems,  TA-HD  plus,  U.K).  The  hydrogels  were  prepared  in  cylindrical 
 moulds. The height and diameter of the hydrogels was 20 mm and 15 mm, respectively. 


This resulted in the L/D ratio of 1.33. The hydrogels were subjected to cyclic compression 
 and  cyclic  stress  relaxation  studies  to  understand  the  viscoelastic  properties  of  the 
 hydrogels [113]. 



3.2.7 Impedance analysis 


The electrical properties of the hydrogels were tested using an in-house built impedance 
analyzer in the frequency range of 200 Hz - 20 KHz. The setup was used to determine the 
V-I  characteristic  by  altering  the  amplitude  of  the  sinusoidal  voltage  signals.  The 
frequency of the sinusoidal signal was kept constant at 10 KHz. 
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3.2.8 Biological Characterization 


The  mucoadhesive  property  of  the  hydrogels  was  determined  using  static  mechanical 
 tester  (Stable  Microsystems,  TA-HD  plus,  U.K).  Goat  intestine  was  used  as  the 
 representative mucosal layer for the study. The goat intestine was collected in cold saline 
 from  the  local  slaughter  house.  The  intestines  were  longitudinally  cut  open  and  were 
 further cut into pieces of 1 cm x 1 cm. The intestinal pieces were attached onto the base of 
 the mechanical tester. Subsequently, the hydrogels (5 mm x 5 mm) were attached on the 
 30 mm flat probe using double sided acrylate tape. Thereafter, the flat probe was lowered 
 at a speed of 0.5 mm/sec and a force of 20 g was applied on mucosal surface for 10 sec to 
 promote  adhesion  between  the  hydrogels  and  the  mucosal  layer.  The  probe  was  then 
 retracted  back  at  the  same  speed.  The  force  required  to  separate  the  hydrogel  from  the 
 intestinal mucosal surface was noted as mucoadhesive force. The work of mucoadhesion 
 was calculated from the area under the curve of the force-time profile. 


The biocompatibility of the hydrogels were estimated by hemocompatibility and cell 
 viability  test.  The  hemocompatibility  test  dealt  with  the  incubation  of  the  hydrogels  in 
 diluted goat  blood.  The percentage hemolysis of the goat  blood  was  calculated from  the 
 absorbance of the supernatant fluid obtained after centrifuging the goat blood containing 
 the hydrogel pieces.  
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where, ODsample = Absorbance of sample 
 OD-ve = Absorbance of –ve control 
 OD+ve = Absorbance of + ve control 


      The cytocompatibility of the hydrogels were determined using MG63 cells. The cells 
 were seeded in 96 well plates. 1x104 cells were added in each well.  20 µl of leachants (of 
 hydrogels) was added in each well to understand the toxic effect of the leachants. The cell 
 viability was determined using MTT assay. 


The  qualitative  drug  release  study  was  conducted  by  performing  antimicrobial  test 
 using  disc  diffusion  method.  E.  coli  was  used  as  the  test  microorganism.  Hydrogel 
 samples  of  9  mm  diameter  were  used  for  the  analysis.  The  antimicrobial  activity  was 
 correlated with the zone of inhibition of the microbial growth. 



3.2.9 Swelling studies 
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The  swelling  profile  of  the  hydrogel  was  determined  at  pH  7.4  (phosphate  buffer).  The 
 weights  of  the  hydrogels,  immersed  in  the  swelling  media,  were  determined  after  an 
 interval of 15 min for the first 1 h and 30 min for the next 9 h. The study was conducted at 
 room temperature. The swelling index was calculated as per the following equation:  


Swelling Index (SI) =  T 0


T


W - W
 W


       (3.2) 


where, WT = Weight of sample at time T, and W0 = Dry weight of the sample before the start of the study. 



3.2.10 Drug release studies 


The  drug  release  studies  were  carried  out  using  accurately  weighed  hydrogel  samples 
 (~350 mg). The hydrogels were put in dialysis tube containing 1 ml of dissolution media. 


Both ends of the dialysis membrane were sealed using dialysis tube clips. The setup was 
 lowered in a beaker containing 50 ml of dissolution media, kept under stirring at 100 rpm. 


The temperature of the dissolution media was maintained at 37 oC. At regular intervals of 
 time,  the  dissolution  media  was  replaced  with  fresh  dissolution  media  for  12  h.  The 
 replaced  media  was  analyzed  for  the  drug  content  using  UV-visible  spectrophotometer 
 (Systronics,  Double  beam  spectrophotometer  (2203),  India).  The  study  was  conducted 
 using phosphate buffer (pH 7.4). 



3.3 Result and Discussion 



3.3.1 Preparation of hydrogels  


Phase-separated hydrogels are a special class of mix polymer systems. In these hydrogels, 
 the  polymers  separate  out  (concentrate)  as  individual  polymeric  phases.  The  phase-
 separation  may  happen  in  different  ways  due  to  inter-  and  intra-  polymeric  interactions. 


Based on the interactions, the mix biopolymer system may form three types of molecular 
architectures,  namely,  segregative  phase-separation,  associative  phase-separation  and 
bicontinuous phase separation [105, 114]. Segregative phase-separation happens when the 
two polymers have negative associative interactions. The affinity of the polymer towards 
the  solvent  may  also  alter  the  molecular  dynamics  of  the  segregative  phase-separation 
process. This results in the formation of two phases which are enriched with either of the 
polymers.  The  associative  phase-separation  has  been  reported  to  occur  when  the 
interactions among the two polymers are very strong. This result in the separation of the 
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polymer-polymer  composite  (dispersed  phase)  and  the  solvent  forms  the  continuous 
 phase.  The  biocontinous  phase  separated  hydrogels  are  formed  when  both  the  polymer 
 phases  appear as continuum phase. Quite often, many scientists have regarded this class 
 of phase-separated hydrogels as a specific category of segregative phase-separation [115]. 


Gelatin-polysaccharides  based  phase-separated  systems  have  been  reported  to  form 
 hydrogels  by  segregative  phase-separation  mechanism.  These  hydrogels  are  usually 
 chemically  crosslinked  to  improve  the  physical  stability.  This  is  done  because  the  
 previous  reports  suggest  that  water-in-water  type  of  emulsions  have  stability  issues, 
 similar to the one confronted by the oil-water emulsions [116]. 


Figure 3.2: Pictographs of the hydrogels. (a) T1, (b) T2, (c) T3, (d) C1, (e) C2, and (f) C3 


In this study, it was observed that an increase in the proportion of TG was associated 
 with the increase in the whiteness of the formulation (Figure 3.2). It has been previously 
 reported  that  the  emulsions  appears  as  white  in  color  due  to  the  diffraction  of  the  light 
 from the interface of the internal and the continuum phases. This gives the indication that 
 there was a probability of formation of water-in-water emulsions. Similar observation was 
 also made in the gelatin-CMT hydrogels. The whiteness of the CMT hydrogels was lower 
 than  the  TG  hydrogels.  This  observation  may  be  explained  by  the  fact  that  the 
 carboxymethylation  of  TG  resulted  in  the  increased  hydrophilicity  of  the  TG  backbone. 


The  increase  in  the  hydrophilicity  might  have  improved  the  interaction  amongst  gelatin 
and CMT. Hence, it may be expected that the degree of phase-separation will be lower as 
compared  to  the  TG  hydrogels.  Hydrogels  were  smooth  to  touch  and  had  a  soothing 
effect. 
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