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SYNOPSIS 

The chronic shortage of donor transplants coupled with high morbidity and mortality 

without transplantation, and limitations associated with other conventional therapies has 

spurred the development of tissue engineering (TE) and regenerative medicine (RM) as a 

potential alternative therapy for tissue and organ failure. However the design and 

fabrication of an artificial extracellular matrix, with appropriate composition and 

configuration, for optimal cell response is one of the critical and challenging 

technological barriers, for which scaffold engineering has become a prime focus of 

research within the field of TE. With respect to composition, several biomaterials have 

been tested for their suitability in TE, amongst which silkworm silk fibroin has gained 

widespread attention owing to its unusual mechanical strength, biocompatibility, 

biodegradability and amenability to aqueous and organic processing. However, fibroin 

from nonmulberry sources, despite its superior qualities over its counterpart, has not been 

explored in great deal. With respect to scaffold configuration, amongst several fabrication 

techniques, fiber bonding and textile based methods have gained increasing consideration 

as they promise to yield a nonwoven fibrous, both of micro-nanoscale, structures that 

resemble native extracellular matrix.  

The quest for novel biomaterials and fabrication of novel scaffolds with an 

appropriate balance between its architectural, physico-chemical and biological properties 

for functional tissue engineering is increasingly becoming important. In this regard we 

hypothesized whether the hitherto unexplored Antheraea assama silk could be exploited 

for TE applications. This, we attempted to do by utilizing A. assama alone and in 

combination with Bombyx mori. We also tried to look for novel applications of B. mori as 

a TE cum drug delivery matrix. To accomplish the same we fixed the following as the 

objectives of the present research work: 

I. Development of biomimetic scaffolds from natural bioactive biomaterials using 

simple fabrication methods. 

II. Development of bioactive scaffolds by surface or bulk modification, including 

incorporation of bioactive molecules. 

III. Development of composite scaffolds using an appropriate combination of materials 

and fabrication methods. 
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Overall the thesis is divided into eight chapters as described below. The results obtained 

are presented in three parts comprising six chapters (2-7, two chapters each). Each part is 

restricted to presentation of the investigations of a single objective in sequential order. 

These chapters are preceded by Chapter One which gives a brief introduction of the 

concept of tissue engineering and regenerative medicine, and moves onto describe 

fundamental understanding of tissue engineering with an emphasis of scaffold 

configuration and composition. A review of silk fibroin and their advantages as a 

biomaterial have been discussed with a focus on biomedical applications. Discussions on 

the properties of silk fibroin and various forms of articles made from fibroin are presented 

along with information about the various biomedical applications of fibroin. In particular, 

the applications of fibroin in the in vitro engineering of a range of tissues are discussed in 

great detail. The chapter also discusses the properties and biomedical applications of 

fibroin derived from nonmulberry silkworms, particularly, Antheraea pernyi, A. mylitta, 

A. assama and Samia cynthia ricini. 

PART I: Development of biomimetic scaffolds from natural bioactive biomaterials using 

simple fabrication methods. 

Chapter Two describes the fabrication and characterization of Antheraea assama fibroin 

based nonwoven scaffold for tissue engineering applications. The degummed A. assama 

cocoon fibers were suspended in a mixture of lithium bromide and formic acid and the 

suspension was solvent cast to yield a homogenously porous, highly interconnected, 

micro-fibrous nonwoven matrix. Characterization studies were performed to determine its 

morphological, physical, chemical/structural, mechanical and thermal properties. The 

blood-compatibility and cyto-compatibility of the scaffold was established by extensive in 

vitro studies. Additionally, the ability of scaffold to support angiogenesis was examined 

by ex ovo chick chorioallantoic membrane assay. Lastly, in vitro biodegradation studies 

proved its amenability for proteolytic degradation. 

Chapter Three deals with the development and characterization of Antheraea assama 

fibroin based nonwoven scaffold with biomimetic architecture for tissue engineering 

applications. A top-down approach is presented here to partially disrupt the molecular 

assembly of the degummed A. assama cocoon fibers and to yield a homogenously porous, 
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nonwoven matrix composed of highly interconnected hierarchy of micro to nano scale 

fibers. The architecture of the scaffold resembles with that of native extracellular matrix. 

The disruption was evident from scanning electron microscopy studies. Characterization 

studies were performed to determine its morphological, physical, chemical/structural and 

thermal properties. Additionally, the blood-compatibility and cyto-compatibility of the 

scaffold was determined by extensive in vitro studies. 

PART II: Development of bioactive scaffolds by surface / bulk modification, including 

incorporation of bioactive molecules. 

Chapter Four demonstrates the fabrication and characterization of Antheraea assama 

fibroin based biomimetic scaffold with enhanced blood compatibility for tissue 

engineering applications. A top-down approach, as described in chapter three, was 

followed to fabricate a biomimetic scaffold, which was then subjected to sulfation process 

(using chlorosulfonic acid and pyridine) to functionalize the matrix surface with sulfate 

and sulfonate moieties. Characterization studies were performed to determine its 

morphological, physical, chemical/structural and thermal properties. The enhancement in 

blood compatibility (in vitro) was evident from hemolysis assay, protein adsorption and 

platelet adhesion studies. Additionally, the in vitro cyto-compatibility of the scaffold was 

evaluated by cell culture studies. 

Chapter Five presents the development and evaluation of Bombyx mori fibroin based 

curcumin releasing multi-purpose tissue engineering scaffold. A simple mixing of 

aqueous regenerated fibroin solution with curcumin solution and subsequent freeze-

thawing yields a highly porous 3D structure, without any further cross linking procedures. 

Characterization studies were performed to determine its morphological, physical, 

thermal, chemical/structural and photo-physical properties. Extensive fluorescence 

spectroscopy studies were performed to deduce the solvent (which was used to dissolve 

curcumin) induced conformation changes in fibroin, and the interactions and binding 

constant between fibroin and curcumin. Release kinetics was studied, and the data was fit 

into different mathematical models. Lastly, the anti-microbial, anti-oxidant and anti-

cancer potential of the scaffold were determined in vitro.  
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PART III: Development of composite scaffolds using an appropriate combination of 

materials and fabrication methods. 

Chapter Six deals with the preparation and characterization of electrospun regenerated 

Bombyx mori silk fibroin/ galactosylated chitosan nanofibrous nonwoven scaffold as a 

biomimetic artificial extracellular matrix for hepatic tissue engineering applications. 

Made of a careful selection of materials and appropriate fabrication method, the scaffold 

mimics the composition (protein/ proteo-glycan) and architecture (nanofibrous 

nonwoven) of native extracellular matrix. Methodical experimentation was performed to 

optimize the electrospinning parameters to yield nanofibers with homogenous size 

distribution. Characterization studies were performed to determine its morphological, 

physical, chemical/structural, thermal and in vitro cytotoxicity properties. Extensive in 

vitro hepatocyte compatibility studies were performed to study the adhesion, growth, 

characteristic spheroid formation, metabolic activity and rate of proliferation of 

hepatocytes on the scaffold. 

Chapter Seven describes the development of a composite nonwoven scaffold, composed 

of sulfated Antheraea assama fibroin based microfibrous mat as base matrix and e-spun 

regenerated Bombyx mori silk fibroin/ galactosylated chitosan nanofibrous mat as 

top/bottom matrix encasing/sandwiching the base matrix, for Bioartificial liver 

applications. The base matrix component provides structural/ mechanical integrity and 

enhanced blood compatibility, while the nanofibrous component with galactose moieties 

offers high surface-to-volume ratio and enhanced high density culture of functional 

hepatocytes. Characterization studies were performed to determine its morphological, 

physical, chemical/structural, thermal and in vitro cytotoxicity properties. Hepatocytes 

culture studies, using the composite scaffold, in a custom-built bioreactor system for a 

period of 7 days, were performed to evaluate the adhesion, characteristic spheroid 

formation, viability and characteristic functionality of hepatocytes. 

Chapter Eight presents the overall summary of the investigations, and the scope for 

further studies. 
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TERM : Tissue Engineering And Regenerative Medicine 

ECM : Extracellular Matrix 

RGD : Arginine – Glycine – Aspartic Acid 

SEM : Scanning Electron Microscope 

FESEM : Field Emission Scanning Electron Microscopy 

FTIR : Fourier Transform Infrared Spectroscopy 

XRD : X-Ray Diffraction Spectroscopy 

EDX : Energy-dispersive X-ray spectroscopy 

TGA : Thermogravimetric Analysis 

DSC : Differential Scanning Calorimetry 

DMEM : Dulbecco's Modified Eagle Medium 

EMEM : Eagle's Minimal Essential Medium 

FBS : Fetal Bovine Serum 

MTT : 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium 

Bromide 

PRP : Platelet Rich Plasma 

PPP : Platelet Poor Plasma 

MLR : Material to Liquor Ratio 

BmSF : Bombyx mori Silk Fibroin 

ApSF : Antheraea pernyi Silk Fibroin 

AmSF : Antheraea mylitta Silk Fibroin 

AaSF : Antheraea assama Silk Fibroin 

ScrSF : Samia cynthia ricini Silk Fibroin 

BAL : Bioartificial Liver 

 

-- * -- 
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Figure 1.11. Cross-sectional (a) and side view (b) SEM images of fibroin based 

microtubes. (c) Silk microtubes at a range of diameters (from left to right: 127, 500 μm, 1, 

2, 3.2, 4, 5 and 6 mm) were generated for use as microvascular grafts. 

Figure 1.12. (a) Image of nanofibrous fibroin-based nerve conduit loaded with GDNF 

and NGF. (b) Sensory axonal growth and migration from dorsal root ganglion (DRG) 

explants cultured for 24 h on GDNF and NGF loaded and aligned nanofibrous scaffold. 

The long arrow indicates the direction of electrospun nanofibers on SF membranes. The 

short arrows indicate Schwann cells. 

Figure 1.13. Murine bladder augmentation model: (a) abdominal incision and extrusion 

of bladder, hashed line denotes defect site; (b) gel spun silk matrix tailored to area of the 

defect site; Hematoxylin and eosin analysis of regeneration bladder defect augmented 

with silk scaffold after 21 d (c) and 70 d (d) post-implantation period. (*) denotes scaffold 

fragments, brackets denote area of tissue regeneration. 
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μm in thickness. Fluorescent images of 10 days old GFP expressing rat corneal fibroblast 

cells growing on (a’) flat and (b’) patterned silk fibroin film surfaces (red indicates 

stained actin filaments and green represents GFP fluorescence). 

Figure 1.15. Various types of scaffolds prepared from nonmulberry derived fibroin. (a) 

Electrospun nanofibrous and (b) braided fibroin scaffolds derived from A. pernyi. And, 

(c) porous 3D and (d) biospun fibrous scaffolds derived from A. mylitta. 

Figure 2.1. Physical appearance of muga silk cocoon, degummed fibroin fibers and the 

nonwoven scaffold. 

Figure 2.2. SEM images of pristine muga silk cocoon fiber (a), degummed fiber (b) fiber 

revealed successful preparation or pure fibroin fibers, while images of (c) surface and (d) 

cross section morphologies of the scaffold reveals its highly interconnected, 

homogenously porous, nonwoven architecture. 

Figure 2.3. The FTIR spectra of raw silk fiber without any processing (a), pure fibroin 

fiber after degumming process (b) and fibroin based nonwoven scaffold (c). Fabrication 

process did not cause any major obliteration to the fibroin chemical structure. 
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Figure 2.4. The details of thermal properties were obtained from DSC which showed a 

decomposition endothermic peak at 375 oC (a), and from TGA which suggested the onset 

of thermal degradation at 330 o

Figure 2.5. The profile of protein adsorption onto the non-woven fibroin scaffold, 

incubated in serum (55% in PBS), depicts a series of adsorption and desorption cycles. 

The average amount of protein adsorbed for the time period under study (24 h) was found 

to be around 10.57 ± 5.18 μg/cm

C (b). 

2

Figure 2.6. SEM images of cell–scaffold constructs seeded with A-549 (A), KB (B), 

HepG2 (C) and HeLa (D) reveal the successful attachment and spreading of cells on the 

scaffold. 

. 

Figure 2.7. SEM images of cross-section of a cell–scaffold construct seeded with HepG2 

and magnified image of selected portion clearly depict migration of cells deep into the 

interior of the scaffold. 

Figure 2.8. An estimate of cell viability and growth was obtained from MTT assay 

performed using cell–scaffold constructs seeded with A-549 (A), KB (B), HepG2 (C) and 

HeLa (D). The substantial values of viability percentage were a result of the manifold 

difference between the cell numbers of cell–scaffold constructs (3D cultures; test 

experiments) and 24-well tissue culture plates (2D cultures; control experiments). 

Figure 2.9. A quantitative estimate of collagen content in the cell–scaffold constructs 

seeded with A-549 (a), KB (b), HepG2 (c) and HeLa (d) was obtained using a picro-

Sirius red-based in situ collagen quantification assay. The collagen content was found to 

be constant after 1 week in case of 2D cultures, whereas it was exponentially increasing 

in 3D cultures. 

Figure 2.10. Neo-vascularization surrounding the scaffold can be seen in the ex ovo 

CAM assay after 48 h of post-implantation. 

Figure 2.11. The levels of nitric oxide detected in spent culture medium containing cell–

scaffold constructs seeded with A-549 (A), KB (B), HepG2 (C) and HeLa (D). In all 

cases, the NO content was higher in 3D cultures than in 2D cultures.  
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Figure 2.12. Biodegradation studies: (a) Weight loss (%) and (b) SEM image of non-

woven scaffold upon treatment with trypsin over a period of 4 weeks reveal its 

amenability for proteolytic degradation. 

Figure 3.1. Physical appearance of muga silkworm cocoon, silk fibroin fibers obtained 

after degumming process and the nonwoven scaffold obtained after fabrication process. 

Figure 3.2. SEM observations: Images of pristine cocoon fiber (a), degummed fiber (b) 

fiber revealed successful preparation or pure fibroin fibers, while images of surface 

morphologies of the scaffold (c and d) depict the successful fabrication of a highly 

interconnected, homogenously porous, micro – nano fibrous nonwoven scaffold. 

Figure 3.3. From SEM analysis, it was clear that the fabrication process has disrupted the 

molecular assembly of fibroin fibers and subsequently resulted in the formation of 

nanoscale fibrils. Normal and disrupted fibers can be seen side-by-side in (a) and a high 

magnification image of disrupted fiber can be seen in (b). 

Figure 3.4. The FTIR spectra of raw silk fiber without any processing (a), pure fibroin 

fiber after degumming process (b) and fibroin based nonwoven scaffold (c). 

Figure 3.5. The details of thermal properties were obtained from TGA which exhibit the 

thermal stability of the scaffold up to approximately 250 o

Figure 3.6. The profile of protein adsorption onto the micro – nano fibrous non-woven 

scaffold, incubated in serum (10% in PBS), depicts a series of adsorption and desorption 

cycles. The average amount of protein adsorbed for the time period under study was 

found to be around 1.509 ± 0.18 μg/cm

C. 

2

Figure 3.7. A typical SEM image showing the adhesion of platelets over the scaffold. 

The amount of platelets adhered onto the scaffold was calculated to be about 4.65 × 10

. 

3 

cm

Figure 3.8. The in vitro cytotoxicity assay using A549 cells revealed that the scaffold was 

non-toxic, with more than 98% cell viability even after 72 h of treatment. 

-2 

Figure 3.9. SEM images of 2 d old (a) and 7 d old (b) cell–scaffold constructs seeded 

with A-549 reveal the successful attachment and spreading of cells over the scaffold. A 

magnified image of a selected portion of (a) shows cell adhesion over the fiber. 
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Figure 3.10. MTT assay of cell–scaffold constructs: The results revealed an exponential 

increase in the cell viability in 3D cultures (cell – scaffold constructs) over a period of 7 

days, while, in case of 2D cultures (24 well tissue culture plates) the cell viability has 

reached a plateau after approximately 3 d. 

Figure 4.1. Physical appearance of muga silkworm cocoon, silk fibroin fibers obtained 

after degumming process and the nonwoven scaffold obtained after fabrication process. 

Figure 4.2. A typical image of unsulfated scaffold with biomimetic architecture was 

obtained from SEM analysis: a,b) low and high magnification views, respectively, and, c) 

high magnification image showing the texture of a fiber.  

Figure 4.3. From SEM analysis, it was clear that the fabrication process has disrupted the 

molecular assembly of fibroin fibers and subsequently resulted in the formation of 

nanoscale fibrils. Normal and disrupted fibers can be seen side-by-side in (a) and a high 

magnification image of disrupted fiber can be seen in (b). 

Figure 4.4. The sulfation reaction did not affected the scaffold architecture and fiber 

texture as revealed by SEM analysis: a,b) low and high magnification views, respectively, 

and, c) – high magnification image showing the texture of a fiber.  

Figure 4.5. A typical elemental microanalysis spectrum of unsulfated (a) and sulfated (b) 

scaffold with Kα lines for carbon, oxygen, nitrogen and sulfur as obtained from EDX 

analysis. The signal for Au appeared due to the coating process used prior to sample 

analysis. The inset shows a pie diagram representing the relative atomic percentages of 

each element (Au has been omitted). 

Figure 4.6. The FTIR spectra of a) pure fibroin, b) pristine, and, c) sulfated micro–

nanofibrous scaffolds revealed the changes occurring due to fabrication and sulfation 

processes. 

Figure 4.7. TGA analysis, to understand the kinetics of weight loss as a function of 

temperature, revealed that the sulfated scaffold has better thermal stability. 

Figure 4.8. The adsorption profile of serum proteins onto the pristine and sulfated 

scaffold revealed a series of adsorption and desorption events. The overall decrease in the 

amount of adsorbed protein on scaffold after sulfation was found to be about 21.34%. 
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Figure 4.9. A significant decrease in the number of platelets adhered after sulfation 

reaction was clearly evident from the SEM images of a) unsulfated and b) sulfated 

biomimetic scaffold. 

Figure 4.10. In vitro cytotoxicity assay using A549 cells revealed that the scaffold was 

non-toxic, with more than 98% cell viability even after 72 h of treatment. 

Figure 4.11. Typical SEM images of 1 week old cultures of A549 cells growing on 

unsulfated (a) and sulfated (b) scaffolds. 

Figure 4.12. MTT assay of cell–scaffold constructs: The results revealed an exponential 

increase in the cell viability in 3D cultures (cell – scaffold constructs) over a period of 7 

days, while, in case of 2D cultures (24 well tissue culture plates) the cell viability has 

reached a plateau after approximately 3 d. 

Figure 5.1. Morphological features of scaffolds. Images of curcumin-free and -loaded 

fibroin scaffolds can be seen in (A) and (B) respectively. (C) SEM image of curcumin-

loaded fibroin scaffold showed the uniform pore distribution with an average pore size of 

~115 µm. 

Figure 5.2. TGA thermographs of curcumin-free and -loaded fibroin scaffolds. In the 

curcumin-loaded fibroin scaffold, peaks at ~180 oC and ~280 o

Figure 5.3. FTIR spectra of pore fibroin fiber (a), aqueous regenerated fibroin (b), 

curcumin-free fibroin scaffold (c), curcumin-loaded fibroin scaffold (d), and free 

curcumin. The scaffold has retained majority of its characteristic peaks though with less 

intensity. Since, there was no band shift, no any new peaks and no signals related to 

curcumin, it was speculated that there was no any covalent interactions between curcumin 

and fibroin, and no surface adsorption of curcumin on to fibroin. 

C can be attributed to the 

thermal decomposition of curcumin and fibroin respectively. 

Figure 5.4. The powder XRD spectra of pure fibroin fiber (a), aqueous regenerated 

fibroin (b), curcumin-free fibroin scaffold (c), curcumin-loaded fibroin scaffold (d), and 

free curcumin (e). The DMSO induced conformational transition of fibroin from silk-I to 

silk-II was evident from (C). However, weak signals related to silk-II conformation and 

loss of signals related to curcumin in curcumin-loaded fibroin scaffold revealed the 

interaction of curcumin with non-polar, hydrophobic pockets of fibroin (D). 
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Figure 5.5. NMR spectrum of curcumin extracted from loaded scaffold. The presence of 

all characteristic signals revealed that the structural integrity of encapsulated curcumin 

was intact. 

Figure 5.6. UV-visible (A) and Fluorescence (B) spectra of curcumin suspended in 

fibroin solution (i) and PBS (ii). The significant increase in intensity and blue shift of 

fluorescence emission maxima, upon interaction with fibroin, clearly suggested the 

transfer of curcumin from polar to non-polar environment. 

Figure 5.7. Effect of DMSO on fibroin fluorescence. The increase in fluorescence 

emission spectra of fibroin at excitation wavelengths of (A) 274 nm and (B) 295 nm, 

accompanied with blue shift of emission maxima, in presence of 0 to 10% DMSO (i-xi), 

revealed the DMSO induced conformational transition of fibroin. The inset shows the 

increase (%) in fluorescence intensity. 

Figure 5.8. Quenching of fibroin fluorescence by curcumin. The decrease fluorescence 

emission spectra of fibroin at excitation wavelengths of (A) 274 nm and (B) 295 nm, 

accompanied with blue shift of emission maxima, in presence of 0 to 100 µM curcumin 

(i-xi), revealed the strong hydrophobic interaction of curcumin with fibroin. The inset 

shows that curcumin has relatively high affinity towards Trp residues. Corresponding 

Stern – Volmer plots were shown in (A’) and (B’) respectively. 

Figure 5.9. Double reciprocal plot of fibroin concentration vs. change in curcumin 

fluorescence intensity. Binding constant (Kb) between curcumin and fibroin was 

calculated to be 4.8 × 102 µM-1

Figure 5.10. Fluorescence spectra of curcumin suspended in (i) fibroin solution and (ii) 

fibroin acid hydrolysate and (iii) PBS. Fibroin acid hydrolysate does not form aggregate 

structures and does not create any non-polar, hydrophobic domains for curcumin binding. 

Hence, there was no significant fluorescence signal. While, the intact fibroin was able to 

create sufficient hydrophobic cores for curcumin binding and thus resulted in increased 

fluorescence accompanied with blue shift. 

. The inset shows the change in curcumin fluorescence 

intensity with change in fibroin concentration. 

Figure 5.11. The kinetics of curcumin release from fibroin scaffold. The observations 

clearly revealed a slow and sustained release pattern. 

TH-1073_06610611



~ xv ~ 

Figure 5.12. The typical inverted fluorescence microscopic images of HeLa cells 

incubated with curcumin releasing scaffold. The bright green fluorescence in the 

cytoplasm of cells was due to curcumin. The gradual change in cell morphology and cell 

viability with time suggested that the anti-neoplastic activity of released curcumin was 

intact. 

Figure 5.13. Zone of inhibition of free curcumin (Cu) and encapsulated curcumin (SF-

Cu) at a concentration of 400 μg/mL. The diameter of inhibition zones of Cu and SF-Cu 

were found to be similar, and hence, confirm the integrity of anti-microbial activity of 

curcumin in SF-Cu scaffold. *The differences were found to be statistically insignificant 

as found in Student’s paired t-test analysis at p < 0.01. 

Figure 6.1. A Simplified schematic view of the (A) electrospinning process and the (B) 

apparatus used in the current study to produce nanofibrous scaffolds. (a)  Syringe, (b) 

metal blunt ended needle, (c) high voltage supply, (d) fine jet of polymer solution, (e) 

earthed target. 

Figure 6.2. FESEM images of electrospun products. (a) Strings on beads, (b) beads and 

(c) beaded strings were obtained at un-optimum parameters. 

Figure 6.3. FESEM images of electrospun products of RSF (a), GalCS (b) and RSF-

GalCS polymers obtained at sub-optimum parameters. These are the best yielded products 

amongst all tested parameters. The images clearly suggested the need for a processing aid 

for spinning smooth and continuous fibers. 

Figure 6.4. FESEM images of electrospun products of RSF (a), GalCS (b) and RSF-

GalCS (c) obtained after addition of PEO (10% w/v with respect to RSF/GalCS). From 

the corresponding size distribution histograms, as prepared from Image J, the mean fiber 

diameters of RSF (a’), GalCS (b’) and  RSF-GalCS (c’) were found to be 209 ± 166, 214 

± 58 and 210 ± 57 nm, respectively. 

Figure 6.5. The FTIR spectra of (a) RSF-GalCS, (b) RSF and (c) GalCS e-spun 

nanofibrous scaffolds. 

Figure 6.6. Powder XRD spectra of (a) RSF-GalCS, (b) RSF and (c) GalCS e-spun 

nanofibrous scaffolds.  
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Figure 6.7. The TGA thermographs of RSF, GalCS and RSF-GalCS e-spun scaffolds 

revealed the kinetics of weight loss as a function of temperature. The results suggest that 

the RSF-GalCS scaffold has a thermal stability up to ~240 o

Figure 6.8. Inverted phase contrast light microscope images of L929 mouse fibroblasts 

treated with the extracts of RSF-GalCS (a, test group), DPBS (b, negative control group) 

and aqueous phenol (c, positive control group) for 72 h, and (d) MTT assay results, 

collectively suggest the non-toxicity of the test sample. Maginification: 200×. 

C with mere 20% weight loss.  

Figure 6.9. Inverted phase contrast microscope images of HepG2 cells growing on e-spun 

RSF-GalCS nanofibrous scaffold: (a) bright light view, (b) fluorescence image. The 

observations revealed the formation of hepatic spheroids, characteristic of functional 

hepatocytes. Maginification: 200×. 

Figure 6.10. FESEM images of 1 day old (a), 3 day old (b) and 7 day old (c) cultures of 

HepG2 cells growing on RSF-GalCS e-spun scaffolds, and a high magnification FESEM 

image of cell-matrix junction. 

Figure 6.11. MTT assay, where the absorbance is directly proportional to the number of 

metabolically active cells, revealed that the metabolically active HepG2 cells are 

relatively higher on e-spun nanofibrous RSF-GalCS scaffold than on RSF alone and 

GalCS alone.  

Figure 6.12. Results of DNA quantification assay. The observations revealed that the rate 

of proliferation of HepG2 cells was relatively higher on e-spun nanofibrous RSF-GalCS 

scaffold than on RSF alone and GalCS alone. 

Figure 7.1. A Simplified schematic view of the (A) electrospinning process and the (B) 

apparatus used in the current study to produce nanofibrous scaffolds. (a) Syringe, (b) 

metal blunt ended needle, (c) high voltage supply, (d) fine jet of polymer solution, (e) 

earthed target. 

Figure 7.2. The schematic overview of the methodology followed to fabricate the 

composite matrix for BAL applications. 

Figure 7.3. A simplified schematic view of the BAL setup and bioreactor configuration 

used in the current study. 
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Figure 7.4. FESEM images of composite scaffold (a), middle sulfated AaSF microfibrous 

portion (b), and top/bottom e-spun nanofibrous BmSF/GalCS portion (c). From the 

corresponding size distribution histograms, as prepared from Image J, the mean fiber 

diameters of sulfated AaSF mat (a’), and e-spun BmSF/GalCS mat (b’) were found to be 

20.9 ± 10.2 µm and 206 ± 66 nm, respectively. 

Figure 7.5. A typical elemental microanalysis spectrum of sulfated AaSF microfibrous 

mat with K lines for C, O, N and S as obtained from EDX analysis. The inset shows a pie 

diagram representing the relative atomic percentages of each element. 

Figure 7.6. The FTIR spectra of (a) e-spun nanofibrous BmSF/GalCS mat and (b) 

sulfated AaSF microfibrous mat. 

Figure 7.7. The powder XRD spectra of (a) e-spun nanofibrous BmSF/GalCS mat and (b) 

sulfated AaSF microfibrous mat. 

Figure 7.8. The TGA thermographs of sulfated AaSF microfibrous mat (a), and e-spun 

nanofibrous BmSF/GalCS mat (b) revealed the kinetics of weight loss as a function of 

temperature.  

Figure 7.9. Inverted phase contrast light microscope images of L929 mouse fibroblasts 

treated with the extracts of composite scaffold (a, test group), DPBS (b, negative control 

group) and aqueous phenol (c, positive control group) for 72 h, and (d) MTT assay 

results, collectively suggest the non-toxicity of the test sample. Maginification: 200×. 

Figure 7.10. Inverted phase contrast microscope images of HepG2 cells growing on 

composite scaffold: (a) bright light view, (b) fluorescence image. The observations 

revealed the formation of hepatic spheroids, characteristic of functional hepatocytes. 

Maginification: 200×. 

Figure 7.11. FESEM images of HepG2 cells growing on composite scaffold. Cells on 

top/ bottom nanofibrous and middle microfibrous portions of the composite matrix are 

presented in (a) and (b) respectively. 

Figure 7.12. The levels of LDH, albumin and urea secreted by hepatocytes growing on 

the composite scaffold that was housed in BAL setup. 

-- * -- 
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1.1 TISSUE ENGINEERING 

The loss or failure of an organ or tissue resulting from injury or other type of damage is 

one of the most recurrent, devastating and costly problems in human health care. Tissue 

or organ transplantation is a golden standard therapy to treat these patients (Brasile et al., 

2002). However, it is severely limited by a critical donor shortage as evident from the 

data recorded by organ transplantation registries, such as Indian Transplant Registry 

(India), United Network for Organ Sharing (USA), Eurotransplant (Austria, Belgium, 

Croatia, Germany, Luxembourg, the Netherlands and Slovenia), Global Observatory on 

Donation and Transplantation (Spanish National Transplant Organization in association 

with World Health Organization), etc. (Figure 1.1). The organ shortage, virtually a 

universal problem, is worsening every year, and a large number of patients are dying 

while waiting for needed organs. Other approaches followed by physicians to treat organ 

or tissue loss are surgical reconstruction and use of mechanical / artificial 

intra/extracorporeal devices. However, the long-term problems limit the use of surgical 

reconstruction therapy. While, the devices are unsuccessful in performing all the 

functions of an organ, thus, they fail to prevent progressive patient deterioration (Langer 

and Vacanti, 1993). Overall, although these conventional therapies have saved and 

improved countless lives, they still remain imperfect solutions. 

The persistent shortage of donor transplants coupled with high morbidity and 

mortality without transplantation, and limitations associated with other conventional 

therapies has spurred the development of tissue engineering (TE) and regenerative 

medicine (RM) as a promising alternative therapy for tissue / organ failure (Fuchs et al., 

2001). TERM is an interdisciplinary field that applies the principles of engineering and 

the life sciences toward the development of biological substitutes that restore, maintain or 

improve tissue function (Langer and Vacanti, 1993; Langer, 2000). TE and RM are 

considered as two sides of the same coin, however, TE often focuses on in vitro 

engineering of tissues using a combination of materials, cells, biochemical/biomechanical 

cues and bioreactors, while the RM stretches beyond the definition of TE and often aims 

to stimulate and support the body’s own self-healing capacity by several converging 

technological approaches including the use of soluble molecules, gene therapy, stem and 

progenitor cell therapy, tissue engineering and the reprogramming of cell and tissue types 

(Daar and Greenwood, 2007; Williams, 2006).  

TH-1073_06610611



Chapter 1 

2 | P a g e  

 

 

Figure 1.1. Screenshots of Indian Transplant Registry, United Network for Organ 

Sharing, Eurotranplant, and Global Observatory on Donation and Transplantation 

websites that maintain the statistics of organ transplantations (Accessed on Dec, 2011). 

 

  

TH-1073_06610611



Chapter 1 

3 | P a g e  

TERM adopts following three strategies for the creation of new tissues (Langer and 

Vacanti, 1993): 

a) Cell based therapy using isolated cells or cell substitutes: This approach allows 

replacement of only those cells that supply the needed function, and permits 

manipulation of cells before infusion. Though it avoids surgery related complications, 

it is often associated with severe immunological rejection and failure to proper 

maintenance of functions in the recipient. Also, methods to deliver the cells to the 

target may be required. 

b) In situ regeneration using tissue-inducing substances: This approach involves the use 

of appropriate signal molecules, such as growth factors for in situ regeneration of 

cells/tissues. It avoids the complications of surgery and immunological rejection. 

However, it greatly depends on availability of sufficient amounts of pure signal 

molecules and methods to deliver these molecules to their targets. In situations where 

the regeneration process involves multi-step and multi-component pathways, this 

approach becomes complex and difficult to adopt. 

c) In vitro engineering using matrices: This approach involves the in vitro culture of 

cells on or within three-dimensional (3D) artificial extracellular matrices (ECM), well 

known as scaffolds, to form a functional tissue. Such in vitro engineered tissues may 

be implanted directly into the patient body or be used in developing bioartificial 

extracorporeal devices.  

Amongst these three approaches, however, the in vitro engineering using artificial 

ECM matrices has gained much significance as it offers control over every aspect of the 

process and promises to provide biomimetic functional artificial tissue. And, the use of 

term ‘TE’ in recent times often refers to the scaffold mediated in vitro engineering of 

tissues. The major components of the TE are (a) cells, (b) instructive signals 

(biochemical, biomechanical, etc.), (c) bioreactors and (d) scaffolds (Figure 1.2) (Langer, 

2000). And the process involves (a) identification, isolation and production (in sufficient 

numbers) of appropriate cells, (b) isolation or synthesis of appropriate biocompatible 

material(s) and manufacture of scaffold with desired shape and dimensions, (c) culture of 

cells on or within scaffold in a bioreactor under controlled conditions along with 

appropriate instructive signals, and lastly, (d) the in vitro engineered cell-scaffold 

construct is placed into the appropriate in vivo site (Figure 1.3) (Langer, 2000).   
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Figure 1.2. A schematic of different components of tissue engineering. 

 

 

 

Figure 1.3. A schematic of the process of tissue engineering. 
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1.1.1 Cells 

TE strategies utilize living cells and thus availability of sufficient amount of cells is 

obviously a critically important issue. Autologous healthy somatic cells derived from the 

patient would be the ideal source; but, biopsies from patients with extensive end-stage 

organ failure may not yield enough normal cells, moreover, this is often restricted by the 

limitations associated with the primary cell culture strategies (Atala, 2006). However, 

with the continuous developments in human stem cell biology, the use of stem cells in TE 

has started and gained momentum in recent times (Koch et al., 2009). The high 

proliferative capacity and pluripotency or ability to differentiate into cells of multiple 

lineages makes stem cells attractive for deriving large cell quantities. Human embryonic 

stem cells (derived from discarded human embryos), adult stem cells and progenitor cells 

(derived from a variety of adult tissues) are envisioned as being potential alternative 

sources (Berthiaume et al., 2011). More recently, the induced pluripotent stem (iPS) cells 

that are derived by reprogramming of somatic cells represent potential components of 

TERM (Badylak and Nerem, 2010). 

 

1.1.2 Biochemical and biomechanical cues 

Significant breakthroughs in the field of developmental biology and mechanobiology 

have started strengthening the current understanding of how cells read and adopt native 

ECM. It is revealed that the cells are extremely sensitive to the native ECM composition 

and microenvironment, and can be switched between different functional states (i.e. 

growth versus differentiation) by altering biochemical stimuli, or by changing the 

biomechanical balance and thereby altering cell shape and cytoskeletal structure 

(Badylak, 2005; Ghosh and Ingber, 2007; DuFort and Paszek, 2011). Thus, to engineer a 

tissue in vitro, the scaffold should ideally mimic the features of native ECM. Instead of 

using the scaffold as a bio-inert temporary template, the scaffold must incorporate such 

biochemical and micromechanical signals. In recent times, several studies have been 

reported on the development of bioactive scaffolds which are modified by coupling 

instructive biochemical signals (ex. adhesive ligands, growth factors, etc.) on the surface 

or the bulk of the matrix (Chung and Park, 2007). While, various scaffold design 

configuration and bioreactor systems are being used to micromechanical signaling 

between cells and scaffold (Freed et al., 2006; Ingber et al., 2006). 

TH-1073_06610611



Chapter 1 

6 | P a g e  

1.1.3 Scaffold 

Besides cells and corresponding cues, the major and the most critical component of tissue 

engineering is the ‘scaffold’, made of biomaterials, that tries to mimic the natural ECM 

and acts as a template for in vitro culture of human cells (Hutmacher and Cool, 2007). 

The surface and bulk properties of the materials used, and the architecture of the scaffold 

are central to its success (Liu et al., 2007; Sachlos and Czernuszka, 2003). A wide variety 

of scaffolds have been developed and evaluated for use in TE. The initial TE studies have 

used the scaffold as a mere bio-inert template; however, as researchers develop a greater 

understanding of the biology underlying fundamental structure-function relationships, a 

mere bio-inert scaffold may not yield a tissue with desired functions (Chan and Leong, 

2008; Williams, 2008). Several signals from the in vivo microenvironment such as cell– 

cell interactions, cell – ECM interactions, soluble signals and mechanical forces are found 

to influence the cell behavior in a 3D context (Tsang and Bhatia, 2004). Thus, in recent 

times, the factors that influence cell fate (proliferation, differentiation, apoptosis) and 

function (migration, gene expression, morphogenesis) are being incorporated with the TE 

scaffold to generate a functional tissue (Grayson et al., 2009; Biondi et al., 2008; Ghosh 

and Ingber, 2007). 

 

1.1.4 Bioreactors 

Although significant progress is made in the isolation and culture of cells and fabrication 

of scaffolds, the success of TE is hindered by the complexity of the process. Bioreactors 

are devices that allow operation of bio-processes under closely monitored and tightly 

controlled conditions and offers automation and scale-up of the process with a high 

degree of reproducibility (Plunkett and O'Brien, 2011). By providing a comprehensive 

level of monitoring and control over specific environmental factors (including 

biochemical and biomechanical) in 3D cultures, bioreactors can provide the technological 

means to understand the parameter-function relationships, and subsequently to engineer a 

functional tissue (Ratcliffe and Niklason, 2002; Martin et al., 2004; Pörtner et al., 2005). 

However, besides the generation of grafts for implantation purposes, the bioreactors are 

playing an important role in the form of extracorporeal devices, such as bioartificial liver 

and kidney, to sustain in the life of a patient till a transplant is made possible (Iwahori et 

al., 2005).  
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1.2 SCAFFOLD 

The scaffold is a three-dimensional substrate that provides a temporary structural 

framework and initial support for tissue regeneration. Isolated and expanded cells adhere 

to the temporary scaffold in all three dimensions, proliferate and secrete their own 

extracellular matrices, replacing the artificial scaffold (Liu et al., 2007). The scaffold also 

serves as a carrier for cells, growth factors or other biomolecular signals. They play an 

important role in manipulating cell function and guidance of new organ formation, and 

thus, it is vital for the scaffold to emulate certain advantageous features of the native 

ECM to direct the macroscopic process of neo-tissuegenesis (Ma, 2008; Tsang and 

Bhatia, 2004). However, because the neo-tissuegenesis in TE process is not exactly the 

same as a developmental or wound healing program, thus it is likely unnecessary and 

impractical for a scaffold to entirely duplicate the native ECM. Moreover, a natural ECM 

or its derivatives may actually not be the ideal scaffold for TE applications, because 

compared to the natural development program the TE is an accelerated regeneration 

process (Ma, 2004). Therefore the design and fabrication of an optimal artificial ECM is 

one of the critical and challenging technological barriers, for which scaffold engineering 

has become a prime focus of research within the field of TE. 

Ideally, TE scaffolds should have the following characteristics: 

a) An extensive network of highly interconnecting macro- or micro-pore structures 

to allow quick and uniform cell population throughout the scaffold. 

b) It should possess highly interconnecting channels through which oxygen and 

nutrients are provided to cells deep inside the scaffold and the waste products can 

be easily carried away. 

c) It should exhibit excellent biocompatibility with a high affinity for cells to attach 

and proliferate. 

d) It should also have good compatibility with blood and should not result in clotting. 

e) Neither the material nor its degradation by-products should provoke inflammation 

or toxicity. 

f) It should possess mechanical strength and tailorable biodegradability, as per the 

desired tissue requirements. 

g) It should be amenable to be molded into desired physical form. 
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1.2.1 Scaffold: Design 

1.2.1.1 Configuration 

The scaffold configuration (architectural and physical structure) determines the transport 

of nutrients, metabolites and regulatory molecules to and from the cells. Besides, it should 

provide structural integrity for the regenerating tissue and support an in vivo-like 

mechanotransduction between the cells and their environment (Liu et al., 2007). In 

physiological conditions, the native tissue architectures are composed of multi-cells with 

different functions and abundant capillary networks. Hierarchical structure refers to the 

fact that features at scales from the nanometer to millimetre level will determine how well 

the scaffold meets conflicting mechanical function and mass-transport needs (Hollister, 

2005). The subcellular structures (1–10 μm) to control the cellular environment, cell scale 

structures (10–100 μm) to control cell–cell inter-relationships and supra-cellular scale 

structures (100–1000 μm) to build the essential functional units of the tissue (Bhatia and 

Chen, 1999). Tissue structure and function are known to be highly inter-related, thus, the 

scaffold configuration should be given critical importance while designing and fabricating 

the TE scaffold (Chan and Leong, 2008; Liu et al., 2007). 

 

1.2.1.2 Composition 

Besides being a structural framework, the scaffold is expected to provide the necessary 

biochemical cues for cell adhesion, growth, proliferation, differentiation and ECM 

synthesis. The compatibility with the blood, the tissue that first comes in contact with the 

construct after implantation, is influenced by the scaffolding materials. Also, the 

scaffold’s degradation properties may have severe effect on immunological responses and 

graft rejection (Prestwich, 2008). The native ECM is an optimized milieu of a complex 

network of molecules that directs tissue development and maintains tissue homeostasis. 

Thus, scaffold should combine bioactive and bioresorbable properties to activate in vivo 

mechanisms of tissue regeneration, stimulating the body to heal itself and leading to 

replacement of the scaffold by the regenerating tissue (Boccaccini and Blaker, 2005).The 

challenge is to replicate the complexity of the native ECM environment with the 

minimum number of components necessary to allow cells to rebuild a given tissue 

(Prestwich, 2007).  
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1.2.2 Scaffold: Fabrication 

Because of the critical role of ECM in tissue development and the diversity of its 

structure and composition that ranges from the micro-porous calcified bone matrix to the 

nano-porous collagenous matrix of skin, care must be taken in determining the optimal 

fabrication technique and materials’ properties of scaffolds since these attributes will 

likely have a direct effect on cell and tissue development. 

1.2.2.1 Fabrication techniques 

In the body, tissues are organized into 3D structures as functional tissues and organs. To 

achieve success in engineering functional tissues and organs in vitro, the scaffolds have to 

be designed and fabricated to facilitate cell distribution and guide tissue regeneration in 

three dimensions (Chan and Leong, 2008). There are many techniques/methods to process 

biomaterials into various scaffolds, which include conventional techniques such as 

impregnation and sintering ceramic processing, solvent casting and particulate leaching, 

gas forming, non-woven fiber, fiber knitting, phase separation/emulsion freeze drying for 

manufacturing scaffold. Emerging fabrication techniques are under development 

particularly solid free form fabrication techniques including 3D printing technique and 

fused deposition techniques (Ma, 2004; Liu et al., 2007a). Characteristics differentiating 

the various techniques include the use of solvents, heat, pressure, or pore creating agents 

(Tsang and Bhatia, 2004; Liu et al., 2007a). From a scaffold design and function view 

point, each technique has its merits and demerits. A list of scaffold fabrication techniques 

along with their key features are presented in Table 1.1. 

1.2.2.1a. Solvent casting, in combination with particulate leaching 

Solvent casting, in combination with particulate leaching involves casting a polymer 

solution with water soluble particulates into a mould. After the evaporation of the solvent, 

the particulates are leached away using water to form the pores of the scaffold. The 

process is easy to carry out, but it is very difficult to remove all the soluble particulates 

from the thicker polymer matrix, thus is often works only for thin membranes or very thin 

3D specimens (Miko and Temenoff, 2000). The extensive use of solvents (some of which 

are toxic) in this method also presents a difficulty, as any residues of the solvent would 

hinder the cell attachment and proliferation onto the scaffold (Mooney et al., 1996). 
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However, several modifications to the original method are reported to overcome these 

limitations (Miko et al., 1993). 

1.2.2.1b. Phase separation 

Phase separation technique uses the fact that a homogeneous multicomponent system 

such as a polymer–water emulsion can become thermodynamically unstable and separates 

in order to lower the free energy (Whang et al., 1995). With respect to scaffold 

fabrication, a thermally induced phase separation can be used to yield a polymer-rich 

phase and a polymer-lean phase. After the solvent is removed, either via lyophilization or 

solvent extraction, the space originally taken by the solvent becomes the pores, thus a 

porous scaffold is formed (Chen et al., 2001; Zhang and Ma, 1999). The architecture of 

the scaffold could be controlled by phase separation conditions. As this technique uses 

organic solvents to create pores within the scaffolds, the removal of the solvent remains a 

problem and forms a potential source of toxicity for cells. However, use of high pressure 

CO2

1.2.2.1c. Fiber networking 

 gas techniques avoid the use of toxic solvents and to fabricate scaffolds that suit TE 

needs (Liu et al., 2007a). 

Fiber networking technique uses biodegradable fibers to fabricate scaffolds via a textile 

method, such as non-woven, knitting and fiber bonding routes (Freed et al., 2006). This 

technique is straightforward and involves the use of non-toxic chemicals. In fiber 

bonding, two fiber materials can be attached to each other via ‘heat fuse’ or ‘embed’ 

methods; later one component is dissolved in a selective solvent to obtain the fiber 

scaffold (Cooper et al., 2005). Recently, electrospinning method has gained significant 

popularity as it is capable of fabricating nonwoven network of polymer fibers ranging 

from a few nanometers to hundreds of microns (Pham et al., 2006). Various polymers, 

both synthetic and natural, have been used either alone or combination with other 

polymers have been electrospun to fabricate nanofibrous nonwoven scaffolds 

(Ashammakhi et al., 2008; Bhardwaj and Kundu, 2010). However, difficulty in 

controlling pore size, pore shape and low rigidity are the major issues of concern with 

fiber networking techniques. 
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Table 1.1. Methods used to process biomaterials into tissue engineering scaffolds (Liu et 

al., 2007a). 

Fabrication 

technique 

Requirement 

for materials 

Sensitivity Scaffold 

architecture 

Biomaterial Setback 

Impregnate 

sintering 

Withstand 

high 

temperature 

Sensitive to 

sintering 

Pore size: 200 

∼ 1000 μm; 

porosity: >50% 

foam 

dependent 

HA, TCP Brittle 

Solvent casting and 

particulate leaching 

Soluble in cell 

non-toxic 

solvent 

User and 

materials 

dependent 

Pore size: 50 ∼ 

1000 μm; 

porosity: 30 ∼ 

90% 

PLA, PLGA, 

collagen and 

so on 

Solvent 

toxicity 

Particulat

e remanet 

Phase 

separation/emulsion 

in combination with 

freezing 

drying/critical point 

drying 

Soluble in cell 

non-toxic 

solvent 

Emulsion 

formation 

sensitive to 

stirring 

Pore size <200 

μm; Porosity: 

70 ∼ 95% 

PLGA, PLA, 

PLLA and 

collagen 

Solvent 

toxicity 

Pore size 

difficult 

to control 

Fiber knitting/non-

woven/bonding 

Fiber Machine control 

Solvent sensitive 

Interconnected 

channels, 20 ∼ 

100 μm in 

diameter 

PVA, PLA, 

PLGA 

Lack of 

rigidity 

Solid free form Low melting 

point and 

thermoplastic 

Computer 

control 

Interconnected 

channels 

Complex shape 

and structure 

>150 μm 

Customer 

based 

PEG, PLA, 

PLGA 

Collagen, 

starch, HA, 

TCP 

Costly 
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1.2.2.1d. Solid freeform fabrication: 

Solid freeform fabrication (SFF), also known as rapid prototyping, uses layer-

manufacturing strategies to create physical objects directly from computer-generated 

models. SFF allows the fabrication of objects with unique materials, combinations and 

delicate geometries which could not be attained by traditional manufacturing methods 

(Leong et al., 2003). Over the past two decades, more than 20 SFF systems have been 

developed and commercialized, for example, stereo-lithography, laminated object 

manufacturing, selective laser sintering, fused deposition modelling and ink jet printing 

(Liu et al., 2007a). It can improve current scaffold design by controlling scaffold 

parameters such as pore size, porosity and pore distribution, as well as incorporating an 

artificial vascular system, thereby increasing the mass transport of oxygen and nutrients 

into the interior of the scaffold and supporting cellular growth in that region (Sachlos and 

Czernuszka, 2003). However, these methods are complex and associated with high 

manufacturing costs. 

 

1.2.2.2 Scaffold materials 

The state of the art in biomaterials design has continuously evolved over the past few 

decades. Earlier attempts were primarily focused on either achieving 

structural/mechanical performance or on rendering biomaterials inert and thus 

unrecognizable as foreign bodies by the immune system, however, in recent years, there 

has been increasing importance on bioactive biomaterials that could be used in functional 

TE (Dhandayuthapani et al., 2011). Biomaterials are used in a wide variety of biomedical 

applications, including as implants in the form of sutures, bone plates, joint replacements, 

ligaments, vascular grafts, heart valves, intraocular lenses, dental implants and medical 

devices like pacemakers, biosensors so on and so forth. The biomaterials are broadly 

categorized into: metals, ceramics, polymers and combinations thereof (known as 

composites) (Binyamin et al., 2006; Spector, 2006). A list of various classes of 

biomaterials along with their key features is presented in Table 1.2. 
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1.2.2.2a Metals 

Metals are inorganic materials that have unique atomic arrangements and bonding 

characteristics leading to enhanced mechanical, thermal, and electrical properties. Their 

conductivity and mechanical strength, especially the load-bearing properties, make them 

ideal for a variety of medical applications, including prostheses for hard tissue 

replacement, fixation devices, dental implants, and active devices such as stents, guide 

wires, and electrodes (Niinomi, 2008). A majority of the pure metals are not useful as 

biomaterials because of biocompatibility and corrosion concerns. Although noble metals 

exhibit excellent biocompatibility and corrosion resistance, they often do not have ideal 

load-bearing properties. Alloys are homogenous mixtures of two or more metals. 

Vanadium steel was the first metal alloy specifically developed as a biomaterial, although 

it is no longer used because of its susceptibility to corrosion (Binyamin et al., 2006).  

Currently, the most common alloys are stainless steel, titanium (Ti)-containing, 

cobalt–chromium, and shape memory alloys (Niinomi, 2008). The stainless steel is most 

commonly used for implant applications such as defibrillator casing and hip implants. 

Titanium and Ti-containing alloys are used extensively because of their high strength-to-

weight ratio, due to good mechanical properties and a low density, as well as its high 

biocompatibility profile (Long and Rack, 1998; Guillemot, 2005). It is ideal for 

orthopedic implants which require high load bearing without adding much weight to the 

limb or joint. Nickel–titanium alloy known as nitinol is unique alloy that has shape 

memory, super elasticity, force hysteresis, fatigue resistance, thermal deployment, and 

kink resistance. Its characteristic shape memory allows the material to return to a 

thermally preset shape after deformation simply by raising the temperature above its 

transition point, which is usually body temperature (Tarniţă et al., 2009). 

1.2.2.2b Ceramics 

Ceramics are inorganic, nonmetallic materials and possess superior compressive strength 

and biological inertness that make them useful for medical applications (van Dijken, 

1999; Jones, 1996). Traditionally known to be extremely hard, ceramics are limited by 

their relative brittleness and poor mechanical properties. Other advantageous properties of 

these materials are their high melting point, low electrical conductivity and low thermal 

conductivity. Advancements in the field have led to several useful bioceramics and 
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biocomposites that are typically classified into one of the three categories: completely 

resorbable, bioreactive and bioinert (Binyamin, et al., 2006; Habraken et al., 2007). 

Resorbable bioceramics degrade over time and are replaced by endogenous 

tissues resulting in normal, functional bone when used in orthopedic applications. Their 

osteoconductive ability, or ability to allow for osteoblast integration leading to osteoid 

formation, is a key property (Parsons, 1985). Materials including calcium phosphates, 

hydroxyapatite, and calcium sulfate dihydrate (plaster of paris) are classified as 

resorbable. 

Bioreactive bioceramics have the ability to make chemical bonds and interact with 

normal tissue at its interface. The presence of these materials as the bulk implant or in the 

form of coatings on other materials causes the surrounding tissues to bind with them, 

providing better integration and less residual stress at the interface (Hoppe et al., 2011). 

Bioglass and Ceravital are classified as bioreactive materials. 

Bioinert ceramics are biocompatible materials that maintain their mechanical and 

physical properties after implantation. Characteristics include the lack of biological 

response and noncarcinogenicity (Hayashi et al., 1992). They are commonly used for 

structural support applications and are popular in orthopedic applications. Examples of 

this type of materials include alumina, zirconia, pyrolitic carbon and silicon nitrides.  

1.2.2.2c Polymers 

During the past two decades significant advances have been made in the development of 

polymeric materials, particularly of biodegradable nature, for biomedical applications. 

Due to the versatility of polymeric materials, they are rapidly replacing other material 

classes, such as metals, alloys and ceramics for use as biomaterials (Griffith, 2000, 2002; 

Seal et al., 2001; Cheung et al., 2007). Some of the inherent properties of polymeric 

biomaterials that can have an effect on their biocompatibility include: material chemistry, 

molecular weight, solubility, shape and structure of the implant, hydrophilicity/ 

hydrophobicity, lubricity, surface energy, water absorption, degradation, and erosion 

mechanism (Nair and Laurencin, 2006). Depending on the origin, polymeric biomaterials 

can be classified into natural polymers and synthetic polymers. 
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Natural polymers can be considered as the first biodegradable biomaterials used 

clinically. Natural polymers possess several inherent advantages such as bioactivity, the 

ability to present receptor-binding ligands to cells, susceptibility to cell-triggered 

proteolytic degradation and natural remodeling (Nair and Laurencin, 2006). Most of the 

naturally occurring polymers undergo enzymatic degradation. However, the complexities 

associated with their purification, the possibility of disease transmission, if derived from 

animal sources, limitations in scaffold processing / modifications, and batch to batch 

variations associated with most of the natural origin polymers limit their exploration in 

TE (Ulery et al., 2011). The natural polymers can be further classified to protein-based 

and carbohydrate-based materials. Collagen, gelatin, silk fibroin, fibrinogen, elastin, 

keratin, etc. are the examples of protein polymers. While, the carbohydrate polymers 

include chitosan, chitosan derivatives, alginate, hyaluronic acid, etc (Dhandayuthapani et 

al., 2011). A list of some of the naturally derived polymers along with their general 

characteristics and applications in various TE is presented in Table 1.3.  

Synthetic polymers on the other hand are devoid of many of the disadvantages of 

natural polymers. For example, they have more predictable properties, possess batch-to-

batch uniformity, and are amenable for processing and modification to meet the desired 

specifications. However, the lack of bio-instructive signals, high rate of degradation, 

acidic degradation products and low solubility, limit the biomedical applications of these 

polymers (Gunatillake and Adhikari, 2003). They are broadly divided into hydrolytically 

degradable and enzymatically degradable polymers. However, for TE applications, 

hydrolytically degradable polymers are generally preferred as they are devoid of site-to-

site and patient-to-patient variations as compared to enzymatically degradable polymers. 

Synthetic polymers represent the largest group of biodegradable polymers and they can be 

produced in large quantities under controlled conditions, at an affordable cost 

(Dhandayuthapani et al., 2011). A list of some of the synthetic polymers along with their 

general characteristics and applications in various TE is presented in Table 1.4. 

1.2.2.2d Composites 

Early attempts in TE have typically been performed using single, homogeneous 

biomaterials as scaffolds. However, these materials have not shown long-term success in 

the development of engineered tissue of complex nature with all the physical and 

biomechanical characteristics of the native tissue. The development of composite 
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scaffolds by combining multiple materials with different properties may provide unique 

characteristics to promote the repair or regeneration of tissues (Boccaccini and Blaker, 

2005). They are usually composed of more than one phase/ material. Each of the 

components retains its own properties thus the heterogeneous composites are distinctly 

different from the homogenous mixtures (Prestwich et al., 2002). The transfer of forces at 

the interface of the materials is crucial to the overall behavior of composites. Along with 

the interfacial interaction, other considerations for composite materials include the shape, 

orientation, and volume fraction of the inclusive moieties (Binyamin, et al., 2006).  

The composites are majorly of two types: particulate and fibrous. The inclusion of 

small particulates in a continuous matrix is called a particulate composite. Fibrous 

composites are fibers immobilized in a matrix. A variety of composite materials have 

been developed which majorly explored a combination of organic/ inorganic components 

(Boccaccini and Blaker, 2005). Composites of tailored physical, biological and 

mechanical properties as well as predictable degradation behavior can be produced 

combining bioresorbable polymers and bioactive inorganic phases. Such composite 

scaffolds are popular as implant materials in the field of dentistry, orthopedics and plastic 

surgery (Habraken et al., 2007). Biodegradable polymers like polylactic acid, gelatin, 

collagen, chitosan, etc. are used in combination with ceramic particles to fabricate 

scaffolds for use in the in vitro engineering of tissues, particularly the hard tissues, such 

as bone (Rezwan et al., 2006). 

 

Continued … 
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Table 1.2. Biomaterials classified by material type with examples of their application in 

medical devices (Binyamin et al., 2006). 

Classification Biomaterial Examples of applications 

Metal 316L stainless steel Surgical instruments, orthopedic fixation 

devices, stents 

Metal Titanium and titanium-containing 

alloys 

Fracture fixation, pacemaker encapsulation, 

joint replacement 

Metal (shape 

memory alloy) 

Nickel–Titanium Alloy (Nitinol) Stents, orthodontic wires 

Metal Platinum and platinum-containing 

alloys 

Electrodes 

Metal Silver Anti-bacterial material 

Polymer Polytetrafluoroethylene (PTFE, 

Teflon®, Gore-Tex®

Vascular grafts, catheters, introducers 

) 

Polymer Poly(ethylene terephthalate) 

(polyester, Ethibond, Dacron®) 

Vascular graft, drug delivery, non-resorbable 

sutures 

Polymer Poly(methyl methacrylate) 

(PMMA) 

Bone cement, intraocular lens 

Polymer Polyurethane Catheters, tubing, wound dressing, heart 

valves, artificial hearts 

Polymer Silicone rubber 

(polydimethylsiloxane PDMS) 

Catheters, feeding tubes, drainage tubes, 

introducer tips, flexible sheaths, gas exchange 

membranes 

Polymer Polycarbonate Major component in renal dialysis cartridge, 

heart-lung machine, trocars, tubing 

interconnectors 

Polymer Hydrogels (poly(ethylene oxide), 

poly(ethylene glycol), poly(vinyl 

alcohol), etc.) 

Drug delivery, wound healing, hemostasis, 

adhesion prevention, contact lenses, 

extracellular matricies, reconstruction 

Polymer Polyamides (nylon) Non-resorbable sutures 

Polymer Polypropylene (ie, prolene) Non-resorbable sutures, hernia mesh 

Ceramic Alumina Joint replacement, dental implants, orthopedic 

prostheses 

Ceramic Carbon Heart valves, biocompatible coatings, 

electrodes 

Ceramic Hydroxyapatite Implant coatings, bone filler 

Ceramic Bioglass Metal prostheses coating, dental composites, 

bone cement fillers 
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Table 1.3. General characteristics of commonly used naturally-derived polymers for 

tissue engineering (Kim et al., 2011a). 

Polymers Biocompatibility Disadvantages Biodegradability Application 

Collagen Minimal cytotoxicity, 

Mild foreign body 

reaction, Minimal 

inflammation 

Proteoytic removal 

of small nonhelical 

telopepties 

Bulk, Controllable Skin; cartilage; 

bone; ligaments; 

tendons; vessels; 

nerves; bladder; 

liver 

Hyaluronic 

acid 

Minimal foreign body 

reaction,       No 

inflammation 

Highly viscous 

solution, Many 

purification steps 

after chemical 

modification 

Bulk, 1 h to 1 

month 

Skin; cartilage; 

bone; ligaments; 

nerves; vessels; 

liver 

Alginic acid Minimal foreign body 

reaction,     No 

inflammation 

Uncontrollable 

dissolution of 

hydrogel 

Bulk, 1 day to 3 

months 

Skin; cartilage; 

bone; nerves; 

muscle; pancreas 

Chitosan Minimal foreign body 

reaction,      No 

inflammation 

Uncontrollable 

deacetylation and 

molecular weight 

Bulk, 3 days to 6 

months 

Skin; cartilage; 

bone; nerves; 

vessels; liver; 

pancreas 

Gelatin Minimal cytotoxicity, 

Mild foreign body 

reaction, Minimal 

inflammation 

Weak mechanical 

property 

Bulk, Controllable Skin; bone; 

cartilage; ligaments; 

breast 

Fibrin Minimal cytotoxicity, 

Mild foreign body 

reaction, Minimal 

inflammation 

Weak mechanical 

property 

Bulk, Controllable Skin, bone, 

cartilage; 

liver,tendons; 

ligaments; vessels 

Poly(hydrox

yalkanoate) 

Minimal cytotoxicity, 

Mild foreign body 

reaction, Minimal 

inflammation 

Pyrogen removed Bulk, Controllable Skin; bone; 

tendons; cartilage; 

nerves; ligaments; 

heart; vessels; 

muscle 

Silk Minimal cytotoxicity, 

Mild foreign body 

reaction, Minimal 

inflammation 

Inflammation of 

sericin 

Bulk, Controllable Skin; ligaments; 

bone; cartilage; 

tympanic 

membrane; vessels; 

tendons 
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Table 1.4. General characteristics of commonly used synthetic polymers for tissue 

engineering (Kim et al., 2011a). 

Polymers Biocompatibility Disadvantages Biodegradability Application 

Poly (lactic acid) Minimal 
cytotoxicity, Mild 
foreign body 
reaction, Minimal 
inflammation 

Local 
inflammation, 
Random chain 
hydrolysis 

Bulk, 24 months Skin; cartilage; 
bone ligaments; 
tendons; 
vessels; nerves; 
bladder; liver 

Poly (glycolic acid) Minimal 
cytotoxicity, Mild 
foreign body 
reaction, Minimal 
inflammation 

Local 
inflammation, 
Random chain 
hydrolysis 

Bulk, 6–12 
months 

Skin; cartilage; 
bone ligaments; 
tendons; 
vessels; nerves; 
bladder; liver 

Poly (lactic acid-co-
glycolic acid) 

Minimal 
cytotoxicity, Mild 
foreign body 
reaction, Minimal 
inflammation 

Local 
inflammation, 
Random chain 
hydrolysis 

Bulk, 1–6 months Skin; cartilage; 
bone ligaments; 
tendons; 
vessels; nerves; 
bladder; liver 

Poly (caprolactone) Minimal 
cytotoxicity, Mild 
foreign body 
reaction, Minimal 
inflammation 

Hydrophobic Bulk, 3 years Skin; cartilage; 
bone; 
ligaments; 
tendons; 
vessels; nerves 

Poly (ethylene oxide) 
terephthalate-co-
butylene 
terephthalate 

Mild foreign body 
reaction, No 
inflammation 

Complex 
biodegradability 

Bulk, 1 month-5 
years 

Skin; cartilage; 
bone; muscles 

Polyanhydrides Minimal foreign 
body reaction, 
Minimal 
inflammation, 
Minimal cytotoxicity 

Limited 
mechanical 
property 

Surface erosion, 
Controllable 

Bone 

Poly (propylene 
fumarate) 

Mild foreign body 
reaction, Minimal 
inflammation 

Weak mechanical 
property 

Surface erosion, 1 
week–16 months 

Bone 

Poly (orthoester)s Mild inflammation, 
Mild foreign body 
reaction 

Weak mechanical 
property 

Bulk ∼ several 
months 

Ear; bone; 
cartilage 

Polyphosphazene Minimal foreign 
body reaction, 
Minimal 
inflammation 

Broad molecular 
weight 
distribution 

Surface erosion, 1 
week–3 years 

Skin; cartilage; 
bone nerves; 
ligaments 
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1.3 SILKWORM SILK FIBROIN 

Silks are generally defined as protein polymers that are spun into fibers by a variety of 

silkworms, spiders, certain scorpions, mites and flies. Each of these different silks have a 

different amino acid composition and exhibits mechanical properties tailored to their 

specific functions such as reproduction, cocoon capsular structures, lines for prey capture, 

lifeline support (dragline), web construction, adhesion, etc. However, silk from sources 

other than silkworms has not been paid much attention mainly due to inadequate 

availability, and inability to domesticate and scale up the production in conditions. For 

example, to produce spider silk cloth of 11×4 feet dimensions, 70 people spent four years 

collecting more than a million golden orb spiders from telephone poles in Madagascar, 

while another dozen workers carefully extracted about 80 feet of silk filament from each 

of the arachnids. The resulting textile is the only large piece of cloth made from natural 

spider silk existing in the world today at the American Museum of Natural History in 

New York City, USA (Leggett, 2009). Thus, the collection of large amounts of silk, to 

meet the demands of biomedical engineers, from non-silkworm sources is a tedious, 

costly, labour intensive and time consuming job. 

 On the other hand, the silk from silkworm is easy to obtain and process in large 

quantities. Since its development in China thousands of years ago, silkworm silk has been 

used throughout history not only as luxury fabrics but also in various technological 

applications including paper, sutures, wound dressing and tissue engineering. Silk is a 

natural macromolecular protein polymer, synthesized in the epithelial cells of specialized 

glands, secreted into the lumen and finally spun into fibers by several Lepidopteran larvae 

(Altman et al., 2003; Vepari and Kaplan, 2007). The spun fiber is composed of two 

proteins: fibroin – the central protein, and sericin – glue-like coating encasing the core 

protein. Silk is a fibrous and structural protein having low density (1.3 g/cm3), high 

strength (4.8 GPa), remarkable toughness/ elasticity (35%) and thermal stability (∼250 

°C), thus it is regarded as one of the toughest and most versatile materials known (Shao, 

and Vollrath, 2002; Wang et al., 2006). Generally, silk is obtained from domestic silk 

moths such as Bombyx mori L. belonging to Bombycidae family and several wild silk 

moths such as Antheraea assama W., A. pernyi G.M., A. yamamai G.M., A. mylitta D., 

etc., belonging to Saturniidae family. However, B. mori silk has received widespread 

popularity since it is domesticated and produced in industrial scale. 
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Silk has been used as suture materials for hundreds of years. However, pristine 

silk sutures often induced immunogenic responses, while the sericin-free, degummed silk 

fibers composed of pure fibroin were found to be relatively biocompatible. Besides, they 

are biodegradable. This laid foundation for using silk fibroin as a biomaterial for 

biomedical applications, including TE. Following is the list of advantages and certain 

associated concerns of using silk fibroin as a biomaterial for biomedical applications 

(Altman et al., 2003; Hardy and Scheibel, 2010) 

Benefits 

a) Natural fiber with a long standing history of use in clinical applications. 

b) Novel mechanical properties of some silks that are superior to any other natural 

fiber and rival many high performance fibers. 

c) The ability to process silks in aqueous solutions for subsequent formation of films 

and other material formats, with relatively simple insolubilization via exposure to 

alcohols and other environmental factors. 

d) Easily chemically modified with surface decorations, such as adhesion sites or 

cytokines, due to the availability of amine and acid side chains on some of the 

amino acids. 

e) Genetically tailorable composition and sequence to moderate specific features, 

such as molecular weight, crystallinity, solubility. 

f) Slow rates of degradation in vitro and in vivo, this is particularly useful in 

biodegradable scaffolds in which slow tissue ingrowth is desirable. 

g) No known risk of bioburden. 

Concerns 

a) Adequate removal of contaminating sericin from silkworm silk to avoid 

biocompatibility problems. 

b) Aborted proteolytic attack by macrophages and giant cells leading to 

encapsulation and the formation of a granuloma. 

c) Slow degradation of crystalline (β-sheet) regions. However, this may not be a 

concern in applications where a slow degradation is required. 

d) Potential sensitization to silk fibroin resulting in an allergic response upon 

exposure to the biomaterial.  
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1.3.1 Properties 

1.3.1.1 Structural properties 

The bulk of the commercial silk produced globally comes from Bombyx mori L. 

which solely feeds on the leaves of mulberry plant and is completely domesticated and 

reared indoors. The ease of processing has lead to its greater exploration which resulted in 

better understanding of its synthesis, composition and structure. The domesticated 

silkworm B. mori silk fibroin fibers are about 10–25 μm in diameter and consist of two 

proteins: a light chain (26 kDa) and heavy chain (390 kDa) which are present in a 1:1 

ratio and linked by a single disulfide bond (Vepari and Kaplan 2007). The disulfide 

linkage between the Cys-172 of the light chain and Cys-c20 (20th residue from the 

carboxyl terminus) of the heavy chain holds the SF together and a 25 kDa glycoprotein, 

named P25, is non-covalently linked to these proteins (Tanaka et al 1999). The amino 

acid composition of B. mori silk fibroin consists primarily of Gly (43%), Ala (30%) and 

Ser (12%) (Altman et al., 2003). A number of silk polymorphs have been reported, 

including the glandular state prior to crystallization (silk I), the spun silk state which 

consists of the β-sheet secondary structure (silk II), and an air/water assembled interfacial 

silk (silk III), with a helical structure (Wilson et al., 2000). 

Structurally, B. mori silk fibroin is characterized as natural block copolymers 

amphiphile composed of hydrophobic and hydrophilic blocks. The hydrophobic block is a 

highly conserved repetitive sequence consisting of short side-chain amino acids such as 

Gly and Ser (Hardy et al., 2008). While, the hydrophilic block is relatively more complex 

sequence consisting of larger side-chain amino acids as well as charged amino acids. The 

hydrophobic blocks tend to form β-sheets or crystals through hydrogen bonding and 

hydrophobic interactions. These ordered hydrophobic blocks combine with the less 

ordered hydrophilic blocks (Wang et al., 2006). In the silkworm gland, such hydrophilic–

hydrophobic block structures are lubricated and stabilized by water and form micelle-like 

structures through phase separation, thus, it exists as a highly concentrated silk fibroin 

aqueous solutions in a non-Newtonian liquid crystalline state (Hardy and Scheibel, 2010). 

During the spinning process, the concentration of silk fibroin solution in the gland 

gradually increases to form micelles, which further aggregate to form globule like 

structures and gels. A metastable state is maintained with sufficient water content to avoid 

premature β-sheet transformation. The shear stress caused during head movement of the 
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silkworm induces the final assembly of the β-sheets into crystalline blocks, which are 

then encased by sericin to form tough and rigid silk fiber (Valluzzi et al., 2002; Hardy 

and Scheibel, 2010; Vepari and Kaplan, 2007; Kaplan, 1998). 

1.3.1.2 Solubility 

In the gland, silk fibroin exists as a highly concentrated aqueous solution, but, once 

formed silk fibers are completely insoluble in most solvents such as water, ethanol, dilute 

acids and bases. However, it is soluble in solvents such as highly concentrated sulfuric 

acid, formic acid, hexafluoroisopropanol, and saturated solutions of neutral salts such as 

calcium nitrate, lithium bromide, etc (Vepari and Kaplan, 2007). Additionally, in 

comparison to mulberry silk fibroin, the fibroin from nonmulberry silkworms is difficult 

to dissolve even in the above mentioned solvents and is poorly stable. Recently, novel 

methods are being formulated to dissolve and stabilize the nonmulberry derived fibroin 

proteins. For example, Mandal and Kundu (2008a) successfully described a novel method 

for dissolution and stabilization of A. mylitta silk gland derived fibroin using anionic 

surfactant sodium dodecyl sulfate. 

1.3.1.3 Sterilizability 

A unique feature of silk, compared with other fibrous proteins such as collagen, is the 

versatility of options for sterilization (Altman et al., 2003). It is amenable to sterilization 

by chemical means (ex. ethylene oxide, 70% ethanol), physical means (ex. Autoclave, 

Irradiation), etc. It was found that silk fibroin scaffolds does not change morphology or β-

sheet structure (Vepari and Kaplan, 2007). 

1.3.1.4 Cytocompatibility 

The foremost critical parameter for considering silk as a biomaterial for TE applications 

is its ability to support the adhesion, growth, proliferation and differentiated function of a 

variety of human cells, including stem cells (Unger et al., 2004a, 2004b; Min et al., 2004; 

Wang et al., 2006; Luan et al., 2006; Jin et al., 2004a). Minoura et al (1995) 

demonstrated that the ability of fibroin films in supporting attachment, spreading and 

growth of the L-929 fibroblast cell line was comparable to that of collagen. Similar 

results were obtained when SE1116, KB, Colo201 and QG56 (carcinoma cell lines) were 
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cultured on silk fibroin films in comparison to collagen matrix control (Inouye et 

al.1998). Subsequently, various human cells of different tissue and cell types (endothelial, 

epithelial, fibroblast, glial, keratinocyte, osteoblast) were found to readily adhere and 

spread over fibroin based mates (Unger et al., 2004a, 200b). Similarly, the silk fibroin 

was found to support the growth and differentiation of various human stem cells (Wang et 

al., 2006). The authors attributed this cell attachment to the presence of positively 

charged residues like arginine near the C-terminus of the non-repetitive (hydrophilic) 

regions of the silk fibroin sequence, considering the surface of mammalian cells are 

predominantly negatively charged. However, Minoura et al (1995) observed a stronger 

cell adhesion on films formed by silk fibroins from Antheraea pernyi, a wild-type 

silkworm, than those from B. mori domestic silkworms. The difference was attributed to 

the presence of RGD tripeptide (recognition motif for integrin-mediated cell adhesion) in 

the silk fibroin sequence from the wild silkworms, but not in the domestic silk worms. In 

general, the results indicated that B. mori fibroin and collagen films are equivalent in their 

ability to support the culture of human cells, while the fibroin from wild silkworm has 

superior ability to B. mori fibroin and collagen (Minoura et al 1995). 

1.3.1.5 Blood compatibility 

Silk fibroin shows moderate haemostasis response similar to polytetrafluoroethylene 

(PTFE) (Seib et al., 2012). However, Lee et al (1998) evaluated the effect of surface 

properties on the antithrombogenicity of silk fibroin/S-carboxymethyl kerateine blend 

films. In a similar study, Park et al (2001) studied the in vitro and in vivo 

antithrombogenicity response of regenerated silk fibroin films and suggested a 

relationship between antithrombogenicity and surface free energy of the material. Silk 

fibroin was surface functionalized with sulfate and sulfonate moieties to enhance the 

blood compatibility of the material (Ma et al., 2006; Taddei et al., 2007; Liu et al., 

2011a). It was found that the prothrombin time, activated partial thromboplastin time and 

thrombin time have all increased remarkably, and the clot times exceeded the 

measurement limit of clot detection instrument in case of sulfated silk (Ma et al., 2006). 

The sulfated silk fibroin was used as a coating material to enhance the blood 

compatibility of other polymers, for example, covalent immobilization of sulfated silk 

fibroin on poly(lactic-co-glycolic acid) scaffolds was found to enhance its 

antithrombogenicity (Liu et al., 2011b). Similarly, other modifications of silk fibroin 
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which aimed at improving its blood compatibility include blending fibroin with 

anticoagulant agents such as heparin and fucoidan (Lu et al., 2007; Gao et al., 2008).  

1.3.1.6 Immunological reactions 

Generally, the sutures made from sericin-containing silk show high degree of 

hypersensitivity as compared to that of sutures made of degummed silk (Altman et al., 

2003). The in vitro inflammatory response of fibroin films compared with polystyrene 

and poly(2-hydroxyethyl methacrylate) showed less adhesion of humoral components of 

the inflammatory system (Santin et al., 1999). However, soluble factors of silk sutures 

were found to exert a considerable effect on macrophages, significantly inhibiting 

adherence (Uff et al., 1995; Panilaitis et al., 2003).  Meinel et al (2005) evaluated the in 

vitro and in vivo inflammatory response of silk fibroin films and found that the response 

was relatively lower than that of collagen films and PLA films. While, the silk fibroin-

based non-woven mats implanted subcutaneously in rats though showed little up-

regulation of inflammatory pathways, there was no invasion of implantation site by 

lymphocytes and no occurrence of fibrosis (Dal Pra et al., 2005). Overall, as a suture, silk 

fibroin fibers are still popular in various surgical procedures and are now being processed 

and used as TE scaffolds with varying degree of inflammatory responses. It is suggested 

that the scaffold characteristics, including implantation site, size, geometry and surface 

topography can influence the level of the foreign body response (Altman et al., 2003). 

1.3.1.7 Mechanical strength 

Silk is famous for its impressive tensile strength. The mechanical properties and 

biocompatibility of naturally occurring silkworm silk fibers have allowed humans to use 

such fibers for millennia for applications as diverse as currency, hunting (bow strings, 

cross-hairs, fishing lines or nets), paper, textiles and wound dressings (Hardy and 

Scheibel, 2010). The pristine silk threads of B. mori were found to have a tensile strength 

of 500 MPa and a modulus of 5-12 GPa, while the degummed fibers were found to have a 

strength of 610-690 MPa and a modulus of 15-17 GPa. These values are many folds 

higher than that of many natural and synthetic polymers. For example, collagen has 

strength of about 0.9–7.4 MPa and modulus of 0.0018–0.046 GPa. Similarly, PLA has 

strength of about 28–50 MPa and modulus of 1.2–3.0 GPa (Altman et al., 2003). Fibers 

produced by other Saturniidae moths have properties similar to that of B. mori silk 
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whereas fibers produced by uncommon Saturniidae silkworms were found to have 

inferior properties than B. mori and the common wild silks. Thus in general, the tensile 

properties of the fibers vary considerably between insects (Reddy and Yang, 2010). 

However, the mechanical strength of silk fibers was found to get reduced when it is 

processed into other forms. For example, the porous sponges made of fibroin were found 

to have strength of 11-320 MPa and a modulus of 70-3330 GPa (Vepari and Kaplan, 

2007).  

1.3.1.8 Degradation behavior 

The US Pharmacopeia classified the silk as non-degradable. However, several in vitro and 

in vivo studies have established the biodegradability of silk (Cao and Wang, 2009; 

Salthouse et al., 1977; Zhao et al., 2011; Nuanchai et al., 2009). For example, the silk is 

amenable for in vitro proteolytic degradation by α-chymotrypsin, collagenase IA, and 

proteases XXI, XXIII, XIV and XXV (Tsukada 1986; Minoura et al., 1990; Li et al., 

2003; Srihanam and Simchuer, 2009; Horan et al., 2005; Zhou et al., 2010; Taddei et al., 

2006). In general, the in vitro degradation studies have demonstrated that proteases will 

cleave the less-crystalline regions of the fibroin to yield peptides which are then capable 

of being phagocytosed for further metabolism by the cell, or free amino acids which are 

metabolized in the body (Li et al., 2003; Altman et al., 2003). However, recently, in an in 

vitro degradation study of fibroin films incubated with protease XIV revealed that 

degradation behavior was related not only to crystal content but also hydrophilic 

interaction and then crystal−noncrystal  alternate nanostructures (Lu et al., 2011). On the 

other hand, in vivo the silk is amenable for degradation and resorption, and is well 

tolerated by the host (Zhou et al., 2010; Wang et al 2008a; Lam et al., 1995; Greenwald 

et al., 1994; Bucknall et al., 1983). It is reported that, in vivo, silk undergoes degradation 

via foreign body response mediated proteolytic degradation (Altman et al., 2003; Cao and 

Wang, 2009). However, the rate of absorption is dependent upon the implantation site, 

mechanical environment, and variables related to the health and physiological status of 

the patient, the morphological and structural features of the silk form used. Furthermore, 

the processing methods greatly influence the conformational changes in the protein 

structure and subsequently increase or decrease its susceptibility to degradation (Vepari 

and Kaplan, 2007). 
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1.3.2 Various articles made from fibroin 

1.3.2.1 Gels 

Gels are solid-like materials, comprising a liquid that is immobilized by another 

component, where the other component is more commonly known as the gelator. In 

sufficiently concentrated aqueous solutions of B. mori fibroin (>23 wt%) inter- and 

intramolecular β-sheet formation lowers the solubility of fibroin in water, encouraging the 

formation of physical cross-links between the proteins that eventually leads to 

spontaneous hydrogelation (Hardy et al., 2008). However, at lower fibroin concentrations 

gelation can be induced by a variety of physical methods, such as sonication, vortex, or 

direct electric current (Kim et al., 2004; Leisk et al., 2010; Rockwood et al., 2011). For 

example, ultrasonication was found to induce the formation of beta-sheets by alteration in 

hydrophobic hydration which then results in physical cross-links to form a hydrogel 

(Wang et al., 2008b). Similarly, hydrogels can be formed by simple vortexing of silk 

solutions. Vortex-induced, beta-sheet-rich silk hydrogels consisted of permanent, 

physical, intermolecular crosslinks (Yucel et al., 2009). Fibroin gel phase materials have 

a variety of applications including cosmetics and drug/ cell delivery (Figure 1.4). 

1.3.2.2 Films or membranes 

Films are generally prepared by casting solutions of silk proteins onto a substrate and 

allowing the evaporation of the solvent. Once the solvent has evaporated, the films can be 

peeled off for further use. The fibroin films can be made in either from aqueous or 

organic processing and in either patterned or non-patterned forms (Hardy et al., 2008; Jin 

et al., 2004b; Rockwood et al., 2011). The as-cast films made from aqueous solutions are 

mechanically weak, and typically unstructured or α-helix-rich, however, they can be 

made structurally stable by inducing β-sheet formation with various treatments, such as 

methanol, annealing at high temperature, stretching, storage or UV radiation (Hardy et 

al., 2008; Minoura et al., 1990). Films can also be made via casting or dip-coating 

fibroins solutions in formic acid. The fibroin films have been used in a various 

biomedical applications, such as, for in vitro culture of cells, neural interface, and for 

reconstruction of skin epithelium, corneal membrane, urinary bladder epithelium, 

tympanic membrane, etc (Liu et al., 2008; Higa et al., 2010; Levin et al., 2009; Kim et 

al., 2010) (Figure 1.4).  
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Figure 1.4. A schematic of various material forms fabricated from silk fibroin. The time 

within the arrows indicates the time required to process the silk fibroin solution into the 

material of choice (Rockwood et al., 2011). 
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1.3.2.3 Fibrous mats 

Non-woven fibrous silk fibroin nets/mats/membranes can be prepared using degummed 

silk fibroin fibers with diameters in the range of several tens of micrometers in their 

native or partially dissolved forms. Unger et al (2004) reported that fabrication and 

characterization of non-woven micro-fibrous matrices out of fibroin fibers. Such nets 

were found to support the adhesion, proliferation, and cell–cell interactions of a wide 

variety of human cell types including epithelial cells, endothelial cells, glial cells, 

keratinocytes, osteoblasts, and fibroblast. However, nonwoven structures composed of 

nano-scale fibers can be made by subjecting the regenerated fibroin solution to 

electrospinning process. The process yields nano-scale fibers with large surface areas that 

cannot be obtained by conventional nonwoven techniques. Electrospun structures mimic 

the nonwoven, nano-fibrous nature of natural ECM and thus have great potential in TE 

applications (Zhang et al., 2007; Teo and Ramakrishna, 2009). The nonwoven matrices 

have been used in a various biomedical applications, such as, for in vitro culture of cells 

and for engineering of blood vessels, bone, nerve, spinal cord, etc (Liu et al., 2011; Park 

et al., 2010; Wang et al., 2011; Xiang et al., 2011; Shen et al., 2010) (Figure 1.4). 

 

1.3.2.4 Spheres/ particles/ capsules 

Due to their highly tunable structures, spheres and capsules are very popular 

morphologies in applications such as the encapsulation and delivery of active ingredients 

including drugs, dyes, flavors or perfumes. Wenk et al (2008) successfully fabricated 

micro spheres using laminar jet break-up of an aqueous SF solution, which was induced 

by a nozzle vibrating at controlled frequency and amplitude. Similarly, Bessa et al (2010) 

reported the preparation of fibroin microparticles by a mild methodology using dropwise 

addition of ethanol or methanol. These micro spheres/ particles were used as sustained 

delivery systems for delivery of bioactive molecules for TE applications. Besides, fibroin 

based nanoparticles were prepared and were used for drug delivery applications (Gupta et 

al., 2009; Kundu et al., 2010). Recently, microfluidic platforms are being used to 

fabricate a range of different diameters monodisperse microspheres of reconstituted 

silkworm cocoon silk fibroin for drug delivery applications (Breslauer et al., 2010; 

Mathur and Gupta, 2010) (Figure 1.4). 
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1.3.2.5 Porous foams or sponges 

Foams can be prepared by a variety of techniques allowing fine control of their three-

dimensional structure and mechanical properties, which ultimately dictates what they may 

be used for. Nazarov et al (2004) reported the fabrication of porous fibroin scaffolds 

using freeze-drying, salt leaching and gas foaming techniques. The salt leached and gas 

foaming techniques produced scaffolds with a useful combination of high compressive 

strength, interconnected pores, and pore sizes greater than 100 microns in diameter 

(Nazarov et al., 2004; Lv and Feng, 2006). Similarly, Kim et al (2005) reported a new all-

aqueous process to form 3D porous silk fibroin matrices with control of structural and 

morphological features. Another process to form fibroin spongy porous 3-D structure was 

reported by Tamada (2005), where, the process involves freezing and thawing fibroin 

aqueous solution in the presence of a small amount of an organic solvent. In all cases, a 

highly porous, interconnecting 3D structures were reported, which can be used for various 

biomedical applications, including TE (Wang et al., 2006; Hardy et al., 2008) (Figure 

1.4). 

 

1.3.2.6 Tubes 

Tubes are micro/ macro scale hollow structures and are usually elastic nature. Silk fibroin 

can be made into dip-coating, gel-spinning, electrospinning (Rockwood et al., 2011). For 

example, Lovett et al (2007) reported the development of silk fibroin microtubes for with 

several advantages over existing scaffold materials/designs. These microtubes were 

prepared by dipping straight lengths of stainless steel wire into aqueous silk fibroin, 

where the addition of poly(ethylene oxide) (PEO) enabled control of microtube porosity. 

Later, they have reported the fabrication of microtubes which involves winding an 

aqueous solution around a reciprocating rotating mandrel (Lovett et al., 2008). This 

method offers substantial improvement in the control of the tube properties, specifically 

with regard to winding pattern, tube porosity and composite features. Similarly, 

electrospinning was used to fabricate non-woven nanofibrous tubular scaffolds from 

B.mori silk fibroin using an all aqueous process (Soffer et al., 2008). Such tubular 

scaffolds for numerous tissue engineering applications, including blood vessel grafts, 

nerve guides, among others (Soffer et al., 2008; Lovett et al., 2010) (Figure 1.4). 
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1.3.3 Biomedical applications 

B. mori silk fibers have been used for centuries in the textiles industry due to their 

characteristic strength, moisture absorbance and luster. Later, silk fibers have been used 

as sutures for wounds for centuries due to their strength, biocompatibility and low 

immunogenicity (Hardy and Scheibel, 2010). Recently, silver nanoparticle coated B. mori 

fibroin fibers have been developed for use as antimicrobial sutures (Gulrajani et al., 

2008). Fibroin based non-woven mats prepared via electrospinning are currently being 

investigated for application as wound dressings, non-woven mats coated with silver 

nanoparticles and films containing titanium dioxide may be useful as antibacterial wound 

dressings (Hardy and Scheibel, 2010; Kang et al., 2007; Xia et al., 2009). 

Silk films are promising candidates for biocompatible coatings for biomedical 

implants such as anticoagulant, antibacterial coatings, and for improved cell adhesion 

(Kukreja et al., 2008). Micro- and nano-scale particles/ spheres made of silk fibroin were 

used as delivery systems for sustained release of drugs such as adenosine, growth factors 

such as bone morphogenic protein, small molecules such as curcumin (Wenk et al 2008; 

Bessa et al., 2010). Recently, silk fibroin based porous scaffolds are being used to 

develop in vitro tumor model systems for providing an easily manipulative 

microenvironment system to investigate individual factors such as growth factors and 

signaling peptides, as well as evaluation of anticancer drugs (Talukdar et al., 2011). 

Kim et al (2010) described a novel a material strategy for a type of bio-interfaced 

system that relies on ultrathin electronics supported by bioresorbable substrates of silk 

fibroin. Amsden et al (2010) demonstrated that silk has the properties of an ideal 

nanoimprint resist enabling rapid device fabrication, which in combination with its optical 

properties and biocompatibility make it a new technology platform for biophotonics 

applications. Saxena and Goswami (2010) demonstrated the covalent immobilization of 

Cholesterol oxidase onto woven silk fiber mat produced by Antheraea assamensis, for 

biosensor applications. 

 Besides, silk fibroin has widespread utility as a scaffold for supporting growth, 

proliferation and differentiation of a variety of human cells, including stem cells, for in 

vitro engineering of tissues for regenerative medicine applications (Wang et al., 2006; 

Vepari and Kaplan, 2007; Hardy and Scheibel, 2010).  
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1.4 SILK FIBROIN IN TISSUE ENGINEERING 

The biocompatibility, biodegradability, mechanical strength and amenability to aqueous 

or organic processing/ modification make silk fibroin as an excellent biomaterial for TE 

applications. To date, several in vitro and in vivo studies across the world proved the 

utility of SF in a variety of TE applications including bone, tendon, ligament, cartilage, 

skin, liver, trachea, nerve, cornea, ear drum, dental, bladder, etc (Figure 1.5). The number 

of publications and citations on the use of SF as scaffold for TE applications is 

exponentially increasing and thus proves its continued significance and potential as a 

biomedical material (Figure 1.6). Detailed analysis of this publication data revealed that a 

large number of investigations have been pursued on the SF based in vitro engineering of 

hard and avascular tissues such as bone and cartilage (Figure 1.7A). Additionally, nearly 

85% of these studies have used SF from mulberry silk moth (Figure 1.7B). However, 

explorations on the use other sources of SF, particularly of nonmulberry verities, has 

begun in recent years and is gaining increased attention owing to its superior qualities 

than mulberry SF. Various tissues engineering using B. mori fibroin are discussed below. 

 

Figure 1.5. Schematic of silkworm silk fibroin based tissue engineering of various human 

tissues.  
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Figure 1.6. Publication and citation trend in the field of silk fibroin based tissue 

engineering (accessed from Web of Knowledge, Thomson Reuters; search strings: 

“fibroin” and “tissue engineering”). 

 

 

   

Figure 1.7. (A) Relative percentage of reports being published on silk fibroin based in 

vitro engineering of various tissues. (B) Relative publication trend on various sources of 

fibroin being used as scaffold material in tissue engineering. 
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1.4.1 Bone tissue engineering 

Bone is a rigid, dynamic, highly vascularised, connective tissue with a unique capacity to 

heal and remodel without leaving a scar. The major constituent of bone is mineralized 

osseous tissue which includes osteoblasts, osteocytes, osteoclasts, inorganic matter 

(hydroxyapatite) and organic matter (collagen). Other types of tissue found in bones 

include marrow, endosteum and periosteum, nerves, blood vessels and cartilage. The key 

function of the bone is to provide structural support and protect various internal organs of 

the body. Besides, they also serve as a mineral reservoir, support muscular contraction 

resulting in motion and withstand load bearing (Salgado et al, 2004). Hence, any major 

alterations in its structure due to injury or disease can severely alter one’s body 

equilibrium and quality of life. In spite of the progress made in bone regenerative 

medicine filed, current therapies, such as bone grafts, still suffer from serious limitations. 

Consequently, alternative therapeutic strategies involving wide range of biomaterials to 

engineer the bone tissue are continuously being perused since last few years (Salgado et 

al, 2004; Sharma and Elisseeff 2004). 

In this context, owing to its remarkable mechanical properties and proven 

biocompatibility, SF has received a significant attention as a biomaterial for bone TE 

(Weska et al, 2009; Xu et al, 2008; Jones et al, 2009; Kim et al, 2005; Kim et al, 2007; 

Kim et al, 2008; Jiang et al, 2006; Meinel et al, 2006a; Hofmann et al, 2007; Zhang et al, 

2010; Uebersax et al, 2006). For example, the implantation of a porous BmSF scaffold 

based tissue engineered bone implants (grown in bioreactors for 5 weeks prior to 

implantation) into calvarial critical size defects in mice demonstrated the capacity of these 

systems to induce advanced bone formation within 5 weeks (Meinel et al, 2005). The in 

vitro osteogenic ability of BmSF scaffolds seeded with human mesenchymal stem cells 

(hMSCs) and its in vivo ability to heal size femoral segmental defects in nude rats was 

also demonstrated successfully (Meinel et al, 2006b). The apatite-coated SF scaffolds 

combined with bone marrow stromal cells (bmSCs) were successfully used to repair 

mandibular critical size border defects and the premineralization of these porous SF 

protein scaffolds provided an increased osteoconductive environment for bmSCs to 

regenerate sufficient new bone tissue (Figure 1.8) (Zhao et al, 2009). 

Besides using BmSF alone, blends of BmSF and Hydroxyapatite (HAp) are 

explored to a great extent because of their stoichiometric similarity to the organic and 
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inorganic parts of native bone, respectively (Leukers et al., 2005; Cui et al, 2007; Liu et 

al, 2008; Wang et al, 2008; Wang et al, 2009). For example, the preparation of HAp/SF 

composite and its ability to support the growth of mesenchymal cells towards bone 

regeneration was successfully demonstrated (Hirose et al, 2006). A composite of needle-

like nano-Hydroxyapatite (n-HAp)/SF with good homogeneity, strong interfacial bonding 

and preferential orientation along c-axis was successfully prepared by Wang et al (2007). 

SF-chitosan/n-HAp (SF-CS/n-HAp) based porous scaffolds fabricated through freeze 

drying technique were characterized by Wen et al (2007). Subsequently, the fabrication of 

n-HAp/SF sheets and their compatibility with rat bone marrow mesenchymal cells were 

also demonstrated (Tanaka et al, 2007). It was suggested that the surface of the n-HAp/SF 

sheets was covered with appropriate HAp crystal for mesenchymal cells 

adhesion/proliferation and that the sheets effectively support the osteogenic 

differentiation of mesenchymal cells.  

Recently, the use of SF/HAp composite co-cultured with rabbit bmSCs in the 

healing of a segmental bone defect was evaluated. The subcutaneous implantation of 

SF/HAp scaffold combined with bmSCs into Sprague-Dawley rats with segmental bone 

defects demonstrated the capacity of these systems to repair the defect completely after 

12 weeks of implantation, while the repair was incomplete by SF/HAp without bmSCs 

(Wang et al, 2010). Similarly, HAp/SF based composite scaffold was designed to induce 

and support the formation of mineralized bone matrix by hMSCs in the absence of 

osteogenic growth factors, where it was found that the incorporated HAp enhances the 

formation of tissue engineered bone through osteoconductivity of the material and by 

providing nucleation sites for new mineral (Bhumiratana et al, 2011). Besides synthetic 

HAp/SF, eggshell derived n-HAp blended with SF was also studied for its use in bone 

regeneration and found that the n-HAp from eggshells exerted successful bone formation 

in the rabbit calvarial bony defect model (Kweon et al, 2011). 

Bone Morphogenetic Protein 2 (BMP-2) is a member of the transforming growth 

factor (TGF) super-family. It plays an important role in stimulating osteoblast 

differentiation and bone formation, and has been widely utilized in clinical bone repairing 

by implantation (Karageorgiou et al, 2004; Bessa et al, 2008). Recombinant human BMP-

2 (rhBMP-2) loaded BmSF scaffold were fabricated and studied in association with 

hMSCs for its feasibility in bone regeneration, where, it was found that in comparison to 

rhBMP-2 free BmSF scaffold, the loaded scaffold had efficiently produced more bone 
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formation (Kirker-Head et al, 2007). Lately, rhBMP-2, loaded n-HAp/SF porous scaffold, 

was found to promote the osteoblasts adhesion and proliferation and stimulated a 

significant increase in alkaline phosphatase activity of osteoblasts in vitro on the n-

HAp/SF scaffolds (Zhang et al, 2011). 

The microsphere-mediated growth factor (rhBMP-2 and recombinant human 

insulin-like growth factor (rhIGF-I)) delivery in polymer scaffolds and its impact on 

osteochondral differentiation of hMSCs was demonstrated (Wang et al, 2009). It was 

found that the silk microspheres were more efficient in delivering rhBMP-2 than rhIGF-I 

for hMSCs osteochondrogenesis. Thus, the silk microsphere/scaffold system offers a new 

option for the delivery of multiple growth factors with spatial control in a 3D culture 

environment for both understanding natural tissue growth process and in vitro 

engineering complex tissue constructs. The efficiency of SF microparticles as a delivery 

carrier for BMP-2 was also evaluated successfully in vitro and in vivo (Bessa et al, 2010a, 

2010b). The premineralized silk scaffolds combined with BMP-2 modified bmSCs were 

found to be efficient in repairing mandibular bony defects in a rat model (Jiang et al, 

2009). It was demonstrated that the presence of BMP-2 gene enhanced tissue-engineered 

bone in terms of the most new bone formed and the highest local bone mineral densities 

found. Thus, BMP-2 gene therapy and TE techniques could be used in mandibular repair 

and bone regeneration.  

Electro spinning (e-spinning) is a versatile technique that enables the development 

of nanofiber-based biomaterial scaffolds. BmSF based e-spun nanofibrous scaffolds were 

widely studied to evaluate their efficiency in bone TE (Li et al, 2006; Ki et al, 2008; Park 

et al, 2010; Wei et al, 2011). The BmSF based scaffolds containing BMP-2 and/or 

nanoparticles of HAp prepared via e-spinning were found to help in bone formation from 

hMSCs (Li et al, 2006). It was found that the coexistence of BMP-2 and nanoparticles of 

HAp in the e-spun BmSF fibers resulted in the highest calcium deposition and 

upregulation of BMP-2 transcript levels when compared with the control systems. The in 

vitro and in vivo ability of e-spun BmSF scaffolds for bone regeneration in comparison to 

a commercially available porous 3D poly(lactic acid) (PLA) scaffold was also evaluated, 

where, the proliferation and alkaline phosphatase activity of osteoblasts was found to be 

higher on BmSF scaffolds than on PLA. Also, upon implantation at critical bone defect in 

rat calvaria, the bone regeneration was nearly 78.30% with BmSF while it was about 

49.31% using PLA scaffolds, thus, the BmSF scaffold may be a good bone substitute for 
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bone regeneration in comparison to the commercially available PLA scaffold (Park et al, 

2010). Lately, e-spun SF/n-HAp biocomposite was prepared by an effective calcium and 

phosphate alternate soaking method and successfully evaluated for its use in bone 

regeneration using osteoblaste-like MC3T3-E1 cell line (Wei et al, 2011). 

The survival and functioning of a bone biomaterial requires a rapid and stable 

vascularization after implantation. The coculture of endothelial cells and osteoblasts on 

porous 3D SF scaffolds gradually lead to tissue-like self-assembly and formation of 

microcapillary-like structures and these microcapillary-like structures were intertwined 

between cell layers of osteoblasts (Unger et al, 2007). Thus, such coculture systems may 

be explored as a prevascularization strategy for biomaterials prior to implantation. Later, 

the formation of pre-vascular structures by human outgrowth endothelial cells from 

progenitors in the peripheral blood and the osteogenic differentiation of primary human 

osteoblasts on micrometric SF scaffolds were assessed by Fuchs et al (2009). The 

rationale was to gain more insight into the dynamic processes involved in the 

differentiation and functionality of both cell types depending on in vitro culture time. The 

study suggested a progressing maturation of the tissue construct with culture time which 

seemed to be not effected by culture conditions mainly designed for outgrowth 

endothelial cells. However, whether such in vitro pre-formed microvasculature persists 

and functions in vivo in an immune-deficient mice and how the host responds to the cell-

containing scaffolds were also studied in great detail, where the in vitro pre-formed 

microcapillaries in a coculture system survive and anastomose with the host vasculature 

to become functional microcapillaries after implantation (Unger et al, 2010). Also, the 

coculture stimulates the host capillaries to rapidly grow into the scaffold to vascularize 

the implanted material. Thus, such coculture-based pre-vascularization of a biomaterial 

implant may have great potential in the clinical setting to treat large bone defects. 
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Figure 1.8. Apatite-coated silk fibroin scaffold seeded with bone marrow stromal cells 
was found to treat a bilateral inferior mandibular border full-thickness defect measuring 
2 × 1 cm after 12 months post-operation. (a) Scaffold filled defect and (b) radiograph of 
implantation site after 12 months. (Reproduced with permission, Zhao et al, 2009). 

 

   
Figure 1.9. Knitted silk-collagen sponge scaffold combined with hESC-derived 
mesenchymal stem cells were implanted into the dorsum of nude mice (a), and gross 
morphology of repaired tendons after 4 weeks post-operation (b). (Reproduced with permission, 
Chen et al., 2010). 

 

   
Figure 1.10. (a) Macroscopic view of ACL reconstruction in pig knee joint (the arrow 
points to implant); Inset shows MSCs-seeded scaffold. (b) Macroscopic view of 
regenerated ACL in experiment group at 24 weeks postoperatively. (Reproduced with 
permission, Fan et al., 2009). 
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1.4.2 Cartilage tissue engineering 

Cartilage is an avascular connective tissue consisting of chondroblasts that produce a 

large amount of ECM composed of collagen fibres and abundant ground substance rich in 

proteoglycan and elastin fibers. Mature cartilage cells are called chondrocytes and occur, 

either singly or in groups, within spaces called lacunae in the matrix. Depending on the 

relative amounts of these components, cartilage is classified in to elastic-, hyaline- and 

fibro-cartilage. Cartilage is not as hard and rigid as bone but is stiffer and less flexible 

than muscle. Thus, severe trauma, biomechanical imbalance or degenerative changes of 

joint may be cause cartilage injuries. Unfortunately, such injuries may often lead to 

progressive damage and degeneration due to limited capability of cartilage self-repair. 

Cartilage TE techniques have emerged as the potential clinical strategies (Chung and 

Burdick, 2008). Although this is an ambitious goal, significant progress and important 

advances have been made in recent years.  

The in vitro effect of SF coated PLA on rat osteoblasts culture was investigated by 

Cai et al (2002). It was revealed that the SF coating improved the hydrophilicity of the 

PLA films, which consequently lead to enhancement in the attachment and proliferation 

of osteoblasts. Subsequently, a significant amount of research is being done on SF based 

scaffolds for cartilage TE (Aoki et al, 2003; Wang et al, 2005; Wang et al, 2006; Jiang et 

al, 2011; Morgan et al, 2008; Makaya et al, 2009). For example, the in vitro cartilage TE 

with 3D porous aqueous-derived silk scaffolds and MSCs was evaluated and found that 

the dexamethasone and TGF-β3 were essential for the survival, proliferation and 

chondrogenesis of hMSCs in the silk scaffolds (Wang et al, 2005). Notably, after 3 weeks 

of cultivation, the spatial cell arrangement and the collagen type-II distribution in the 

MSCs-silk scaffold constructs resembled those in native articular cartilage tissue. 

Similarly, in vitro and in vivo feasibility studies on the use of silk scaffolds along with 

hMSCs for cartilage TE were successfully investigated (Hofmann et al, 2006; Miao et al, 

2008). 

Blends of SF with other natural polymers such as chitosan were evaluated for use 

in cartilage TE. In vitro culture tests using ATDC5 revealed that novel genipin-cross-

linked CS/SF sponges promoted adhesion, proliferation, and matrix production of 

chondrocyte-like cells (Silva et al, 2008). Notably, it was found that the genipin was 

successful in inducing the β-sheet structure of SF. Similarly, blended scaffolds composed 

TH-1073_06610611



Chapter 1 

40 | P a g e  

of SF/CS supported cell attachment, growth and chondrogenic phenotype of bovine 

chondrocytes for 2 weeks of in vitro culture (Bhardwaj et al, 2011). Also, the 

biomechanical studies revealed that the static and dynamic stiffness at high frequencies 

was higher in cell-seeded constructs than non-seeded controls. 

Growth factor releasing scaffolds are an emerging alternative to autologous or 

allogenous implants, providing a biologically active template for cartilage tissue (re)-

generation. The feasibility of controlled IGF-I releasing SF scaffolds in the context of 

cartilage repair was evaluated and found that the chondrogenic differentiation of hMSCs 

in TGF-β su p plemented  medium was observed  o n IGF-I loaded scaffolds, starting after 

2 weeks and more strongly after 3 weeks, whereas no chondrogenic responses were 

observed on unloaded control scaffolds (Uebersax et al, 2008). The methanol treatment 

induced water insolubility of SF scaffolds and allowed the control of bioactive IGF-I 

delivery without affecting IGF-I potency. The cumulative drug release correlated linearly 

with the IGF-I load. Thus, IGF-I loaded porous SF scaffolds have the great potential to 

provide chondrogenic stimuli to hMSCs. 

The beneficial effects of microwave-induced argon plasma treatment on cellular 

behaviors of articular chondrocytes seeded on nanofibrous SF mesh were studied and 

found that the treatment significantly improved its hydrophilicity and cytocompatibility 

with the human articular chondrocytes (Baek et al, 2008; Jin et al, 2009). Similarly, the 

chondrogenic responses on microwave-induced argon plasma treated SF/wool keratose 

blend e-spun scaffold were evaluated by Cheon et al (2010). The argon plasma treatment 

increased the hydrophilicity of SF/keratose scaffold and induced deeper and more 

cylindrical pores than nontreated scaffolds. Also, the attachment and proliferation of 

neonatal human knee articular chondrocytes on treated SF/ keratose scaffolds increased 

significantly, followed by increased glycosaminoglycan (GAG) synthesis. Thus, the 

microwave-induced argon plasma treatment would significantly improve chondrogenic 

cell growth and cartilage-specific extracellular matrix formation. 

Mesenchymal condensation is a pre-requisite of chondrogenesis during embryonic 

development. The current understanding of chondrogenesis is limited in terms of 

chondrogenic condensation mechanisms. In particular, the role of matrix stiffness on 

homotypic cell-cell interactions leading to the establishment of distinctly aggregated 

chondrogenic morphology from mesenchymal cells is unclear. To assess the interactions 
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of matrix stiffness on chondrogensis an in vitro biomaterials-based model was described, 

where, by sensing subtle variation in morphology and stiffness of nanofibrous silk protein 

matrices, hMSCs migrated and assumed aggregated morphologies, mimicking early stage 

chondrogenesis (Ghosh et al, 2009). This simple in vitro model system has potential to 

play a significant role to gain insight into underlying mechanisms of mesenchymal 

condensation steps during chondrogenesis, integrating concepts of developmental 

biology, biomaterials and TE. 

The cellular responses of isolated human chondrocytes, embryonic hMSCs 

derived from bone marrow and adipose tissue, were assessed for chondrogenic potential 

in 3D culture (Tigli et al, 2009). The cells were differentiated in two different biomaterial 

matrices, SF and CS scaffolds, in the presence and absence of BMP-6, along with the 

standard chondrogenic differentiating factors. It was found that the embryonic stem cells-

derived MSCs showed unique characteristics, with preserved chondrogenic phenotype in 

both scaffolds with regard to chondrogenesis. However, after 4 weeks of cultivation, 

embryonic stem cells-derived MSCs were promising for chondrogenesis, particularly in 

the silk scaffolds with BMP6. Thus, the cell source differences are important to consider 

with regard to chondrogenic outcomes. 

The effects of 3D porous SF matrix scaffold properties and hydrodynamic 

environment in cartilage tissue regeneration, and the biomechanical properties of 

engineered cartilage are important parameters to investigate (Morita et al, 2003, 2006; 

Yamamoto et al, 2007; Wang et al, 2010). Changes in the frictional properties of cartilage 

regenerated from the inoculation of rabbit chondrocytes into SF sponge were investigated 

and found that the friction coefficient of the regenerated cartilage decreased with 

increasing cultivation time, because a hydrophilic layer of synthesized extracellular 

matrix was formed on the SF sponge surface (Morita et al, 2006). Also, the friction 

coefficient of the regenerated cartilage was as low as that of natural cartilage in the early 

stages of the sliding tests, but it increased with increasing duration of sliding owing to 

exudation of interstitial water from the surface layer.  

Chondrocytes seeded on the SF-sponge scaffolds were cultured in the stirring 

chamber (a bioreactor facilitating mechanical stimulation) for up to 3 weeks (Shangkai et 

al, 2007). It was found that compared to the control group, the seeded scaffolds subjected 

cultured in stirring chamber demonstrated significant increases in both DNA content 

TH-1073_06610611



Chapter 1 

42 | P a g e  

(38.9%) and GAG content (54.3%) at day 21, in addition to facilitating the maturation of 

cartilage tissue. In the clinical feasibility studies, large defects on rabbit knee joints were 

repaired with regenerated cartilage, which resembled hyaline cartilage at 12 weeks after 

operation. Recently, the effects of perfusion bioreactors on the chondrogenic potential of 

engineered constructs prepared from porous SF scaffolds seeded with human embryonic 

stem cell derived MSCs was investigated, where, after four weeks of incubation, in 

comparison to static culture, constructs cultured in perfusion bioreactors showed 

significantly higher amounts of GAG, DNA, total collagen and collagen II, along with 

cartilage-related gene expression (Tigli et al, 2011). Also, the mechanical stiffness of 

constructs increased 3.7-fold under dynamic culture conditions and distinct differences 

were noted in tissue morphology, including polygonal extracellular matrix structure of 

engineered constructs in thin superficial zones and an inner zone under static and 

dynamic conditions, respectively. Thus, the dynamic culture conditions in bioreactors 

modulate the growth of tissue-engineered cartilage and enhance tissue growth in vitro, 

and such mechanically stimulated scaffold/cell constructs have great potential to support 

chondrogenesis in vivo. 

 

 

1.4.3 Ligament / tendon tissue engineering 

Ligaments and tendons are bands of dense connective tissue that mediate normal joint 

movement and stability. Ligament is the tough fibrous band of connective tissue that 

serves to support the internal organs and hold bones together in proper articulation at the 

joints. Tendon, on the other hand, is another type of connective tissue that attaches a 

muscle to other body parts, usually bones, and transmits the mechanical force of muscle 

contraction to the bones. The composition of both ligament and tendon are similar, and 

composed of dense fibrous connective tissue made up primarily of spindle-shaped cells 

called fibrocytes and of collagenous fibres, with little ground substance (a gel-like 

component of the various connective tissues) (Woo et al, 1999; Kuo et al, 2010). Injury to 

these structures may result in significant joint dysfunction because they either heal by 

production of inferior matrix or do not heal at all. TE offers the potential to improve the 

quality of ligament and tendon tissues during the healing process and may provide a more 

effective approach to the treatment of injuries to ligaments and tendons than traditional 
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methods. Application of cell-matrix composites with an appropriate combination of cells 

and biochemical cues have shown to affect the process of ligament and tendon healing. 

Besides, it will also include mechanical manipulation of tissue environments to accelerate 

cell differentiation and to improve matrix formation (Woo et al, 1999; Kuo et al, 2010). 

Besides providing unique benefits in terms of mechanical properties as well as 

biocompatibility and slow degradability, silkworm fiber matrices were found to provide 

support for the attachment, expansion of adult human progenitor bmSCs and its 

differentiation toward ligament lineages for in vitro engineering of anterior cruciate 

ligaments (ACL) (Altman et al, 2002a). A computer controlled bench-top bioreactor 

system with a capability to apply complex concurrent mechanical strains and its potential 

use towards the development of an engineered ACL to 3D matrices was demonstrated 

(Altman et al, 2002b). The system supported cell spreading and growth on the silk fiber 

matrices, as well as the differentiation of the cells into ligament-like cells and tissue. 

The adhesion, spreading, proliferation and collagen matrix production of human 

bmSCs and ACL fibroblasts was found to be significantly higher on Arg-Gly-Asp 

(RGD)-modified silk fibers substrate than on the nonmodified group (Chen et al, 2003). 

Similarly, in the rabbit medial collateral ligament (MCL) defect model, MCLs treated 

with knitted silk scaffold combined with collagen matrix deposited more collagen, had 

better mechanical properties, and showed more native microstructure with larger diameter 

collagen fibrils and stronger scaffold-ligament interface healing than untreated MCLs and 

those treated with silk scaffolds (Chen et al, 2008). Thus, the knitted silk/collagen sponge 

scaffold improves structural and functional ligament repair by regulating ligament matrix 

gene expression and collagen fibril assembly. 

The use of nonwoven / braided / knitted SF based scaffolds for use in ligament / 

tendon TE was evaluated successfully (Dal Pra et al, 2005; Horan et al, 2009; Chen et al., 

2010) (Figure 1.9). For example, the use of a silk-based scaffold with knitted architecture 

and its strengths as compared to previous poly-lactide-co-glycolide (PLGA)-based knitted 

scaffolds investigated (Toh et al, 2006). It was found that the e-spun nanofiber surface on 

knitted microfiber architecture is adopted and was found to have better composite-

material integrity, in vitro degradation resistance, and encourages cell adhesion and 

proliferation. Seo et al estimated the mechanical properties and evaluated the 

biocompatibility of braided / knitted silk scaffold as an artificial ligament to an ACL 
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reconstruction (Seo et al, 2007). The mechanical strength and human ACL cell growth 

were significantly higher for silk matrices than PGA control scaffold. Notably, in vitro 

studies with T lymphocyte and mononuclear cell culture and in vivo studies in rats 

revealed that the immunogenic / inflammatory reactions were more conspicuous with 

PGA scaffold compared with silk matrices.  

Fan et al (2008a, 2009) performed the in vivo experiments of in vitro grown 

MSCs/ silk scaffold constructs, where it was found that the direct ligament-bone insertion 

with typical four zones (bone, mineralized fibrocartilage, fibrocartilage, ligament) was 

reconstructed that resembled the native structure of ACL-bone insertion (Figure 1.10). In 

comparison to ACL fibroblasts the cell growth, proliferation, phenotype and ligament 

specific ECM production was found to be significantly higher by bmSCs as demonstrated 

by Liu et al (2008a). On the other hand, the adhesion, growth and cellular functions of 

hMSCs cultured on combined silk scaffolds were found to be more active in comparison 

with the knitted silk scaffolds seeded with MSCs in SF gel (Liu et al., 2008b). Thus, 

while the knitted structure holds the microporous silk sponges together and provides the 

structural strength of the combined silk scaffold, the microporous structure of the silk 

sponges mimic the ECM and promotes cell proliferation, function, and differentiation.  

The application of a combination of sequential in vitro biochemical and 

mechanical stimuli to developing bmSCs/silk cultures offers the potential to create 

biomimetic ligament tissue. For example, the sequential administration of growth factors 

(epidermal growth factor, bFGF - basic fibroblast growth factor and then TGF- β) was 

found to first proliferate and then differentiate bmSCs cultured on RGD-modified silk 

fiber matrices (Moreau et al, 2005). The sequential application of growth factors through 

extended culture, to reinforce the effectiveness of bFGF/TGF-β as the optimal g rowth 

factor regimen, revealed the positive effects of sequential biochemical and mechanical 

stimulation on the development of optimized ligament tissue (Moreau et al, 2006; 2008). 

Additionally, a unique correlation between innate MSCs development processes on a 

surface-modified silk matrix and dynamic environmental signaling was identified, where, 

an appropriate time frame for applying mechanical stimuli to induce bmSCs 

differentiation for ligament TE (Chen et al, 2006). 

The use of blend scaffolds composed of SF and other natural materials, including 

natural polymers, for use in ligament / tendon TE have been investigated (Fan et al, 
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2008b). For example, Takezawa et al evaluated an "On vitrigel" system - 3D floating 

culture system, to culture the fibroblasts on a pressed silk sheet and type-I collagen based 

scaffold to reconstruct hard connective tissue such as ligaments, tendons, and other 

connective tissues (Takezawa et al, 2007). Liu et al demonstrated that gelatin coated silk 

fibers (prepared using using nordihydroguaiaretic acid as a cross-linking agent), unlike 

native silk fibers, are biocompatible with little or no inflammatory reaction after 4 weeks 

of subcutaneous implantation in rats (Liu et al, 2007).  A composite scaffold composed of 

SF fibers wrapped with pig SIS and fabricated and characterized by Cui et al, where, the 

biomechanical properties of this scaffold were found to match with those of natural 

ligament (Cui et al, 2009). The in vitro and in vivo studies using silk/collagen-hyaluronan 

composite scaffold revealed that the scaffold is biocompatible and supports cell migration 

and new blood vessel formation (Seo et al, 2009). 

Similarly, the use of blend scaffolds composed of SF and other synthetic polymers 

for use in ligament / tendon TE have been investigated. For example, Bosetti et al 

fabricated a composite scaffold composed of SF fibers and polyelectrolyte modified 

HEMA hydrogel (HEMA-co-METAC) and revealed that the scaffold possess acceptable 

biomechanical behavior and successfully supported growth and differentiation of hMSCs 

(Bosetti et al, 2008). Sahoo et al demonstrated the fabrication of biocompatible and 

mechanically robust hybrid nano-microscaffolds by coating the silk fibers with an 

intervening adhesive layer of silk solution followed by e-spun (PLGA) nanofibers (Sahoo 

et al, 2010a). Similarly, a biohybrid fibrous scaffold system by coating bioactive bFGF-

releasing ultrafine PLGA fibers over knitted microfibrous silk scaffolds was developed 

and its ability to stimulate mesenchymal progenitor cell proliferation, subsequent 

tenogeneic differentiation and ligament/tendon-specific ECM production was 

successfully evaluated (Sahoo et al, 2010b). 

Hairfield-Stein et al studied the preparation and characterization of scaffold-free 

ligament analogs from a clinically relevant cell source (Hairfield-Stein et al, 2007). 

Porcine bmSCs were seeded on laminin-coated substrates with silk suture segments as 

anchor points. Cells developed into monolayers that subsequently delaminated and self-

organized into cohesive rod-like tissues that were held in tension above the substrate. It 

was found that, mechanically and histologically, engineered ligament resembled native 

embryonic connective tissue and had an ultimate stress approximately 15% of native adult 

mouse tissue. Fan et al investigated the feasibility of using co-culture system to induce 
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the differentiation of MSCs on silk cable-reinforced gelatin/SF hybrid scaffold for 

constructing the tissue-engineered ligament in vitro (Fan et al, 2008c). Notably, the 

MSCs in co-culture system were found to differentiate into ligament fibroblasts by 

expressing ligament ECM specific genes including collagen I, collagen III and tenascin-

C, and thus the specific regulatory signals released from fibroblasts in 3D co-culture 

system can enhance the differentiation of MSCs for ligament TE. Recently, Sell et al 

(2011) evaluated the suitability of nanofibrous scaffold by airgap e-spinning for ligament 

TE and found that the morphological, physical and mechanical properties of air gap e-

spun scaffolds were superior to traditionally e-spun scaffolds. Also, the in vitro cell 

culture experiments using human dermal fibroblasts revealed that the degree of cellular 

orientation and penetration on airgap e-spun structures was significantly increased in 

contrast to their traditional e-spun counterparts. 

 

1.4.4 Skin tissue engineering 

The skin is the largest organ in human and serves as a protective barrier at the interface 

between the human body and the external environment. It guards the underlying organs 

and protects the body against pathogens and microorganisms and thus is regarded as the 

first line of defense. Consequently, it is directly exposed to potentially harmful microbial, 

thermal, mechanical and chemical influences and large full-thickness skin defects 

resulting from such causes lead to skin necrosis which in turn represent a significant 

clinical problem that is far from being solved (Groeber et al, 2011). Ideally, a perfect 

graft should be readily available, afflict no immune response, cover and protect the 

wound bed, enhance the healing process, lessen the pain of the patient and result in little 

or no scar formation. Over the years, employing advanced TE approaches several 

attempts have been made to develop in vitro-engineered substitutes that mimic human 

skin and various natural and synthetic materials, including SF, have been studied to 

generate functional tissues (Groeber et al, 2011). 

The fabrication of SF e-spun nanofibrous nonwoven scaffold and its interaction 

with normal human oral keratinocytes (NHOK) and fibroblasts was investigated by Min 

et al (2004a). The SF scaffold, composed of 30 to 120 nm scale nanofibers, exhibited 

positive cytocompatibility and cell behavior of NHOK and fibroblasts. The cell adhesion, 
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growth and proliferation of NHOK were significantly higher on SF nanofiber matrix than 

on SF film and SF microfiber matrices (Min et al, 2004b). Similarly, the adhesion and 

spreading of both normal human keratinocytes and fibroblasts was significantly higher on 

water vapor-treated SF nanofiber matrices than on traditional methanol-treated ones (Min 

et al, 2006). Also, the formic acid crosslinked SF based 3D nonwoven scaffolds were 

found to support long-term co-culture of NHOK and fibroblasts to prepare metabolically 

active and functional dermo-epidermal equivalents (Dal Pra et al, 2006). 

 Besides pure SF based scaffolds, attempts have also been made on the fabrication 

of blend scaffolds composed of SF and natural carbohydrate based polymers. For 

example, the comparative wound healing effect of SF, alginate and SF/alginate blended 

scaffold along with clinically used Nu Gauze™ (CONT) in a rat full thickness wound 

model was investigated by Roh et al (2006). It was found that the half healing time 

(HT50) of SF/alginate was dramatically reduced as compared with that of SF, alginate or 

CONT. Also, SF/alginate significantly increased the size of re-epithelialization and the 

number of proliferating cell nuclear antigen positive cells, whereas the effect of 

SF/alginate on collagen deposition was not significantly different as compared with that 

of SF or alginate. Similarly, Yoo et al (2008) demonstrated the fabrication of a 

biomimetic nanostructured bi-component scaffold, two types of chitin/SF nanofibrous 

scaffolds (blend scaffolds and hybrid scaffolds) by e-spinning or simultaneous e-spinning 

of chitin/SF solutions. The hybrid nanofiber that contained 25% chitin and 75% SF, as 

well as the chitin/SF blend nanofibers were found to be more promising scaffolds for the 

attachment and spreading of normal human keratinocytes on the basis of the interactions 

between the cells and chitin/SF nanofibrous matrices in vitro over 7 days, and thus could 

be a potential candidate for skin TE applications. 

 Equally, attempts have been made on the fabrication of blend scaffolds composed 

of SF and other natural protein based polymers. Hu et al (2008) fabricated a novel hybrid 

scaffold composed of SF and recombinant human-like collagen (RHLC) and found that 

the adhesion, viability and proliferation of fibroblasts was significantly higher on 

SF/RHLC scaffold than on SF scaffold, and thus suggested that the hybrid scaffolds have 

favorable characteristics for skin TE. Similarly, Yeo et al (2008) found that the cell 

attachment and spreading of normal human epidermal keratinocytes and fibroblasts were 

significantly higher on biocompatible and biomimetic nanostructured collagen/SF hybrid 
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nanofibrous matrix than on collagen/SF blend nanofibrous matrix. Thus, hybrid matrices 

may be better candidates than blend matrices for wound healing and skin TE. 

 

1.4.5 Vascular tissue engineering 

One challenge of particular importance in TE is to improve vascularization of larger size 

defects, which would then facilitate a sufficient supply with oxygen and nutrients to the 

central regions of a larger tissue engineered construct or in highly vascularized tissues. 

Besides, the limited availability of healthy autologous vessels for bypass grafting 

procedures has led to the fabrication of prosthetic vascular conduits. Vascular surgeries 

such as coronary artery bypass require small diameter vascular grafts with properties that 

are not available at this time. While synthetic polymers have been extensively studied as 

substitutes in vascular engineering, they fall short of meeting the biological challenges at 

the blood–material interface and fail at the microvascular scale (<6 mm inner diameter) 

(Ravi and Chaikof, 2010). Various TE strategies have emerged to address these flaws and 

increase long-term patency of vascular grafts, and the thrust for new biomaterials and 

graft designs is continuing. 

The endothelialization of a non-woven SF net was investigated by Unger et al 

(2004), where, it was found that the endothelial cells (primary human endothelial cells 

and the human endothelial cell lines, HPMEC-ST1.6R and ISO-HAS-1) adhered and 

spread along individual fibers of the nets and did not fill the gaps between individual 

fibers. And, higher attachment and growth coverage was obtained if nets were first coated 

with gelatin, fibronectin or collagen type I. Proinflammatory markers of endothelial cells 

on the fibers exhibited a non-activated state and LPS-stimulated cells exhibited activation 

of these markers. A typical PECAM-1 localization at cell-cell contacts was observed. 

Notably, HUVEC and HDMEC on SF nets embedded in collagen type I gels formed 

microvessel-like structures. The SF nets were found to be highly endothelial cell-

compatible scaffolding material that support the growth, normal and inducible cell 

functions and angiogenesis potential of human endothelial cells in vitro similar to that 

observed in vivo. Later, it was demonstrated that the outgrowth endothelial cells derived 

from human peripheral blood can serve as a source of human autologous endothelial cells 
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and can be used in combination with SF silk fiber meshes for applications in TE (Fuchs et 

al, 2006). 

Microtubes constructed with SF have several advantages over existing scaffold 

materials/designs for blood vessel repair. The microtubes have been prepared by dipping 

straight lengths of stainless steel wire into aqueous SF, where the addition of 

poly(ethylene oxide) enabled control of microtube properties (Figure 1.11) (Lovett et al, 

2007). Alternatively, SF based microvascular tubular grafts have been fabricated using 

aqueous gel spinning technique (Lovett et al, 2010). The thrombogenicity (thrombin and 

fibrinogen adsorption, platelet adhesion) and vascular cell responses (endothelial and 

smooth muscle cell attachment and proliferation) on SF microtubes were compared with 

that of poly(tetrafluoroethylene) (PTFE), a synthetic material most frequently used for 

vascular grafts. Over the 4-week time period, graft patency and endothelial cell lining of 

the lumen surfaces was observed. Thus, these results demonstrate the feasibility of using 

SF as a vascular graft material and advantages of silk tubes over the currently used 

synthetic grafts. 

The fabrication of non-woven, tubular, e-spun nanofibrous SF scaffolds and their 

usage in bioengineering small-diameter vascular grafts have been attempted (Soffer et al, 

2008; Zhang et al, 2008; Zhang et al, 2009; Zhou et al, 2009). Also, fabrication of 

nonwoven, tubular, e-spun  nanofibrous scaffolds composed of blends of SF and other 

natural polymers, such as collagen, human-like collagen, etc., and blends of SF and 

synthetic polymers, such as PLA, etc., are reported previously (Zhou et al 2010; Zhu et al 

2009; Wang et al 2009a, 2009b; Xie et al 2008). For example, Zhang et al (2009) 

cultured the human coronary artery smooth muscle cells and human aortic endothelial on 

the luminal surface of the e-spun SF tubular scaffolds under physiological pulsatile flow. 

It was demonstrated that the dynamic flow conditions provide effective nutrient and 

oxygen distribution to the cells, and thus resulted in better outcome than static culture 

controls in terms of cell proliferation and alignment, ECM production and cell phenotype. 

Additionally, a matrigel coating as a basement membrane mimic for ECM significantly 

improved endothelium coverage and retention under physiological shear forces (Zhang et 

al 2009). Thus, the integration of vascular cells into silk e-spun tubular scaffolds could be 

a step ahead towards the development of a TE vascular graft similar to native vessels in 

terms of vascular cell outcomes and mechanical properties. 
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The long term patency of small-diameter vascular graft made from SF was 

compared to PTFE-based grafts that were used as the control (Enomoto et al, 2010). It 

was found that the patency of SF grafts at 1 year after implantation was significantly 

higher than that of PTFE grafts (85.1% vs 30%, P < .01). Endothelial cells and smooth 

muscle cells migrated into the SF graft early after implantation and became organized 

into endothelial and medial layers. The total number of smooth muscle cells increased 

1.6-fold from 1 month to 3 months. Vasa vasorum also formed in the adventitia. The 

content of collagen significantly increased at 1 year after implantation, with a decrease in 

SF content. It was thus suggested that the small-diameter SF-based vascular grafts have 

excellent long-term patency and thus might be a promising material to engineer vascular 

prostheses for small arteries (Enomoto et al, 2010). 

Recently, Liu et al (2011) demonstrated the fabrication of sulfated SF e-spun 

nanofibrous scaffolds and assessed the anticoagulant activity and cytocompatibility of 

sulfated silk scaffolds in vitro in order to improve the antithrombogenicity. They found 

that the anticoagulant activity of sulfated silk scaffolds was significantly enhanced 

compared with SF nanofibrous scaffolds. Vascular cells, including endothelial cells and 

smooth muscle cells demonstrated strong attachment to sulfated silk scaffolds and 

proliferated well with higher expression of some phenotype-related marker genes and 

proteins (Liu et al, 2011). Thus, the sulfated silk scaffolds could be used along with 

vascular cells for the development of tissue-engineered vascular grafts. 

 

1.4.6 Neural tissue engineering 

Nerve system is a complex biological network, which is broadly categorized into 

peripheral nervous system (PNS) and central nervous system (CNS). The PNS consists of 

the cranial nerves arising from the brain, the spinal nerves arising from the spinal cord 

and sensory nerve cell bodies (dorsal root ganglia) and their processes. Peripheral nerves 

innervate muscle tissue, transmitting sensory and excitatory input to and from the spinal 

column (Schmidt and Leach, 2003). While the CNS, which includes the brain, spinal 

cord, optic, olfactory and auditory systems, conducts and interprets signals as well as 

provides excitatory stimuli to the PNS. In the PNS, nerves can regenerate on their own if 

injuries are small. Larger injuries must be surgically treated, typically with nerve grafts 
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harvested from elsewhere in the body. Spinal cord injury is more complicated, as there 

are factors in the body that inhibit repair. Unfortunately, a solution to completely repair 

spinal cord injury has not been found. Thus, bioengineering strategies for the peripheral 

nervous system are focused on alternatives to the nerve graft, whereas efforts for spinal 

cord injury are focused on creating a permissive environment for regeneration. 

Fortunately, recent advances in neurobiology and biomaterials science provide optimism 

for new treatments for nerve injuries. 

Yang et al (2007a) studied the biocompatibility of SF material with peripheral 

nerve cells and tissues, where, it was found that the SF extract fluid showed no significant 

cytotoxicity on rat sciatic nerve Schwann cells, and the substrate made up of SF fibers 

showed good biocompatibility with rat dorsal root ganglia (DRG). Later, Chen et al 

(2007) and Yang et al (2007b) demonstrated that the SF-based nerve graft, composed of a 

SF-NGC (nerve guidance conduit) inserted with oriented SF filaments, could promote 

peripheral nerve regeneration in rats over 6 months of implantation. Similarly, Tang et al 

(2009), investigated the suitability of SF as a candidate biomaterial for CNS therapy. The 

substrates made up of SF fibers demonstrated good biocompatibility with primarily 

cultured hippocampal neurons without any significant cytotoxic effects on their cell 

phenotype and functions, and the results were comparable with that of cells cultured in 

plain neuronal culture medium. Recently, Xu et al (2011) successfully demonstrated the 

fabrication of e-spun SF mats and evaluated its biocompatibility with SCs in vitro. 

The fabrication of blend scaffolds composed of SF and other naturally derived 

polymers was investigated by Ren et al (2009). The SF-based scaffolds with 3-6% of 

hyaluronic acid showed improved affinity to primary neural cells. Additionally, in 6% 

blend scaffolds, neurosphere-forming cell migrated from their original aggregate and 

adhered tightly to the surface of scaffolds. Tan et al evaluated the feasibility of using 

SF/CS as nerve conduit for facial nerve regeneration, where, it was found that 2, 4, 6 and 

8 weeks of post-operative observations revealed the successful regeneration of facial 

nerve of rabbit (Tan et al, 2009). 

Kim et al (2011) demonstrated the fabrication of natural/synthetic hybrid films 

using 0, 10, 20, 40 and 80 wt% of SF and PLGA, and found that the PLGA/SF hybrid 

film containing 40% and 80% of SF interrupted adhesion and proliferation of Schwann 

cells (SCs), while the films containing 10% and 20% of silk provided suitable 

TH-1073_06610611



Chapter 1 

52 | P a g e  

environment for growth and proliferation of SCs. Similarly, Wang et al (2011a) 

investiagetd the regeneration of 10 mm defect in the sciatic nerve of rats using 

SF/P(LLA-CL) (poly(l-lactic acid-co – caprolactone)) e-spun  nanofibrous NGC. 

The preparation of composite scaffold composed of a mixture of more than one 

natural and synthetic polymer has been studied by Wu et al (2009). The SCs viability, 

growth and proliferation were relatively higher in PLGA-SF-collagen e-spun scaffold 

than in e-spun PLGA nanofibrous scaffold alone. In a similar study, Wang et al (2011b) 

demonstrated the fabrication of e-spun nanofibrous scaffolds composed of different 

weight ratio PLGA-SF- collagen (50:25:25, 30:35:35), and evaluated their use in nerve 

TE. The biocompatibility assays using Schwann cells confirmed that PLGA-SF- collagen 

scaffolds particularly the one that contains 50% PLGA, 25% SF and 25% collagen is 

more suitable for nerve TE compared to PLGA nanofibrous scaffolds. 

Madduri et al (2010) developed SF nerve conduit that were loaded with glial cell 

line-derived neurotrophic factor and nerve growth factor, and topographically 

functionalized with aligned and non-aligned SF nanofibers. The DRG sensory neurons 

and spinal cord (SpC) motor neurons, both from chicken embryos, exhibited an 

augmented length and rate of axonal outgrowth parallel to the aligned nanofibers. In 

addition, glial cells from DRG proliferated and migrated in close association and even 

slightly ahead of the outgrowing axons (Figure 1.12). On the contrary, axonal and glial 

growth was slower and randomly oriented on non-aligned nanofibers. The DRG and SpC 

explants were also inserted into the lumen of the finished SF nerve conduit. The 

unidirectional orientation of axo-glial outgrowth from the explants evidenced the 

preservation of the trophic and topographical functionalities in the SF nerve conduit.  

The degradation behaviors of NGCs made up of SF in vitro and in vivo was 

investigated by Yang et al (2009). It was found that, after incubation in the protease 

XIV solution or subcutaneous implantation in rabbits, the SF-NGCs and SF fibers were 

able to degrade at a significantly increasing rate as compared to SF fibers, thus meeting 

the requirements of peripheral nerve regeneration. Furthermore, based on the possible 

involvement pathway in the in vivo degradation of SF-NGCs, the time-dependent changes 

in the mRNA level of lysosome-related genes (Hip1R, cathepsin D, and tPA) in 

subcutaneous implantation site within 24-week period post-implantation was determined 
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by real-time RT-PCR, and the resulting data might contribute to our understanding of the 

molecular aspects that affect in vivo degradation and absorption of SF-NGCs. 

 

1.4.7 Spinal cord tissue engineering 

The spinal cord originates immediately below the brain stem and extends to the first 

lumbar vertebra (L1), beyond L1 the spinal cord becomes the cauda equina. The spinal 

cord provides a means of communication between the brain and peripheral nerves. Any 

damage to the spinal cord prevents nerve messages travelling to and from the brain, and 

thus spinal cord injury represents a significant health problem associated with life-long 

disability and a broad range of secondary complications (Madigan et al, 2009). During 

the body's response to an injury to the spinal cord, the body forms an impenetrable scar 

tissue at the site of the injury which acts as a barrier to any neurons that might be trying to 

grow. Any neurons which have escaped damage may lose their insulating myelin sheath, 

and so cannot function and pass messages to and from the brain via the spinal cord. 

Recently, it was revealed that the transplantation of the olfactory ensheathing cells 

(OECs), also known as the OE glial cell which is taken from the lining of the nose, is a 

potential treatment for spinal cord injury, however, this process lacks extracellular matrix 

guiding cell growth, tissue morphogenesis, and remodeling. A variety of naturally derived 

and synthetic biomaterial polymers are being studied for placement in the injured spinal 

cord (Madigan et al, 2009). And the efforts are on to develop TE based therapeutic 

strategies for managing SCI. 

Qian et al (2009) investigated the biocompatibility of SF e-spun nanofibers 

scaffold with OECs, where, the morphological and phenotypical features, growth and 

adhesion of OECS was relatively better on SF nanofibers than on Poly-L-Lysine coated 

dishes cells. Later, Shen et al (2010) studied the morphological feature, distribution and 

proliferation of OECs on 300 and 1800 nm on e-spun nanofibrous SF scaffold. It was 

found that the 300 nm fibrous scaffold has good potential to guide OECs growth. 

Notably, the diameter of the fiber played an important role in guiding cell adhesion, 

growth and migration in vitro, and thus suggested that the 300 nm fibrous scaffolds 

integrated with OECs have good potential for nerve tissue regeneration.  
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Figure 1.11. Cross-sectional (a) and side view (b) SEM images of fibroin based 
microtubes. (c) Silk microtubes at a range of diameters (from left to right: 127, 500 μm, 1, 
2, 3.2, 4, 5 and 6 mm) were generated for use as microvascular grafts. (Reproduced with 
permission, Lovett et al., 2007). 

 

 

Figure 1.12. (a) Image of nanofibrous fibroin-based nerve conduit loaded with GDNF 
and NGF. (b) Sensory axonal growth and migration from dorsal root ganglion (DRG) 
explants cultured for 24 h on GDNF and NGF loaded and aligned nanofibrous scaffold. 
The long arrow indicates the direction of electrospun nanofibers on SF membranes. The 
short arrows indicate Schwann cells (Reproduced with permission, Madduri et al, 2010). 
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1.4.8 Hepatic tissue engineering 

Liver is the largest internal organ in the body and is responsible for over 500 metabolic, 

regulatory and immune functions. Hepatocytes make up 70-80% of the liver's 

cytoplasmic mass. It has a significant role in the metabolism, storage, synthesis and 

release of vitamins, carbohydrates, proteins, lipids and cyclic tetrapyrroles. Besides, it is 

actively involved in the (a) detoxification and inactivation of endogenous and exogenous 

substances, (b) activation of precursor molecules, and (c) production of bile (Nahmias et 

al, 2006). Loss of liver function leads to liver failure which causes over thousands of 

deaths annually across the world. Due to a lack of treatment modalities for patients 

suffering from many forms of liver diseases, recent studies have touted that engineering 

hepatic tissues de novo in culture may be a viable method to address this therapeutic void. 

Thus, hepatic TE has emerged as an innovative way to construct functional liver tissues. 

The preparation of glycoconjugates (Lac-CY-SF) by the homogeneous chemical 

modification of solubilized SF with lactose bearing the galactose residue using cyanuric 

chloride (CY) as a coupling spacer, and subsequent evaluation of the effect of the Lac-

CY-SF conjugate-coating onto polystyrene culture dishes on the attachment of rat 

hepatocytes and their morphology was investigated (Gotoh et al, 2004) The attachment of 

hepatocytes onto the 0.1% (w/v) conjugate-coated dishes showed about an 8-fold increase 

as compared with that on uncoated dishes, being comparable to that on collagen-coated 

dishes. But the morphology of hepatocytes cultured on the conjugate-coated dishes is 

different (dispersed) from that on collagen-coated dishes (flat). Similarly, the 

hepatocellular compatibility studies revealed that within 5 days of culture, FLC-4 cells 

cultured in Lac−CY−SF 3D sponges formed mu lticellular spheroids with diameters from 

30 to 100 μm and exhibited greater liver-specific functions compared with the cells 

cultured in collagen and SF sponges (Gotoh et al, 2011). 

A series of SF-based 3D scaffolds blended with collagen or other protein-based 

natural polymers were investigated for use in Hepatic TE applications. Cirillo et al (2004) 

successfully demonstrated the adhesion and function of rat liver cells on SF/collagen 

blend films. Similarly, Hu et al (2006) developed a novel biocompatible film composed 

of recombinant human-like collagen and SF as a scaffold material. In both cases, the 

addition of collagen evidently facilitated the adhesion, spreading and proliferation of 

HepG2 cells on SF scaffold. Lv et al (2005) described the fabrication and characterization 
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of a novel, SF-based 3D porous SF/collagen scaffolds with controllable structure and 

morphological features. Subsequently, the successful preparation of SF/collagen blend 

scaffolds containing heparin that possess multifunctional properties under mild conditions 

was demonstrated by Lu et al (2007). It was found that, compared to SF/collagen 

scaffolds the scaffolds containing heparin further facilitate the growth of HepG2 cells 

since a more complex, dynamic environment was formed to promote the cell growth. 

Also, a series of SF-based 3D scaffolds blended with other carbohydate-based 

natural polymers were studied for use in Hepatic TE. Extensive studies on fabrication and 

evaluation of SF/CS blend scaffolds for hepatocyte culture were performed by She et al 

(2008, 2009a, 2009b, 2010). The SF/CS scaffolds can promote the proliferation of HepG2 

cells significantly higher PLGA scaffolds (She et al 2008, 2009a). Later, the studies on 

implantation of SF/CS scaffolds into the greater omentum of rats revealed slight 

inflammation reactions (She et al 2009b). Subsequently, She et al (2010) investigated the 

fabrication of SF/CS/heparin scaffold to ameliorate the positive inflammatory response 

and to enhance the blood compatibility, blended with heparin. 

Similarly, SF based 3D scaffolds blended with synthetic polymers have been 

attempted in the recent past. A composite scaffold composed of SF and PLA was 

prepared by adding insoluble SF microparticles into PLA solution, stirring intensively and 

then freeze-drying the blend (Lv et al, 2007). It was found that, the HepG2 cell 

attachement, spreading and growth was significantly higher on PLA/SF composite 

scaffold than on PLA scaffolds. Later, Hu et al (2007) found that the inflammatory 

response of the macrophages grown in the PLA/SF composite scaffold rapidly declined 

compared to those in the PLA scaffold and reached the level of cells grown in culture 

medium. 

 

1.4.9 Inter-vertebral disc tissue engineering 

The inter-vertebral discs make up one fourth of the spinal column's length and are 

composed of an annulus fibrosus (AF) and a nucleus pulposus (NP). They are 

fibrocartilaginous cushions serving as the spine's shock absorbing system, which protect 

the vertebrae, brain, and other structures (i.e. nerves). The main function of these discs is 
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to allow some vertebral motion: extension and flexion (An et al, 2003). Degenerative disk 

disease involves a gradual deterioration of the intervertebral disk, a process that can span 

over several decades of life. Initially, the matrix of the NP - the inner gelatinous portion 

of the disk, becomes more fibrous and dehydrated with progressive degeneration of the 

disk. In late stage, the AF - a wall of concentric layers of fibrillar collagen surrounding 

the NP, weaken and deteriorate and often lead to herniation of the NP (An et al, 2003). 

Degeneration at one vertebral body level can initiate subsequent degeneration at other 

vertebrae levels, possibly due to loss of motion stability at the primary affected level. 

Therefore, treatment of the disease in its early stages is crucial in order to prevent such a 

destructive prognosis. There is no optimal treatment for symptomatic degenerative disc 

disease which affects millions of people worldwide (An et al, 2003). One novel approach 

would be to form a silk based patch or tissue replacement to repair the AF through which 

the NP herniates.  

Chang et al (2007) determined if porous silk scaffolds would support AF cell 

attachment and extracellular matrix accumulation and whether chemically decorating the 

scaffold with RGD peptide, which has been shown to enhance attachment for other cell 

types, would further improve AF cell attachment and tissue formation.It was found that 

the porous silk scaffolds successfully supported the adhesion and proliferation of bovine 

caudal disc derived AF cells and formation of extracellular matrix, over a period of up to 

8 weeks. Additionally, the cells had higher levels of type II collagen and aggrecan gene 

expression when compared to cells grown on the non-modified scaffold, a feature more in 

keeping with cells of the inner annulus. Notably, the study revealed that, coupling the silk 

scaffold with RGD-peptides did neither enhance cell attachment nor tissue formation but 

did affect cell morphology and could possibly favour inner annulus versus outer annulus 

differentiation. Later, the effects of dynamic culture on tissue infiltration and matrix 

accumulation on porous SF scaffolds were studied (Chang et al, 2010). It was revealed 

that, in contrast to static culture, the dynamic culture conditions improved the AF tissue 

formation with significantly higher cellular content and matrix accumulation. However, 

the spatial distribution of tissue was comparable for static and dynamic culture. Also, 

amongst various scaffold pore sizes tested (200, 600 and 1000 µm), an average pore size 

of 600 µm has resulted in the uniform tissue distribution with significant amount of type I 

collagen. Thus, the dynamic flow conditions and scaffold pore size can affect the 

formation of engineered AF tissue (Chang et al, 2010). 
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1.4.10 Tracheal tissue engineering 

The trachea, or windpipe, is made up of fibrous and elastic tissues and smooth muscle 

with about twenty rings of cartilage, which help keep the trachea open during extreme 

movement of the neck. There are a variety of airway diseases with different clinical 

settings which may extend from a surgical approach to total organ replacement (Baiguera 

et al, 2010).Treatment and management of tracheal defects remain challenging in head 

and neck surgery. A wide variety of graft materials and transplantation approaches have 

been applied for decades in order to generate a clinically applicable tracheal substitute; so 

far, without success. However, tissue replacements from silk based biodegradable carrier 

structures and autologous cells may represent a promising alternative to meet the shortage 

of suitable grafts for reconstructive airway surgery (Baiguera et al, 2010). 

The feasibility of SF as a biomaterial for use in tracheal defect reconstruction was 

demonstrated by Ni et al (2008). Experimentation in 12 tracheal defect bearing rabbit 

models revealed that the thickness of the fibroblasts layer covering the porous and non-

porous SF film was 240.4 ± 9.9 and 302.3 ± 10.5 μm respectively. Also, it showed a 

normal mucous membrane with usual cilial growth on the artificial implant and no 

foreign-body granuloma or macrophagocyte infiltration around reconstructed tracheal 

cavity. Recently, Zang et al (2011) studied the in vitro and in vivo potential of SF/CS 

blend scaffolds for the purpose of cartilage TE with applications in tracheal tissue 

reconstruction. The SF/CS scaffolds supported the chondrocyte adhesion, proliferation, 

and differentiation, determined as features of the cells based on the spherical cell 

morphology, increased accumulation of GAG, and increased collagen type II deposition 

with time within the scaffold framework. Subsequently, the cartilage generation on 

engineered chondrocyte–scaffold constructs with and without a perichondrium wrapping 

was tested in an in vivo nude mouse model (Zang et al, 2011). It was found that the 

perichondrium wrapping significantly improved chondrogenesis within the cell–scaffold 

constructs in vivo. Also, implantation for 6 weeks did not generate cartilage structures 

resembling native trachea, although cartilage-like structures were present. The 

mechanical properties of the regenerated tissue increased due to the deposition of 

chondrogenic matrix within the SF/CS scaffold structural framework of the trachea. Thus, 

the support of chondrogenesis by the SF/CS tubular scaffold construct resulted in a 

mechanically sound structure and thus is a step towards an engineered trachea that could 
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potentially support the growth of an epithelial lining resulting in a tracheal transplant with 

properties resembling those of the fully functional native trachea (Zang et al, 2011). 

 

1.4.11 Muscle tissue engineering 

Muscle is a contractile tissue composed of muscle cells which contain contractile 

filaments that move past each other and change the size of the cell. They are mainly of 

three types: skeletal, cardiac or smooth muscles. Muscles produce force and can cause 

either locomotion of the organism itself or movement of internal organs. Traumatic injury 

or myopathies may lead to severe functional damage. Loss of muscle mass and their 

function can be surgically managed in part using a variety of muscle transplantation or 

transposition techniques, with limited degree of success (Bach et al, 2004). However they 

are not perfect solutions; a new alternative approach to addressing difficult tissue 

reconstruction is to engineer new tissues. Although those TE techniques attempting 

regeneration of human tissues and organs have recently entered into clinical practice, the 

engineering of muscle tissue is still a scientific challenge (Bach et al, 2004). 

Zhang et al (2007) demonstrated the use of SF modified poly(3-hydroxybutyrate-

co-3-hydroxyhexanoate) (PHBHHx) scaffold for smooth muscle TE. In particular, the SF 

was applied to the PHBHHx scaffold to improve its biocompatibility. The results revealed 

that the human smooth muscle cells grow better on the SF modified hybrid scaffold, and 

thus proves that the SF modification can improve the biocompatibility of the PHBHHx  

scaffold. The SF modified hybrid PHBHHx

 

 scaffold can be potentially used for the heart 

valve TE for further research. Recently, Liang et al studied the feasibility of the electro-

spinning nano-fibrous membrane as scaffolds for skeletal muscle TE, where it was found 

that a great quantity of myoblasts adhered to the 70% PLA + 20% SF + 10% collagen 

group. These myoblasts are spindle-shaped, regularly arranged, and connecting to 

adjacent cells. In other groups, the myoblasts are less and irregular, much more like 

myoblasts in recession. The electro-spinning nano-fibrous membrane has no toxicity and 

no bad effect on the growth of myoblasts. They adhere well on the membrane, especially 

on the 70% PLA + 20% SF + 10% collagen group (Liang et al, 2011). 
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1.4.12 Bladder tissue engineering 

The urinary bladder is a hollow muscular and distensible (or elastic) organ which sits on 

the pelvic floor and collects urine excreted by the kidneys before disposal by urination. A 

variety of conditions encountered in urology result in bladder dysfunction, and many of 

these require reconstructive procedures. Currently, gastrointestinal segments are 

considered the gold standard for bladder reconstructive procedures (Atala, 2011). 

However, significant complications including chronic urinary tract infection, metabolic 

abnormalities, urinary stone formation, bowel dysfunction and secondary malignancies 

are associated with this approach. Replacement of bladder tissues with in vitro engineered 

functionally equivalent tissues composed of biomaterial-based, bladder-shaped scaffolds 

seeded with autologous urothelial and smooth muscle cells, could improve the outcome of 

reconstructive surgery (Atala, 2011). Biomaterials derived from SF have been previously 

utilized in vascular and orthopedic applications and thus possesses robust physical and 

biological properties which would be well suited for urologic applications. 

The in vitro cytocompatibility of SF film with the transitional epithelial cells from 

the urinary bladders of New Zealand rabbits was evaluated by Liu et al (2008a). The SF 

film was compatible with the transitional cells and there was no significant difference 

between the control and experimental groups as evident from MTT assay. In a similar 

study, Liu et al (2007) revealed that all the 12 rabbits in the experimental group, which 

had a urethral defect of 1.5 cm, did not show signs of urethral stricture following the 

surgery. Also, the implanted SF film was degraded completely at 16 weeks and the defect 

was repaired by inducing the growth of the smooth muscle cells and urethral epithelial 

cells. Later, Liu et al (2008b) studied the effect of SF film for repairing urethral defect in 

14 adult male dogs. It was found that the implanted SF film was degraded completely at 

week 12 and the defect was repaired by mucous membrane of urethra and smooth muscle 

cells regularly in the experimental group I (1.5-cm defect, n=6). While, pale, dense and 

rigid appearance of the urethra with a narrow cavity was found in the experimental group 

II (3.0-cm defect, n=6). Thus the SF film can repair a short-length defect within 1.5 cm, 

while it is unpredictable to repair defect longer than 3.0 cm only by the materials. 

Zhang et al (2010) demonstrated the repairing of urethral defect with adipose-

derived MSCs seeded on a porous SF scaffold in 39 New Zealand rabbits. The incidence 

rate of post-operative urethral stricture and fistula was found to be around 76.92% in 
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group C (control), which was significantly higher than group A (23.07%, SF implant) and 

group B (15.38%, SF implant seeded with MSCs). Also, histological examination showed 

that blood vessel formation and urethral epithelium, smooth muscle regeneration were 

much better in groups of A and B than those in group C, which were better in group B 

than those in group A. Thus, it was suggested that compared to SF alone, the MSCs 

seeded SF significantly enhances urethral defect repairing in rabbits. The fabrication of 

SF based woven patches using gel spinning technique and its use in bladder augmentation 

was described by Cannon et al (2010) in mice models and by Mauney et al (2011) in 

murine models. Both these studies revealed that, in contrast to PGA- and SIS- patches, by 

10 weeks, the silk matrix significantly increases the bladder capacity and voided volume 

while maintaining similar degrees of compliance relative to the control group, as evident 

from histological, voided stain on paper and renal / bladder ultrasound analyses (Figure 

1.13). 

Stress urinary incontinence remains a worldwide problem affecting patients of all 

ages. Implantation of sub-urethral sling is the cornerstone treatment, but, the current 

slings have inherent disadvantages. Zou et al (2010) developed a tissue engineered sling 

with bone marrow derived mesenchymal stem cells (bmMSCs) (derived from Sprague–

Dawley rats) seeded silk scaffold. Forty stress urinary incontinence female rat models 

were divided into four groups. Group A (n=5) had sham operation, Group B (n=5) had no 

sling placed, Group C (n=15) was treated with a silk-sling, and Group D (n=15) was 

treated with tissue engineered sling. It was found that the Group B had a significantly 

lower leak-point pressure (24.0 ± 4.2 cmH2O) at 4 weeks, while Group C 

(38.0 ± 3.3 cmH2O) and Group D (36.3 ± 3.1 cmH2O) almost reached to the normal level 

shown by Group A (41.6 ± 3.8 cmH2

 

O) (Zou et al, 2010). Thus, the MSCs seeded sling 

showed convincing functional effects for the treatment of stress urinary incontinence in a 

rat model and better ligament-like tissue formation suggested potential long-term 

function. 
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Figure 1.13. Murine bladder augmentation model: (a) abdominal incision and extrusion 
of bladder, hashed line denotes defect site; (b) gel spun silk matrix tailored to area of the 
defect site; Hematoxylin and eosin analysis of regeneration bladder defect augmented 
with silk scaffold scaffold after 21 d (c) and 70 d (d) post-implantation period. (*) denotes 
scaffold fragments, brackets denote area of tissue regeneration. (Reproduced with permission, 
Mauney et al 2011). 

 

 

Figure 1.14. Images of (a) flat and (b) aligned grooved patterned silk fibroin films of 2 
μm in thickness. Fluorescent images of 10 days old GFP expressing rat corneal fibroblast 
cells growing on (a’) flat and (b’) patterned silk fibroin film surfaces (red indicates 
stained actin filaments and green represents GFP fluorescence). (Reproduced with permission, 
Lawrence et al, 2009). 
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1.4.13 Ocular tissue engineering 

With an increasingly aged population, eye diseases are becoming more widespread. 

Biological carriers, such as the amniotic membrane and serum-derived fibrin, are 

currently used to deliver cultivated corneal epithelial sheets to the ocular surface. Such 

carriers require being transparent and allowing the diffusion of metabolites in order to 

maintain a healthy ocular surface. However, the high cost, variable supply and potential 

risk of disease transmission associated with such carriers prompted the search for safer, 

cheaper and reliable biocompatible materials such as SF for ocular reconstruction (Harkin 

et al, 2011). Biomaterials have contributed in recent years to numerous medical devices 

for the restoration of eyesight, improving many patients’ quality of life. Consequently, 

biomaterials and regenerative medicine are becoming increasingly important to the 

advances of ophthalmology and optometry. 

The feasibility of using SF membrane for corneal regeneration was investigated 

by culturing cornea epithelial cell of rabbits on the membrane and subsequent 

implantation into the stroma of the rabbits Yang et al (2008). It was found that the 

membrane was translucent for 4 weeks after implantation, meanwhile, neovascularization 

was observed in limbus, and new vessels grew to the peak after 8 weeks. Additionally, the 

material was partly degraded at 12th

Similarly, Higa et al (2008) investigated on the cultivated epithelial 

transplantation using ex vivo-expanded epithelial cells with or without biological carriers, 

and carried out approximately 100 such procedures. They have generated epithelial sheets 

using amniotic membrane, fibrin sealants and SF film, etc. Notably, it was reported that 

the SF film offers a more transparent medium than conventional sheets and thus could be 

a better matrix material for corneal epithelial reconstruction. Later, Higa et al (2011) 

examined the application of porous SF films with high molecular permeability prepared 

by mixing SF and poly(ethylene glycol) (PEG) and then removal of PEG from the silk-

 week, and few opaque pieces and vessels remained in 

the cornea after 16 weeks. Simultaneously, Chirila et al (2008) evaluated the SF as a 

potential substratum for corneal human limbal epithelial (HLE); in particular, they have 

investigated the potential benefits of serum proteins on this culture system. It was 

suggested that the remarkable properties of SF membranes demonstrated under serum-

free conditions warrant investigation of this material as a substratum for ocular 

reconstruction. 
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PEG films. Epithelial cells were isolated from rabbit limbal epithelium, seeded onto SF 

coated wells and co-cultured with mitomycin C-treated 3T3 fibroblasts. Stratified 

epithelial sheets, successfully engineered on porous SF film, expressed the cornea-

specific cytokeratins K3 and K12 as well as the corneal epithelial marker pax6. The 

biocompatibility of SF films was confirmed in rabbit corneas for up to 6 months. 

Lawrence et al (2009) demonstrated the use of SF, in a biomimetic approach, to 

replicate corneal stromal tissue architecture. The films were 2 μm thick to emulate 

corneal collagen lamellae dimensions and were surface patterned to guide cell alignment 

(Figure 1.14). Also, to enhance trans-lamellar diffusion of nutrients and to promote cell–

cell interaction, pores with 0.5–5.0 μm diameters were introduced into silk films. It was 

found that these films in both 2D and 3D cultures using human and rabbit corneal 

fibroblast demonstrated excellent proliferation, alignment and corneal extracellular 

matrix. Thus the mechanical properties, optical clarity and surface patterned features of 

the SF films, combined with their ability to support corneal cell functions suggest its 

potential benefits for corneal tissue regeneration (Lawrence et al, 2009). 

The attachment and growth of human corneal endothelial cells (B4G12 cell line) 

was assessed on SF membranes with and without coatings of collagen IV, FNC Coating 

Mix® and chondroitin sulphate-laminin mixture (Madden et al, 2011). All the coatings 

improved the final mean cell count, but consistently higher cell densities were achieved 

on a tissue-culture plastic rather than SF substratum. Also, collagen-coated substrata were 

found to be the best of both groups, and collagen-coated SF was comparable to uncoated 

tissue-culture plastic; only SF with collagen coating achieved cell confluence. Recently, 

Bray et al (2011) compared the attachment, morphology and phenotype of primary HLE 

cell cultures grown on SF to that on donor amniotic membrane (AM, the current clinical 

standard substrate for HLE transplantation). It was found that the attachment of HLE cells 

to SF was similar to that supported by tissue culture plastic but approximately 6-fold less 

than that observed on AM. Nevertheless, epithelia constructed from HLE on SF 

maintained evidence of corneal phenotype (K3/K12 expression) and displayed a 

comparable number and distribution of ΔNp63+

 

 progenitor cells to that seen in cultures 

grown on AM. 
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1.4.14 Eardrum tissue engineering 

The ear drum or the tympanic membrane lies inside the ear and stretches over the tiny 

bones in the ear. It is a thin membrane, made of tissue similar to skin, that separates the 

external ear from the middle ear and helps in hearing. Any injury or infection may lead to 

perforation in the eardrum, which may consequently result in pain, discharge, blood or 

loss of hearing. The surgical procedures to help restore normal hearing may involve repair 

or reconstruction of the tympanic membrane and certain small middle ear bones behind 

the membrane. Although multiple autologous grafts, allografts and synthetic graft 

materials have been used over the years, no single graft material is superior for repairing 

all perforation types (Kristensen et al, 1989). Alternatively, with the advent and 

development of TE, a number of biomaterials have been studied and attempts have been 

made to mimic biological functions with these materials (Levin et al, 2009). 

The use of SF for its potential suitability as an alternative graft in myringoplasty 

surgery was investigated by Levin et al (2010). They have demonstrated that SF supports 

the growth and proliferation of human tympanic membrane keratinocytes (hTMKs) as 

evident from light microscopy, immunofluorescent staining and confocal imaging. 

Simultaneously, Ghassemifar et al (2010) studied the use of SF membranes for culturing 

hTMKs harvested from tympanic membrane explants. It was found that, over 15 days of 

culture period, the cell growth was significantly higher on SF membrane than on tissue 

culture plate. Also, the expression levels of a number of protein markers related to the 

epithelial/keratinocyte phenotype and cell adhesion complexes were relatively higher on 

test group than on control group. The SF membranes exhibit favourable growth pattern, 

proliferation and cell-cell contact and adhesion of hTMKs, and thus appear as a promising 

substratum in the tissue-engineered constructs for the replacement of tympanic 

membrane. 

 

1.4.15 Dental tissue engineering 

A tooth is complex in nature and is composed of four dental tissues: enamel, dentin and 

cementum, which are hard or calcified, and pulp, which is soft or noncalcified. Although 

teeth can withstand enormous abrasive forces, they are susceptible to damage due to 

TH-1073_06610611



Chapter 1 

66 | P a g e  

trauma, acids and bacterial attack. Conventional treatment relies on synthetic materials to 

fill defects and replace whole teeth, but these remain substitutes and thus cannot restore 

the tissue physiological architecture and function. Engineering oral tissues as a 

multidisciplinary approach to build complex structures such as teeth or soft dental tissues 

remains a challenging endeavor. With the isolation of postnatal stem cells from various 

sources in the oral cavity and the development of smart materials for cell and growth 

factor delivery, possibilities for alternative, biology-based treatments arise. 

Interdisciplinary research is actively being pursued around the globe to utilize TE and 

drug delivery approaches and to move from replacement to regeneration (Galler and 

D'Souza, 2011). 

The utility of SF scaffolds for mineralized dental TE was examined by Xu et al 

(2008). About four types of hexafluoroisopropanol (HFIP) silk scaffolds (250 and 550 μm 

diameter pores, with and without RGD peptide) were seeded with cultured 4-day 

postnatal rat tooth bud cells and grown in the rat omentum for 20 weeks. The formation 

of bioengineered mineralized tissue was most robust in 550 μm pore sized scaffolds with 

RGD and  least robu st in 2 5 0  μm p ore sized  scaffold s withou t RGD. Also, the size an d 

shape of the silk scaffold pores appeared to guide mineralized tissue formation, as evident 

from polarized light imaging of collagen fiber alignment along the scaffold surfaces. The 

study thus demonstrated that the SF scaffolds not only supported osteodentin formation, 

but also guided the size and shape of the formed osteodentin. Recently, Zhang et al 

(2011) evaluated the interactions between human dental pulp cells and HFIP/SF based 

scaffolds under both in vitro and in vivo conditions. It was found that the degradation of 

aqueous based silk is much faster than HFIP based silk scaffolds. Also, HFIP based silk 

scaffolds supported the soft dental pulp formation better than the aqueous based silk 

scaffolds. 
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Table 1.5. List of tissues engineered using silk fibroin along with detailed composition 

used and corresponding exemplary references. 

Type of tissue 

engineered 

Scaffold composition Examples 

Bone SF Meinel et al., 2006 

 SF/HAp, SF/n-HAp Leukers  et al., 2005; 

Tanaka et al., 2007 

 BMP loaded SF, BMP loaded SF/n-HA  Kirker-Head et al., 2007; 

Zhang et al., 2011 

 SF/Chitosan/PLLA, SF/Chitosan/n-HAp Jones et al., 2009;      

Wen et al., 2007 

Cartilage tissue BmSF Cai et al., 2002 

 SF/Chitosan Silva et al., 2008 

 SF/Keratose Baek et al., 2008 

 IGI-I releasing SF Uebersax et al., 2008 

Ligament / 

tendon tissue 

SF Altman et al., 2002 

 SF/Collagen, SF/Gelatin, 

SF/Collagen/Hyaluronan 

Chen  et al., 2003; Fan et 

al., 2008; Seo  et al., 

2009 

 RGD modified SF, SF/Porcine SIS Moreau  et al., 2005;    

Cui et al., 2009 

 SF/Poly-HEMA, SF/PLGA Bosetti  et al., 2008; 

Sahoo et al., 2010a 

 SF/ bFGF-releasing PLGA Sahoo et al., 2010b 

Skin tissue SF Min et al., 2004 

 SF/Alginate, SF/Chitin Roh  et al., 2006;        

Yoo et al., 2008 

 SF/Collagen Hu et al., 2008 

Vascular tissue SF, SF coated with gelatin, fibronectin or 

collagen type I, 

Unger et al., 2004;   

Fuchs et al., 2006 

 SF/ Collagen Zhou et al., 2010 
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 SF/polylactide/gelatin Wang et al., 2009a 

 Sulfated SF Liu et al., 2011 

Hepatic tissue Lactose conjugated SF Nahmias et al., 2007 

 SF/Collagen Cirillo et al., 2004 

 SF/Chitosan, SF/Chitosan/Heparin She et al., 2008, 2010 

 SF/PLA Lv et al., 2007 

Neural tissue SF Yang et al., 2007 

 SF/Hyaluronic acid, SF/Chitosan Ren et al., 2009; Tan et 

al., 2009 

 SF/PLGA, SF/P(LLA-CL) Kim et al., 2011; Wang et 

al., 2011 

 SF/PLGA/Collagen Wang et al., 2011  

 NGF coated SF Madduri et al., 2010 

Spinal cord 

tissue 

SF          Shen et al., 2010 

Inter-vertebral 

disc tissue 

SF Chang et al., 2007 

 RGD coupled SF Chang et al., 2010 

Tracheal tissue SF Ni et al., 2008 

 SF/chitosan Zang et al., 2011 

Muscle tissue SF  Liang et al., 2011 

 SF Modified PHBHH Zhang et al., 2007 x 

Urinary 

bladder tissue 

SF Mauney et al., 2011 

Ocular tissue SF  Lawrence et al., 2009 

 SF/PEG  Higa et al., in press. 

 Collagen coated SF  Madden et al., 2011 

Eardrum tissue SF  Levin et al., 2010 
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1.5 SILK FIBRIN FROM NONMULBERRY SILKWORM 

Non-mulberry sericulture is generally known as forest or wild sericulture. It is mostly a 

forest-based industry uniquely suited to the economy and social structure of developing 

countries because of its minimum investment requirement, high employment and foreign 

exchange earning potential (Pandey et al., 2005). Non-mulberry sericigenous fauna 

belonging to the family Saturniidae (superfamily Bombycoidea) are mostly wild 

silkmoths. Wild silkmoths are reared on wild trees but few of them such as Samia cynthia 

ricini can also be raised and bred under complete human control. Their cocoons are 

bigger than those of the mulberry silkworm. A large number of strains (400-500) 

belonging to various species are used in the production of nonmulberry silks. Some of the 

important silks are tasar silk, muga silk, eri silk, anaphe silk, fagara silk, coan silk, mussel 

silk and spider silk (Pandey et al., 2005). These are used as important tools in basic 

entomological and biotechnological research in few Asian countries China, India and 

Japan, and other countries such as USA. 

The use of nonmulberry SF as a potential biomaterial for biomedical applications 

was first investigated by Minoura et al (1995). The response of fibroblast cells (L-929) on 

tasar SF was found to be positive, and notably, the response was higher on nonmulberry 

SF in comparison to that of mulberry SF. It was suggested that the presence of the 

tripeptide sequence RGD (believed to be a specific interaction site for cell-attachment) 

makes the nonmulberry SF a better candidate than mulberry SF for use as a biomaterial 

for biomedical applications (Minoura et al, 1995). However, the research in this regard is 

still in its infancy and is majorly limited to tasar SF. Lately, exploration on the use of 

Indian muga and eri SF as biomaterials has started. But, the studies on other nonmulberry 

SFs are yet to begin. The current review covers the research done on tasar (Indian and 

Chinese), muga and eri SF as biomaterials for use in TE applications. 

 

1.5.1 Antheraea pernyi Guerin-Meneville (Chinese Oak Tasar Silk moth) 

A. pernyi is originated in Southern China and is popularly known as the Chinese oak tasar 

silkworm. It is one of the most well-known wild silkworms along with the Japanese oak 

silkworm A. yamamai and the Indian oak silkworm A. mylitta. The first document with 
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clearly recorded oak silkworm artificial rearing appeared in 1651, although Chinese oak 

silkworm was documented in about 270 AD (Liu et al, 2010). The amino acid 

composition of A. pernyi silk fibroin (ApSF) is different from that of BmSF. The sum of 

Gly and Ala residues is 77%, which is basically the same as that of BmSF (73%), but the 

relative composition of Ala and Gly is reversed. The proportion of Gly residues is greater 

in BmSF, while the content of Ala residues is greater in ApSF (Nakazawa and Asakura, 

2002).The structure and properties of regenerated ApSF in aqueous solution has been 

studied by Tao et al (2007) and Kweon and Park (2001). The regenerated ApSF is 

composed of α-helix as well as a random-coil conformation while silk fiber had a 

traditional β-sheet structure. Thus, in contrast to that of BmSF, the amino acid 

composition and structural properties of ApSF are different and unique. Additionally, the 

abundance of alkaline amino acids (Arg and His) and the presence of tripeptide sequence 

RGD, which is known to exhibit special interactions with mammalian cells, make ApSF a 

better biomedical material than BmSF. 

The attachment and growth of fibroblast cells (L-929) on matrices of SF from B. 

mori and A. pernyi in comparison to the cell response on collagen matrix was assessed by 

Minoura et al (1995). The B. mori derived SF has exhibited high cell attachment and 

growth as collagen did. While, the cell attachment and growth was much higher as 

compared to BmSF. Such enhanced cell response on ApSF was attributed to the tripeptide 

sequence RGD (believed to be a specific interaction site for cell-attachment) present in 

ApSF.  Later, Luan et al (2006) described that the attachment, morphology, growth and 

phenotype of human bmMSCs on the regenerated ApSF films was almost the same as that 

on the collagen and BmSF films, and thus suggested that ApSF could be a better 

alternative for MSCs culture. However, Hakimi et al (2010) revealed that the endothelial 

cells directly exposed to native degummed B. mori and A. pernyi silks showed lower rates 

of proliferation and metabolism than nonexposed cells. Also, sericin and silk-conditioned 

medium had no negative effect on cell proliferation except in medium supplemented with 

5% bovine serum prior to conditioning with A. pernyi silk. The toxicity of A. pernyi was 

negligible after thorough enzymatic treatment of the fibers with trypsin. Thus, it was 

suggested that A. pernyi silk contains one or more cytotoxic components and suggested 

the need to remove prior to medical use, however, in this regard, no study has been 

carried out in due course of time. 
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Zhang et al (2009; 2010) extensively studied the potential of tussah SF for 

application in tissue regeneration. Nanofibrous scaffolds composed of blends of BmSF 

and ApSF were made by e-spinning (Zhang et al, 2009). The fiber diameters ranged 

between 300 and 3500 nm, however, the average diameters of BmSF/ApSF blend fibers 

increased from 404 to 1977 nm with an increase of SF content in blend solutions (Figure 

1.15a). Extensive cytocompatibility and cell behavior studies using rat bmMSCs, vascular 

endothelia cells and Neuronal cells revealed that the BmSF/ApSF nanofibers efficiently 

promoted the cell attachment and spreading, and thus suggest that these nanofibers could 

be a potential candidate scaffold for blood vessel and nerve injury recovery. Later, the 

preparation of ApSF nanofiber-based artificial nerve conduit and evaluation of its 

potential to bridge 10mm long sciatic nerve defect of rats was investigated (Zhang et al, 

2010). A combination of electrophysiological assessment, the percentage of wet weight 

loss of tibialis anterior muscle and histological investigation were used to evaluate the 

peripheral nerve regeneration outcome. Thus, the ApSF nanofibrous conduit could 

efficiently promote peripheral nerve regeneration and would be a promising alternative to 

nerve autografts. 

The in vitro and in vivo feasibility of using ApSF as scaffold for tendon TE was 

studied by Fang et al (2009) (Figure 1.15b). It was found that the ApSF has efficiently 

promoted the adhesion and propagation of the tenocytes, in vitro. In vivo, at 16 weeks 

after implantation, morphological results showed that neo-tendons were formed and 

bundles of collagen fibers in the neo-tendons were uniform and well oriented as found in 

the adult New Zealand White rabbit models with a 15-mm gap defect in both sides of the 

Achilles tendon. The ApSF efficiently promoted the recovery of Achilles tendon defect of 

rabbit, and thus, the application of ApSF as TE tendon scaffold is feasible. Recently, He 

et al (2011) evaluated the effect of processing parameters on the morphology, structure 

and mechanical properties of e-spun nanofibers. The e-spinning of tussah SF was done 

using HFIP as solvent at a concentration of 8% (by weight). It was showed that using 

rotary roller as a collecting device, thin and relative uniform rod-like nanofibres with an 

average diameter of 245 nm could be obtained. It was thus suggested that the nanofibrous 

scaffold could be a promising candidate scaffold for TE. 

 

 

TH-1073_06610611



Chapter 1 

72 | P a g e  

1.5.2 Antheraea mylitta Drury (Indian Tropical Tasar Silk moth) 

The Indian tasar silk moth, Antheraea mylitta is a natural fauna of tropical India. The 

word tasar apparently derives from the Sanskrit word trasara (Shuttle) and is mentioned 

in literature dating back to 1590 B.C. These silkworms feed primarily on Terminalia 

species, Shorea robusta and also on number of secondary food plants. Wide distribution 

and polyphagy of this insect species had resulted in extensive variation in the population 

with as high as nineteen reported ecoraces. The ecoraces are uni, bi or trivoltine 

depending upon the geo-ecological conditions and differ from each other in qualitative 

and quantitative traits. The amino acid composition and properties of Antheraea mylitta 

silk fibroin (AmSF) in aqueous solution was investigated (Datta et al, 2001a; Mandal and 

Kundu, 2008a). Unlike other Saturniid SFs of A. pernyi and A. yamamai, the SF of A. 

mylitta has higher Gly content than Ala. Other amino acids such as Tyr, Gly, Thr, Ser, 

Val and Ile which are more prevalent in AmSF than in ApSF may compensate for the 

lower Ala content. The AmSF is probably a homodimer and is composed of two similar-

sized polypeptides with an estimated molecular weight of 197 kDa each linked by 

disulfide bond. Additionally, the gene sequence of AmSF and suggested that it contains 

the codons for tripeptide sequence RGD which are well known cell recognition moieties, 

and thus suggested that AmSF could be a better alternative than BmSF for use as a 

biomaterial (Datta et al, 2001b) 

BmSF and AmSF films blended with PEG-4000 were fabricated and 

characterized, where, it was found that the blended films have showed marked changes 

from the pure SF films with respect to thermal properties and mechanical properties 

(Acharya et al, 2009). However, on account of increased surface roughness, higher 

elongation percentage, higher thermostability and better activity of osteoblasts in terms of 

intracellular alkaline phosphatase production, PEG-blended AmSF film shows better 

potential than PEG-blended B. mori SF film for use as potential biomaterial. Similarly, 

AmSF based 3D scaffolds were fabricated by a simple freeze drying process and its 

compatibility with feline fibroblast cultures in vitro was also evaluated (Mandal and 

Kundu, 2008b). However, in contrast to slow freezing, the rapid freezing of SF solutions 

at -196 °C results in highly interconnected porous 3D scaffolds (Figure 1.15c) (Mandal 

and Kundu, 2009a) Subsequent biocompatibility studies revealed that pore size, porosity 

and interconnectivity of 3D scaffold greatly affects the cell proliferation and migration. 
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Later, the potential of these 3D silk scaffolds for osteogenic and adipogenic 

differentiation of rat bone marrow cells and osteogenic differentiation of hMSCs 

respectively was investigated successfully (Mandal and Kundu, 2009b; 2009c) 

The micromolded A. mylitta gland derived SF matrices have been fabricated and 

used to study the cell-surface interactions (Mandal et al, 2009d; 2010a). The study 

revealed the long term stability of patterns in micromolded silk matrices and negligible 

rate of swelling. It was found that the versatility of described silk dissolution method 

coupled with ability to process large amount of silk protein into micromolded matrices 

and controllable surface topology may augment the desirability of AmSF as a natural 

biomaterial for bioengineering and biotechnological applications. Later, Mandal et al 

(2010a) investigated the effects of nanoroughness assemblies of SF protein membranes 

and RGD sequences fabricated from two different SF sources, that is, mulberry (B. mori) 

and nonmulberry (A. mylitta), on cytoskeletal organization, proliferation, and viability 

using primary rat bone marrow cells. Though there was no difference in cell proliferation 

within the same treatment groups for both silk types, a change in cell response in terms of 

cytoskeleton organization, actin development, cell spreading, and strong binding to 

substratum using AmSF protein films having RGD sequences was observed. Thus, the 

study suggested that the nanoroughness affects cellular processes in a cell-specific 

manner and may be helpful for the development of smart silk-based biomaterials 

especially for directing cell differentiation and regenerative therapies. 

A natural bio-polymeric matrix based on biospun silk fibers obtained from A. 

mylitta is put forward for potential applications by Mandal and Kundu (2010b) (Figure 

1.15d). The silk fibers obtained were aligned into linear, mixed or random patterns 

forming interconnected, macroporous 3D matrices. The drawn silk fibers showed 

enhanced stability to protease treatment in comparison with naturally occurring native 

gland SF protein. Also, the in vitro feline fibroblast cell attachment, spreading and 

proliferation on these biospun silk matrices suggested its biocompatibility. The results 

provided evidence for the use of biospun silk matrices as natural, inexpensive and 

alternative substrata for TE applications. Recently, Talukdar et al (2011) described their 

studies on analysis of AmSF scaffolds seeded with varying initial densities (25, 50 and 

100 million cells/ml). It was revealed that after 2 weeks of culture, the thickness and wet 

weight increased by 60-70% for the highest cell density, and DNA, GAG and collagen 
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content of the cartilaginous constructs increased with increasing cell density. Also, the 

mechanical characterization of the constructs elucidated that the highest density 

constructs had compressive stiffness and modulus 4-5 times that of cell-free scaffolds. 

The study thus indicates the importance of cell seeding density in the rapid formation of a 

functional cartilaginous tissue. 

 

1.5.3 Antheraea assama or Antheraea assamensis Helfer (Indian Muga Silk moth) 

A.assama (Muga silkworm) (n= 15) is a wild, semi-domesticated, multivoltine silk moth 

mentioned in literature as early as 1662 BC. It belongs to same family as Tasar. A. 

assama is an endemic species prevalent in the Brahmaputra valley and adjoining hills. It 

is a polyphagous insect which feeds on leaves of Som, Soalu and other related plants. By 

virtue of the narrow ecological distribution of host food plant, A. assama is confined to 

only Assam state of India, and hence the name “assama”. It is popular for its natural 

golden colour, glossy fine textures and durability, and is widely known as “muga” silk, an 

Assamese word which indicates the amber (brown) colour of cocoon. Muga silkworm is 

one of the economically important wild silkmoths whose genome is among the least 

understood is unique among saturniid moths. Except few studies on physic-chemical 

properties of A. assama silk fibroin fibers, it has not been studied in a great detail in a 

biomedical perspective, despite their unique properties in comparison to mulberry silk 

fibroin (Freddi et al., 1994; Das et al., 2001).  

 

1.5.4 Samia cynthia ricini or Philosamia ricini Wardle (Indian Eri Silkmoth) 

S. c. ricini or P. ricini is a multivoltine wild, nonmulberry silkworm commonly known as 

“eri” and is known for its white or brick-red silk. The name “eri” derives from the 

Assamese word “era” which means castor plant (Ricinus communis L.) the primary food 

plant of this polyphagous insect. It is distributed mainly in North-Eastern part of India, 

and is also found in China and Japan. Its other ecoraces (~16) are distributed across the 

palaearctic and indo-australian biogeographic regions. S. c. ricini silkworms were 

successfully acclimatized in America and Europe, but could not take firm hold. The wild 
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eri silkworm completes 1-3 generations per year depending on geographical position and 

climatic conditions of the region, however, up to 6 generations occur in the domesticated 

cultures.  

Few important studies on the structural determination of SF from S. c. ricini have 

been reviewed by Yao et al (2004). The primary structure of S. c. ricini silk fibroin 

(ScrSF) is very much different from that of BmSF. Alternating repeat sequences, made of 

(Ala) regions and the Gly rich regions, majorly constitute the ScrSF. Thus, the primary 

structure is similar to spider (major ampullate) silk; however, the length of polyalanine is 

in ScrSF is 12-13 residues long, while it is 5-6 residues long in spider SF. It was 

suggested that before spinning, the ScrSF possesses α helix (70% of Ala) and random coil 

conformations; however, in the fiber state, the Ala residues form the antiparallel β-sheet. 

The S. c. ricini cocoon is composed of three polypeptides of 97, 66 and 45 kDa, where, 

the 66-kDa molecule represented sericin, while the 97-kDa and the 45-kDa polypeptides 

linked together through a disulfide bond constituted the SF protein (Ahmad et al, 2004). 

And, there are significant differences in the biochemical composition and 

immunochemical characteristics between ScrSF and BmSF. 

The preparation of non-woven nanofibers of BmSF and ScrSF and of a 

recombinant hybrid fiber involving the crystalline domain of BmSF and non-crystalline 

domain of ScrSF was described successfully Ohgo et al (2002). The tensile and in vitro 

degradation studies of e-spun fibrous mat produced from ScrSF was also studied in detail 

(Muthumanickkam et al, 2011). However, in both these cases, the cytocompatibility of 

the scaffolds was not established. A novel silk-like hybrid protein, 

DGG(A)(12)GGAASTGRGDSPAAS(5), which consists of polyalanine region of SF 

from a wild silkworm, S. c. ricini and cell adhesive region including RGD sequence, 

derived from fibronectin was designed and produced by Asakura et al (2004). The genes 

encoding the hybrid protein were constructed and expressed in Escherichia coli. It was 

found that higher cell adhesive and growth activities of the hybrid protein compared with 

those of collagen were obtained.  

Recently, the preparation of a relatively smooth (granule free) film of the 

nonmulberry ScrSF for comparative evaluation of its cell-supporting properties against 

those of the BmSF film was successfully demonstrated (Mai-Ngam et al, 2011). The 

granule formation on the ScrSF film was prevented by facilitating proper rearrangement 
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of the protein molecules by dialysis through a stepwise decrease in the urea concentration 

in the dialysis buffer. Notably, the proliferation and spreading of L929 murine fibroblast 

cells on the granule-free ScrSF films was greater than that on BmSF films. Such 

enhanced cell response can be attributed to the higher content of hydrophilic and 

positively charged amino acids present in S. c. ricini, and thus the ScrSF could be a better 

alternative to BmSF for use as biomaterial. 

 

 

Figure 1.15. Various types of scaffolds prepared from nonmulberry derived fibroin. (a) 

Electrospun nanofibrous and (b) braided fibroin scaffolds derived from A. pernyi. And, 

(c) porous 3D and (d) biospun fibrous scaffolds derived from A. mylitta. (Reproduced with 

permission, Zhang et al, 2009; Fang et al., 2009; Mandal and Kundu, 2009a, 2010b). 
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2.1 INTRODUCTION 

Silk fibroin has been widely used as suture material for hundreds of years owing to its 

non-toxicity, non-irritating nature, slow biodegradability and impressive mechanical 

strength. Over the years, it was found to be compatible with blood and many cell types 

and hence has received significant attention as a biomedical material in a range of 

applications including tissue engineering and regenerative medicine (TERM), controlled 

drug delivery, etc (Hardy et al., 2008; Hakimi et al., 2007; Vepari and Kaplan, 2007). 

Silk fibroins are a unique class of fibrous, structural proteins produced majorly by two 

classes of Lepidopteron silkworms: (a) domestic mulberry, consisting of Bombyx mori, 

and, (b) wild non-mulberry, having many varieties belonging to the genus Antheraea. The 

ease of processing of B. mori fibroin has led to a continuous increase in the knowledge 

over its structure and properties and hence was explored to a great extent in various 

biomedical applications. 

While, among the diverse varieties of non-mulberry silkworms, till date very few 

species especially those belonging to the genus Antheraea such as A. mylitta and A. 

pernyi have been paid significant attention in the context of TERM (Li et al., 2008; 

Acharya et al., 2009). However, these studies on non-mulberry fibroin have revealed 

various advantages over mulberry fibroin, which include: a) improved physico-chemical, 

thermal and mechanical properties, b) the presence of the tripeptide sequence Arg–Gly–

Asp (RGD), which is the key determinant in cell–material interactions, and c) stronger 

cell adhesion compared to mulberry fibroin and collagen (Li et al., 2008; Acharya et al., 

2009). Such superior qualities make the non-mulberry fibroin a better choice over 

mulberry and deserve extensive research to exploit them for biomedical applications. 

Although the natural function of all fibroins is similar, these are not very conserved at the 

sequence level. From a biomaterials standpoint, the structural differences due to primary 

amino acid sequence, processing and the effect of environmental factors result in 

functional differences among fibroins of different species or within a species (Vepari and 

Kaplan, 2007). 

Thus, we investigate one such variant of fibroin purified from the cocoons of 

Antheraea assama for use as a biomaterial for TERM applications. A. assama is a semi-

domesticated, multivoltine, nonmulberry, wild, sericigenous species belonging to the 

family Saturniidae (superfamily Bombycoidea). These silkworms are raised outdoors 
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primarily on aromatic leaves of Som (Machilus bombycina) and Soalu (Litsaea 

polyantha). By virtue of the narrow ecological distribution of the host food plant, A. 

assama is confined only to the northeastern region of India, especially to the state of 

Assam, hence the name ‘assama’. It is popularly known as ‘muga’, an Assamese word 

that indicates the rich amber brown (golden) colour of silk fiber and is of much 

commercial value in textile industries in India. 

The potential of TERM for the production of replacement tissues and organs 

greatly depends on the internal architecture of the scaffold which should ideally mimic 

the architecture of natural extracellular matrix (ECM) (Liu et al., 2007). The scaffold 

must be adequately porous to allow cells and nutrients to migrate throughout the matrix, 

should allow the integration of a local blood supply through angiogenesis, and generate a 

complete three-dimensional (3D) tissue substitute (Ma, 2008). By altering the structural 

parameters, it is possible to optimize the generation of tissues of interest. It is the scaffold 

manufacturing method that dictates scaffold architecture.  Several fabrication techniques, 

e.g. solvent casting, phase separation, gas foaming, non-woven methods, etc., have been 

developed to process synthetic and natural scaffold materials into porous structures (Ma, 

2004).  

However, conventional scaffold fabrication techniques, such as solvent-casting 

particulate-leaching, gas foaming, etc., are incapable of precisely controlling pore size, 

pore geometry, the spatial distribution of pores and the construction of internal channels 

within the scaffold (Edwards et al., 2004; Sachlos and Czernuszka, 2003). Additionally, 

they involve the use of organic solvents in the fabrication process, in which the presence 

of residual solvents attracts risks of toxicity. Fiber-bonding methods, such as textile based 

non-woven technologies, are known to be simple, efficient and clean, and could make 

possible precisely engineered structures. Moreover, non-woven structures are usually 

characterized by their high porosity, large fiber surfaces, absorbance capability for other 

substances and possession of well-defined biomimetic micro-architecture similar to 

natural ECM, which itself is a non-woven structure. Such biomimetic non-woven 

scaffolds have great potential in various TERM applications (Edwards et al., 2004). 

In this chapter, we describe the fabrication of A. assama fibroin based biomimetic 

nonwoven scaffold and detailed characterization studies including its physico – chemical, 
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thermal, mechanical and biological (blood- and cyto- compatibility, angiogenesis ability 

and biodegradability) properties. 

 

2.2 MATERIALS AND METHODS 

2.2.1 Materials 

Cell culture plates, Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum 

(FBS), antibiotic-antimycotic solution (100×), Griess reagent, Sirius Red F3B and 

potassium bromide (KBr, IR grade) were purchased from Sigma-Aldrich® (Bangalore, 

India). MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) and trypsin 

were obtained from HiMedia® (Mumbai, India). Lithium bromide was purchased from 

Loba Chemie® (Mumbai, India). All other chemicals were of AR grade and were 

obtained from Merck® (Mumbai, India). 

 

2.2.2 Processing and degumming of cocoons 

The cocoons were collected from the Silk Mark Organization of India (Central Silk 

Board), Guwahati, India and were processed according to a previous report with slight 

modifications (Rajkhowa et al., 2000). Briefly, the cocoons were cooked in 0.5 % (w/v) 

Sodium carbonate solution for 20 min at 95 oC, with material to liquor ratio (MLR) of 

1:20. They were cooked for another 30 min at 45 oC in 0.25 % (w/v) Sodium carbonate 

solution with MLR of 1:30, and finally degummed at 90 o

 

C for 3 h with MLR of 1:50 in a 

solution containing 0.2 % (w/v) Sodium carbonate and 0.025 % (w/v) Triton® X-100. In 

order to remove residual fats, cocoons were treated with a 3:1 Methanol and Diethyl ether 

solution for 8 h, followed by treatment with Cyclohexane for 24 h and then with Toluene 

for 8 h. The fibers were thoroughly washed with distilled water, dried under vacuum and 

stored at room temperature in moisture-free environment until use. 

2.2.3 Fabrication of nonwoven scaffold 

About 1 g of pure fibroin fibers were suspended in 100 ml of Formic acid (100% GR 

grade) solution containing Lithium bromide (1 M). The suspension was subjected to 
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homogenization (T 25 digital ULTRA-TURRAX®, IKA®) at 5000 rpm for 10 min. The 

homogenous mixture was cast in a 100 mm Petri dish and the solvent was allowed to 

evaporate at 37 oC for 48 h. The residual formic acid and traces of salts were removed by 

washing thoroughly with distilled water. It was finally dried overnight under vacuum at 

37 o

 

C and stored in a moisture-free pouch until use. The resulting scaffold was used for 

future characterization studies. For blood compatibility and cyto-compatibility studies the 

scaffolds were sterilized by direct autoclaving prior to use. 

2.2.4 Characterization studies 

2.2.4.1 Morphological properties 

The samples were mounted on the specimen holder with electro-conductive tape and then 

sputter coated under vacuum with gold in a coating unit (Sputter Coater, SC7620, Polaron 

Range). The surface and cross section morphologies of the scaffold were examined under 

scanning electron microscope (SEM, LEO 1430 VP and JSM 6380 LA, JEOL). 

2.2.4.2 Physical properties 

Density and porosity: The density and porosity of the scaffold were measured by liquid 

displacement method (Nazarov et al., 2004). A sample of weight W was immersed in 

known volume (V1) of hexane in a graduated cylinder for about 5 min. The total volume 

of hexane and the hexane impregnated scaffold was recorded as V2. The residual volume 

after removing hexane impregnated scaffold was recorded as V3. The volume difference 

of V2-V1 was the volume of the scaffold. The volume of hexane within the scaffold (V1-

V3

The total volume of the scaffold was V = (V

) was determined as the void volume of the scaffold. 

2 - V1) + (V1 - V3) = V2 - V

The density of the scaffold was obtained from d = W / (V

3 

2 - V3

The porosity percentage was obtained from ε (%) = (V

) 

1 - V3) / (V2 - V3

 

) × 100 

Swelling behavior: To study the swelling behavior, measured amounts of scaffold were 

taken (Wd) and were immersed in water for 24 h at 37 oC. The swollen scaffold was 
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subjected to a quick spin in a micro-centrifuge, in presence of a filter, to remove excess of 

water from the scaffold and the wet weight (Ws

Degree of swelling (Q) = (W

) of the scaffold was determined. The 

degree of swelling (Q) and water uptake (%) were calculated as follows:  

s - Wd

Water uptake (%) = (W

) / Wd 

s - Wd) / Ws

 

) × 100 

2.2.4.3 Chemical / structural properties 

Fourier Transform Infra-Red (FTIR) Spectroscopy: About 3 mg of the finely powdered 

samples were pressed into a pellet with 200 mg of KBr and infrared spectra were 

recorded in a FTIR spectroscope (Spectrum One, Perkin Elmer, MA, USA), from 4000 

cm-1 to 450 cm-1 with a resolution of 2 cm-1 

2.2.4.4 Thermal properties 

and 5 scans per sample. 

Thermo Gravimetric Analysis (TGA): TGA was performed with a thermo gravimetric 

analyzer (TGA/SDTA851e/LF/1100, Mettler Toledo, USA). The cell was swept with 

nitrogen for analysis and the thermograph of 5 mg scaffold was obtained for a 

temperature ranging from 37 oC to 550 oC with a heating rate of 10 oC min-1

Differential Scanning Calorimetry (DSC): DSC measurements were performed with a 

DSC instrument (DSC 7, Perkin Elmer, MA, USA). The thermograph of 5 mg scaffold 

was obtained for a temperature ranging from 37 

. 

oC to 550 oC with a heating rate of 10 oC 

min-1

2.2.4.5 Mechanical properties 

. The cell was swept with argon during analysis. 

Mechanical properties of the scaffold were measured on strips of 25 × 2 mm by means of 

a micro tensile tester interfaced with a computer (MICROTEST, DEBEN UK Ltd.). 

Samples were mounted horizontally and clamped in a pair of jaws which were supported 

on stainless steel sliding bearings. A dual threaded lead screw, drives the jaws 

symmetrically in opposite directions. The measurements were controlled by the software, 

and were performed under standard conditions. 
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2.2.5 Blood compatibility studies 

The blood compatibility of the scaffold was evaluated in vitro, and the following 

categories of blood interactions were studied: thrombogenicity and hemolytic potential. 

Also, platelet and leukocyte count, protein adsorption and platelet adhesion studies were 

performed to gain detailed knowledge about blood compatibility of the scaffold. 

Blood processing: Venous blood from healthy individuals was collected in heparin coated 

siliconized vials and the tests were performed within 3 h post collection (Tamada, 2004). 

The scaffolds were conditioned in normal saline for 30 min at 37 o

2.2.5.1 Thrombogenecity 

C before testing. 

The evaluation of thrombus formation was carried out using a gravimetric method (Imai 

and Nose, 1972). Briefly, 10 ml of heparinized blood was incubated with scaffold at 

37 o

2.2.5.2 Hemolytic assay 

C. After 1 h of incubation, 0.2 ml of blood sample was taken and placed onto a clean 

film. Clotting was initiated by adding 0.02 ml of 10 M Calcium chloride solution and 

mixing it properly by teflon stick. After 15, 30, 45 min and 60 min, clotting was stopped 

by adding 5 ml distilled water. The clot formed, was fixed in 5 ml formaldehyde solution 

(36%) for 5 min, washed with distilled water, blotted between tissue paper and weighed. 

The heparinized blood alone, incubated without scaffold, was processed in similar fashion 

and was regarded as a control. 

To test the hemolysis (%), the scaffold was placed in a silicon tube containing 10 ml of 

heparinized blood (1:10 diluted with phosphate buffered saline – PBS, pH 7.4). 1 ml of 

heparinized blood diluted with 9 ml of PBS was taken as negative control (0 % 

hemolysis) and 1 ml of heparinized blood diluted with 9 ml of distilled water was taken as 

positive (100 % hemolysis) control. The contents were incubated at 37 o

Hemolysis % = (OD 

C for 1 h. 

Samples were gently inverted twice at every 10 min to maintain contact of the blood with 

the material. After incubation, each fluid was transferred to a suitable tube and 

centrifuged (3K30, Sigma) at 2000 rpm for 15 min. The hemoglobin released by 

hemolysis was measured by the optical densities (OD) of the supernatants at 540 nm 

using a UV–vis spectrophotometer (Cary 100, Varian Inc.). The percentage of hemolysis 

was calculated as follows (Singh et al., 1990): 

sample – OD -ve control) / (OD +ve control – OD -ve control) × 100 
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2.2.5.3 Platelet and leukocyte (total and differential) count 

To evaluate the effect of scaffold on the platelet and leukocyte count, the heparinized 

blood was taken in Silicone tubes and was put in contact with scaffold for 30 min at 

37 o

2.2.5.4 Protein adsorption  

C. Samples were gently inverted twice at every 10 min to maintain contact of the 

blood with the material. The platelet count, total leukocyte count and differential 

leukocyte count were determined using a hemocytometer. The heparinized blood alone, 

incubated without scaffold, was processed in similar manner and was regarded as a 

control. 

For protein adsorption studies, scaffolds were incubated in serum solution (55 % in PBS, 

simulating plasma content in the blood) for different time periods ranging from 15 min, 

30 min, 45 min, 1 h, 2 h, 3 h, 6 h, 12 h, 18 h and 24 h at 37 o

2.2.5.5 Platelet adhesion  

C. At the end of each 

incubation period, the scaffolds were gently washed with PBS followed by distilled water 

to remove loosely adhered proteins. The scaffolds were placed in 1% Sodium dodecyl 

sulfate (SDS, w/v in PBS) shaken vigorously to dislodge the adsorbed proteins and the 

solution was centrifuged to remove particulate or insoluble matter, if any. Finally, the 

amount of protein in the suspension was assayed by Folin-Lowry method (Lowry et al., 

1951). Bovine serum albumin (BSA) prepared in 1% SDS (w/v in PBS) was taken as the 

standard. 

The amount of platelets adhered on the scaffold was determined as per a previous report 

(Singh et al., 1990). The heparinized blood was centrifuged at 1000 rpm for 10 min to 

obtain platelet rich plasma (PRP) and at 2800 rpm for 15 min to obtain platelet-poor 

plasma (PPP). The platelet concentration of PRP was adjusted to 1 × 105 platelets/μl. 

About 1 ml of PRP was incubated with the scaffold at 37 o

Platelet adhesion (%) = [(Total platelets – Unattached platelets) / Total platelets] × 100 

C. After 1 h of incubation, the 

scaffold was removed and the number of unattached platelets in the PRP was counted 

using a hemocytometer. The heparinized blood alone, incubated without scaffold, was 

processed in similar manner and was regarded as a control. The percentage of platelets 

adhered were determined as per the following equation: 
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2.2.6 Cyto-compatibility studies 

To test the cyto-compatibility of the scaffold, in the current investigation, we used four 

established human cell lines viz. A-549 (derived from lung), KB (derived from oral 

epidermis; HeLa contaminant), HepG2 (derived from liver) and HeLa (derived from 

cervix) obtained from the National Centre for Cell Science (NCCS, Pune, India) – the 

national repository for cell lines in India. 

Cell culture: As per the NCCS guidelines, the cell lines were maintained in DMEM 

containing 2 mM L-glutamine and 1.5 g/l Sodium bicarbonate, supplemented with 10% 

FBS and 1% antibiotic antimycotic solution (100×, 1000 U/ml Penicillin G, 10 mg/ml 

Streptomycin sulfate, 5 mg/ml Gentamycin and 25 µg/ml Amphotericin B). Cells were 

cultured till 70-80% confluence in T-25 culture flasks (CELLBIND, Corning®) at 37 oC 

in a CO2

2.2.6.1 Culture of cells on scaffold 

 incubator (New Braunswick) and were trypsinized to get cell suspension. Cell 

count was done with a hemocytometer before proceeding for further experiments. 

Before cell seeding, sterile scaffolds were conditioned in DMEM supplemented with 10% 

FBS for 1 h. In independent experiments run simultaneously, the scaffolds were seeded 

with A-549, KB, HepG2 and HeLa cells. Typically, about 1 cm2 scaffold and 2 ml of 

medium (containing 1 × 105 cells/ml) were taken in sterile vials. The cells were allowed 

to attach in static condition at 37 oC in CO2. After 2-4 h of incubation, the cell-scaffold 

constructs (3D - three dimensional cultures) were transferred to a new 24 well culture 

plate and returned back to CO2 incubator. The cells were fed with fresh medium at a 

regular interval of 24 h. After 24 h, 48 h, 72 h, 1 week, 2 weeks, 3 weeks and 4 weeks of 

incubation, the cell-scaffold constructs were used for future analysis. Cells seeded and 

grown in 24 well tissue culture plates (CELLBIND, Corning®

2.2.6.2 Evaluation of cell adhesion, spreading, viability and growth on scaffold 

), without scaffold, were 

considered as the control experiments (2D - two dimensional cultures); growth conditions 

and incubations periods were similar to the test experiments. 

To investigate the attachment and spreading of cells on the scaffold, one week old cell-

scaffold constructs were fixed in 2.5 % glutaraldehyde solution, dehydrated in ethanol 
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gradient, sputter coated with gold and finally examined under SEM (1430 VP, LEO and 

JSM 6380 LA, JEOL). Also, the viability and growth of seeded cells was evaluated by 

following a colorimetry based MTT assay (Mosmann, 1983). Briefly, cell-scaffold 

constructs were incubated with 1 ml of MTT solution (0.5 mg/ml in phenol red free and 

serum free DMEM) for 2-4 h at 37 oC in a CO2

Viability (%) = (OD of test / OD of control) × 100 

 incubator. The medium was replaced with 

equal volume of Dimethyl sulfoxide to dissolve the formazan complex and the optical 

density (OD) of the soluble fraction was read at 570 nm in a UV-Vis spectrophotometer. 

The cell viability was determined using the following equation: 

 

2.2.6.3 Estimation of collagen content in cell-scaffold constructs 

After preset periods of incubation, quantification of collagen deposition by growing cells 

on the scaffold was performed using a colorimetry based Picro-Sirius Red assay 

(Tullberg-Reinert and Jundt, 1999). Briefly, cell-scaffold constructs were incubated in 

Sirius Red F3B solution (0.1 % in saturated picric acid) for 1 h. After gentle washing with 

distilled water, cell-scaffold constructs were incubated in 1 ml of destaining solution (0.2 

M NaOH /Methanol, 1:1) for 15 min to extract the stain. The optical density (OD) was 

read at 490 nm in UV-Vis spectrophotometer. 

 

2.2.7 Assessment of angiogenic properties 

2.2.7.1 Chicken embryo chorio allantoic membrane (CAM) assay 

A modified CAM assay (Azzarello et al., 2007; Miller et al., 2004; Zwadlo-Klarwasser et 

al. 2001; Wilting et al., 1991) was followed to assess the angiogenic potential of the 

scaffold. Briefly, fertilized chicken eggs were initially incubated for 3 days at 37 oC, 65 % 

relative humidity with gentle rocking and finally for another 4 h without shaking. The 

eggs were wiped with 70 % ethanol, carefully cracked out into 100 mm culture dish and 

subsequently incubated in a CO2 incubator for 4 h. The scaffolds were implanted onto the 

CAM near large vessels and were returned back to CO2 incubator. The presence of new 

blood vessels through scaffold was examined under a trinocular stereo zoom microscope 
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(SMZ 800, Nikon) equipped with a fiber optic light source (Fiber illuminator, Nikon) and 

a digital camera (Cool pix 5400, Nikon). 

 

2.2.7.2 Nitric Oxide (NO) content  

The Griess reagent (1:1 ratio of 0.1 % of N-1 naphthylenediamine and 1 % 

sulphaniliamide in 5% phosphoric acid) was used to assess the nitrite levels in the spent 

culture medium, which gives an estimate of NO produced by the growing cells on the 

scaffold (Giustarini et al., 2008). Briefly, cell-scaffold constructs were grown in DMEM 

without phenol red, after preset periods of incubation (24 h, 36 h, 72 h, 1 week, 2 weeks, 

3 weeks and 4 weeks), the cell-scaffold constructs were removed, the Griess reagent was 

added to spent medium in a 1:1 ratio, incubated at 37 o

 

C for 10 min and subsequently the 

optical density (OD) was recorded at 550 nm in a spectrophotometer. The amounts of NO 

produced in samples were calculated from the standard curve prepared by using sodium 

nitrite. 

2.2.8 Biodegradation properties  

The scaffolds were immersed in 5 ml of trypsin (0.5 mg/ml in PBS; pure, from bovine 

pancreas 3x, activity approx. 2500 NFU/mg) and subsequently incubated at 37 o

Weight loss (%) = (Initial weight – Final weight) / Initial weight × 100 

C under 

gentle rocking (60 rpm). The enzyme solution was exchanged daily with a fresh solution. 

After 24 h, 36 h, 72 h, 1 week, 2 weeks, 3 weeks and 4 weeks of incubation periods, the 

samples were taken out, washed gently with distilled water, air dried and finally weighed 

to determine the extent of degradation in vitro (Vasconcelos et al., 2008). Native fibroin 

fibers processed under similar conditions was considered as a control. The weight loss 

(%) was calculated using following equation:  

 

2.2.9 Statistical analysis 

Experiments with quantitative data were done in replicates of four independent 

experiments and the results were expressed as Mean ± Standard Deviation (n = 4). 
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2.3 RESULTS 

2.3.1 Characterization studies 

2.3.1.1 Morphological properties 

The physical appearance of muga silkworm cocoon, silk fibroin fibers obtained after 

degumming process and the nonwoven scaffold obtained after fabrication process are 

shown in Figure 2.1. Also, SEM images of pristine cocoon fiber, degummed fiber and the 

surface and cross section morphologies of the scaffold are shown in Figure 2.2. The fiber 

diameter was found to be 20 ± 10 µm (Mean ± SD, n=25, Image J). The pore distribution 

was nearly homogenous with a pore size of 155 ± 74 µm (Mean ± SD, n=25, Image J). 

2.3.1.2 Physical properties 

The scaffold was found to have a density of about 296 ± 23 mg/ml and porosity of up to 

87 ± 8 % as determined by liquid displacement method. The scaffold has a degree of 

swelling (Q) of 4.97 ± 0.43 and a water uptake capacity of about 83.18 ± 1.26 %. 

2.3.1.3 Chemical / structural properties 

The FTIR spectra of raw silk fiber without any processing (a), pure fibroin fiber after 

degumming process (b) and fibroin based nonwoven scaffold (c) are presented in Figure 

2.3. Striking features were observed in the spectra of raw and degummed silk fibers. 

However, there were no significant changes in the spectra of degummed silk fiber and 

scaffold. Both displayed peaks at around 1600-1690 cm-1, 1480-1575 cm-1, 1229-1301 

cm-1, 625-767 cm-1 and 640-800 cm-1. Besides, the degummed fiber and the scaffold 

exhibited an intense signal at approximately 965 cm-1

2.3.1.4 Thermal properties 

. 

DSC profile of the scaffold revealed a broad endothermic peak at around 100 oC, which 

may be due to the loss of moisture content, followed by a region of distinct thermal 

stability till 215 oC. The energy consumption was exponential till 350 oC, but thereafter 

there was a sudden increase in energy consumption starting from 350 oC till 375 oC and 

resulted in a prominent endothermic peak at 375 oC (Figure 2.4a). Subsequent burning of 

the scaffold resulted in burst release of energy.   
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Figure 2.1. Physical appearance of muga silk cocoon, degummed fibroin fibers and the 

nonwoven scaffold. 

 

 

Figure 2.2. SEM images of pristine muga silk cocoon fiber (a), degummed fiber (b) fiber 

revealed successful preparation or pure fibroin fibers, while images of (c) surface and (d) 

cross section morphologies of the scaffold reveals its highly interconnected, 

homogenously porous, nonwoven architecture. 
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Figure 2.3. The FTIR spectra of raw silk fiber without any processing (a), pure fibroin 

fiber after degumming process (b) and fibroin based nonwoven scaffold (c). Fabrication 

process did not cause any major obliteration to the fibroin chemical structure. 

 

 

Figure 2.4. The details of thermal properties were obtained from DSC which showed a 

decomposition endothermic peak at 375 oC (a), and from TGA which suggested the onset 

of thermal degradation at 330 o

  

C (b). 
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Further details of thermal properties were drawn from TGA analysis (Figure 

2.4b). The evaporation of moisture content in the scaffold resulted in a weight loss during 

initial heating. However, there was a region of greater thermal stability starting from 

80 oC up to 290 oC with a negligible rate of weight loss (approximately 10%). The onset 

of thermal degradation started at around 330 oC up to around 400 o

2.3.1.5 Mechanical properties 

C and resulted in 

burning of scaffold with a sharp weight loss. 

The scaffold showed an initial region of high strain resistance, a sharp yield point at 

around 4 % elongation with a yield plateau up to 7 %, followed by easier extensibility. In 

general, the scaffold exhibited features that were typical of a stiff material with little 

visco-elasticity. 

 

2.3.2 Blood compatibility studies 

2.3.2.1 Thrombogenecity 

The weight of thrombus formed in the heparinized blood incubated with scaffold at an 

interval of 15, 30, 45 and 60 min were recorded as 0.82 ± 0.04, 2.09 ± 0.03, 10.06 ± 0.14 

and 18.86 ± 0.20 mg respectively. Whereas, it was 0.36 ± 0.05, 1.43 ± 0.07, 6.12 ± 0.18 

and 14.29 ± 0.24 mg respectively in case of heparinized blood alone (without scaffold). 

2.3.2.2 Hemolytic assay 

The absorbance values of the test sample (heparinized blood with scaffold), positive 

control (heparinized blood with distilled water, without scaffold) and negative control 

(heparinized blood with PBS, without scaffold) were found to be 0.021 ± 0.0006, 5.105 ± 

0.001 and 0.013 ± 0.001 respectively. The hemolysis (%) was around 0.164 ± 0.029 %. 

Additionally, the conventional clinical estimation of hemoglobin content of blood, also 

shown that the heparinized blood incubated with scaffold contains around 14.7 gm%, 

where as it was about 14.3 gm% for heparinized blood alone incubated without scaffold.  

2.3.2.3 Platelet and leukocyte (total and differential) count 

The platelet count of the heparinized blood incubated without scaffold was found to be 

about 1.86 × 105 /µl, where as the platelet count of the heparinized blood in contact with 
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the scaffold was found to be around 1.84 × 105 /µl. The total leukocyte count of the 

heparinized blood incubated with scaffold was about 8.2 × 103 /µl and the percentages of 

neutrophils, eosinophils, basophils, lymphocytes and monocytes were found to be 62 %, 3 

%, 0 %, 33 % and 2 % respectively. Whereas, the total leukocyte count of heparinized 

blood incubated without scaffold was found to be 8.5 × 103

2.3.2.4 Protein adsorption kinetics 

 /µl and the percentages of 

neutrophils, eosinophils, basophils, lymphocytes and monocytes were found to be 64 %, 4 

%, 0 %, 30 % and 2 % respectively. 

The results of protein adsorption studies with serum (55 %, v/v in PBS) are presented in 

Figure 2.5. The results revealed a series of adsorption and desorption cycles occurred 

throughout the incubation period of 24 h. There was a rapid increase in adsorption up to 

0.75 h, followed by an exponential desorption till 6 h. At 12 h, the amount of adsorbed 

protein increased and thereafter it reached a plateau for the rest of incubation period. Over 

all, the average amount of protein adsorbed on the scaffold was found to be 10.57 ± 5.18 

µg/cm2

2.3.2.5 Platelet adhesion on scaffold 

. 

After 1 h incubation of scaffold in contact with PRP at 37 o

 

C, the percentage of platelets 

adhered onto the scaffold was calculated to be about 2.944 ± 0.306 %. 

2.3.3 Cyto-compatibility studies 

The images of SEM examination of one week old cell-scaffold constructs revealed the 

presence of cells on and within the scaffold (Figure 2.6 and Figure 2.7). After the preset 

periods of incubation, the cell-scaffold constructs were subjected to MTT assay to 

evaluate viability and growth of cells on the scaffold. A significant and manifold 

difference was noticed in the viable population of cells growing on 2D and 3D culture 

conditions (Figure 2.8). Additionally, picro-sirius staining was done to evaluate collagen 

content in the cell-scaffold constructs (Figure 2.9). The collagen content was relatively 

higher in 3D culture than in 2D. Overall, the results clearly suggest significant differences 

in the viability/growth and collagen content among 3D (cell-scaffold constructs) and 2D 

cultures (24 well tissue culture plates).  
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Figure 2.5. The profile of protein adsorption onto the non-woven fibroin scaffold, 

incubated in serum (55% in PBS), depicts a series of adsorption and desorption cycles. 

The average amount of protein adsorbed for the time period under study (24 h) was found 

to be around 10.57 ± 5.18 μg/cm2

 

. 

 

Figure 2.6. SEM images of cell–scaffold constructs seeded with A-549 (A), KB (B), 

HepG2 (C) and HeLa (D) reveal the successful attachment and spreading of cells on the 

scaffold.  

TH-1073_06610611



Chapter 2 

94 | P a g e  

 

 

Figure 2.7. SEM images of cross-section of a cell–scaffold construct seeded with HepG2 

and magnified image of selected portion clearly depict migration of cells deep into the 

interior of the scaffold. 

 

 

Figure 2.8. An estimate of cell viability and growth was obtained from MTT assay 

performed using cell–scaffold constructs seeded with A-549 (A), KB (B), HepG2 (C) and 

HeLa (D). The substantial values of viability percentage were a result of the manifold 

difference between the cell numbers of cell–scaffold constructs (3D cultures; test 

experiments) and 24-well tissue culture plates (2D cultures; control experiments).  
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Figure 2.9. A quantitative estimate of collagen content in the cell–scaffold constructs 

seeded with A-549 (a), KB (b), HepG2 (c) and HeLa (d) was obtained using a picro-

Sirius red-based in situ collagen quantification assay. The collagen content was found to 

be constant after 1 week in case of 2D cultures, whereas it was exponentially increasing 

in 3D cultures. 

 

 

Figure 2.10. Neo-vascularization surrounding the scaffold can be seen in the ex ovo 

CAM assay after 48 h of post-implantation.  
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2.3.4 Assessment of angiogenic properties  

2.3.4.1 CAM assay 

The angiogenesis potential of the scaffold was examined by ex ovo CAM assay 

experiments using developing chicken embryo. After 48 h of post-implantation of 

scaffold in the CAM, the observations recorded with a digital camera are shown in 

Figure 2.10. The results clearly revealed the presence of vasculature through the scaffold. 

There was no any zone of inhibition. However, the neo-vessel penetration through the 

scaffold was clearer to eye than in the images captured. 

 

2.3.4.2 NO release assay 

The amounts of the nitrite levels in the spent culture medium, produced by growing cells 

as a function of time, were determined using Griess reagent. A standard curve was 

prepared using sodium nitrite and the NO levels in the samples were calculated from the 

standard curve. The results of the assay are presented in Figure 2.11. The NO content 

was relatively higher in 3D cultures than in 2D cultures. 

 

2.3.5 Biodegradation properties  

At the end of each incubation period, the weight loss percentage of scaffold treated with 

and without trypsin was found to be 31.1 ± 1.8 % and 5.2 ± 1.9 % respectively (Figure 

2.12A). Similarly, the percentage weight loss of pure fibroin incubated with and without 

enzyme was found to be 10.8 ± 1.9 % and 1 ± 1 % respectively. The non-woven 3D 

scaffold degraded readily in comparison to native fibroin fibers upon treatment with 

trypsin over a period of 4 weeks. Additionally, SEM examination of scaffold treated with 

the enzyme, showed significant loss of structural integrity and decrease in fiber diameter 

(Figure 2.12B). 
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Figure 2.11. The levels of nitric oxide detected in spent culture medium containing cell–

scaffold constructs seeded with A-549 (A), KB (B), HepG2 (C) and HeLa (D). In all 

cases, the NO content was higher in 3D cultures than in 2D cultures.  

 

 

Figure 2.12. Biodegradation studies: (a) Weight loss (%) and (b) SEM image of non-

woven scaffold upon treatment with trypsin over a period of 4 weeks reveal its 

amenability for proteolytic degradation.  
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2.4 DISCUSSION 

In the recent past, research on non-mulberry silk fibroin based biomaterials has gained 

momentum due to superior mechanical and biological properties and various other 

advantages that they offer. Previously, Li et al (2008) reported the fabrication of porous 

3D scaffold from regenerated A. pernyi fibroin and Fang et al (2009) reported the 

preparation of braided fibrous scaffold from A. pernyi cocoon derived fibroin. While, 

Mandal and Kundu (2008a, 2008b) reported the fabrication of 2D films and porous 3D 

scaffolds from A. mylitta gland derived fibroin. However, there are no any reports on the 

development of non-mulberry silk fibroin based porous 3D scaffolds with fibrous and 

nonwoven biomimetic architecture. Such scaffolds were previously reported from B. mori 

fibroin, for example, Unger et al (2004a, 2004b) reported the preparation of nonwoven 

scaffold and its positive interactions with as many as 11 human cells and subsequent 

endothelialization of the scaffold. Later, Dal Pra et al (2005, 2006) reported the de novo 

engineering of reticular connective tissue and preparation of dermo-epidermal equivalents 

using B. mori fibroin based nonwoven scaffold. 

Keeping in view of the advantages offered by non-mulbery fibroin over its 

counterpart and the biomimetic features offered by fibrous nonwoven scaffolds, in the 

current study, the first of its kind, we describe the fabrication of A. assama silk fibroin 

based porous 3D scaffolds with fibrous and nonwoven biomimetic architecture. The 

fabrication process is simple, efficient and reproducible, and does not involve any toxic 

cross linking agents. Initially, cocoons of A. assama were subjected to degumming 

process to yield pure fibroin fibers. They were then suspended in lithium bromide / 

formic acid solution, homogenized and subsequently cast in a mold. Figure 2.1 shows the 

physical appearance of muga silkworm cocoon, silk fibroin fibers obtained after 

degumming process and the nonwoven scaffold obtained after fabrication process. The 

SEM pictures of raw and degummed fibers clearly demonstrated the successful removal 

of sericin, calcium oxalate salts and other external contaminants (Figure 2.2). Also, SEM 

examination suggested the successful fabrication of a highly interconnected, 

homogenously porous 3D nonwoven scaffold (Figure 2.2). The scaffold was found to 

have good physical properties viz. a pore size of around 150 µm, porosity of about 90% 

and water uptake capacity of nearly 90% which conveniently favor cell infiltration and 

exchange of gases/ nutrients/ waste products. 
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Striking changes in the FT-IR spectra of raw and degummed fibroin fibers clearly 

depicted the chemical / structural changes due to initial processing and degumming of 

raw fibers which removed the external sericin layer. However, there were no significant 

changes in the spectra of degummed silk fiber and scaffold (Figure 2.3). Both displayed 

peaks at around 1600-1690 cm-1, 1480-1575 cm-1, 1229-1301 cm-1, 625-767 cm-1 and 

640-800 cm-1 which are distinctive of amide I-V respectively (Dal Pra et al., 2005; 

Wilson et al., 2000). Besides, the degummed fiber and the scaffold exhibited an intense 

signal at 965 cm-1

Thermal property analysis of A. assama fibroin based scaffold revealed the onset 

of thermal degradation and endothermic decomposition peak at around 330 

 which is characteristic of β(3a) type conformation of non-mulberry 

fibroin (Keten et al, 2010). The FT-IR spectra of scaffold represented a characteristic and 

stable conformation of silk fibroin and were in good agreement with the distinctive 

spectrum displayed by A. assama silk fibroin (Wilson et al., 2000; Hazarika et al., 1998). 

oC and 375 oC 

respectively (Figure 2.4). While from the literature, the onset of thermal degradation and 

endothermic decomposition peak of B. mori fibroin based scaffold were found to be at 

around 289 oC and 291 o

Since it is the blood that first comes into contact with the scaffold surface, the 

blood compatibility of a scaffold is very crucial in determining the fate of an implant 

(Sharma, 2001). We performed in vitro thrombogenecity, hemolysis, platelet and 

leukocyte count, protein adsorption and platelet adhesion experiments to evaluate the 

blood compatibility of the scaffold. The results of the thrombogenecity and hemolysis 

assay were very encouraging with a negligible variation in the thrombus formation and 

red blood cell lysis among heparinized blood incubated with scaffold and without 

scaffold. We did not find any significant difference in the number of platelets and 

leukocytes (both total and differential) of the heparinized blood sample incubated with 

scaffold in comparison to control (heparinized blood alone, without scaffold). Protein 

adsorption and platelet adhesion properties of a biomaterial, which trigger coagulation, 

are two critical parameters to evaluate its blood compatibility. Our studies show that there 

C respectively (Dal Pra et al., 2006; Taddei et al. 2007). 

Similarly, tensile strength studies of A. assama fibroin based scaffold revealed an yield 

point at approximately 4% elongation with a yield plateau of up to 7 % in comparison to 

5 % elongation of B. mori fibroin based scaffold (Dal Pra et al., 2006). Hence, the results 

suggest that the fibroin from A. assama has superior thermal stability and mechanical 

strength over B. mori fibroin. 
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was approximately 10.57 μg/cm2

TERM strategies generally involve, building of a cell-scaffold construct in vitro, 

followed by implantation in vivo. Therefore, it is desired that scaffold should facilitate 

attachment, migration and growth of cells resulting in the formation of a functional tissue. 

In this study, we found that the scaffold produced using A. assama fibroin has good cyto-

compatibility with all the four human cell lines tested (A 549, KB, HepG2 and HeLa). 

The SEM examination of cell-scaffold construct revealed the successful attachment and 

spreading of cells on and within the scaffold (Figure 2.6 and 2.7). The cell viability and 

growth at different time intervals was assessed by MTT assay - a simple, sensitive, rapid, 

reliable and efficient assay recognized to estimate the cell viability within the scaffold 

(Pabbruwe et al., 2005; Khattak et al., 2006). The results reveal that the cell proliferation 

was normal in 2D cultures and reached confluence after a week of incubation, but 

thereafter, there was no increase in the cell densities due to contact inhibition; and 

prolonged arrest of cell proliferation might have probably lead to cell death. However, the 

cell growth and proliferation was exponential on the scaffold since the cells have the 

freedom to grow in three dimensions (Figure 2.8). Additionally, a Picro-Sirius red assay 

was performed for in situ quantification of collagen deposited by growing cells in cell-

scaffold constructs. In 3D cultures, there was an exponential increase in the collagen 

content with time due to the increased growth and spreading of cells on scaffold. But in 

case of 2D cultures, there was an initial increase, which decreased with time due to 

reduction in cell viability (Figure 2.9). Hence, the results of cell attachment and 

spreading, cell migration, viability and growth, and collagen content, collectively suggest 

a very good cellular compatibility of the scaffold. These results also hold promise and 

encouragement for progressing towards generation of functional tissues with this novel 

material.  

 of protein adsorption (Figure 2.5), and about 2.9 % of 

platelet adhesion over the scaffold. Although the results of thrombogenecity, hemolysis, 

TLC, DLC and platelet count suggest that A. assama fibroin based nonwoven scaffold is 

safe for blood, the results of protein adsorption and platelet adhesion studies indicate that 

the scaffold needs further modification to make it more suitable for use in TERM 

applications. 

A critical factor for successful TERM is neo-vascularization that provides 

continuous support of oxygen, nutrients and biochemical cues to the cells in the 3D 

matrix. Therefore, the intrinsic potential of a biomaterial to promote angiogenesis is 
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crucial for good performance as a scaffold. Generally, the angiogenesis potential of a 

scaffold is assessed by its compatibility with endothelial cells in vitro, which is time 

consuming, expensive and cannot be extrapolated to in vivo results. We followed a 

simple, rapid, reproducible and efficient ex ovo CAM assay to evaluate the angiogenesis 

properties of the scaffold. The CAM assay is considered to be a reliable method, as 

results are comparable with in vivo animal model studies (Valdes et al., 2002; Azzarello 

et al., 2007; Klueh et al., 2003; Ribatti et al., 1996). In the present study, the results 

revealed the ability of the A. assama fibroin based nonwoven scaffold to promote 

angiogenesis (Figure 2.10). The presence of blood vessels in and around the scaffold 

suggests that the biological properties of the scaffold were congenial to support neo-

vascularization. To the best of our knowledge, this is the first report suggesting the 

angiogenesis potential of fibroin based scaffolds based on CAM assay. 

Nitric oxide (NO) is generated by many cell types in a variety of tissues, utilized 

throughout the animal kingdom as a signaling or toxic molecule and involved in many 

physiological and pathological processes (Wink and Mitchell, 1998). In mammals, it acts 

as a vascular relaxing agent, a neurotransmitter, an inhibitor of platelet aggregation and 

also has a role in inflammation and immunity (Wink and Mitchell, 1998). However, there 

has been substantial evidence about the possible role of NO as a critical mediator of 

angiogenesis by enhancing endothelial cell survival, proliferation and migration and thus 

is said to be pro-angiogenic (Cooke, 2003). In the current study, a plateau in NO content 

of 3D cultures after 1-2 weeks suggests a saturation point, whereas, a drastic drop in NO 

content of 2D cultures was due to cell senescence after 1 week (Figure 2.11). The present 

study is first of its kind to the report presence of NO in fibroin based 3D cell cultures. 

From an angiogenesis perspective, it is suggested that the NO found in cellular 

compatibility experiments would supplement the ability of the scaffold to promote 

angiogenesis and tissue homeostasis. 

Biodegradable materials are preferred candidates for use as scaffolds in TERM 

applications since upon degradation they create void space which will be occupied by the 

growing cells and natural ECM material deposited by colonizing cells. Though the US 

Pharmacopeia defined the fibroin as non-degradable, many in vitro and in vivo studies 

suggest the biodegradability of fibroin (Wang et al., 2008; Taddei et al. 2006; Horan et 

al., 2005; Arai et al., 2004). In the present study, we evaluated the in vitro 

biodegradability of A. assama fibroin based nonwoven scaffold, whereby the scaffold was 
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found to lose weight with time upon treatment with trypsin (Figure 2.12a). The scaffold 

degradation was comparatively more than that of pure fibers, which may be due to 

changes caused to fibroin upon treatment with formic acid / lithium bromide during the 

fabrication process (Dal Pra et al., 2006). Additionally, the results of SEM examination of 

trypsin digested scaffold revealed decrease in fiber diameter, increase in fiber roughness 

and loss of micro-architecture and thus suggest the degradation of scaffold (Figure 

2.12b). Hence, being proteinaceous in nature, the fibroin from A. assama would be 

amenable for proteolytic degradation by cellular proteases when implanted in vivo and the 

degradation products would be metabolized in the body; this is an additional advantage of 

preferring it as a biomaterial for use as scaffold in TERM applications. 

 

2.5 CONCLUSIONS 

The current chapter demonstrates the fabrication of A. assama silk fibroin based 3D 

scaffold with homogenously porous, highly interconnected, nonwoven biomimetic 

architecture. The fabrication process is simple, efficient and reproducible, and does not 

involve any toxic cross linking agents. The scaffold has pore size of 155 µm as evident 

from Image J analysis of SEM images, a porosity of 87 % and water uptake capacity of 

83 %, which collectively suggest the scaffold’s ability to favor cell infiltration and 

exchange of gases/ nutrients/ waste products. Fabrication process did not cause any 

obliteration to the fibroin structure, as evident from FTIR. The thermal decomposition 

peak at 375 o

--- * --- 

C and a tensile yield point at 4 % with a plateau up to 7 % of the scaffold, as 

determined by TGA/DSC and tensile testing studies respectively, were found to be 

superior to the reported values of B. mori fibroin based scaffold. The scaffold showed 

good in vitro blood compatibility, and exhibited excellent cellular compatibility with four 

human cell lines (HepG2, A549, KB and HeLa) tested in vitro. The ex ovo CAM assay 

revealed scaffold’s ability to support angiogenesis. Additionally, the scaffold was 

amenable for biodegradation upon treatment with trypsin. Hence, the fibroin from A. 

assama was found to be an excellent biocompatible, biodegradable biomaterial and the 

resultant biomimetic nonwoven scaffold can be explored for various TERM applications. 

However, further studies are required to enhance its blood compatibility and to evaluate 

its true performance in vivo. 
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3.1 INTRODUCTION 

Tissue engineering and regenerative medicine (TERM) combines the knowledge of cell 

technology, material engineering along with suitable biochemical cues, to create living 

tissues for use in transplantation and reconstructive surgery (Langer and Vacanti, 1993; 

Daar and Greenwood, 2007). However, the success of growing artificial tissues depends, 

to a great extent, on scaffold architecture and properties (Liu et al., 2007a). Fabrication of 

a scaffold with adequate porosity, which allows cell migration, nutrient supply and 

angiogenesis, is still a major challenge. The scaffold architecture defines the ultimate 

efficacy of the newly grown tissue. At the highest level, macroscopic shape is important 

in the millimeter scale. At the intermediate level, the size, orientation and surface 

chemistry of pores and channels for tissue in growth are critical in the micrometer scale. 

The surface texture and porosity are important on a scale below micrometers. Scaffold 

architecture influences the spatial cell arrangement and transmission of biochemical / 

mechanical signals (Ma, 2008; Dhandayuthapani et al., 2011). Hence, in order to 

maintain the activity of cells, regulate cell behavior and reconstruct 3D multi cellular 

masses, the scaffolds must be designed to mimic the micro to nano scale hierarchical 

architecture of the natural extra cellular matrix (ECM).  

There are many techniques/methods to process biomaterials into various scaffolds. 

However, available fabrication techniques fail to achieve this as they suffer from various 

disadvantages (Ma, 2004).  For example, solvent casting/particulate leaching cannot 

control pore shape and inter-pore openings. Phase separation results in irregular pore 

distribution. Similarly, nano-fiber technologies like electrospinning etc. are unable to 

fabricate complex 3D shapes with an adequate internal pore network (Liu et al., 2007a; 

Ma, 2004). Solid freeform fabrication techniques are being adopted to control pore 

architecture precisely, but these methods are highly complex in nature and are costly (Ma, 

2008). However, conventional textile technologies (nonwoven, knitting and fiber 

bonding) which are simple and nontoxic can generate highly porous scaffolds with 

interconnected pores suitable for tissue engineering (Liu et al., 2007a; Ma, 2004). 

Among the various fabrication technologies available, textile techniques 

particularly nonwoven fiber bonding methods provide an architectural framework similar 

to natural ECM (Liu et al., 2007a; Ma, 2004). But in most cases, they have resulted in 

either micro-fibrous or nano-fibrous scaffolds. Micro- only scaffolds offer good 
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mechanical strength but suffer from lack of adequate surface area and often leave behind 

large void spaces, while, the nano- only scaffolds offers good surface-to-volume ratio but 

suffers from poor mechanical strength (Unger et al., 2004a). Also, as far as the mass-

transport needs are concerned, the pore size and pore network of micro- only scaffolds 

may allow cell infiltration but fail to control the flow of biochemical cues, while, pore 

size and pore network of nano- only scaffolds may allow the controlled flow of 

biochemical cues but may hinder the cell infiltration (Gandhi et al., 2009). Hence, a 

nonwoven matrix composed of both nano- and micro- scale fibers could be an ideal 

architecture for TERM, where, the advantages of both components can be utilized 

synergistically (Santos et al., 2008; Bondar et al., 2008). 

There are a variety of biomaterials available for tissue engineering scaffolds. Most 

efforts to develop scaffold focus on synthetic biopolymers, such as the aliphatic 

polyesters, as they allow precise control over properties such as degradation rate, and 

mechanical strength. However, these are unlikely to succeed because they are pro-

inflammatory (Gunatillake and Adhikari, 2003). Success is far more certain with natural 

polymers such as proteins and polysaccharides, such as silk fibroin (Mano et al., 2007). 

The clinical success of silk sutures and availability of silkworm silk have encouraged a 

recent expansion of new biomaterials generated from the original suture-based protein 

harvested and processed from silkworms (Vepari and Kaplan, 2007). Silks, a unique 

group of fibrous proteins, have gained significant attention due to easy availability, 

processability, slow biodegradability, good mechanical strength and biocompatibility 

(Hardy and Scheibel, 2010). 

Besides, the biological synthesis and processes involved in fibroin synthesis and 

assembly can offer important information on fundamental interactions involved in the 

formation of complex material architectures, as well as practical knowledge into new and 

important materials related to biomaterial uses and tissue engineering needs (Dobb et al., 

1967; Valluzzi et al., 2002). Fibroin is a block copolymer composed of repeats of 

hydrophilic and hydrophobic blocks. The result of this block sequence architecture is the 

formation of highly ordered domains, organized through intermolecular interactions as 

the materials undergo self-assembly. The self-assembly path includes a series of material-

length scales leading to liquid crystalline mesophases and eventually to macroscopic 

structures (Dobb et al., 1967; Valluzzi et al., 2002). Thus, partial breakdown of this 
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molecular assembly using partial dissolution and fiber bonding methods can lead to 

formation of nonwoven scaffold composed of a hierarchy of nano- to micro- scale fibers. 

In the current chapter, we describe the fabrication of A. assama fibroin based 

micro – nano fibrous nonwoven scaffold for TERM applications. Although SF is 

produced by a variety of silkworms, majority of studies are limited to the use of SF from 

Bombyx mori, A. pernyi and A. mylitta. In the context of TERM, fibroin from A. assama, 

a wild, non-mulberry silk worm and an indigenous species confined only to Assam, 

remain unexplored, and thus is chosen as material of choice for the current study. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Materials 

Cell culture plates, Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum 

(FBS), Antibiotic-Antimycotic solution and Potassium bromide (KBr, IR grade) were 

purchased from Sigma-Aldrich® (Bangalore, India). MTT and Trypsin were obtained 

from HiMedia® (Mumbai, India). Lithium Bromide was purchased from Loba Chemie® 

(Mumbai, India). All other chemicals were of AR grade and were obtained from Merck® 

(Mumbai, India). 

 

3.2.2 Processing and degumming of cocoons 

The cocoons were collected from the Muga Silkworm Seed Organization (Central Silk 

Board), Guwahati, India and were processed according to a previous report with slight 

modifications (Rajkhowa et al., 2000). Briefly, the cocoons were cooked in 0.5 % (w/v) 

sodium carbonate solution for 20 min at 95 oC, with material to liquor ratio (MLR) of 

1:20. They were cooked for another 30 min at 45 oC in 0.25 % (w/v) Sodium carbonate 

solution with MLR of 1:30, and finally degummed at 90 oC for 3 h with MLR of 1:50 in a 

solution containing 0.2 % (w/v) Sodium carbonate and 0.025 % (w/v) Triton® X-100. In 

order to remove residual fats, cocoons were treated with a 3:1 Methanol and Diethyl ether 

solution for 8 h, followed by treatment with Cyclohexane for 24 h and then with toluene 

for 8 h. The fibers were thoroughly washed with distilled water, dried under vacuum and 

stored at room temperature in moisture-free environment until use. 
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3.2.3 Fabrication of micro – nano fibrous nonwoven scaffold 

About 1 g of pure fibroin fibers were suspended in 100 ml of Formic acid (100% GR 

grade) solution and about 1 g Lithium bromide was gradually added under constant 

stirring (C-MAG-HS7, IKA®). The temperature of the mixture was progressively 

increased to 60 oC and the mixture was homogenized (T-25digital Ultra-Turrax®, IKA®) 

at 5000 rpm for 10 min. The homogenous mixture was cast in a 100 mm Petri dish and 

the solvent was allowed to evaporate at 37 oC for 48 h. The residual formic acid and 

traces of salts were removed by washing thoroughly with distilled water. It was finally 

dried overnight under vacuum at 37 o

 

C and stored in a moisture-free pouch until use. The 

resulting scaffold was used for future characterization studies. For blood compatibility 

and cyto-compatibility studies the scaffolds were sterilized by direct autoclaving prior to 

use. 

3.2.4 Characterization studies 

3.2.4.1 Morphological properties 

The samples were mounted on the specimen holder with electro-conductive tape and then 

sputter coated under vacuum with gold in a coating unit (Sputter Coater, SC7620, Polaron 

Range). The surface and cross section morphologies of the scaffold were examined under 

scanning electron microscope (SEM, LEO 1430 VP and JSM 6380 LA, JEOL). 

3.2.4.2 Water holding capacity 

To study the water holding capacity, measured amounts of scaffold (Wd) was taken and 

was immersed in water for 1 h incubation at 37 oC. The swollen scaffold was subjected to 

a quick spin in a micro-centrifuge, in presence of a filter, to remove excess of water from 

the scaffold and the wet weight (Ws

Water uptake (%) = (W

) of the scaffold was determined. The water uptake 

(%) was calculated as follows: 

s - Wd) / Ws

3.2.4.3 Chemical / structural properties 

) × 100 

Fourier Transform Infra Red (FTIR) Spectroscopy: About 3 mg of the finely powdered 

samples were pressed into a pellet with 200 mg of KBr and infrared spectra were 
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recorded in a FTIR spectroscope (Spectrum One, Perkin Elmer, MA, USA), from 4000 

cm-1 to 450 cm-1 with a resolution of 2 cm-1 

3.2.4.4 Thermal Properties 

and 5 scans per sample. 

Thermo Gravimetric Analysis (TGA): TGA was performed with a thermo gravimetric 

analyzer (TGA/SDTA851e/LF/1100, Mettler Toledo, USA). The cell was swept with 

nitrogen for analysis and the thermograph of 5 mg scaffold was obtained for a 

temperature ranging from 37 oC to 550 oC with a heating rate of 10 oC min-1

 

. 

3.2.5 Blood compatibility studies 

The blood compatibility of the scaffold was evaluated in vitro, and the following 

categories of blood interactions were studied: hemolytic potential. Also, protein 

adsorption and platelet adhesion studies were performed to gain detailed knowledge about 

blood compatibility of the scaffold. 

Blood processing: Venous blood from healthy individuals was collected in heparin coated 

siliconized vials and the tests were performed within 3 h since collection (Tamada 2004). 

The scaffolds were conditioned in normal saline for 30 min at 37 o

3.2.5.1 Hemolytic assay 

C before testing. 

The hemolytic tests were performed according to Singh et al. (1990). The samples were 

placed in a siliconized tube containing 10 ml of heparinized blood (1:10 diluted with 

phosphate buffered saline – PBS, pH 7.4). 1 ml of heparinized blood diluted with 9 ml of 

PBS was taken as negative control (0 % hemolysis), and 1 ml of heparinized blood 

diluted with 9 ml of distilled water was taken as positive (100 % hemolysis) control. The 

contents were incubated at 37 o

Hemolysis % = (OD 

C for 1 h. Each tube was gently inverted twice each 30 

min to maintain contact of the blood with the material. After incubation, each fluid was 

transferred to a suitable tube and centrifuged (3K30, Sigma) at 2000 rpm for 15 min. The 

hemoglobin released by hemolysis was measured by the optical densities (OD) of the 

supernatants at 540 nm using a spectrophotometer UV–vis (Cary 100, Varian Inc.). The 

percentage of hemolysis was calculated as follows (Singh et al., 1990): 

sample – OD -ve control) / (OD +ve control – OD -ve control) × 100 
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3.2.5.2 Protein adsorption 

For protein adsorption studies, scaffolds were incubated in serum solution (10 % in PBS) 

for different time periods ranging from 15 min, 30 min, 45 min, 1 h, 2 h, 3 h, 6 h, 12 h, 18 

h and 24 h at 37 o

3.2.5.3 Platelet adhesion 

C. At the end of each incubation period, the scaffolds were gently 

washed with PBS followed by distilled water to remove loosely adhered proteins. The 

scaffolds were placed in 1% Sodium dodecyl sulfate (SDS, w/v in PBS) shaken 

vigorously to dislodge the adsorbed proteins and the solution was centrifuged to remove 

particulate or insoluble matter, if any. Finally, the amount of protein in the suspension 

was assayed by Folin-Lowry method (Lowry et al., 1951). Bovine serum albumin (BSA) 

prepared in 1% SDS (w/v in PBS) was taken as the standard. 

The amount of platelets adhered on the scaffold was determined as per a previous report 

(Singh et al., 1990). The heparinized blood was centrifuged at 1000 rpm for 10 min to 

obtain platelet rich plasma (PRP) and similarly it was centrifuged at 2800 rpm for 15 min 

to obtain platelet-poor plasma (PPP). The platelet concentration of PRP was adjusted to 1 

× 105 platelets/μl. About 1 ml of PRP was incubated with the scaffold at 37 o

 

C. After 1 h 

of incubation, they were fixed in glutaraldehyde solution, dehydrated with ethanol 

gradient, coated with gold and examined under SEM. The count was done as an average 

of four locations taken at 500× magnification. 

3.2.6 Cyto-compatibility 

To evaluate the cyto-compatibility of the scaffold, in the current investigation, we used 

four established human cell lines viz. A-549 (derived from lung) obtained from the 

National Centre for Cell Science (NCCS, Pune, India) – the national repository of India. 

Cell culture: As per the NCCS guidelines, the cell line was maintained in DMEM 

containing 2 mM L-glutamine and 1.5 g/l Sodium bicarbonate, supplemented with 10% 

FBS and 1% antibiotic antimycotic solution (100×, 1000 U/ml Penicillin G, 10 mg/ml 

Streptomycin sulfate, 5 mg/ml Gentamycin and 25 µg/ml Amphotericin B). Cells were 

cultured till 70-80% confluence in T-25 culture flasks (CELLBIND, Corning®) at 37 oC 
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in a CO2

3.2.6.1 Cytotoxicity assay 

 incubator (New Braunswick) and were trypsinized to get cell suspension. Cell 

count was done with a hemocytometer before proceeding for further experiments. 

The cytotoxicity studies were carried out using extracts of the scaffolds. The sterile 

scaffolds were extracted in serum free DMEM for 24 h at 37 oC and the extracts were 

used within 24 h of preparation. About 1 mL of extract (50 % dilution in serum free 

DMEM) was added to each well of a 24 well plate. After 24 h, 48 h and 72 h of 

incubation at 37 o

Viability (%) = (OD of test / OD of control) × 100 

C, cell viability was assessed using the UV – Vis spectrophotometry 

based MTT test (Mosmann, 1983). The percentage viability was calculated as the relative 

percentage of cells in the test sample with respect to cells in control sample. 

3.2.6.2 Culture of cells on scaffold 

Before cell seeding, sterile scaffolds were conditioned in DMEM supplemented with 10% 

FBS for 24 h. In independent experiments run simultaneously, the scaffolds were seeded 

with A-549 cells. Typically, about 1 cm2 scaffold and 2 ml of medium (containing 1 × 103 

cells/ml) were taken in sterile vials. The cells were allowed to attach in static condition at 

37 oC in CO2. After 2-4 h of incubation, the cell – scaffold constructs (3D - three 

dimensional cultures) were transferred to a new 24 well culture plate and returned back to 

CO2 incubator. The cells were fed with fresh medium at a regular interval of 24 h. After 1 

d, 2d, 3d, 5d and 7d of incubation, the cell – scaffold constructs were subjected for future 

analysis. Cells seeded and grown in 24 well tissue culture plates (CELLBIND, Corning®

3.2.6.3 Cell adhesion, viability and growth 

), 

without scaffold, were considered as the control experiments (2D - two dimensional 

cultures); growth conditions and incubations periods were similar to the test experiments. 

To investigate the attachment and spreading of cells on the scaffold, 2 d old and 7 d old 

cell – scaffold constructs were fixed in 2.5 % glutaraldehyde solution, dehydrated in 

ethanol gradient, sputter coated with gold and finally examined under SEM (1430 VP, 

LEO and JSM 6380 LA, JEOL). Also, the viability and growth of seeded cells was 

evaluated by following a colorimetry based MTT assay (Mosmann, 1983). Briefly, cell – 

scaffold constructs were incubated with 1 ml of MTT solution (0.5 mg/ml in phenol red 
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free and serum free DMEM) for 2-4 h at 37 oC in a CO2

Viability (%) = (OD of test / OD of control) × 100 

 incubator. The medium was 

replaced with equal volume of Dimethyl sulfoxide to dissolve the formazan complex and 

the optical density (OD) of the soluble fraction was read at 570 nm in a UV-Vis 

spectrophotometer. 

 

3.2.7 Statistical analysis 

Experiments with quantitative data were done in replicates of four independent 

experiments and the results were expressed as Mean ± Standard Deviation (n = 4). 

 

3.3 RESULTS 

3.3.1 Characterization studies 

3.3.1.1 Morphological properties 

Figure 3.1 shows the typical appearance of muga silkworm cocoon, silk fibroin fibers 

obtained after degumming process and the nonwoven scaffold obtained after fabrication 

process. SEM images of pristine cocoon fiber, degummed fiber and the surface 

morphologies of the nonwoven scaffold are shown in Figure 3.2. The morphological 

analysis of the solvent cast matrices revealed the formation of a nonwoven scaffold 

composed of micro- and nano- scale fibers. It was found that in case of microfibers the 

diameters ranged from 1 to 20 mm, while the diameters of nanofibers ranged from 150 to 

500 nm. A detailed SEM analysis of the scaffold was performed to trace the origin of 

such fibers and it was found that the disruption of molecular assembly of silk fibroin 

fibers has caused the formation of such a hierarchy of micro- and nano- scale fibers 

(Figure 3.3). 
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Figure 3.1. Physical appearance of muga silkworm cocoon, silk fibroin fibers obtained 

after degumming process and the nonwoven scaffold obtained after fabrication process. 

 

 

Figure 3.2. SEM observations: Images of pristine cocoon fiber (a), degummed fiber (b) 

fiber revealed successful preparation or pure fibroin fibers, while images of surface 

morphologies of the scaffold (c and d) depict the successful fabrication of a highly 

interconnected, homogenously porous, micro – nano fibrous nonwoven scaffold. 
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Figure 3.3. From SEM analysis, it was clear that the fabrication process has disrupted 

the molecular assembly of fibroin fibers and subsequently resulted in the formation of 

nanoscale fibrils. Normal and disrupted fibers can be seen side-by-side in (a) and a high 

magnification image of disrupted fiber can be seen in (b). 

 

 

 

Figure 3.4. The FTIR spectra of raw silk fiber without any processing (a), pure fibroin 

fiber after degumming process (b) and fibroin based nonwoven scaffold (c). 
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3.3.1.2 Water holding capacity 

The surface wettability (hydrophilicity and hydrophobicity) is an important property of a 

scaffold. The water uptake capacity is considered to be a good measure of surface 

wettability or hydrophilicity of any material. The water uptake capacity of the micro- 

nano fibrous scaffold was found to be around 26.67 ± 1.2 %. 

 

3.3.1.3 Chemical / structural properties 

The FTIR spectra of raw silk fiber without any processing (a), pure fibroin fiber after 

degumming process (b) and fibroin based nonwoven scaffold (c) are presented in Figure 

3.4. Striking features were observed in the spectra of raw and degummed silk fibers. Also, 

there were considerable changes in the spectra of degummed silk fiber and scaffold. The 

spectra of degummed silk fiber displayed peaks at around 1600-1690 cm-1, 1480-1575 

cm-1, 1229-1301 cm-1, 625-767 cm-1 and 640-800 cm-1. It also exhibited an intense signal 

at 965 cm-1. While, the spectra of scaffold also displayed signals around 1600-1690 cm-1, 

1480-1575 cm-1, 1229-1301 cm-1, 625-767 cm-1, 640-800 cm-1 and 965 cm-1

 

, however the 

intensities of the signals were relatively low. 

3.3.1.4 Thermal properties 

The thermal properties of the scaffold were determined by TGA analysis (Figure 3.5). 

The thermograph revealed the thermal stability of the scaffold up to approximately 

250 oC with mere <10 % weight loss. However, the onset of thermal degradation started 

at around 250 oC and continued up to around 380 o

 

C with a sharp weight loss of up to 50 

%. 

 

 

TH-1073_06610611



Chapter 3 

113 | P a g e  

 

Figure 3.5. The details of thermal properties were obtained from TGA which exhibit the 

thermal stability of the scaffold up to approximately 250 o

 

C. 

 

Figure 3.6. The profile of protein adsorption onto the micro – nano fibrous non-woven 

scaffold, incubated in serum (10% in PBS), depicts a series of adsorption and desorption 

cycles. The average amount of protein adsorbed for the time period under study was 

found to be around 1.509 ± 0.18 μg/cm2
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3.3.2 Blood compatibility studies 

3.3.2.1 Hemolytic assay 

The effect of scaffold on blood components particularly on red blood cells was evaluated 

by in vitro hemolysis assay. The absorbance values of the test sample (heparinized blood 

with scaffold), positive control (heparinized blood with distilled water, without scaffold) 

and negative control (heparinized blood with PBS, without scaffold) were found to be 

0.9005 ± 0.0107, 2.2300 ± 0.0106 and 0.8835 ± 0.0034 respectively. The percent 

hemolysis of the blood incubated with scaffold was found to be around 1.263 %.  

 

3.3.2.2 Protein adsorption on scaffold 

The amount of proteins adsorbed onto scaffold as a function of time was estimated. The 

results of adsorption studies with serum (10 %, v/v in PBS) are presented in Figure 3.6. 

The results revealed a series of adsorption and desorption phenomenon occurred through 

the incubation period of 24 h. There was a rapid increase in adsorption up to 0.75 h, 

followed by an exponential desorption till 3 h. At 12 h, the amount of adsorbed protein 

increased and from there onwards it reached a plateau for the rest of incubation period. 

Over all, the average amount of protein adsorbed on the scaffold was found to be 1.509 ± 

0.18 µg/cm2

 

. 

3.3.2.3 Platelet adhesion on scaffold 

The amount of proteins adsorbed onto scaffold was estimated by SEM analysis. A typical 

SEM image showing the adhesion of platelets over the scaffold is presented in Figure 

3.7. After 1 h incubation of scaffold in contact with PRP at 37 oC the amount of platelets 

adhered onto the scaffold was calculated to be approximately 4.65 × 103 cells/cm2

  

.  
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Figure 3.7. A typical SEM image showing the adhesion of platelets over the scaffold. The 

amount of platelets adhered onto the scaffold was calculated to be about 4.65 × 103 cm

 

-2 

  

Figure 3.8. The in vitro cytotoxicity assay using A549 cells revealed that the scaffold was 

non-toxic, with more than 98% cell viability even after 72 h of treatment. 
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3.3.3. Cyto-compatibility studies 

3.3.3.1 Cytotoxicity assay 

The cytotoxic effect of the scaffold on A549 cells was determined in vitro using MTT 

assay. As evident from Figure 3.8, the viability (%) of A549 cells treated with the 

extracts of scaffold was found to be more than 98 % even after 72 h of treatment. While, 

the viability (%) of cells treated with the extracts of pristine cocoon fibers decreased 

gradually up to 60 % at the end of 72 h of treatment. 

 

3.3.3.2 Cell adhesion, viability and growth 

To evaluate the compatibility of the scaffold towards human cells, we incubated A549 

cells with the scaffold and cultured for about 7 days. Subsequently, the cell – scaffold 

constructs were subjected to SEM and MTT assay analysis. A typical SEM image of 2 d 

old cell – scaffold constructs along with a magnified image of a selected portion clearly 

suggested the cell adhesion over the scaffold. Also, an increase in the cell spreading and 

growth over the scaffold was clearly evident from SEM image of 7 d old cell – scaffold 

constructs (Figure 3.9). Similarly, after 1 d, 2 d, 3 d, 5 d and 7 d of incubation, the cell – 

scaffold constructs were subjected to MTT assay to determine the viability and growth of 

cells over the scaffold. The results revealed an exponential increase in the cell viability in 

3D cultures (cell – scaffold constructs) over a period of 7 days, while, in case of 2D 

cultures (24 well tissue culture plates) the cell viability has reached a plateau after 

approximately 3 d (Figure 3.10). 
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Figure 3.9. SEM images of 2 d old (a) and 7 d old (b) cell–scaffold constructs seeded 

with A-549 reveal the successful attachment and spreading of cells over the scaffold. A 

magnified image of a selected portion of (a) shows cell adhesion over the fiber. 

 

Figure 3.10. MTT assay of cell–scaffold constructs: The results revealed an exponential 

increase in the cell viability in 3D cultures (cell – scaffold constructs) over a period of 7 

days, while, in case of 2D cultures (24 well tissue culture plates) the cell viability has 

reached a plateau after approximately 3 d. 
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3.4 DISCUSSION 

Keeping in view of (i) the interesting facts from the science of silk fibroin fiber, (ii) the 

advantages offered by non-mulberry fibroin over its counterpart and (iii) the biomimetic 

features offered by micro – nano fibrous nonwoven scaffolds, in the current study, the 

first of its kind, we successfully report the fabrication of A. assama silk fibroin based 

porous 3D scaffolds with biomimetic, micro – nano fibrous and nonwoven architecture. 

The fabrication process is simple, efficient and reproducible, and does not involve any 

toxic cross linking agents. Initially, cocoons of A. assama were subjected to degumming 

process to yield pure fibroin fibers. They were then suspended in lithium bromide / 

formic acid solution, homogenized under heat and subsequently cast in a mold. Figure 

3.1 shows the physical appearance of muga silkworm cocoon, silk fibroin fibers obtained 

after degumming process and the nonwoven scaffold obtained after fabrication process. 

The SEM pictures of raw and degummed fibers clearly demonstrated the successful 

removal of external layers which include sericin, calcium oxalate crystals and other 

contaminants. Also, SEM examination revealed the successful fabrication of a highly 

interconnected, homogenously porous 3D micro – nano fibrous nonwoven scaffold 

(Figure 3.2). It was found that in case of micro fibers the diameters ranged from 1 to 20 

mm, while the diameters of nano fibers ranged from 150 to 500 nm. Previous studies have 

reported fabrication of either micro-scale fibrous scaffold which often leave behind large 

void spaces, or nano-scale fibrous scaffold which have poor mechanical properties (Unger 

et al., 2004; Gandhi et al., 2009). Here, for the first time, we have demonstrated the 

fabrication of a nonwoven scaffold composed of both micro-scale and nano-scale fibers. 

Natural ECM mimicking micro – nano fibrous hierarchical architecture could be an ideal 

design for a tissue engineering scaffold, where the advantages of nano-fibrous network 

promotes cell adhesion, growth and differentiation, and micro-fibrous network provides 

mechanical support (Santos et al., 2008; Bondar et al., 2008). 

Previous studies on the science of silk synthesis, processing and spinning revealed 

the nano-micro-macro scale hierarchical assembly of fibroin protein (Dobb et al., 1967; 

Valluzzi et al., 2002). It was reported that silk fibre formation involves shear and 

elongational stress acting on the fibroin solution (up to 30% wt/vol.) in the gland, causing 

fibroin in solution to crystallize. Elongational flow orients the fibroin chains and the 

liquid is converted into nano- scale filaments. Several such nano- scale filaments combine 

to form micro- scale silk fibroin fiber (Dobb et al., 1967; Valluzzi et al., 2002). In the 
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current study, using a combination of lithium bromide, formic acid and heat treatment, we 

succeeded in partially disrupting the molecular assembly of silk fibrils. SEM analysis 

clearly suggested the splitting of few micro- scale fibroin fibers fibroin into nano- scale 

fibrils. Such partial splitting resulted in a nano- scale fibrous network which was found in 

the void spaces between the undisrupted micro-scale fibrous networks, and thus led to the 

formation of micro-nano hybrid scaffold (Figure 3.3). 

Striking changes in the FT-IR spectra of raw and degummed fibroin fibers clearly 

depicted the chemical / structural changes due to initial processing and degumming of 

raw fibers which removed the external layers which include sericin, calcium oxalate 

crystals and other contaminants. Also, there were significant changes in the spectra of 

degummed silk fiber and scaffold (Figure 3.4). The spectra of degummed silk fiber 

displayed peaks at around 1600-1690 cm-1, 1480-1575 cm-1, 1229-1301 cm-1, 625-767 

cm-1 and 640-800 cm-1 which are distinctive of amide I-V respectively (Dal Pra et al., 

2005; Wilson et al., 2000). Also, it exhibited an intense signal at 965 cm-1 which is 

characteristic of β(3a) type conformation of non-mulberry fibroin (Keten et al., 2010). 

The FT-IR spectra of degummed fiber represented a characteristic and stable 

conformation of silk fibroin and were in good agreement with the distinctive spectrum 

displayed by A. assama silk fibroin (Wilson et al., 2000, Hazarika et al., 1998). While, 

the spectra of scaffold also displayed signals related amide I-V and 965 cm-1

Thermal property analysis of A. assama fibroin based micro – nano fibrous 

nonwoven scaffold revealed the presence of two regions of thermal degradation (Figure 

3.5). The evaporation of moisture content in the scaffold resulted in a negligible rate of 

weight loss during initial heating up to approximately 90 

, however the 

intensities of the signals were relatively low which may be probably due to the disruption 

of molecular assembly and partial dissolution of intact fibroin fibers caused during 

fabrication process. 

oC. This was followed by a 

region of greater thermal stability starting from 90 oC to 250 oC with a weight loss of up 

to approximately <10 %. Finally, the onset of thermal degradation started at around 

250 oC and continued up to about 380 oC with a sharp weight loss of up to 50 %. Hence, 

the results suggest that the A. assama fibroin based micro – nano fibrous nonwoven 

scaffold excellent thermal stability up to around 250 oC. As reported previously, the 

thermal stability of A. assama fibroin based micro fibrous nonwoven scaffold was found 

to be around 300 oC (Kasoju et al., 2009).  While in the current study, the thermal 
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stability decreased to about 250 o

Blood consists of water, ions, proteins and a variety of cells, including red blood 

cells, platelets, etc., and thus is regarded as a highly complex fluid. It is the blood that 

first comes in contact with the engineered tissue implant. If the implant material do not 

possess required compatibility with blood, it may provoke a sequence of events including 

protein adsorption, platelet activation, etc., which ultimately result in the formation of 

thrombus (Sharma, 2001). Hence, the studies of blood–biomaterial interactions are 

important to define the blood compatibility of the scaffold. In the current study we 

evaluated the blood compatibility of the A. assama fibroin based micro fibrous nonwoven 

scaffold by hemolytic assay, protein adsorption and plantlet adhesion experiments. From 

the hemolytic assay, the percent hemolysis of the blood incubated with A. assama fibroin 

based micro fibrous nonwoven scaffold was found to be around 1.263 %. Since the 

scaffold has induced less than 2 % hemolysis, the scaffold can be regarded as non-

hemolytic and safe for blood cells. However, from the protein adsorption studies, the 

average amount of proteins adsorbed on the scaffold was found to be 1.509 ± 0.180 

µg/cm

C, which may be probably due to the disruption of 

molecular assembly and partial dissolution of intact fibroin fibers caused during 

fabrication process. 

2 (Figure 3.6). Similarly, from the platelet adhesion studies, the amount of platelets 

adhered onto the scaffold was calculated to be approximately 4.65 × 103 cells/cm2

Besides being compatible with blood, the scaffold should also be nontoxic to 

human cells and should allow positive growth and proliferation of cells. The non-toxicity 

of the scaffold was estimated by in vitro cytotoxicity assay, where A549 cells were 

treated with the extracts of scaffold for a period of 24 h, 48 h and 72 h, and the cell 

viability was estimated by a UV-Vis spectrophotometer based MTT assay. The colorless 

MTT is reduced to purple colored formazan complex by mitochondrial reductases that are 

active only in the mitochondria of living cells. Thus, the formation of formazan complex 

can be directly correlated to the number of viable cells. The viability of cells treated with 

the extracts of scaffold was found to be more than 98 % even after 72 h of treatment 

(Figure 3.8). Since the scaffold has induced mere 2 % cell death, the scaffold can be 

regarded as non-cytotoxic and safe for human cells. 

 

(Figure 3.7). Thus, protein adsorption and platelet adhesion experiments collectively 

suggest that the scaffold still need to be modified to improve its blood compatibility. 
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A typical tissue engineering strategy generally involves the building of a cell – 

scaffold construct in vitro followed by implantation in vivo. Therefore, it is preferred that 

the scaffold should facilitate attachment, migration and growth of cells resulting in the 

formation of a functional tissue. In this study, we found that the A. assama fibroin based 

micro – nano fibrous nonwoven scaffold has good cyto-compatibility with A549 cells 

over a period of 7 days. The qualitative estimation of cell adhesion and spreading of cells 

over the scaffold was obtained by SEM examination of cell – scaffold constructs. A 

typical SEM image of 2 d old cell – scaffold constructs along with a magnified image of a 

selected portion clearly suggested the cell adhesion over the scaffold. Also, a comparative 

analysis of SEM images of 2 d old and 7 d old cell – scaffold constructs depict a 

prominent increase in the cell spreading and growth in the scaffold (Figure 3.9). 

Similarly, the quantitative estimation of cell viability in the scaffold at different 

time intervals was assessed by MTT assay - a simple, sensitive, rapid, reliable and 

efficient assay recognized to estimate the cell viability within the scaffold (Pabbruwe et 

al., 2005, Khattak et al., 2006). After 1 d, 2 d, 3 d, 5 d and 7 d of incubation, the cell – 

scaffold constructs were subjected to MTT assay. The results revealed an exponential 

increase in the cell viability in 3D cultures (cell – scaffold constructs) over a period of 7 

days, while, in case of 2D cultures (24 well tissue culture plates) the cell viability has 

reached a plateau after approximately 3 d (Figure 3.10). The limited availability of space 

and contact inhibition phenomenon may be the reasons for the viability (%) pattern of 

cells in 2D cultures, while, the viability (%) pattern of cells in 3D cultures may be 

attributable to excess availability of space in three dimensions and exponential cell 

proliferation. Hence, the results of SEM observations and MTT assay of cell – scaffold 

constructs collectively suggest excellent cellular compatibility of A. assama fibroin based 

micro – nano fibrous nonwoven scaffold. These results also hold promise and 

encouragement for progressing towards production of functional tissues with this novel 

biomimetic scaffold. 
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3.5 CONCLUSIONS 

The current study, first of its kind, demonstrates the fabrication of A. assama silk fibroin 

based homogenously porous 3D scaffolds with biomimetic, micro – nano fibrous and 

highly interconnected nonwoven architecture. The fabrication process is simple, efficient 

and reproducible, and does not involve any toxic cross linking agents. SEM examination 

revealed the micro – nano fibrous nonwoven architecture of the scaffold. The micro fibers 

ranged between 1 to 20 mm, while the nano fibers ranged between 150 to 500 nm. SEM 

analysis also revealed the disruption of molecular assembly of silk fibroin fibers which 

has caused the formation of such a hierarchy of micro- and nano- scale fibers. Such 

biomimetic architecture of the scaffold can conveniently favor cell infiltration and 

exchange of gases/ nutrients/ waste products. The scaffold was found to be non-hemolytic 

as evident from in vitro hemolysis assay, however, protein adsorption and platelet 

adhesion experiments suggest further modifications to improve the blood compatibility of 

the scaffold. Also, as evident from the results of in vitro cytotoxicity assay using extracts 

of the scaffold, SEM observations and MTT assay of cell – scaffold constructs 

collectively suggest the non-toxicity and excellent cyto-compatibility of A. assama 

fibroin based micro – nano fibrous nonwoven scaffold. The results also hold promise and 

encouragement for progressing towards production of functional tissues with this novel 

biomimetic scaffold. Also, research is still needed to investigate its behavior in vivo. 
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4.1 INTRODUCTION 

Tissue engineering methods are being examined as a means to replace diseased or 

damaged organs.  This approach uses tissue-specific cells that are grown on a scaffolding 

material to give a three-dimensional (3D) structure with the goal of creating a functional 

tissue / organ (Langer and Vacanti, 1993). Many different materials of both synthetic and 

natural origin are being examined for use as scaffolds in tissue engineering (Gunatillake 

and Adhikari, 2003; Mano et al., 2007). In this context, silk fibroin (SF) has been 

established as an attractive biomaterial for scaffolding. SF offers versatile processing 

options that allow engineering of tailored architecture, mechanical properties and surface 

modifications. In addition, as a biomaterial, SF features excellent biocompatibility, 

adaptable biodegradability and good oxygen/water vapor permeability (Vepari and 

Kaplan, 2007; Hardy and Scheibel, 2010). 

SF is produced by two classes of Lepidopteron silkworms, viz. (a) domestic 

mulberry, consisting of Bombyx mori, and (b) wild nonmulberry, having many varieties 

including Antheraea assama. The ease of processing of B. mori SF (BMSF) lead to 

continuous increase in the knowledge on its structure and properties, and hence has been 

exploited to a larger extent in various biomedical applications, in comparison to SF from 

nonmulberry silkworms (Altman et al., 2003). However, recent studies on nonmulberry 

SF have revealed its various advantages over mulberry SF, which includes (a) superior 

physico-chemical, thermal and mechanical properties, (b) presence of tripeptide sequence 

Arg–Gly–Asp (RGD) which is the key player in determining cell – material interaction 

and (c) stronger cell adhesion compared to BMSF and collagen (Minoura et al., 1995). 

These advanced qualities make the nonmulberry SF a better choice over BMSF and 

deserve extensive research to exploit them for biomedical applications. 

Among the diverse varieties of nonmulberry silkworms, very few species, 

especially those belonging to the genus Antheraea, have been paid significant attention in 

the context of TE. Li et al (2008) have reported the fabrication of a porous three 

dimensional (3D) scaffold with regenerated A. pernyi SF by freeze-drying. Subsequently, 

Fang et al (2009) prepared a nonwoven scaffold by braiding the A. pernyi SF fibers and 

exploited its use in TE. Mandal and Kundu (2009a) have reported the preparation of 3D 

scaffolds using SF isolated from silk glands of A. mylitta. Subsequently the same group 

has reported use of A. mylitta SF based scaffolds for stem cells based TE (Mandal and 
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Kundu 2009b). However, all the above reports have two major drawbacks viz. (i) none of 

those scaffolds have been tested for compatibility with the blood and (ii) the architecture 

of porous scaffolds do not qualify to be ideal biomimetic architecture. 

Blood compatibility of a scaffold is very crucial in determining the fate of an 

implant, since it is the blood that first comes in contact with the scaffold surface (Sharma, 

2001; Tirrell et al., 2002). It involves multiple cascades of events like protein adsorption, 

complement activation, etc, which eventually lead to thrombus formation and 

inflammation (Anderson, 2001). The foreign body reaction also results in capsule 

formation (characterized by unwanted growth of fibroitic tissue around the implant), loss 

of function and pain, often necessitates additional surgery for subsequent removal of 

implant, pushing back the patient to the original state of suffering with additional 

complications (Courtney et al., 1994). So, blood compatibility is a critical property of a 

TE scaffold. 

Blood compatibility of a biomaterial can be significantly improved by various 

surface engineering methods, without altering the material’s bulk properties, which 

include functionalization with heparin, oligoethylene glycol groups, sulfate and sulfonate 

groups, etc (Piskin, 1992; Nair, et al., 1998; Jandt, 2007; Vasita et al., 2008; Ratner and 

Bryant, 2004; Tamada, 2003, 2004). Amongst them, sulfation was found to be a simple 

and efficient method (Tamada, 2003, 2004). There were only a couple of reports by 

Tamada et al (2003, 2004), where they have demonstrated the method of sulfation of B. 

mori SF and subsequently proved its anticoagulant activity. They have proposed that 

sulfation results in the addition of sulfate groups to hydroxyl moieties of Ser and Tyr 

residues in SF. However, in the above reports they have not (a) used SF in 3D scaffold 

form, (b) studied its potential for TE applications and (c) performed detailed studies on 

the biological properties of SF before and after sulfation. 

Currently, there are no reports on i) the use of SF from non-mulberry silk worms 

other than A. mylitta and A. pernyi for TE applications, ii) the fabrication of a scaffold 

with biomimetic architecture, iii) the blood compatibility aspects of SF from non-

mulberry silk worms, and, iv) the detailed biological properties of sulfated SF. 

Considering the above facts, in our earlier attempts, we characterized SF isolated from the 

cocoons of A. assama as a novel biodegradable, biocompatible biomaterial with potential 

for TE applications (Kasoju et al., 2009a) Subsequently, we reported the fabrication of A. 
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assama SF (AaSF) based 3D scaffold with a biomimetic micro–nano scale hierarchical 

architecture (Kasoju et al., 2009a). To address the issue of blood compatibility, in the 

current study, we carried out the sulfation of biomimetic scaffold composed AaSF. A. 

assama is a semi-domesticated, multivoltine, non-mulberry, wild, sericigenous species 

belonging to the family Saturniidae (super-family Bombycoidea), and is popularly known 

as muga silk (golden silk). It is confined only to the north eastern region of India and 

remains unexplored in the context of TE and for this reason A. assama was selected for 

the current study. 

 

4.2 MATERIALS AND METHODS 

4.2.1 Materials 

Cell culture plates, Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum 

(FBS), Antibiotic-Antimycotic solution and Potassium bromide (KBr, IR grade) were 

purchased from Sigma-Aldrich® (Bangalore, India). MTT and Trypsin were obtained 

from HiMedia® (Mumbai, India). Lithium Bromide was purchased from Loba Chemie® 

(Mumbai, India). Chlorosulfonic acid, pyridine and all other chemicals were of AR grade 

and were obtained from Merck® (Mumbai, India). 

 

4.2.2 Processing and degumming of cocoons 

The cocoons were collected from the Muga Silkworm Seed Organization (Central Silk 

Board), Guwahati, India and were processed according to a previous report with slight 

modifications (Rajkhowa et al., 2000). Briefly, the cocoons were cooked in 0.5 % (w/v) 

sodium carbonate solution for 20 min at 95 oC, with material to liquor ratio (MLR) of 

1:20. They were cooked for another 30 min at 45 oC in 0.25 % (w/v) Sodium carbonate 

solution with MLR of 1:30, and finally degummed at 90 oC for 3 h with MLR of 1:50 in a 

solution containing 0.2 % (w/v) Sodium carbonate and 0.025 % (w/v) Triton® X-100. In 

order to remove residual fats, cocoons were treated with a 3:1 Methanol and Diethyl ether 

solution for 8 h, followed by treatment with Cyclohexane for 24 h and then with toluene 

for 8 h. The fibers were thoroughly washed with distilled water, dried under vacuum and 

stored at room temperature in moisture-free environment until use. 
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4.2.3 Fabrication of micro-nano fibrous nonwoven scaffold 

Fabrication of biomimetic scaffold was done as described in previous chapter. Briefly, 

about 1 g of pure fibroin fibers were suspended in 100 ml of Formic acid (100% GR 

grade) solution and about 1 g Lithium bromide was gradually added under constant 

stirring (C-MAG-HS7, IKA®). The temperature of the mixture was progressively 

increased to 60 oC and the mixture was homogenized (T-25digital Ultra-Turrax®, IKA®) 

at 5000 rpm for 10 min. The homogenous mixture was cast in a 100 mm Petri dish and 

the solvent was allowed to evaporate at 37 oC for 48 h. The residual formic acid and 

traces of salts were removed by washing thoroughly with distilled water. It was finally 

dried overnight under vacuum at 37 o

 

C and stored in a moisture-free pouch until use. The 

resulting scaffold was used for future characterization studies. For blood compatibility 

and cyto-compatibility studies the scaffolds were sterilized by direct autoclaving prior to 

use. 

4.2.4 Sulfation of biomimetic scaffold 

Sulfation of the above prepared biomimetic scaffold was done by a simple reaction with 

chlorosulfonic acid in pyridine as reported previously (Tamada, 2003, 2004). Briefly, the 

scaffold was suspended in 5 ml of chlorosulfonic acid / pyridine solution (1:6) and heated 

at 80 oC for 2 h. Subsequently, to remove residual chlorosulfonic acid / pyridine the 

scaffolds were incubated in isopropanol and then in acetone at 55 oC for about 1 h. The 

scaffolds were then washed thoroughly with distilled water to remove traces of residual 

reagents. They were finally dried overnight under vacuum at 37 o

 

C and stored in a 

moisture-free pouch until use. The resulting scaffolds were used for future 

characterization studies. For blood compatibility and cyto-compatibility studies the 

scaffolds were sterilized by direct autoclaving prior to use. 

4.2.5 Characterization studies 

4.2.5.1 Morphological properties 

The samples were mounted on the specimen holder with electro-conductive tape and then 

sputter coated under vacuum with gold in a coating unit (Sputter Coater, SC7620, Polaron 
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Range). The surface and cross section morphologies of the scaffold were examined under 

scanning electron microscope (SEM, LEO 1430 VP and JSM 6380 LA, JEOL). 

4.2.5.2 Chemical / structural properties 

Energy dispersive x – ray (EDX) spectroscopy: The elemental analysis of the sulfated and 

pristine scaffolds were studied in a SEM (LEO 1430 VP) equipped with INCA Oxford 

EDX facility, at an acceleration voltage of 10 keV. 

Fourier Transform Infra Red (FTIR) Spectroscopy: About 3 mg of the finely powdered 

samples were pressed into a pellet with 200 mg of KBr and infrared spectra were 

recorded in a FTIR spectroscope (Spectrum One, Perkin Elmer, MA, USA), from 4000 

cm-1 to 450 cm-1 with a resolution of 2 cm-1 

4.2.5.3 Thermal properties 

and 5 scans per sample. 

Thermo Gravimetric Analysis (TGA): TGA was performed with a thermo gravimetric 

analyzer (TGA/SDTA851e/LF/1100, Mettler Toledo, USA). The cell was swept with 

nitrogen for analysis and the thermograph of 5 mg scaffold was obtained for a 

temperature ranging from 37 oC to 550 oC with a heating rate of 10 oC min-1

4.2.5.4 Water holding capacity 

. 

To study the water holding capacity, measured amounts of scaffold (Wd) was taken and 

was immersed in water for 1 h incubation at 37 oC. The swollen scaffold was subjected to 

a quick spin in a micro-centrifuge, in presence of a filter, to remove excess of water from 

the scaffold and the wet weight (Ws

Water uptake (%) = (W

) of the scaffold was determined. The water uptake 

(%) was calculated as follows: 

s - Wd) / Ws

 

) × 100 

4.2.6 Blood compatibility studies 

The blood compatibility of the scaffold was evaluated in vitro, and the following 

categories of blood interactions were studied: hemolytic potential. Also, protein 

adsorption and platelet adhesion studies were performed to gain detailed knowledge about 

blood compatibility of the scaffold. 
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Blood processing: Venous blood from healthy individuals was collected in heparin coated 

siliconized vials and the tests were performed within 3 h since collection (Tamada 2004). 

The scaffolds were conditioned in normal saline for 30 min at 37 o

4.2.6.1 Hemolytic assay 

C before testing. 

The hemolytic tests were performed according to Singh et al. (1990). The samples were 

placed in a siliconized tube containing 10 ml of heparinized blood (1:10 diluted with 

phosphate buffered saline – PBS, pH 7.4). 1 ml of heparinized blood diluted with 9 ml of 

PBS was taken as negative control (0 % hemolysis), and 1 ml of heparinized blood 

diluted with 9 ml of distilled water was taken as positive (100 % hemolysis) control. The 

contents were incubated at 37 o

Hemolysis % = (OD 

C for 1 h. Each tube was gently inverted twice each 30 

min to maintain contact of the blood with the material. After incubation, each fluid was 

transferred to a suitable tube and centrifuged (3K30, Sigma) at 2000 rpm for 15 min. The 

hemoglobin released by hemolysis was measured by the optical densities (OD) of the 

supernatants at 540 nm using a spectrophotometer UV–vis (Cary 100, Varian Inc.). The 

percentage of hemolysis was calculated as follows (Singh et al., 1990): 

sample – OD -ve control) / (OD +ve control – OD -ve control

4.2.6.2 Protein adsorption 

) × 100 

For protein adsorption studies, scaffolds were incubated in serum solution (10 % in PBS) 

for different time periods ranging from 15 min, 30 min, 45 min, 1 h, 2 h, 3 h, 6 h, 12 h, 18 

h and 24 h at 37 o

4.2.6.3 Platelet adhesion 

C. At the end of each incubation period, the scaffolds were gently 

washed with PBS followed by distilled water to remove loosely adhered proteins. The 

scaffolds were placed in 1% Sodium dodecyl sulfate (SDS, w/v in PBS) shaken 

vigorously to dislodge the adsorbed proteins and the solution was centrifuged to remove 

particulate or insoluble matter, if any. Finally, the amount of protein in the suspension 

was assayed by Folin-Lowry method (Lowry et al., 1951). Bovine serum albumin (BSA) 

prepared in 1% SDS (w/v in PBS) was taken as the standard. 

The amount of platelets adhered on the scaffold was determined as per a previous report 

(Singh et al., 1990). The heparinized blood was centrifuged at 1000 rpm for 10 min to 

obtain platelet rich plasma (PRP) and similarly it was centrifuged at 2800 rpm for 15 min 
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to obtain platelet-poor plasma (PPP). The platelet concentration of PRP was adjusted to 1 

× 105 platelets/μl. About 1 ml of PRP was incubated with the scaffold at 37 o

 

C. After 1 h 

of incubation, they were fixed in glutaraldehyde solution, dehydrated with ethanol 

gradient, coated with gold and examined under SEM. The count was done as an average 

of four locations taken at 500× magnification. 

4.2.7 Cyto-compatibility 

To evaluated the cyto-compatibility of the scaffold, in the current investigation, we used 

four established human cell lines viz. A-549 (derived from lung) obtained from the 

National Centre for Cell Science (NCCS, Pune, India) – the national repository of India. 

Cell culture: As per the NCCS guidelines, the cell line was maintained in DMEM 

containing 2 mM L-glutamine and 1.5 g/l Sodium bicarbonate, supplemented with 10% 

FBS and 1% antibiotic antimycotic solution (100×, 1000 U/ml Penicillin G, 10 mg/ml 

Streptomycin sulfate, 5 mg/ml Gentamycin and 25 µg/ml Amphotericin B). Cells were 

cultured till 70-80% confluence in T-25 culture flasks (CELLBIND, Corning®) at 37 oC 

in a CO2

4.2.7.1 Cytotoxicity assay 

 incubator (New Braunswick) and were trypsinized to get cell suspension. Cell 

count was done with a hemocytometer before proceeding for further experiments. 

The cytotoxicity studies were carried out using extracts of the unsulfated and sulfated 

scaffolds. The sterile scaffolds were extracted in serum free DMEM for 24 h at 37 oC and 

the extracts were used within 24 h of preparation. About 1 mL of extract (50 % dilution in 

serum free DMEM) was added to each well of a 24 well plate. After 24 h, 48 h and 72 h 

of incubation at 37 o

Viability (%) = (OD of test / OD of control) × 100 

C, cell viability was assessed using the UV – Vis spectrophotometry 

based MTT test. The percentage viability was calculated as the relative percentage of 

cells in the test sample with respect to cells in control sample. 

4.2.7.2 Culture of cells on scaffold 

Before cell seeding, sterile scaffolds were conditioned in DMEM supplemented with 10% 

FBS for 24 h. In independent experiments run simultaneously, the unsulfated and sulfated 
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scaffolds were seeded with A-549 cells. Typically, about 1 cm2 scaffold and 2 ml of 

medium (containing 1 × 103 cells/ml) were taken in sterile vials. The cells were allowed 

to attach in static condition at 37 oC in CO2. After 2-4 h of incubation, the cell-scaffold 

constructs (3D - three dimensional cultures) were transferred to a new 24 well culture 

plate and returned back to CO2 incubator. The cells were fed with fresh medium at a 

regular interval of 24 h. After 1 d, 2d, 3d, 5d and 7d of incubation, the cell-scaffold 

constructs were subjected for future analysis. Cells seeded and grown in 24 well tissue 

culture plates (CELLBIND, Corning®

4.2.7.3 Cell adhesion, viability and growth 

), without scaffold, were considered as the control 

experiments (2D - two dimensional cultures); growth conditions and incubations periods 

were similar to the test experiments. 

To investigate the attachment and spreading of cells on the unsulfated and sulfated 

scaffolds, 2 d old and 7 d old cell-scaffold constructs were fixed in 2.5 % glutaraldehyde 

solution, dehydrated in ethanol gradient, sputter coated with gold and finally examined 

under SEM (1430 VP, LEO and JSM 6380 LA, JEOL). Also, the viability and growth of 

seeded cells was evaluated by following a colorimetry based MTT assay (Mosmann, 

1983). Briefly, cell-scaffold constructs were incubated with 1 ml of MTT solution (0.5 

mg/ml in phenol red free and serum free DMEM) for 2-4 h at 37 oC in a CO2

Viability (%) = (OD of test / OD of control) × 100 

 incubator. 

The medium was replaced with equal volume of Dimethyl sulfoxide to dissolve the 

formazan complex and the optical density (OD) of the soluble fraction was read at 570 

nm in a UV-Vis spectrophotometer. 

 

4.2.8 Statistical analysis 

Experiments with quantitative data were done in replicates of four independent 

experiments and the results were expressed as Mean ± Standard Deviation (n = 4). 
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4.3 RESULTS 

4.3.1 Characterization studies 

4.3.1.1 Morphological properties 

Typical appearance of muga silkworm cocoon, silk fibroin fibers obtained after 

degumming process and the nonwoven scaffold obtained after fabrication process are 

shown in Figure 4.1 The SEM analysis of the solvent cast matrices revealed the 

formation of a nonwoven scaffold composed of micro- and nano- scale fibers (Figure 

4.2). The diameters of microfibers ranged between 1 to 20 mm, while the diameters of 

nanofibers ranged between 150 to 500 nm. A detailed SEM analysis of the scaffold was 

performed to trace the origin of such fibers and it was found that the disruption of 

molecular assembly of silk fibroin fibers has caused the formation of such a hierarchy of 

micro- and nano- scale fibers (Figure 4.3). SEM images of sulfated scaffold are shown in 

Figure 4.4. 

4.3.1.2 Chemical / structural properties 

EDX spectroscopy: A typical line diagram of EDX spectra of unsulfated and sulfated 

scaffold composed of fibroin from A. assama exhibited Kα lines for carbon, oxygen, 

nitrogen and sulfur at 0.28 keV, 0.52 keV, 0.39 keV and 2.31 keV respectively (Figure 

4.5). The relative sulfur content of unsulfated scaffold was found to be about 0.64 %; 

while in case of sulfated scaffold it was found to be around 22.21 %. 

FTIR spectroscopy: The FTIR spectra of pure fibroin fiber after degumming process (a), 

fibroin based unsulfated and sulfated nonwoven scaffolds (b,c) are presented in Figure 

4.6. Striking features were observed in the spectra of degummed silk fiber and scaffolds. 

Also, there were significant changes in the spectra of unsulfated and sulfated scaffolds. 

The spectra of degummed silk fiber displayed peaks at around 1600-1690 cm-1, 1480-

1575 cm-1, 1229-1301 cm-1, 625-767 cm-1 and 640-800 cm-1. It also exhibited an intense 

signal at 965 cm-1. While, the spectra of unsulfated and sulfated scaffolds also displayed 

signals related amide I-V and 965 cm-1, however the intensities of the signals were 

relatively low. Upon sulfation, the scaffold exhibited signals nearby 1375–1385 cm-1, 

around 1400 and 1200 cm−1 and between 1300 – 1180 cm-1

  

. 
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Figure 4.1. Physical appearance of muga silkworm cocoon, silk fibroin fibers obtained 

after degumming process and the nonwoven scaffold obtained after fabrication process. 

 

 

Figure 4.2. A typical image of unsulfated scaffold with biomimetic architecture was 

obtained from SEM analysis: a,b) low and high magnification views, respectively, and, c) 

high magnification image showing the texture of a fiber.  
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Figure 4.3. From SEM analysis, it was clear that the fabrication process has disrupted 

the molecular assembly of fibroin fibers and subsequently resulted in the formation of 

nanoscale fibrils. Normal and disrupted fibers can be seen side-by-side in (a) and a high 

magnification image of disrupted fiber can be seen in (b). 

 

 

Figure 4.4. The sulfation reaction did not affect the scaffold architecture and fiber 

texture as revealed by SEM analysis: a,b) low and high magnification views, respectively, 

and, c) – high magnification image showing the texture of a fiber.   
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Figure 4.5. A typical elemental microanalysis spectrum of unsulfated (a) and sulfated (b) 

scaffold with Kα lines for carbon, oxygen, nitrogen and sulfur as obtained from EDX 

analysis. The signal for Au appeared due to the coating process used prior to sample 

analysis. The inset shows a pie diagram representing the relative atomic percentages of 

each element (Au has been omitted). 

 

 

Figure 4.6. The FTIR spectra of a) pure fibroin, b) pristine, and, c) sulfated micro–

nanofibrous scaffolds revealed the changes occurring due to fabrication and sulfation 

processes. 
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4.3.1.3. Thermal properties 

The thermal properties of the unsulfated and sulfated scaffolds were determined by TGA 

analysis (Figure 4.7). The thermograph revealed the thermal stability of the scaffold up to 

approximately 250 oC with mere <10 % weight loss. However, the onset of thermal 

degradation started at around 250 oC and continued up to around 380 o

 

C with a sharp 

weight loss of up to 50 %. Both unsulfated and sulfated scaffolds exhibited similar TGA 

graphs, however, the weight loss (%) was slightly decreased after sulfation process. 

4.3.1.4 Water holding capacity 

The surface wettability (hydrophilicity and hydrophobicity) is an important property of a 

scaffold. The water uptake capacity is considered to be a good measure of surface 

wettability or hydrophilicity of any material. The water uptake capacity of the micro- 

nano fibrous unsulfated scaffold was found to be around 26.67 ± 1.2 %. After sulfation, 

the water uptake capacity of the scaffold was found to be 37.7 ± 1.6 %. 

 

4.3.2 Blood compatibility studies 

4.3.2.1 Hemolytic assay 

The effect of scaffold on blood components particularly on red blood cells was evaluated 

by in vitro hemolysis assay. The absorbance values of the test sample 1 (heparinized 

blood with unsulfated scaffold), test sample 2 (heparinized blood with sulfated scaffold), 

positive control (heparinized blood with distilled water, without scaffold) and negative 

control (heparinized blood with PBS, without scaffold) were found to be 0.9005 ± 0.0107, 

0.8980 ± 0.0142, 2.2300 ± 0.0106 and 0.8835 ± 0.0034 respectively. The percent 

hemolysis of the blood incubated with unsulfated and sulfated scaffolds were found to be 

1.263 % and 1.077 % respectively.  
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Figure 4.7. TGA analysis, to understand the kinetics of weight loss as a function of 

temperature, revealed that the sulfated scaffold has better thermal stability. 

 

 

Figure 4.8. The adsorption profile of serum proteins onto the pristine and sulfated 

scaffolds revealed a series of adsorption and desorption events. The overall decrease in 

the amount of adsorbed protein on scaffold after sulfation was found to be about 21.34%. 
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4.3.2.2 Protein adsorption on scaffold 

The amount of proteins adsorbed onto scaffold as a function of time was estimated. The 

results of adsorption studies with serum (10 %, v/v in PBS) are presented in Figure 4.8. 

The results revealed a series of adsorption and desorption phenomenon occurred through 

the incubation period of 24 h. There was a rapid increase in adsorption up to 0.75 h, 

followed by an exponential desorption till 3 h. At 12 h, the amount of adsorbed protein 

increased and from there onwards it reached a plateau for the rest of incubation period. 

Although the pattern of protein adsorption was found to be similar in both cases, the 

average amounts of protein adsorbed onto unsulfated and sulfated scaffold were 1.509 ± 

0.18 µg/cm2 and 1.187 ± 0.12 µg/cm2

 

 respectively. 

4.3.2.3 Platelet adhesion on scaffold 

The amount of proteins adsorbed onto unsulfated and sulfated scaffolds was estimated by 

SEM analysis. Typical SEM images showing the adhesion of platelets over the unsulfated 

and sulfated scaffolds is presented in Figure 4.9. After 1 h incubation of scaffold in 

contact with PRP at 37 oC the amount of platelets adhered onto the unsulfated and 

sulfated scaffolds was calculated to be approximately 4.65 × 103 cells/cm2 and 1.69 × 103 

cells/cm2

  

 respectively. 
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Figure 4.9. A significant decrease in the number of platelets adhered after sulfation 

reaction was clearly evident from the SEM images of a) unsulfated and b) sulfated 

biomimetic scaffold. 

 

 

Figure 4.10. In vitro cytotoxicity assay using A549 cells revealed that the scaffold was 

non-toxic, with more than 98% cell viability even after 72 h of treatment. 
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4.3.3. Cyto-compatibility studies 

4.3.3.1 Cytotoxicity assay 

The cytotoxic effect of the sulfated scaffold on A549 cells was determined in vitro using 

MTT assay. As evident from Figure 4.10, the viability (%) of A549 cells treated with the 

extracts of unsulfated and sulfated scaffolds were found to be more than 98 % even after 

72 h of treatment. While, the viability (%) of cells treated with the extracts of pristine 

cocoon fibers decreased gradually up to 60 % at the end of 72 h of treatment. 

 

4.3.3.2 Cell adhesion, viability and growth 

To evaluate the relative compatibility of the unsulfated and sulfated scaffold towards 

human cells, we incubated A549 cells with the scaffolds and cultured for about 7 days. 

Subsequently, the cell – scaffold constructs were subjected to SEM and MTT assay 

analysis. Typical SEM images of 1 week old cultures of A549 cells growing on 

unsulfated and sulfated scaffolds are presented in Figure 4.11. Similarly, after 1 d, 2 d, 3 

d, 5 d and 7 d of incubation, the cultures of A549 cells growing on unsulfated and 

sulfated scaffolds were subjected to MTT assay to determine cell viability. The results 

revealed an exponential increase in the viability of A549 cells growing on both unsulfated 

and sulfated scaffolds over a period of 7 days, while, in case of 2D cultures (24 well 

tissue culture plates) the cell viability has reached a plateau after approximately 3 d 

(Figure 4.12). However, it was found that the cell growth was slightly high on sulfated 

scaffolds than on unsulfated scaffolds. 
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Figure 4.11. Typical SEM images of 1 week old cultures of A549 cells growing on 

unsulfated (a) and sulfated (b) scaffolds. 

 

 

Figure 4.12. MTT assay of cell–scaffold constructs: The results revealed an exponential 

increase in the cell viability in 3D cultures (cell – scaffold constructs) over a period of 7 

days, while, in case of 2D cultures (24 well tissue culture plates) the cell viability has 

reached a plateau after approximately 3 d. 
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4.4 DISCUSSION 

The architecture and surface chemistry of a scaffold determine its utility in TE. 

Conventional techniques have limitations in fabricating a scaffold with control over both 

architecture and surface chemistry. To ameliorate this, in this report, we demonstrate the 

fabrication of an Antheraea assama silk fibroin (AaSF)-based functional scaffold. AaSF 

is a non-mulberry variety having superior qualities than mulberry SF and is largely 

unexplored in the context of TE. First, a 3D scaffold with biomimetic architecture is 

fabricated. The scaffold is subsequently made blood compatible by modifying the surface 

chemistry through a simple sulfation reaction. The fabrication process is simple, efficient 

and reproducible, and does not involve any toxic cross linking agents. Initially, cocoons 

of A. assama were subjected to degumming process to yield pure fibroin fibers. They 

were then suspended in lithium bromide / formic acid solution, homogenized under heat 

and subsequently cast in a mold. Finally, the nonwoven scaffold was subjected to 

sulfation reaction as per a previous report (Tamada, 2003, 2004). Figure 4.1 shows the 

physical appearance of muga silkworm cocoon, silk fibroin fibers obtained after 

degumming process and the nonwoven scaffold obtained after fabrication process. 

The morphological analysis of the solvent cast matrices, revealed formation of a 

nonwoven scaffold composed of micro scale and nano scale fibers (Figure 4.2). In case 

of micro fibers the diameter ranged from 1 μm to 20 μm, where as it was about 150 nm to 

500 nm in case of nano fibers. The formation of nano fibers was due to molecular 

disruption of micro scale fibroin fibers into nano scale fibrils caused by the fabrication 

process (Figure 4.3). This resulted in a nonwoven porous scaffold consisting of micro 

fibers and nanofibrous network spanning between microfibrous networks. Such a 

hierarchically organized micro – nano fibrous biomimetic scaffold has great potential for 

TE applications, where, the advantages of both components can be utilized 

synergistically. The nanofibrous component offers high surface to volume ratio and the 

microfibrous component provides greater structural integrity (Kasoju et al., 2009b). 

Morphological analysis of sulfated scaffold was also done to detect changes in scaffold 

architecture due to sulfation reaction. We observed no significant changes in the scaffold 

architecture and morphological features after sulfation reaction for 2 h (Figure 4.4). Our 

findings were in good agreement with the earlier report by Taddei et al (2007) where the 

sulfation reaction time of 2 h was found to yield high degree of sulfation without 

affecting the material architecture and texture. 
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We followed a simple and rapid SEM-EDX based elemental composition analysis 

to obtain an estimate of sulfur content in the unsulfated and sulfated scaffolds. A typical 

line diagram of EDX spectra of unsulfated and sulfated scaffold composed of fibroin 

from A. assama exhibited Kα lines for carbon, oxygen, nitrogen and sulfur at 0.28 keV, 

0.52 keV,  0.39 keV and 2.31 keV respectively (Figure 4.5(a) and 4.5(b) respectively). 

The relative sulfur content of unsulfated scaffold was found to be about 0.64 %; while in 

case of sulfated scaffold it was found to be around 22.21 %. The ratio of the intensities of 

sulfur and carbon peaks was taken as a measure of sulfur content. It was found to be 

around 0.014, which was slightly higher than the reported sulfur content (0.012; sulfation 

time 2 h) of sulfated fibroin fabrics derived from B. mori (Taddei et al, 2007). 

 Striking features were observed in the spectra of degummed silk fiber and 

scaffolds, also, there were significant changes in the spectra of unsulfated and sulfated 

scaffolds (Figure 4.6). The spectra of degummed silk fiber displayed peaks at around 

1600-1690 cm-1, 1480-1575 cm-1, 1229-1301 cm-1, 625-767 cm-1 and 640-800 cm-1 which 

are distinctive of amide I-V respectively (Wilson et al., 2000). It also exhibited an intense 

signal at 965 cm-1 which is characteristic of β(3a) type conformation of non-mulberry 

fibroin (Keten et al., 2010). While, the spectra of unsulfated and sulfated scaffolds also 

displayed signals related amide I-V and 965 cm-1, however the intensities of the signals 

were relatively low. Upon sulfation, the scaffold exhibited signals nearby 1375–1385 cm-

1, around 1400 and 1200 cm−1 and between 1300 – 1180 cm-1. Signals that appeared 

nearby 1375–1385 cm-1 range can be attributed to υasSO2 mode of organic covalent 

sulfates. Absorption bands observed around 1400 and 1200 cm−1 can be attributed to 

asymmetric and symmetric stretching vibration of SO2 group, respectively. Additionally, 

signals related to υasSO2 of alkyl sulfate salts, υasSO2 of sulfonamides and υsSO2 of 

organic covalent sulfates, were found to lie in between 1300–1180 cm-1

The thermal properties of sulfated and pristine scaffold were determined from the 

theromgraphs obtained in TGA analysis. The TGA analysis revealed presence of two 

 and hence 

overlapped with amide – III band signals (Taddei et al, 2007). Thus, the fabrication 

process caused certain changes in the spectral properties of fibroin especially bands 

related to amide – I and amide – II, which signify a stable and characteristic β-sheet 

conformation of SF. Additionally, the presence of signals related to sulfated groups 

clearly suggested the successful sulfation process, without any significant effect on the 

characteristic conformation of the fibroin. 
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regions of thermal degradation (Figure 4.7). The evaporation of moisture content in the 

scaffold resulted in a weight loss of up to approximately 5% during initial heating. This 

was followed by a region of greater thermal stability starting up to 250 oC with mere <10 

% weight loss. Finally, the onset of thermal degradation started at around 250 oC and 

continued up to around 380 o

The surface wettability (hydrophilicity and hydrophobicity) is an important 

property of a scaffold (Lv et al., 2008). Scaffolds with hydrophobic surface are not 

generally recommended for use in biomedical applications as they favour adsorption of 

proteins and platelets, which subsequently lead to implant rejection. In contrast, 

hydrophilicity at the material surface is a desired feature which favors less protein and 

platelets, and hence results in improved biocompatibility (Park et al., 2002; Xu and 

Siedlecki, 2007). The water holding capacity is considered as a good measure of surface 

wettability or hydrophilicity of any material. The water uptake was found to be 26.67 ± 

1.2 % and 37.7 ± 1.6 % in case of pristine and sulfated scaffold respectively. Thus, the 

increase in the overall water uptake capacity of the scaffold after sulfation reaction was 

found to be around 29.26 %. The increase in the hydrophilicity results in less protein 

adsorption and platelet adhesion, which restricts the coagulation and improves the blood 

compatibility (Tamada, 2004; Xu and Siedlecki, 2007). 

C with a sharp weight loss of up to 50%. The pattern of 

thermal decomposition in TGA analysis was found to be similar both in sulfated and 

pristine scaffold. However, the rate of thermal decomposition was found to be lower in 

case of sulfated scaffold in comparison to pristine scaffold. These results were in good 

agreement with the earlier report of B. mori sulfated SF (Taddei et al, 2007). The increase 

in the thermal stability can be attributed to the sulfate groups that were incorporated into 

the core protein structure during sulfation reaction.  

Blood is a highly complex fluid which consists of water, ions, proteins and a 

variety of cells. When a bioengineered implant comes in direct contact with blood, it 

provokes a sequence of events like protein adsorption, coagulation cascade (via the 

intrinsic pathway) and the complement activation (via the intrinsic and extrinsic 

pathways), which ultimately result in the formation of thrombus. Such events may 

consequently induce acute immune response and inflammation and thus lead to implant 

rejection (Satish and Kumar, 2007; Sharma, 2001). Hence, the study of blood – 

biomaterial interactions are important to define the biocompatibility of the scaffold. An 

ideal biomaterial should not have any effect on the red blood cells which are one of the 
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crucial fractions of blood that ensures proper exchange of gases between cells and 

circulating blood. From in vitro hemolysis assay, the percentage hemolysis was found to 

be around 1.263 % and 1.077 % respectively for unsulfated and sulfated scaffolds.  

Hence, the reduction in the hemolysis percentage, after sulfation of scaffold, was found to 

be about 14.705 %. 

 When a material comes in contact with the biological medium, protein adsorption 

is the first event that takes place on the material surface, which in turn influences the 

subsequent biological responses like platelet adhesion, activation, etc., and hence 

determines the biocompatibility of a material (Chen et al., 2008, Pitt et al., 1986). 

Therefore, it is essential to understand the interaction between proteins and material 

surfaces. In the current study, the amount of proteins adsorbed onto scaffold as a function 

of time was estimated (Figure 4.8). A dynamic pattern of protein adsorption and 

desorption was observed during the incubation period of 24 h. Though, the pattern of 

protein adsorption was found to be similar in both cases, the average amount of protein 

adsorbed onto pristine and sulfated scaffold was found to be around 1.509 ± 0.18 and 

1.187 ± 0.12 µg / cm2

 Platelet adhesion plays a fundamental role in the development of thrombosis and 

the subsequent fate of an implant (Rao and Chandy, 1999), and hence, it is an essential to 

test the interaction of the scaffold with the blood platelets. In the current study, after 1 h 

of incubation of scaffolds with PRP, the number of platelets adhered to the pristine and 

sulfated scaffold was determined to be 4.65 × 10

 respectively. The average decrease in the protein adsorption onto 

scaffold after sulfation was calculated to be around 21.34 %, which clearly suggests a 

significant improvement in the antifouling efficiency of the scaffold after sulfation. 

Resistance to protein adsorption continues to be an important factor under consideration 

in the design of biocompatible surfaces, which in this case was effectively achieved by 

the surface modification of A. assama fibroin by treatment with chlorosulfonic 

acid/pyridine for 2 h. The incorporation of sulfate and sulfonate groups has resulted in an 

increase in the surface wettability which in turn is accounted for the low adherence of 

serum proteins. 

3 / cm2 and 1.69 × 103 / cm2 respectively. 

The overall decrease in the platelet adhesion percentage, after sulfation, was calculated to 

be around 60 %. The SEM images showing the significant decrease in the number of 

platelets adhered between sulfated and pristine scaffolds clearly suggests that the sulfated 

scaffold was efficient in resisting platelet adhesion (Figure 4.9). The increased 
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wettability due to sulfation decreased protein adsorption, which in turn resulted in a 

significant decrease in the number of platelets adhered. 

 TE strategies often involves the isolation of cells from the patient, seeding on to a 

scaffold, in vitro culturing of the cell–scaffold construct and subsequent implantation 

back into the patient body (Eisenbarth, 2007). Therefore, a scaffold to be used in TE 

should be nontoxic to human cells and should facilitate the attachment, migration and 

growth of cells and finally result in the formation of a functional tissue (Atala, 2007). In 

the current study, to evaluate the effect of sulfation on cytocompatibility we performed in 

vitro cytotoxicity assay, where A549 cells were treated with the extracts of unsulfated and 

sulfated scaffolds for a period of 24 h, 48 h and 72 h and the cell viability was estimated 

by a UV-Vis spectrophotometer based MTT assay. The viability of cells treated with the 

extracts of both unsulfated and sulfated scaffolds was found to be more than 98 % even 

after 72 h of treatment, with no any significant difference between two groups (Figure 

4.10). Since the sulfated scaffold has induced less than 2 % cell death, it can be regarded 

as non-cytotoxic and safe for human cells. 

Also, to evaluate the effect of sulfation on cell adhesion and spreading in the 

scaffold, we cultured A549 cells with unsulfated and sulfated scaffolds for about 7 d. The 

qualitative estimation of cell adhesion and spreading of cells over the scaffold was 

obtained by SEM examination of cell – scaffold constructs. Typical SEM images of 7 d 

old cultures of cells growing on unsulfated and sulfated scaffolds are shown in Figure 

4.11. The results clearly suggest the homogenous spreading of cells on the sulfated 

scaffold. Also, there was no any significant qualitative difference in the cyto-

compatibility between unsulfated and sulfated scaffolds. We have performed MTT based 

assay to obtain quantitative data on cell adhesion strengths of sulfated and unsulfated 

scaffold. The results revealed an exponential increase in the cell viability in 3D cultures 

(cell – scaffold constructs) over a period of 7 days, while, in case of 2D cultures (24 well 

tissue culture plates) the cell viability has reached a plateau after approximately 3 d 

(Figure 4.12). The limited availability of space and contact inhibition phenomenon may 

be the reasons for the viability pattern of cells in 2D cultures, while, the viability (%) 

pattern of cells in 3D cultures may be attributable to excess availability of space in three 

dimensions and exponential cell proliferation. Additionally, the results indicate that there 

was a slight increase in the cell viability on sulfated scaffold in comparison to unsulfated 

scaffold. This was perhaps due to the fact that sulfation increased the surface 
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hydrophilicity, which in turn facilitated the cell adhesion, and hence there was a slight 

increase in the cell growth on sulfated scaffold in contrast to cell growth on unsulfated 

scaffold. Hence, the results of SEM observations and MTT assay of cell – scaffold 

constructs collectively suggest excellent cellular compatibility of sulfated A. assama 

fibroin based micro – nano fibrous nonwoven scaffold. These results also hold promise 

and encouragement for progressing towards production of functional tissues with this 

novel biomimetic scaffold. 

 

4.5 CONCLUSIONS 

In the current chapter, we describe (a) the sulfation of fibroin isolated from a 

nonmulberry silkworm, (b) the use of SF in the form of a 3D scaffold for sulfation 

reaction, and (c) the detailed tests to elucidate the changes in the biological properties of 

fibroin before and after sulfation and to evaluate its subsequent use in TE applications. 

The fibroin purified from Antheraea assama cocoons was fabricated into 3D scaffold 

with biomimetic architecture and subsequently the scaffold was made blood compatible 

by modifying the surface chemistry through a simple sulfation reaction. The scaffold has 

nonwoven micro-nano fibrous hierarchical architecture, where micro fibers diameter 

ranged from 1 μm to 20 μm while nano fibers ranger between 150 nm to 500 nm. The 

relative sulfur content of sulfated scaffold was found to be around 22.21 %. The reduction 

in the hemolysis percentage, after sulfation of scaffold, was found to be about 14.705 %. 

The average decrease in the protein adsorption and platelet adhesion percentage after 

sulfation was calculated to be around 21.34 % and 60 % respectively. The sulfation 

reaction significantly improved the overall hydrophilicity of the scaffold as evident from 

about 29.26 % increase in water holding capacity; this could be the possible cause for the 

enhanced blood compatibility. This study revealed that the AaSF based sulfated scaffold, 

having biomimetic architecture and blood compatible surface chemistry, could be a 

suitable scaffold for TE applications. However, extensive research is still needed to 

investigate the in vivo behavior of this functional scaffold to exploit its full potential. 

 

-- * -- 
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5.1 INTRODUCTION 

Turmeric derived from the rhizome of perennial herb Curcuma longa has been 

traditionally used as a spice by the people of the Indian subcontinent for centuries with no 

known side effects, and to treat a wide variety of ailments. In Ayurveda numerous 

therapeutic activities have been assigned to turmeric for a wide variety of health 

problems, including those of the skin, pulmonary, and gastrointestinal systems, pains, 

wounds, liver disorders, etc (Balasubramanyam et al., 2003; Mukherjee et al., 2010; 

Kesarvani and Khan, 1999). Extensive studies in the last half century have proven that 

most of these activities, associated with turmeric, are due to curcumin (Goel et al., 

2008a). Curcumin, which gives yellow color to turmeric, was first isolated about two 

centuries ago, and its structure (diferuloylmethane) was determined in 1910 (Aggarwal et 

al., 2007). Curcumin has been shown to exhibit antioxidant, anti-inflammatory, antiviral, 

antibacterial, antifungal, anticancer, antiamyloid activities, etc., and thus has a potential 

against various diseases such as cancer, diabetes, allergies, arthritis, Alzheimer’s, etc 

(Soudamini and Kuttan, 1988; Balasubramanyam et al., 2003; Kohli et al., 2005; 

Shaffrathul et al., 2007; Mishra and Palanivelu, 2008; Chaturvedi, 2009; Kulkarni and 

Dhir, 2010). These effects are mediated through the regulation of various transcription 

factors, growth factors, inflammatory cytokines, protein kinases and other enzymes (Joe 

et al., 2004; Maheshwari et al., 2006; Aggarwal and Sung, 2009). Considering the recent 

scientific belief that multitargeted therapy is better than monotargeted therapy for most 

diseases, curcumin can be considered an ideal “Spice for Life” (Goel et al., 2008). 

However, the major drawbacks in clinical development of curcumin are (1) it is extremely 

low solubility in aqueous solutions, (2) instability in physiological fluid (PBS, pH 7.4, 

37ºC), (3) formation of drug aggregates when administered intravenously and (4) 

deprived absorption in gut which consequently leads to low serum concentrations (Anand 

et al., 2007). 

To overcome the problems of solubility, stability and bioavailability associated 

with curcumin, the development of novel delivery systems is attracting significant 

attention in recent past. The first delivery system of curcumin was developed by Kumar et 

al (2002) in which they encapsulated curcumin in biodegradable microspheres of chitosan 

and BSA. Since then a series of formulations are prepared to deliver curcumin, which 

include various nanocarriers based on liposomes, emulsions, dendrimers, cyclodextrins, 

micelles, and polymers (both synthetic and natural) (Bisht and Maitra, 2009). Curcumin 
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releasing stents have been developed by an ultrasonic spray method (Pan et al., 2006). 

These stents had a sustained release profile without initial burst release, and exhibited 

excellent anticoagulation activity compared to bare stents. Such implantable drug delivery 

systems (IDDS) offer various advantages which include targeted local delivery of drugs at 

a constant rate, reduced drug dose, minimized side effects, and enhanced efficacy of 

treatment (Dash and Cudworth, 1998). IDDS can be classified into three major categories: 

biodegradable or non-biodegradable implants, implantable pump systems, and the 

atypical class of implants. Biodegradable IDDS have gained much popularity over other 

systems, since the polymers used for the fabrication of the delivery system are eventually 

absorbed or excreted by the body. This alleviates the need for surgical removal of the 

implant after the completion of therapy thereby increasing patient acceptance and 

compliance (Chung and Park, 2007). 

Among the various biomedically relevant polymers studied for sustained and 

controlled drug release, silk fibroin, due to its unique properties, has been favorably 

exploited as a polymer vehicle (Altman et al., 2003). Fibroin is a natural macromolecular 

polymer, synthesized in the epithelial cells of specialized glands, secreted into the lumen 

and finally spun into fibers by several Lepidopteran larvae such as Bombyx mori. Fibroin 

fibers are well known as fabrics for centuries and are valued for its lustre, texture and 

durability. Apart from this, its compatibility with the human body has been favourably 

exploited for its use as surgical sutures. Many studies have revealed the excellent 

physico-chemical, thermal, mechanical properties of fibroin along with its impressive 

biocompatibility and biodegradability (both in vitro and in vivo) (Vepari and Kaplan, 

2007; Numata and Kaplan, 2010). Fibroin matrices have been exploited as carriers for 

encapsulation of various therapeutic agents including insulin-like growth factor I, 

fibroblast growth factor 2, nerve growth factor, theophylline, adenosine, etc (Bayraktar et 

al., 2005; Uebersax et al., 2007, 2008; Wenk et al., 2010; Pritchard et al., 2010).  

Fibroin proteins are naturally occurring block copolymers comprising of 

alternating repetitive hydrophobic and hydrophilic peptide sequences, with a high content 

of short side chain amino acids, Gly, Ser and Ala. During spinning process in the cocoon 

formation stage several such motifs interact with one another by hydrogen bonding and 

hydrophobic interactions to form β-sheet stacks (Altman et al., 2003; Vepari and Kaplan, 

2007; Numata and Kaplan, 2010). We have hypothesized that such hydrophobic 

environments can be conveniently utilized for encapsulating hydrophobic drugs such as 
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curcumin. Here for the first time we describe the encapsulation of multi-potential 

therapeutic agent curcumin within the hydrophobic core of fibroin protein and its 

application as drug releasing tissue engineering scaffold. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Materials 

Cell culture chemicals and plastic ware purchased from Sigma (Bangalore, India). 

Curcumin and MTT (3–(4,5–Dimethylthiazol–2–yl)–2,5–diphenyltetrazolium bromide) 

were obtained from Hi-Media Laboratories (Mumbai, India). All other chemicals of 

analytical reagent grade were purchased from Merck (Mumbai, India) and used without 

further processing. Bombyx mori cocoons were a kind gift from Silk Mark Organization 

of India (SMOI), Guwahati, India. 

 

5.2.2 Aqueous regeneration of fibroin from cocoons 

The cocoons were degummed and processed to yield aqueous regenerated silk fibroin as 

per reported protocol (Meinel et al., 2009). Briefly, the pure fibroin fibers were 

suspended in lithium bromide and subjected to heating. The soluble fraction was dialyzed 

to yield fibroin aqueous solution. 

 

5.2.3 Fabrication of curcumin loaded and curcumin free fibroin scaffold 

Defined amounts of curcumin were dissolved in Dimethyl sulfoxide (DMSO) and were 

then mixed with regenerated fibroin solution (2% w/v, in 1X PBS). The final 

concentration of DMSO was 1% (v/v). The mixture was poured into a mould, freezed at -

20 °C for overnight and thawed at room temperature to yield curcumin loaded silk fibroin 

(CU-SF) scaffold. 

Similarly, for control experiments, curcumin free silk fibroin (SF) scaffold was 

fabricated by mixing DMSO (without curcumin) with regenerated fibroin solution. 

Subsequently, the mixture was freezed and thawed to yield SF scaffold. 
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5.2.4 Characterization studies 

5.2.4.1 Morphological properties 

The samples were mounted on the specimen holder with electro-conductive tape, sputter 

coated under vacuum with gold in a coating unit (Sputter Coater, SC7620, Polaron 

Range), and were subsequently observed under scanning electron microscope (SEM, LEO 

1430 VP, UK). 

5.2.4.2 Physical properties 

To study the swelling behavior, measured amounts of scaffold were taken (Wd) and were 

immersed in water for 24 h. The swollen scaffold was centrifuged at 500 r.p.m. in the 

presence of a filter to remove excess water from the scaffold and the wet weight (Ws) was 

determined. The degree of swelling (Q) and water uptake (%) were calculated using 

following equations respectively (Kasoju et al., 2009). 

( )s d

d

W  - W
Degree of swelling (Q) 100

W
= ×

 

( )s d

s

W  - W
Water uptake (%) 100

W
= ×

 

5.2.4.3 Thermal properties 

Thermal gravimetric analysis (TGA). TGA measurements were performed using a TGA 

instrument (Mettler Toledo). A thermograph of 5 mg scaffold was obtained from 25 – 

500 oC, with a heating rate of 10 o

Melting Point: The melting point of pure curcumin was determined by a melting point 

recorder (Büchi, B-540). 

C/min. The cell was swept with nitrogen during 

analysis. 

5.2.4.4 Chemical / structural properties 

Fourier transform infrared (FTIR) spectroscopy. About 5 mg of the finely powdered 

samples were pressed into a pellet with 200 mg of potassium bromide (IR grade, Sigma-

Aldrich) and infrared spectra were recorded in FTIR spectrophotometer (Spectrum One, 
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Perkin Elmer, MA, USA), from 4000 cm–1 to 450 cm–1 with a resolution of 2 cm–1

X-ray diffraction (XRD) spectroscopy. The samples were subjected to XRD analysis on a 

Bruker D8 advance X–ray diffractometer (Bruker Axs Inc. Germany) using Cu–Kα 

radiation (λ = 1.54184 A

 and 5 

scans per sample.  

o ) at 40 kV voltage, 40 mA current, a scanning rate of 0.05o /min 

and a 2θ angle ranging from 5o to 75o

Nuclear magnetic resonance (NMR) spectroscopy. Curcumin from loaded scaffolds was 

extracted in chloroform-d (99.8 atomic % D, Sigma-Aldrich) and 

. 

1

5.2.4.5 Photo-physical properties 

H NMR spectrum was 

recorded in NMR instrument (Mercury Plus 400 MHz, Varian). 

The photophysical properties of curcumin in various solvent systems, viz. phosphate 

buffered saline (PBS), DMSO (10% v/v, in PBS) and fibroin solution (in PBS), were 

studied under UV–Vis spectroscope and fluorescence spectroscope. A 1.0 cm path length 

glass cell (for UV–Vis) and quartz cell (for fluorescence) were used for measurements. 

 

5.2.5 Fluorescence spectroscopy studies 

5.2.5.1 Effect of DMSO on fibroin conformation 

The effect of solvent (DMSO) on fibroin conformation was investigated by measuring the 

intrinsic fluorescence of the fibroin. The fibroin was kept constant at a concentration of 1 

mg/ml (in PBS) and the concentration of DMSO was varied from 0 – 10 % (v/v). The 

samples were excited at 274 nm (for Tyr) and 295 nm (for Trp) and the emission spectra 

were recorded from 290 – 400 nm and 305 – 450 nm respectively. A bandwidth of 5 nm 

was used for both excitation and emission monochromators. 

5.2.5.2 Effect of curcumin on fibroin fluorescence 

The quenching of fibroin intrinsic fluorescence by curcumin was examined by keeping 

the fibroin concentration constant at 1 mg/ml (in PBS) and by varying the curcumin 

concentration from 0 – 100 µM. The samples were excited at 274 nm (for Tyr) and 295 

(for Trp) and the emission spectra were recorded from 290 – 400 nm and 305 – 450 nm 

respectively. A bandwidth of 5 nm was used for both excitation and emission 
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monochromators. The quenching data was analyzed according to the below mentioned 

Stern – Volmer equation, where, F0 and F are the fluorescence intensities in absence and 

presence of curcumin respectively, [Q] is curcumin concentration and KSV

0 1 SV
F K Q
F
= +   

 is Setrn – 

Volmer quenching constant (Sahu et al., 2008). 

 

5.2.5.3 Determination of binding constant 

The binding of curcumin with fibroin was quantified by measuring the fluorescence of 

curcumin by keeping its concentration constant at 100 µM and by varying the fibroin 

concentration from 0 – 100 µg/ml (equivalent to 2.557 × 10-5 M to 2.557 × 10-4 M, 

considering the molecular weight of fibroin as 391 kDa, Yang et al., 2004). The samples 

were excited at 420 nm and the emission spectra were recorded from 450 – 700 nm, with 

a bandwidth of 5 nm for both the excitation and emission monochromators. The binding 

constant was determined by using the following equation, where, ΔFI is the change in 

curcumin fluorescence intensity in presence and absence of fibroin, ΔFImax is the 

maximal change in curcumin fluorescence intensity, Kb

[ ]max max

1 1 1
I . I . SFFI F Kb F

= +
∆ ∆ ∆

 is the binding constant and [SF] 

is the concentration of silk fibroin (Liang et al., 2008). 

 

5.2.5.4 Curcumin interaction with fibroin acid hydrolysate 

Fibroin acid hydrolysate was prepared according to Hess et al (2002). The fluorescence 

properties of curcumin suspended in fibroin and fibroin hydrolysate were analyzed. The 

samples were excited at 420 nm and the emission spectra were recorded from 450 – 700 

nm, with a bandwidth of 5 nm for both the excitation and emission monochromators.  

 

5.2.6 Evaluation of drug release kinetics 

5.2.6.1 Preparation of releasing medium 
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Dulbecco’s PBS without divalent cations (Ca++ and Mg++) was chosen to simulate human 

physiological pH condition of 7.2 to 7.4. However, due to the solubility limitation of 

curcumin in the DPBS, it was mixed with Tween 80® (0.5% v/v) and methanol (3%) to 

prepare the releasing medium (DPBS: Tween 80®

5.2.6.2 Release (%) 

: Methanol, DTM) (Suwantong et al., 

2008). 

The release characteristics of curcumin from CU-SF scaffold were investigated by total 

immersion method. Each specimen was immersed in 10 ml of DTM medium. SF 

scaffolds were suspended in 10 ml of DTM medium supplemented with 0.02% (w/v) 

sodium azide. The samples were then incubated at 37 o

Released curcuminRelease (%) 100
Total curcumin

= ×

C under gentle shaking (60 r.p.m.). 

At preset time intervals, 1 ml of DTM medium was collected and replaced with equal 

volume of fresh DTM solution. The amount of curcumin in sample solution was 

determined spectrophotometrically at 428 nm using a multimode microplate reader 

(infinite M200, Tecan). A standard curve was prepared by dissolving pure curcumin in 

DTM solution. The percentage of drug released was calculated by following equations 

(Das et al., 2010). 

 

5.2.6.3 Mathematical modeling 

To analyze release kinetics and mechanism, data were fitted to following four 

mathematical models (equations 6-9), where, Mt/M∞ is the fraction of drug released at 

time t and k0, k1, kH and k represents zero order release constant, first order release 

constant, Higuchi constant and Korsemeyer–Peppas constant respectively (Siepmann et 

al., 2001; Peppas et al., 1985; Higuchi et al., 1963; Sahu et al., 2011; Korsmeyer et al., 

1983). In Power law model n is the release exponent and is indicative of drug release 

mechanism. The values of k0, k1, kH

(i) Zero order. 

, k and n were determined by fitting the release data 

into respective equations. 

0
tM k t

M∞
=
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(ii) First order. 

11 exp( )tM k t
M∞

= −
 

(iii) Higuchi Model. 

1/ 2t
H

M k t
M∞

=
 

(iv) Power Law Model. 

t nM kt
M∞

=
 

 

5.2.7 In vitro bioactivity of encapsulated curcumin 

5.2.7.1 Anti cancer activity 

Human cervical adenocarcinoma cell line (HeLa) was obtained from National Centre for 

Cell Science Pune, India and was maintained in DMEM with necessary additives at 37 oC 

in a CO2 incubator. Cells were cultured in T-25 culture flask and were trypsinized when 

cells reached 80–90% confluence. Cell count was done with a hemocytometer before 

proceeding for further experiments. Cells were seeded into a 48-well culture plate at a 

density of 1 × 106 cells well−1

(%) 100NtViability
Nc

= ×

 and cultured for 24 h. The cells were then exposed to a 

series of different concentrations of free curcumin and curcumin from loaded scaffolds 

for 48 h. Then the contents were replaced with equal volume of MTT (0.5 mg/ml). After 

4 h of incubation, equal amount of DMSO was replaced in each well and absorbance of 

purple colour complex was measured at 570 nm using a multi mode microplate reader. 

The cell viability was calculated using the following equation, where, Nt is the 

absorbance of treated cells and Nc is the absorbance of control cells (Mosmann, 1983). 
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5.2.7.2 Anti oxidant activity 

The total radical scavenging capacity of free curcumin and curcumin from loaded scaffold 

was determined by using 1,1–diphenyl–2–picrylhydrazyl radical (DPPH) radical 

scavenging method (Ali et al., 2008). Briefly, 50 µl of methanol containing different 

concentrations of samples was added to 950 µl ethanolic solution of 100 µM DPPH. The 

samples were incubated in dark for 30 min, and the absorbance was measured in a 

spectrophotometer at 517 nm. The radical scavenging activity was calculated by using the 

following equation, where, Nt and Nc are the absorbance values of treated and control 

respectively. 

  (%) 100Nc NtRadical scavenging
Nc
−

= ×
 

5.2.7.3 Anti microbial activity 

The antimicrobial activity of free curcumin and curcumin from loaded scaffold was tested 

using well-diffusion method against Staphylococcus aureus (G+), Bacillus subtilis (G+), 

Escherichia coli (G−) and Pseudomonas aeruginosa (G−) (Bhawana et al., 2011). Four to 

five colonies of each microorganism were inoculated into 5 ml of nutrient broth and 

incubated for 4-6 h. A suspension of each organism was made up to 0.5 MFU 

standardized against a turbidity standard made by adding 0.5 ml of BaCl2.2H2O solution 

(1.175% w/v) to 99.5 ml of H2SO4

 

 solution (0.36 N or 1% v/v). Petri plates containing 16 

– 20 ml of Mueller Hinton agar, pH 7.2 to 7.4, to a depth of 4 to 5 mm were swabbed 

evenly in three planes with a sterilized cotton swab. The excess inocula were removed by 

rotating the swab against the side of culture suspension tube. Five wells were cut out with 

the help of a well borer under aseptic conditions on the agar medium. They were filled 

with 400 μg of free curcumin and curcumin from loaded scaffold. The wells containing 

streptomycin and normal saline were regarded as positive and negative controls 

respectively. Pure silk fibroin was also tested for comparison purpose. The plates were 

incubated for 24 h at 37 °C and the antimicrobial activity was evaluated by measuring the 

diameter zone of transparent inhibition against test microorganisms. 
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5.3. RESULTS 

5.3.1 Characterization studies 

5.3.1.1 Morphological properties 

Photographs of SF and CU-SF scaffolds captured by Nikon cool pix camera can be seen 

in Figure 5.1. A typical SEM micrograph of CU-SF scaffold can also be seen in Figure 

5.1, which revealed homogenous pore distribution with an average pore size of 115 ± 35 

μM. SEM examination of SF and CU-SF scaffolds showed identical morphological 

properties. 

 

5.3.1.2 Physical properties 

The degree of swelling and water uptake capacity (%) were found to be 2.427 ± 0.074 % 

and 70.807 ± 0.633 % respectively in case of CU-SF scaffold, while for SF scaffold, the 

values were 2.391 ± 0.075 % and 70.499 ± 0.654 % respectively. 

 

5.3.1.3 Thermal properties 

The TGA thermographs of SF and CU-SF scaffolds can be seen in Figure 5.2. In case of 

CU-SF scaffold, there were two prominent thermal decay points one at ~180 oC and 

another at ~280 oC, and in case of SF scaffold, there was only one major thermal decay 

point at ~280 oC. The rate of weight loss (%) was slightly higher (~17%) in case of CU-

SF scaffold in comparison to SF scaffold (~10%). However, the pattern of weight loss 

(%) was found to be more or less similar in both samples. The melting point of pure 

curcumin was found to be ~179-181 o

 

C. 

5.3.1.4 Chemical / structural properties 

FTIR spectroscopy: The FTIR spectra of SF and CU-SF scaffolds are presented in Figure 

5.3. The FTIR spectra of pure fibroin fiber, regenerated fibroin and curcumin were also 

measured for comparative analysis. Both SF and CU-SF scaffolds showed signals at 

1600-1690 cm-1, 1480-1575 cm-1, 1229-1301 cm-1 and 640–800 cm-1. However, the 
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intensity of signals was less in CU-SF scaffolds; also, it did not show any of the signals 

that were seen in curcumin spectrum (example 1501 cm-1, 1270 cm-1, 960 cm-1 and 806 

cm-1

XRD spectroscopy: The XRD pattern of SF and CU-SF scaffolds are presented in Figure 

5.4. The typical XRD pattern of pure fibroin fiber, regenerated fibroin and curcumin are 

also presented for comparative analysis. Both SF and CU-SF scaffolds showed signals at 

2θ = 20-21

). 

o and 2θ = 24-25o

NMR spectroscopy: The NMR spectrum of curcumin extracted from CU-SF scaffold was 

presented in Figure 5.5.  The spectrum showed characteristic peaks at δ = ~7.1, ~6.9, 

~6.65, ~6.5 and ~5.8 ppm (designated as a-e respectively), besides signals related to the 

solvent and other contaminants. 

. However, the intensity of signals was less in CU-SF 

scaffolds; also, it did not show any of the signals that were seen in curcumin spectrum. 

 

5.3.1.5 Photo-physical properties 

The UV-Vis and fluorescence spectra of curcumin in PBS and fibroin solutions are shown 

in Figure 5.6. From the UV-Vis spectra, it was seen that curcumin suspended in fibroin 

solution has strong absorption, in comparison to the one that was suspended in PBS, with 

a well defined peak at 425-430 nm. Similar results were found in fluorescence spectra, 

where, curcumin suspended in fibroin solution has strong signal with a well defined 

emission maximum at 525-530 nm, while curcumin suspended in PBS has weak signal 

with a peak at 550-555 nm. 

 

Contd... 

  

TH-1073_06610611



Chapter 5 

159 | P a g e  

 

Figure 5.1. Morphological features of scaffolds. Images of curcumin-free and -loaded 

fibroin scaffolds can be seen in (A) and (B) respectively. (C) SEM image of curcumin-

loaded fibroin scaffold showed the uniform pore distribution with an average pore size of 

~115 µm. 

 

 

Figure 5.2. TGA thermographs of curcumin-free and -loaded fibroin scaffolds. In the 

curcumin-loaded fibroin scaffold, peaks at ~180 oC and ~280 oC can be attributed to the 

thermal decomposition of curcumin and fibroin respectively.  
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Figure 5.3. FTIR spectra of pore fibroin fiber (a), aqueous regenerated fibroin (b), 

curcumin-free fibroin scaffold (c), curcumin-loaded fibroin scaffold (d), and free 

curcumin. The scaffold has retained majority of its characteristic peaks though with less 

intensity. Since, there was no band shift, no any new peaks and no signals related to 

curcumin, it was speculated that there was no any covalent interactions between 

curcumin and fibroin, and no surface adsorption of curcumin on to fibroin. 

 

 

Figure 5.4. The powder XRD spectra of pure fibroin fiber (a), aqueous regenerated 

fibroin (b), curcumin-free fibroin scaffold (c), curcumin-loaded fibroin scaffold (d), and 

free curcumin (e). The DMSO induced conformational transition of fibroin from silk-I to 

silk-II was evident from (C). However, weak signals related to silk-II conformation and 

loss of signals related to curcumin in curcumin-loaded fibroin scaffold revealed the 

interaction of curcumin with non-polar, hydrophobic pockets of fibroin (D).  
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Figure 5.5. NMR spectrum of curcumin extracted from loaded scaffold. The presence of 

all characteristic signals revealed that the structural integrity of encapsulated curcumin 

was intact. 

 

  

Figure 5.6. UV-visible (A) and Fluorescence (B) spectra of curcumin suspended in 

fibroin solution (i) and PBS (ii). The significant increase in intensity and blue shift of 

fluorescence emission maxima, upon interaction with fibroin, clearly suggested the 

transfer of curcumin from polar to non-polar environment. 
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5.3.2 Fluorescence spectroscopy studies 

5.3.2.1 Effect of DMSO on fibroin fluorescence 

The effect of DMSO on fibroin intrinsic fluorescence is shown in Figure 5.7. The 

samples excited at 295 nm have emission maxima at ~354 nm and the samples excited at 

274 nm have emission maxima at ~304 nm, which corresponds to Trp and Tyr 

fluorescence respectively. In both cases, the fluorescence emission intensity increased 

progressively with an increase in DMSO concentration. Also, the addition of DMSO has 

caused gradual displacement of the emission maximum from 354 nm to lower 

wavelengths. 

5.3.2.2 Effect of curcumin on fibroin fluorescence 

The effect of curcumin on intrinsic fluorescence of Tyr and Trp residues of fibroin is 

shown in Figure 5.8A and 5.8B, respectively. The samples excited at 295 nm have 

emission maxima at ~354 nm and the samples excited at 274 nm have emission maxima 

at ~304 nm. In both cases, the fluorescence emission intensity decreased progressively 

with an increase in curcumin concentration. Also, addition of curcumin has caused 

gradual shift in the emission maximum from 354 nm to lower wavelengths. 

The Stern – Volmer plot for fluorescence quenching of Tyr and Trp residues of 

fibroin is shown in Figure 5.8A’ and 5.8B’, respectively. The plot for quenching data at 

274 nm and 295 nm excitations were found to be linear and tend to move upward. The 

Stern – Volmer constant (KSV) for emission at 304 nm (excitation at 274 nm) and 354 nm 

(excitation at 295 nm) were found to be 1.9 × 104 M-1 and 3.6 × 104 M-1

5.3.2.3 Determination of binding constant 

 respectively. 

The change in the curcumin fluorescence intensity upon addition of fibroin is shown in 

Figure 5.9 (inset). It was seen that with an increase in fibroin concentration, the intensity 

of curcumin was initially increased and finally reached saturation without any further 

increment. Figure 5.9 shows the double-reciprocal plot of fibroin concentration vs. 

change in curcumin fluorescence intensity plotted using the intensity data (inset). The 

intercept of the plot on y-axis (1/ΔFImax) was used to calculate the binding constant from 

the value of the slope. The binding constant (Kb) between fibroin and curcumin was 

found to be 4.8 × 102 µM-1.  
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Figure 5.7. Effect of DMSO on fibroin fluorescence. The increase in fluorescence 

emission spectra of fibroin at excitation wavelengths of (A) 274 nm and (B) 295 nm, 

accompanied with blue shift of emission maxima, in presence of 0 to 10% DMSO (i-xi), 

revealed the DMSO induced conformational transition of fibroin. The inset shows the 

increase (%) in fluorescence intensity. 
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Figure 5.8. Quenching of fibroin fluorescence by curcumin. The decrease fluorescence 

emission spectra of fibroin at excitation wavelengths of (A) 274 nm and (B) 295 nm, 

accompanied with blue shift of emission maxima, in presence of 0 to 100 µM curcumin (i-

xi), revealed the strong hydrophobic interaction of curcumin with fibroin. The inset shows 

that curcumin has relatively high affinity towards Trp residues. Corresponding Stern – 

Volmer plots were shown in (A’) and (B’) respectively. 
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Figure 5.9. Double reciprocal plot of fibroin concentration vs. change in curcumin 

fluorescence intensity. Binding constant (Kb) between curcumin and fibroin was 

calculated to be 4.8 × 102 µM-1

 

. The inset shows the change in curcumin fluorescence 

intensity with change in fibroin concentration. 

 

Figure 5.10. Fluorescence spectra of curcumin suspended in (i) fibroin solution and (ii) 

fibroin acid hydrolysate and (iii) PBS. Fibroin acid hydrolysate does not form aggregate 

structures and does not create any non-polar, hydrophobic domains for curcumin 

binding. Hence, there was no significant fluorescence signal. While, the intact fibroin was 

able to create sufficient hydrophobic cores for curcumin binding and thus resulted in 

increased fluorescence accompanied with blue shift. 
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5.3.2.4 Curcumin interaction with fibroin acid hydrolysate 

Fluorescence emission spectra of curcumin suspended in fibroin and fibroin hydrolysate 

was presented in Figure 5.10. It was observed that curcumin that was suspended in 

fibroin showed strong fluorescence with an emission maximum of ~525 nm. While, the 

curcumin suspended in fibroin hydrolysate showed very weak signal with an emission 

maximum of ~555 nm, which was similar to the spectra of curcumin suspended in PBS. 

 

5.3.3 Evaluation of drug release kinetics 

5.3.3.1 Release (%) 

The results of the in vitro release behavior of curcumin from CU-SF scaffolds in 

physiological conditions are shown in Figure 5.11. The release (%) profile showed a 

typical two-phase release profile. The release was rapid in the first few hours (up to 12 h), 

which was followed by a sustained and slow release over a prolonged period (up to 150 

h). 

 

5.3.3.2 Mathematical modeling 

The release profile data was fitted into different mathematical models to analyze 

curcumin release kinetics and mechanism. The values of k0, k1, kH, k and n were 

determined by fitting the release data into respective equations and presented in Table 5.1 

together with the regression coefficients (R2

  

). 
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Figure 5.11. The kinetics of curcumin release from fibroin scaffold. The observations 

clearly revealed a slow and sustained release pattern. 

 

Table 5.1. The release constants and corresponding regression co-efficient values 

obtained after fitting the release data in to four different mathematical models of drug 

release kinetics. 

Mathematical models for drug release kinetics 

Zero order First order Higuchi Power law 

k0

R

 = 0.008 

2

k

 = -0.38 

1

R

 = 0.006 

2

k

 = 0.378 

H

R

 = 0.088 

2

k = 0.219 

 = 0.650 R2

n = 0.284 

 = 0.981 
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5.3.4 In vitro bioactivity of encapsulated curcumin 

5.3.4.1 Anti cancer activity 

Free curcumin and curcumin from loaded scaffold showed similar pattern of anti-cancer 

activity against HeLa cells as estimated by spectrophotometry based MTT assay. The 

amount of drug required for 50% cell death was found to be 5.26 µg/ml and 5.42 µg/ml 

incase of free curcumin and curcumin from CU-SF scaffolds respectively. Also, inverted 

fluorescence microscope images of treated cells are shown in Figure 5.12. The bright 

green fluorescence in the cytoplasm of cells was due to curcumin. From the cell 

morphology it was clear that cells were prone to programmed cell death. 

 

5.3.4.2 Anti oxidant activity 

As estimated by DPPH free radical scavenging assay, free curcumin and curcumin from 

loaded scaffold showed similar pattern of anti-oxidant activity. The amount of drug 

required for 50% radical scavenging was found to be 8.33 µg/ml and 8.41 µg/ml incase of 

free curcumin and curcumin from CU-SF scaffolds respectively. 

 

5.3.4.3 Anti microbial activity 

The antimicrobial activity of free curcumin and curcumin from loaded scaffold was tested 

using well-diffusion method against S. aureus, B. subtilis, E. coli and P. aeruginosa. The 

results of the same are presented in Figure 5.13. The diameter of inhibition zones of free 

curcumin and curcumin from loaded scaffold were found to be more or less similar. 
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Figure 5.12. The typical inverted fluorescence microscopic images of HeLa cells 
incubated with curcumin releasing scaffold. The bright green fluorescence in the 
cytoplasm of cells was due to curcumin. The gradual change in cell morphology and cell 
viability with time suggested that the anti-neoplastic activity of released curcumin was 
intact. 

 

Figure 5.13. Zone of inhibition of free curcumin (Cu) and encapsulated curcumin (SF-
Cu) at a concentration of 400 μg/mL. The diameter of inhibition zones of Cu and SF-Cu 
were found to be similar, and hence, confirm the integrity of anti-microbial activity of 
curcumin in SF-Cu scaffold. *The differences were found to be statistically insignificant 
as found in Student’s paired t-test analysis at p < 0.01.  
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5.4 DISCUSSION  

Better understanding of how fibroin properties, fabrication processes and post-treatment 

protocols influence the features of fibroin based devices has led to rising interest in SF as 

a biomaterial for drug delivery. Owing to its biocompatibility fibroin is experiencing 

increased popularity for controlled release applications, and its aqueous processability 

allows the fabrication of highly tunable morphologies under mild conditions. So far, the 

main focus of fibroin drug delivery systems has been on tissue regeneration applications. 

On the other hand, curcumin is a multi-potent natural polyphenolic compound. We 

hypothesize that, by encapsulating curcumin within the hydrophobic cores of fibroin, a 

multi-purpose 3D tissue engineering scaffold could be made, where, curcumin with its 

antimicrobial properties acts as an antiseptic and hence could prevent microbial infections 

at the site of action; its antioxidant properties could decrease the tissue damage caused by 

scavenging the free radicals; its anti-inflammatory activities could reduce the tissue 

inflammation; its antitumor properties could attack the residual cancer cells after surgical 

dissection of tumours; its anti-amyloid properties could reduce the amyloid formation and 

hence could be an effective treatment for associated diseases such as Alzheimer's disease. 

Here, we describe fabrication and characterization of curcumin releasing fibroin 

scaffold. The fibroin was purified from cocoons and was successfully regenerated using 

conventional regeneration protocol. The fibroin solution (in PBS) was mixed with 

curcumin solution (in DMSO) and was freeze thawed. Fibroin solution mixed with 

DMSO alone was also prepared under similar conditions. In both cases a highly porous, 

spongy and water stable 3D structure was formed. The process of fabricating curcumin-

loaded fibroin scaffold is simple, reproducible and cost-effective, and does not require 

any sophisticated instruments. Also, it does not require any toxic cross linking agents 

such as glutaraldehyde. Additionally, the scaffold can be conveniently molded into 

various physical forms such as cubes, spheres, sheets, etc. 

The SEM examination of scaffold revealed the uniform pore distribution, with an 

averag e p ore size of 1 1 5  ± 3 5 μm (Figure 5.1). The pore size and distribution are 

important parameters of a TE scaffold that need to be addressed sufficiently. Scaffold 

with irregular pore distribution will create gradients of cells / nutrients, hence results in a 

malfunctioned tissue. A bigger pore size will allow the body fluids that carry nutrients to 

diffuse quickly, where as, a smaller pore size will hinder with cell migration, hence, it is 
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p resumed  that a pore size of 1 0 0  μm with u n iform p o re d istribu tion is p erfect for TE 

scaffolds which allows easy migration of cells, and proper flow of body fluids (Liu et al., 

2007a; Kasoju et al., 2009a, 2009b; Kasoju and Bora, 2010). The CU-SF scaffold has a 

negligible degree of swelling (%) of about 2.4%, hence when implanted in the body it do 

not swell in excess and do not create any physical/mechanical hindrance to the 

surrounding tissues. However, it has a water uptake capacity of around 71% indicating 

that it is hydrophilic and can hold an excess amount of water or body fluids. 

The thermographs of the curcumin-loaded and -free fibroin scaffolds as obtained 

from TGA studies showed a tri-phase pattern (Figure 5.2). Firstly, there was a short 

weight loss phase, from 47 oC till 80 oC, which was due to the loss of moisture content of 

the scaffold. Secondly, a phase of thermal stability was observed from 80 oC till ~280 oC. 

Finally, the onset of thermal degradation started from ~280 oC onwards. In case of SF 

scaffold, the thermal stability phase (80 oC till ~280 oC) was continuous with mere 10% 

weight loss, but in case of CU-SF scaffold, the phase lasted till ~180 oC and was followed 

by exponential decay phase till ~280 oC, with a weight loss of up to ~ 17%. We have 

analyzed the melting point (m.p.) of pure curcumin and found that it has m.p. of ~181-

183 oC. Hence, the decay points in CU-SF scaffold at ~180 oC and ~280 o

FTIR studies were performed to determine the structural properties of curcumin 

and fibroin and the possible interactions between them (Figure 5.3). Both, the pure 

fibroin fiber and regenerated fibroin showed characteristic peaks at 1600-1690 cm

C can be 

attributed to decomposition of curcumin and fibroin respectively. 

-1, 

1480-1575 cm-1, 1229-1301 cm-1 and 640–800 cm-1 that were attributed to amide – I, - II, 

- III and – V respectively (Wilson et al., 2000; Meinel et al., 2009). In SF scaffold, the 

signals related to amides were preserved, while, in case of CU-SF scaffold the intensity of 

most of these characteristic signals was low. Interestingly, the spectra of CU-SF scaffold 

also did not show signals at 1501 cm-1, 1270 cm-1, 960 cm-1 and 806 cm-1 which were 

seen in spectra of curcumin. Hence, from the observations of FTIR data, it was 

hypothesized that, (i) curcumin has interacted with fibroin by means of non-covalent 

bonds since there was no any new peak or shift in peak was spotted; (ii) such interactions 

might have occurred in the regions of amide moieties or β – sheet components, which 

lead to decrease in the intensity of characteristic signals; and (iii) the absence of signals 

related to curcumin suggests that, it has not been simply adsorbed on the surface; rather, it 

possibly interacted with core pockets. 
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To confirm our hypothesis, further details about conformation of fibroin were 

drawn from powder XRD studies (Figure 5.4). The pure fibroin fiber and regenerated 

fibroin exhibited signals that were characteristic of crystalline (2θ = 20-21o) and 

amorphous (2θ = 24-25o

Since the characteristic signals related to curcumin were missing in FTIR and 

powder XRD spectra of CU-SF scaffold, the fate of curcumin in the scaffold remained 

uncertain. To determine the structural integrity of curcumin in CU-SF scaffold NMR 

studies were performed. It was found that the NMR spectrum of curcumin extracted from 

CU-SF scaffold was similar to that of pure curcumin reported elsewhere (Suwantong et 

al., 2008). The spectrum showed all characteristic peaks related to various groups as 

shown in Figure 5.5. Hence, it was confirmed that the structural integrity of curcumin 

was intact in CU-SF scaffold. 

) nature respectively (Um et al., 2001). The SF and CU-SF 

scaffolds have shown strong signals related to both conformations, however, the intensity 

of the signal was strong in former case and was weak in latter case. Also, in case of CU-

SF scaffold there were no any new peaks or shifts in peaks, and no any signals related to 

curcumin. Hence, from FTIR and XRD data, it was clear that curcumin has interacted 

with region s of amid e moieties or β – sheet components of fibroin by means of non-

covalent bonds, and without causing any obliteration to fibroin’s secondary structure. 

Curcumin is a hydrophobic compound and dissolves only in non-polar solvents. 

It’s solubility in water is mere 2.88 × 10-8 M (Anand et al., 2007). Curcumin shows 

distinct photo-physical properties depending on the surrounding environment. Hence such 

ability of curcumin has been widely exploited to determine the nature of its immediate 

environment and the interactions between the two (Sahu et al., 2008a; Sahu et al., 2008b; 

Sahu et al., 2011). The UV-Vis and fluorescence spectroscopy studies revealed that the 

curcumin suspended in fibroin has relatively strong intense signal with a well defined 

peak, in contrast to the curcumin suspended in PBS which has a less intense peak (Figure 

5.6). Additionally, the fluorescence emission maxima of curcumin suspended in fibroin 

has shifted from 550-555 nm towards shorter wavelength 525-530 nm, which is well 

known as blue shift. The observations of UV-Vis and fluorescence spectroscopy studies 

collectively suggested that curcumin has moved from a polar region to a non-polar, 

hydrophobic region where its solubility was enhanced (Sahu et al., 2008a; Sahu et al., 

2008b; Sahu et al., 2011). 
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 Taking the advantage of intrinsic fluorescence of both curcumin and fibroin, 

further fluorescence spectroscopy based studies were carried out to unravel the details 

about curcumin – fibroin interactions. Initially, the effect of DMSO (which was used as 

solvent for curcumin) on fibroin intrinsic fluorescence was studied (Figure 5.7). The 

studies revealed that the fluorescence emission intensity of Trp and Tyr increased 

progressively with an increase in DMSO concentration. Also, there was a gradual 

displacement of the emission maximum from 354 nm to lower wavelengths in 

fluorescence emission maxima of Trp fluorophore. As evident from XRD studies it was 

known that the regenerated fibroin has a silk I conformation which was dominated by α 

helices and random coil. Hence, the fluorophore residues might be in direct exposure to 

water molecules which lead to the quenching of fibroin fluorescence. However, the 

addition of DMSO has reduced the rate of water quenching and thus resulted in the 

increase of fluorescence intensity. Additionally, the blue shift of Trp emission maxima 

can be due to the decrease in the polarity around Trp residues with the addition of DMSO. 

Hence, from these observations, we speculate that DMSO has induced conformational 

transition of regenerated fibroin from silk-I (dominated by α helices and random coil) to 

silk-II (dominated by β-sheet). Additionally, XRD studies also supports the fact that the 

freeze-thawed fibroin supplemented with DMSO had a silk-II conformation in contrast to 

silk-I conformation of regenerated fibroin without DMSO. Also, it is worthwhile to 

mention here that regenerated fibroin solution without addition of DMSO did not form 

any water stable 3D structure upon freeze-thaw unlike fibroin solution with DMSO. Our 

results are in good agreement with previous reports where certain organic solvents, such 

as ethanol, were found to induce conformational transition of fibroin from silk-I to silk-II, 

and produce water stable 3D structures (Yang et al., 2004; Tamada, 2005). 

 We studied the effect of curcumin on fibroin intrinsic fluorescence to deduce 

further details about possible interaction and binding of curcumin to fibroin in solution. 

The observations clearly showed a gradual decrease in fluorescence intensity of both Tyr 

and Trp emission spectra with an increase in curcumin concentration (Figure 5.8). Also, 

there was a blue shift of emissions maxima of Trp. We speculate that curcumin has direct 

interaction with Tyr and Trp residues, and hence, the decrease in Tyr and Trp 

fluorescence can be attributable to quenching by curcumin molecules. However, the blue 

shift of emission maxima can be attributable to the conformational transition of fibroin 

induced by DMSO (which was used as a solvent for curcumin). Besides, there was 
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difference in the decrease (%) of fluorescence intensity of Tyr and Trp residues; it was 

nearly 68% in case of Tyr fluorescence and 81% in case of Trp fluorescence. There was 

also difference in the Stern-Volmer quenching constant for Tyr and Trp emission; it was 

about 1.9 × 104 M-1 and 3.6 × 104 M-1

 To draw further details of curcumin-fibroin interactions and to determine the 

binding parameters, we exploited the change in the curcumin intrinsic fluorescence upon 

its binding to fibroin. It was found that the fluorescence intensity of curcumin increased, 

accompanied with a blue shift of emission maxima, upon addition of fibroin. This 

behavior may be attributed to the transfer of curcumin molecules from unfavorable, polar, 

aqueous solution to the favorable, non-polar, hydrophobic domains of fibroin (Sahu et al., 

2008b; Das et al., 2010; Sahu et al., 2011). The fluorescence intensity of curcumin 

initially increased and gradually leveled off in the higher concentration of fibroin (Figure 

5.9 inset). The saturation concentration of fibroin that is required for the complete 

binding of 5 μM curcumin was 50 μM (approx. 30 μg/ml considering fibroin molecular 

weight as 391 kDa). The binding constant was estimated to be 4.8 × 10

 for Tyr and Trp respectively. Hence, it can be 

suggested that curcumin has strong interactions with Trp residues than with Tyr (Sahu et 

al., 2008b). 

2 µM-1

 The fluorescence studies of curcumin suspended in fibroin and fibroin hydrolysate 

revealed interesting results, where the former showed a strong signal accompanied with a 

blue shift of emission maximum, while the latter showed a weak signal with a peak at 

higher wavelengths (Figure 5.10). The intact fibroin is a naturally occurring organic 

block copolymer and provides sufficient non-polar environment for curcumin to bind, and 

hence resulted in increased fluorescence. In contrast, the fibroin hydrolysate is composed 

of short peptides and does not form an aggregated structure with hydrophobic domains, 

which thus resulted in weak fluorescence (Sahu et al., 2008b). The observations clearly 

confirm the presence of hydrophobic domains in fibroin protein and strong interaction of 

curcumin with such non-polar domains of fibroin by means of hydrophobic interactions. 

. The 

linearity of the double-reciprocal plot of fibroin concentration vs. change in curcumin 

fluorescence intensity (Figure 5.9) suggests that curcumin interacts with fibroin to form 

1:1 complexes (Sahu et al., 2008b). 

 The release of curcumin from hydrophobic cores of silk fibroin scaffold is largely 

dependent on the hydrophobic properties of the inner core and hydrophobic interaction 
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between the drug and inner core. A slow and sustained release of curcumin from fibroin 

scaffold suggested the interaction between curcumin and hydrophobic core of fibroin 

scaffold (Figure 5.11). Such release profile of curcumin from fibroin scaffold is 

advantageous because efficient chemotherapy requires that the drug concentration in the 

blood be maintained between the minimum effective therapeutic level and the maximum 

tolerable level for longer periods (Das et al., 2010; Sahu et al., 2011).  To find out the 

mechanism of curcumin release from CU-SF scaffold, we have analysed the experimental 

drug release data with four different kinetic models (Table 1). Based on regression 

coefficient analysis we found that the Power law model was best fitted with drug release 

kinetics data, and hence found that curcumin has released from CU-SF scaffold 

predominantly by means of diffusion. 

Finally, we performed in vitro bioactivity assays to confirm the functional 

integrity of encapsulated curcumin. Curcumin is a naturally occurring organic molecule 

with potent therapeutic value as anti-cancer, anti-oxidant, anti-microbial, anti-

inflammatory agent, etc. In the current study, we evaluated its anti-cancer, anti-oxidant 

and anti-microbial properties to determine its functional integrity. The in vitro anti-cancer 

activity of curcumin from CU-SF scaffold was tested against HeLa cell line. By taking 

the advantage of curcumin intrinsic fluorescence we observed the treated cells under 

inverted fluorescent microscope. The uptake of curcumin was clearly evident from the 

presence of fluorescence in cytoplasm of the treated. The periodical observation of treated 

cells revealed the significant morphological changes that resembled apoptotic mode of 

cell death, hence, revealed the integrity of curcumin functionality (Figure 5.12). 

Additionally, we performed MTT assay to calculate the IC50

 

 values of free and 

encapsulated curcumin, where the values were found to be comparable. We performed in 

vitro anti-oxidant assay by DPPH method. It was observed that the amount of curcumin 

needed for 50% decrease in radical scavenging was found to be almost similar for free 

and encapsulated curcumin. Similarly, the antimicrobial activity of free curcumin and 

curcumin from loaded scaffold was tested using well-diffusion method against S. aureus, 

B. subtilis, E. coli and P. aeruginosa. The diameter of inhibition zones of free curcumin 

and curcumin from loaded scaffold were found to be nearly similar and were found to 

match with a previous report by Bhawana et al (2011) (Figure 5.13). From these 

observations, it was clear that the bioactivity of curcumin in CU-SF was intact. 
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5.5 CONCLUSIONS 

Here, we describe fabrication and characterization of curcumin releasing fibroin scaffold. 

The process of scaffold fabrication is simple, reproducible, cost-effective, does not 

require any sophisticated instruments or any toxic cross linking agents. Additionally, the 

scaffold can be conveniently molded into various physical forms. Extensive 

characterization studies revealed that there was (i) a solvent (DMSO) induced 

conformational transition of fibroin from silk-I to silk-II which resulted in the formation 

of water stable 3D structure, (ii) no direct effect of fibroin and curcumin on each other’s 

molecular structure, and (iii) strong non-covalent interaction between curcumin and 

fibroin. The fact of solvent induced conformational transition of fibroin was evaluated by 

fluorescence spectroscopic studies. Also, (i) decrease in fibroin fluorescence 

accompanied with blue shift of emission maxima upon addition of curcumin, (ii) increase 

in curcumin fluorescence accompanied with blue shift of emission maxima upon addition 

of fibroin, and (iii) weak fluorescence of curcumin in presence of fibroin acid 

hydrolysate, clearly suggested the presence of hydrophobic domains in fibroin, and strong 

hydrophobic interactions between curcumin and fibroin. The curcumin release from the 

scaffold was found to be slow and sustained, and mathematical modeling of release data 

revealed diffusion as the predominant mode of release. Finally, in vitro bioactivity assays 

revealed that the encapsulated curcumin has retained its functional bioactivity similar to 

the free curcumin. 
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6.1 INTRODUCTION 

Liver is the largest internal organ in the body and is responsible for over 500 metabolic, 

regulatory and immune functions, including (a) metabolism, storage, synthesis and 

release of vitamins, carbohydrates, proteins, lipids and cyclic tetrapyrroles, (b) 

detoxification and inactivation of endogenous and exogenous substances and (c) 

activation of precursor molecules, such as proenzymes and coagulation factors (Nahmias 

et al., 2007). Loss of liver function leads to liver failure which causes over thousands of 

deaths annually across the world; and currently, the only clinical solution is organ 

transplantation. But due to increasing donor organ shortage, many in need of 

transplantation continue to remain on the waiting list. To some extent the liver assist 

devices are being used to temporarily sustain liver function and bridge the period between 

hepatic failure and transplantation (Davis and Vacanti, 1996). However, a perfect 

alternative strategy that can provide long term hepatic support without any immune 

related complications would be a better solution to alleviate the organ donor need. 

Subsequently, as a result of focused and directed interdisciplinary efforts between 

materials science and engineering, and life sciences areas, hepatic tissue engineering (TE) 

has emerged as an innovative way to construct a functional liver (Kulig and Vacanti, 

2004). 

However, the success of in vitro engineering of hepatic tissue greatly depends on 

the design and development of biomimetic artificial extra cellular matrix (ECM). The 

structure of physiological ECM is a natural network of intricate nanofibers, which 

provides an instructive background to guide cell behavior (Liao et al., 2010). With the 

ability to form nano-fibrous structures, a drive to mimic the native ECM has begun. 

Amongst the various approaches available, electrostatic spinning (popularly known as 

electrospinning) has gained reputation for its capability to make native ECM-mimicking 

(in terms of geometry, morphology or topography) scaffolds (Han and Gouma, 2006). 

Electrospinning is capable of fabricating fibers with nanometer scale diameters that yield 

very high specific surface area that are otherwise difficult to access by conventional non-

woven fiber fabrication techniques (Zhang et al., 2007). Electrospun (e-spun) nanofibers 

are therefore very useful for developing a variety of structures whose functional 

efficiency is surface area dependent. With the advent of electrospinning, mimicking the 

physical dimensions of native ECM has become easier. However, conveying bioactivity 

to e-spun scaffold will decide its ultimate utility in the creation of functional hepatic 
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tissue. Hence, in addition to the architectural features, a scaffold should also mimic the 

biological / biochemical features of the native ECM which is regarded as a complex 

organization of fibrous structural proteins such as collagens and a wide variety of 

proteoglycans (Liu et al., 2007; Barnes, 2007). 

With respect to the biochemical attributes of materials used in hepatic TE, several 

synthetic biodegradable polymers have been tested previously. However, lack of cell 

recognition sites, aggravated hydrophobicity and acidic degradation products are few 

major issues which limit their use (Gunatillake and Adhikari, 2003). Hence, the attention 

has shifted towards natural biodegradable polymers. The most ideal candidate material 

should be the collagen itself – the major component of native ECM. However, one of the 

shortcomings for collagen is its inadequate mechanical properties and anti-genecity (Lee 

et al., 2001). An alternative and intriguing biopolymer which has features similar to 

collagen is silk fibroin. Produced by several Lepidoptera larvae, including silkworms, 

fibroin is famous for its biocompatibility, slow degradability and excellent mechanical 

properties, and has been exploited for various biomedical applications including liver TE 

(Altman et al., 2003; Vepari and Kaplan, 2007). 

Besides protein factors, native ECM also have a variety of proteoglycans. 

Therefore, modification of artificial scaffold with such ligands is often necessary for 

optimization of ECM for hepatic TE. Given the fact that the hepatocytes have 

asialoglycoprotein (ASGP) receptors that recognize and bind to molecules with exposed 

galactose, N-acetyl galactosamine or glucose residues, many reports demonstrated the use 

of galactosylated materials for use in liver TE (Park et al., 2003). Owing to 

biocompatibility, biodegradability, antibacterial activity and resemblance with native 

ECM glycans, chitosan has been widely used in TE applications (Kim et al., 2008). 

Recently, galactosylation of chitosan has gained importance to increase its aqueous 

solubility and to improve hepatocyte attachment (Park et al., 2003). Hence, galactosyled 

chitosan (GalCS) is another appropriate material of choice which can be used along with 

silk fibroin for hepatic TE. 

 We thus hypothesize that a perfect biomimetic artificial ECM for hepatic TE 

applications could be made possible by a careful selection of materials and appropriate 

fabrication method. Here, we have selected RSF and GalCS as materials of choice and 

electrospinning as method of choice with an intention to mimic the biochemical 
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composition and architectural features, respectively, of native ECM. Poly(ethylene oxide) 

(PEO) was used as a processing aid, and the spinning parameters were optimized for 

successful synthesis of nanofibrous matrix. Extensive characterization studies were 

performed to determine its morphological, physico-chemical, thermal and cytotoxicity 

properties. The hepatocyte compatibility of the scaffold was evaluated by culturing 

HepG2 cells for a period of 7 days, where, the morphological features, metabolic activity 

and rate of proliferation of hepatocytes growing on the scaffold were analyzed on a 

regular basis. 

 

6.2 MATERIALS AND METHODS 

6.2.1 Materials 

Bombyx mori cocoons were a kind gift from Silk Mark Organization of India (SMOI; 

Guwahati, India). Chitosan (low molecular weight, 90% deacetylated) was obtained from 

Marine Chemicals (Cochin, India). Lactobionic acid (LA), N-hydroxysuccinimide (NHS), 

1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC), PEO (Mv ≈ 1,000,000), 

N,N,N′N′-tetramethylethylenediamine (TEMED), and cell culture chemicals and plastic 

ware were purchased from Sigma-Aldrich (Kolkata, India). All other chemicals of 

analytical reagent grade were purchased from Merck (Mumbai, India) and were used 

without further processing. 

 

6.2.2 Preparation of aqueous regenerated silk fibroin (RSF) 

The B. mori cocoons were degummed and processed to yield aqueous regenerated silk 

fibroin by conventional method (Meinel et al., 2009). Briefly, the pure fibroin fibers were 

suspended in lithium bromide and subjected to heating under constant stirring. The 

soluble fraction was dialyzed to yield fibroin aqueous solution which was then freeze 

dried to yield fibroin sponge. 

 

6.2.3 Synthesis of galactosylated chitosan (GalCS) 

The coupling of chitosan with LA was performed by an active ester intermediate using 

EDC and NHS as previously reported (Feng et al., 2009). Briefly, 2.3 g (6.35 mmol) of 
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LA dissolved in 50 ml of TEMED/HCl buffer solution (pH 4.7) was activated with a 

mixture of NHS (0.14 g) and EDC (0.6 g). Subsequently, 2.2 g of chitosan (13.7 mmol) 

was added into the solution at an equivalent molar ratio to LA. The reaction was 

performed for 72 h at room temperature. The resulting product was dialyzed and freeze 

dried to obtain GalCS. 

 

6.2.4 Fabrication of electrospun nanofibrous GalCS-RSF scaffold 

The RSF sponges and freeze dried GalCS were dissolved in formic acid and stirred 

continuously until complete dissolution. The final concentrations of RSF and GalCS were 

10% (w/v) and 10-50% (w/w with respect to RSF) respectively. About 10% (w/w with 

respect to RSF) of PEO was also mixed with the above suspension to increase the 

spinnability. The electrospinning scheme and the apparatus (ESPIN-NANO, Physics 

Instruments Co. Chennai, India) used for nanofiber preparation is shown in Figure 6.1.  

The setup includes a high voltage power supply, software driven syringe pump, a 

rotating drum collecting unit and an electric discharge stick, enclosed in a plastic 

chamber. The polymer solution is filled in to a standard 2 ml disposable syringe capped 

with a blunt end needle. For process optimization, a flow rate of 0.2 – 1 ml/h and a 

voltage of 1 – 2 kV/cm was used. The distance between capillary tube and grounded 

target was varied from 5 to 15 cm. A summary of electrospinning parameters used in the 

current study are presented in Table 6.1. 

The fibers/particles were collected on aluminum sheet for characterization studies. 

However, after optimization experiments, the fibers were collected on cover glasses for 

use in cell culture studies. All the e-spun fibrous mats were dried in vacuum desiccator at 

room temperature to remove any solvent residues. The mats were treated with methanol 

to induce an amorphous to beta-sheet transition of RSF. For cell culture studies, the mats 

were sterilized by UV treatment for 30 min. RSF alone and GalCS alone were also e-spun 

to form nanofibrous scaffolds for use in comparative studies. 
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Figure 6.1. A Simplified schematic view of the (A) electrospinning process and the (B) 

apparatus used in the current study to produce nanofibrous scaffolds. (a)  Syringe, (b) 

metal blunt ended needle, (c) high voltage supply, (d) fine jet of polymer solution, (e) 

earthed target. 

 

Table 6.1. Summary of electrospinning parameters used in the current study. 

Parameter  Details  

[RSF]  10 % (w/v)  

[GalCS] 10, 25, 50% (w/w, with respect to RSF)  

[PEO] 10% (w/w, with respect to RSF) 

Solvent  Formic acid  

Syringe  Standard 2 ml, with blunt end needle  

Flow rate  0.1, 0.5, 1 ml/h  

Voltage  1, 1.5, 2 kV/cm  

Distance  5, 10, 15 cm  
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6.2.5 Characterization studies 

6.2.5.1 Morphological properties 

After every spin, the samples were examined under scanning electron microscope for 

evaluation of the morphological features of the e-spun products. The samples were 

mounted on the specimen holder with electro-conductive tape, sputter coated with gold 

under vacuum in a coating unit (SC7620, Polaron Range), and were subsequently 

observed under field emission scanning electron microscope (FESEM, ΣIGMA, ZEISS). 

6.2.5.2 Physical properties: swelling behavior and water uptake capacity 

To study the swelling behavior, measured amounts of scaffold were taken (Wd) and were 

immersed in water for 24 h. The swollen scaffold was centrifuged at 500 r.p.m. in the 

presence of a filter to remove excess water from the scaffold and the wet weight (Ws) was 

determined. The degree of swelling (Q) and water uptake (%) were calculated using the 

following equations (Kasoju et al., 2009). 

( )s d

d

W  - W
Degree of swelling (Q) 100

W
= ×

 

( )s d

s

W  - W
Water uptake (%) 100

W
= ×

 

6.2.5.3 Chemical / structural properties 

Fourier transform infrared (FTIR) spectroscopy. About 5 mg of the finely powdered 

samples were pressed into a pellet with 200 mg of potassium bromide (IR grade, Sigma-

Aldrich) and infrared spectra were recorded in FTIR spectrophotometer (Spectrum One, 

Perkin Elmer, MA, USA), from 4000 cm–1 to 450 cm–1 with a resolution of 2 cm–1

X-ray diffraction (XRD) spectroscopy. The samples were subjected to powder XRD 

analysis on a Bruker D8 advance X–ray diffractometer (Bruker Axs Inc. Germany) using 

Cu–Kα radiation (λ = 1.54184 A

 and 5 

scans per sample.  

o ) at 40 kV voltage, 40 mA current, a scanning rate of 

0.05o/min and a 2θ angle ranging from 5o to 75o

 

. 
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6.2.5.4 Thermal properties 

Thermal gravimetric analysis (TGA). TGA measurements were performed using a TGA 

instrument (NETZSCH). A thermograph of 5 mg scaffold was obtained from 25 – 600 oC, 

with a heating rate of 10 o

 

C/min. The cell was swept with Argon during analysis. 

6.2.6 Cell culture 

Mouse subcutaneous connective tissue fibroblast (L-929 or NCTC clone 929) and human 

hepatocellular carcinoma cell line (HepG2) were obtained from National Centre for Cell 

Sciences (Pune, India). Cells were maintained in Eagle’s minimum essential medium 

(EMEM) supplemented with 2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 0.1 mM 

non-essential amino acids, 1.0 mM sodium pyruvate, 1 % antibiotic-antimycotic solution 

(1000 U/mL penicillin G, 10 mg/mL streptomycin sulfate, 5 mg/mL gentamycin, and 25 

μg/mL amphotericin B) and fetal bovine serum (FBS, heat inactivated, 10% v/v). Cells 

were cultured in T-25 culture flasks (Corning®) at 37 °C in a CO2 incubator (HF 160W, 

Heal Force®

 

).  The sub-confluent cell monolayer was subjected to trypsinization to obtain 

a cell suspension, and cell count of the suspensions was made using a hemocytometer 

before each experiment. 

6.2.7 Cytotoxicity testing 

6.2.7.1 Preparation of extracts 

The sterile RSF-GalCS nanofibrous scaffolds were suspended in serum-free EMEM 

(about 1 cm2 area per ml) and incubated at 37 °C in a CO2 incubator for 24 h. For control 

experiments, extracts of sterile filter papers saturated with  Dulbecco’s phosphate 

buffered saline without Ca2+ and Mg2+

6.2.7.2 Treatment procedure 

 (DPBS, 1×) and aqueous phenol (0.45% v/v) were 

prepared in a similar manner, and were regarded as negative and positive controls 

respectively. All the extracts were used within 24 h of preparation. 

In the present chapter, the cytotoxicity of the extracts of RSF-GalCS scaffold, along with 

proper controls, was investigated using L929 mouse fibroblasts. For each experiment, 
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exponentially growing L929 cells were seeded in a 96 well culture plate (Corning®) 

approximately at a rate of 1 × 104 cells per well and cultured for 24 h in a CO2 incubator. 

The cells were then exposed to the extracts of RSF-GalCS scaffold, DPBS and aqueous 

phenol. Also, for comparative analysis, the cells were incubated with plain medium 

without any extracts. The treatment was performed for 24, 48 and 72 h in a CO2

6.2.7.3 Microscopic examination 

 

incubator. 

At the end of each incubation period, the changes in morphology of L929 cells, both 

treated and untreated, were observed under an inverted phase contrast light microscope 

(Eclipse TS100, Nikon) equipped with a digital camera (Coolpix, Nikon). 

6.2.7.4 Cell viability assay 

Similarly, at the end of each incubation period, the well contents were replaced with equal 

volume of MTT solution (0.5 mg/ml in serum-free EMEM). The cells were further 

incubated for a period of 4 h. The MTT solution was then replaced with equal volume of 

dimethyl sulfoxide (DMSO) to dissolve the formazan complex formed by viable cells. 

The absorbance of the samples was measured at 570 nm using a multimode multiwell 

plate reader (Infinite M200i, Tecan) and the cell viability was calculated by the following 

equation, where, Nt and Nc represents the absorbance of treated and untreated-control 

cells, respectively (Mosmann, 1983). 

(%) 100NtViability
Nc

= ×
 

 

6.2.8 Hepatocyte compatibility studies  

6.2.8.1 Culture of hepatocytes on scaffold 

Before cell seeding, the sterile scaffolds were thoroughly rinsed with sterile DPBS and 

were subsequently saturated with EMEM supplemented with 10% FBS for about 1 h. 

Typically, exponentially growing HepG2 cells, around 1 × 105 cells, were seeded onto 

each scaffold and incubated in a CO2 incubator. After 4 h of seeding period, the cell 

suspension was aspirated and the scaffolds were gently washed with DPBS to washout 
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loosely adhered cells. The cells were supplied with fresh medium every 24 h. The cell 

growth and proliferation on the scaffold was observed on a regular basis up to 1 week. 

6.2.8.2 Microscopic examination  

To investigate the attachment and proliferation of cells on the scaffold, the cell – scaffold 

matrices were constantly observed under an inverted phase contrast light microscope 

(ProSciTech) equipped with a digital camera (Coolpix, Nikon). The cells were stained 

with acridine orange and were observed under an inverted phase contrast fluorescence 

microscope (ProSciTech) equipped with a digital camera (Coolpix, Nikon). Additionally, 

the cell – scaffold constructs were subjected to scanning electron microscope (FESEM, 

ΣIGMA, ZEISS) examination after fixation in glutaraldehyde solution, dehydration by 

ethanol gradient and subsequent sputter coating with gold. 

6.2.8.3 Cell viability assay 

At different time points of culture, the state of metabolic activity of cells growing on 

various scaffolds was determined by MTT assay (Mosmann, 1983). The cell – scaffold 

constructs were suspended in 500 μl of MTT solution (0.5 mg/ml) and incubated for 

about 4 h in a CO2

6.2.8.4 Cell proliferation assay 

 incubator. The MTT solution was replaced with equal volume of 

DMSO to dissolve the formazan complex formed by metabolically active cells. The 

absorbance of the samples was measured at 570 nm using a multimode multiwell plate 

reader (Infinite M200i, Tecan).  

Similarly, at the end of each incubation period, cell proliferation was estimated by 

measuring DNA content with a commercially available kit (DNAQF, Sigma-Aldrich 

Co.). The cell – scaffold constructs were suspended in 1 ml of cell lysis solution (0.1 % 

Triton-X-100, v/v in 1× TE buffer) and incubated at 37 oC for about 24 h under gentle 

rocking. The samples were further incubated in an ultrasonic water bath for about 5 min. 

The cell lysate was taken in to microcentrifuge tubes and debris was spun down by 

centrifugation for 5 min. About 10 μl aliquot of supernatant was taken from each sample 

and placed into 96-well microtitre plate with wells containing 200 μl of bisBenzimide 

(Hoechst 33258) solution (1 μg/ml in fluorescent assay buffer) provided with the kit. The 

samples were kept under dark for about 10 min and finally the fluorescence intensity was 

read at an excitation wavelength of 360 nm and an emission wavelength of 460 nm using 
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a multimode multiwell plate reader (Infinite M200i, Tecan). A standard curve was 

generated as per the instructions given in the kit manual, using lambda phage DNA as the 

standard. Also, a linear curve was generated between a series of definite amounts of cell 

suspensions and the corresponding fluorescence intensity. With the help of the above 

linear curves, the DNA content of each sample was estimated and subsequently the 

approximate cell count in each sample was determined. 

 

6.2.9 Statistical analysis 

Values (at least quadruplicate) were averaged and expressed as mean ± standard deviation 

(SD). Statistical differences were determined by Student's paired t-test using SigmaPlot®. 

Differences were considered statistically significant at p < 0.01. 

 

6.3 RESULTS 

6.3.1. Characterization studies 

6.3.1.1 Morphological properties 

The scheme of electrospinning setup and a summary of parameters used in the current 

study are presented in Figure 6.1 and Table 1, respectively. Various permutations and 

combinations were tested in a methodical manner. A representative FESEM image of 

micro-particles, beads and beaded strings obtained at un-optimum electrospinning 

parameters can be seen Figure 6.2. Amongst all tested parameters, about 10% of RSF 

(w/v), 25% of GalCS (w/w with respect to RSF), 15 cm of distance between capillary 

tube and collecting drum, 1.5 kV/cm applied voltage and around 0.5 ml/h were found to 

be nearly optimum parameters. However, the fiber formation was not continuous and not 

homogenous even at these parameters (Figure 6.3). Thus, about 10% PEO (w/w with 

respect to RSF) was used as a processing aid which then resulted in the formation of 

continuous and bead-free nanofibers with uniform size distribution, as presented in 

Figure 6.4. Image J software (NIH) was used to determine the fiber diameter and size 

distribution. The mean average diameter of RSF, GalCS and RSF-GalCS e-spun scaffolds 

were found to be 209 ± 166 nm (minimum: 35, maximum: 693), 214 ± 58 nm (minimum: 

70, maximum: 344) and 210 ± 57 nm (minimum: 96, maximum: 327), respectively 

(Figure 6.4).  
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Figure 6.2. FESEM images of electrospun products. (a) Strings on beads, (b) beads and 

(c) beaded strings were obtained at un-optimum parameters. 

 

 

Figure 6.3. FESEM images of electrospun products of RSF (a), GalCS (b) and RSF-

GalCS polymers obtained at sub-optimum parameters. These are the best yielded 

products amongst all tested parameters. The images clearly suggested the need for a 

processing aid for spinning smooth and continuous fibers. 
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Figure 6.4. FESEM images of electrospun products of RSF (a), GalCS (b) and RSF-

GalCS (c) obtained after addition of PEO (10% w/v with respect to RSF/GalCS). From 

the corresponding size distribution histograms, as prepared from Image J, the mean fiber 

diameters of RSF (a’), GalCS (b’) and  RSF-GalCS (c’) were found to be 209 ± 166, 214 

± 58 and 210 ± 57 nm, respectively. 
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6.3.1.2 Physical properties: swelling behavior and water uptake capacity 

The degree of swelling (Q) and water uptake capacity (%) of e-spun nanofibrous RSF-

GalCS scaffold were found to be 2.95 % and 74.68 % respectively. 

 

6.3.1.3 Chemical / structural properties 

FTIR spectroscopy: The FTIR spectra of e-spun nanofibrous RSF alone, GalCS alone and 

RSF-GalCS scaffold are presented in Figure 6.5. The e-spun nanofibrous scaffold 

composed of RSF alone showed peaks at 1642 cm-1, 1530 cm-1, 1264 cm-1 and 748 cm-1. 

The e-spun nanofibrous scaffold composed of GalCS alone showed signals at 1630 cm−1, 

1573 cm−1, 1407 cm−1, 1141 cm−1, and 1067 cm−1. While, the e-spun nanofibrous RSF-

GalCS scaffold showed signals at 1646 cm−1, 1619 cm−1, 1423 cm−1, 1135 cm−1, and 1061 

cm−1

Powder XRD spectroscopy: The XRD spectra of e-spun nanofibrous RSF alone, GalCS 

alone and RSF-GalCS scaffold are presented in Figure 6.6. The e-spun nanofibrous 

scaffold composed of RSF alone showed broad peaks at 2 θ = 2 1 / 2 4-25

. 

o. The e-spun 

nanofibrous scaffold composed of GalCS alone presented broad signal at 2θ = 24-26o. 

While, the e-spun nanofibrous RSF-GalCS scaffold exhibited broad peaks at 2θ = 21 / 24-

26o

 

. 

6.3.1.4 Thermal properties 

The thermograph of e-spun nanofibrous RSF-GalCS scaffold as obtained from TGA 

analysis is presented in Figure 6.7. The thermographs of e-spun nanofibrous scaffolds 

composed of RSF alone and GalCS alone are also presented for comparison purpose. The 

onset of thermal degradation of RSF alone started at approx. 265 oC with mere ~5% 

weight loss, and that of GalCS alone started at approx. 227 oC with a mass loss of up to 

~20% . In contrast, the RSF-GalCS exhibited a 2-stage decomposition pattern having an 

exponential weight loss of up to ~20% between 37-108 oC, a region of thermal stability 

between 108-244 o

  

C, followed by thermal decomposition. 
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Figure 6.5. The FTIR spectra of (a) RSF-GalCS, (b) RSF and (c) GalCS e-spun 

nanofibrous scaffolds. 

 

 

Figure 6.6. Powder XRD spectra of (a) RSF-GalCS, (b) RSF and (c) GalCS e-spun 

nanofibrous scaffolds.  
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Figure 6.7. The TGA thermographs of RSF, GalCS and RSF-GalCS e-spun scaffolds 

revealed the kinetics of weight loss as a function of temperature. The results suggest that 

the RSF-GalCS scaffold has a thermal stability up to ~240 o

 

C with mere 20% weight loss.  

 

Figure 6.8. Inverted phase contrast light microscope images of L929 mouse fibroblasts 

treated with the extracts of RSF-GalCS (a, test group), DPBS (b, negative control group) 

and aqueous phenol (c, positive control group) for 72 h, and (d) MTT assay results, 

collectively suggest the non-toxicity of the test sample. Maginification: 200×.  
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6.3.2 Cytotoxicity studies 

The inverted phase contrast light microscopy images of L929 cells treated with the 

various extracts are presented in Figure 6.8. The results revealed that the cells in negative 

control group showed spindle shape morphology. And, the cells in positive control group 

showed distorted morphology. While, the cells in test group exhibited a morphology 

which was analogous to that of negative control group. Similarly, the MTT assay results 

showing the viability of L929 cells treated for 24, 48 and 72 h with various extracts are 

also presented in Figure 6.8. The cell viability (%) in positive control group was found to 

20% at 24 h, 15% at 48 h and 7.5% at 72 h of treatment period. In contrast, the cell 

viability (%) in negative control group and test group was always found to be >95%. 

 

6.3.3 Hepatocyte compatibility studies  

Inverted phase contrast light microscope images of HepG2 cells growing on e-spun RSF-

GalCS nanofibrous scaffold are presented in Figure 6.9a. Similarly, images of cells 

stained with acridine orange and captured through an inverted fluorescence microscope 

are presented in Figure 6.9b. The observations clearly revealed the formation of hepatic 

spheroids on e-spun RSF-GalCS nanofibrous scaffold. Similarly, the results of FESEM 

examination of 1 d, 3 d and 7 d old cell-scaffold constructs are presented in Figure 6.10. 

The observations revealed the successful attachment and spreading of HepG2 cells on e-

spun RSF-GalCS fibers. The integration of cells with the e-spun RSF-GalCS fibers was 

also evident from a high magnification image of cell-matrix junction. 

Additionally, the metabolic activity of hepatocytes growing on e-spun nanofibrous 

RSF alone, GalCS alone RSF-GalCS scaffolds at 1, 2, 3 and 7 d of culture period was 

determined by MTT assay and presented in Figure 6.11. Similarly, the DNA content of 

cells growing on e-spun RSF-GalCS, RSF alone and GalCS alone scaffolds at 1, 2, 3 and 

7 d of culture period was measured by using bisBenzimide based commercial kit and 

subsequently converted into cell numbers using a standard curve (Figure 6.12). The 

observations suggest that, the metabolically active cell population and the rate of cell 

proliferation was highest on e-spun RSF-GalCS than on e-spun RSF alone and e-spun 

GalCS alone. Amongst RSF alone and GalCS alone, the cell viability and cell 

proliferation was found to be relatively higher on RSF than on GalCS. 
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Figure 6.9. Inverted phase contrast microscope images of HepG2 cells growing on e-

spun RSF-GalCS nanofibrous scaffold: (a) bright light view, (b) fluorescence image. The 

observations revealed the formation of hepatic spheroids, characteristic of functional 

hepatocytes. Maginification: 200×. 

 

 

Figure 6.10. FESEM images of 1 day old (a), 3 day old (b) and 7 day old (c) cultures of 

HepG2 cells growing on RSF-GalCS e-spun scaffolds, and a high magnification FESEM 

image of cell-matrix junction.  
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Figure 6.11. MTT assay, where the absorbance is directly proportional to the number of 

metabolically active cells, revealed that the metabolically active HepG2 cells are 

relatively higher on e-spun nanofibrous RSF-GalCS scaffold than on RSF alone and 

GalCS alone.  

 

 

Figure 6.12. Results of DNA quantification assay. The observations revealed that the rate 

of proliferation of HepG2 cells was relatively higher on e-spun nanofibrous RSF-GalCS 

scaffold than on RSF alone and GalCS alone.  
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6.4 DISCUSSION 

Electrospinning is now a commonly used fabrication technique in TE to develop scaffolds 

with biomimetic architecture. The e-spun nanofibrous scaffolds possess an extremely 

high surface-to-volume ratio, tunable porosity and flexibility to conform over a wide 

variety of sizes and shapes (Bhardwaj and Kundu, 2010). The e-spun scaffolds are often 

composed of randomly aligned nano- and submicron- scale fibers and thus mimic the 

structure of the natural ECM. In addition, the scaffold composition can be controlled to 

achieve desired properties and functionality. Due to these advantages, the usage of e-spun 

nanofibrous scaffolds for TE applications has attracted a great deal of attention in the past 

several years (Vasita and Katti, 2006). 

 However, the formation of e-spun fibers is typically influenced by the solution 

parameters (composition and concentration) (Pham et al., 2006). In the current study, we 

used a combination of RSF and GalCS as polymers of choice with an aim to mimic the 

composition of natural ECM. And, formic acid (98%, GR grade) was chosen as desired 

solvent system, since earlier reports demonstrated that formic acid does not distress the 

fibroin structure unlike other solvents such as Hexafluoroisopropanol, also, it facilitates 

beta-sheet formation in e-spun fibroin (Ayutsede et al., 2005). From the knowledge of 

recent developments in the electrospinning of RSF (Meinel et al., 2009; Jin et al., 2002), 

and from our preliminary work done in laboratory, the concentration of RSF was fixed at 

10% (w/v). While the concentration of GalCS was varied between 10%, 25% and 50% 

(w/w) with respect to RSF concentration. The GalCS concentrations above 50% were not 

possible, as it resulted in highly viscous solutions which were difficult to spin. 

Besides solution parameters, the electrospinning processing parameters, such as 

electric field strength, flow rate and the distance between capillary tube and collecting 

drum, also influence the formation of nano fibers (Li and Xia, 2004). For process 

optimization, voltage of 1, 1.5 and 2 kV/cm and flow rate of 0.2, 0.5 and 1 ml/h were 

used. The distance between capillary tube and grounded target was set at 5, 10 and 15 cm. 

Representative FESEM micrographs of e-spun products at various test conditions are 

shown in Figure 6.2 and Figure 6.3. The observations revealed that there was no 

formation of bead-less and continuous fibers with uniform size distribution. All the tested 

parameters yielded either beads or beaded, discontinuous fibers. One possible explanation 

for these observations is that, silk fibroin and chitosan in the blend solution may form 
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inter-molecular hydrogen bonds, and thus makes it difficult to e-spin (Kumar, 2006). 

Also, several other groups encountered such problems while trying to e-spin blends of 

natural polymers (Alborzi et al., 2010; Xie and Hsieh, 2003). Hence, it can be presumed 

that, optimizing electrospinning parameters for blends of natural polymers is much more 

difficult than for pure natural polymers. 

To ameliorate this problem, the RSF-GalCS solution was further blended with 

PEO (10% w/w with respect to RSF). The results clearly depicted the formation of 

continuous and bead-free nanofibers (Figure 6.4). About 10% of RSF (w/v), 25% of 

GalCS (w/w with respect to RSF), 10% of PEO (w/w with respect to RSF), 15 cm of 

distance between capillary tube and collecting drum, 1.5 kV/cm applied voltage and 

around 0.5 ml/h were found to be relatively optimum parameters for obtaining fibers, and 

hence these parameters were routinely employed for our subsequent experiments. The use 

of PEO as an electrospinning processing aid is well documented. Previously, its use in 

electrospinning of various natural polymers, such as sodium alginate-pectin, casein-lipase 

and chitosan, was reported (Alborzi et al., 2010; Xie and Hsieh, 2003; Kasoju et al, 

2010). PEO, a unique amphiphilic polyether-diol, is a non-toxic, biocompatible and 

biodegradable synthetic polymer which can be eliminated by renal and hepatic pathways 

when used for biomedical applications (Liang et al., 2007). Additionally, it is also 

reported that PEO reduces serum protein adsorption and thus lowers subsequent platelet 

adhesion and colt formation. Hence, it results in a favorable blood – material interaction 

without graft rejection issues when used in vivo (Bergstrom et al., 1992). 

The fiber diameter and size distribution of e-spun scaffolds were determined using 

Image J software (NIH). The mean average diameter of RSF, GalCS and RSF-GalCS e-

spun scaffolds were found to be 209 nm, 214 nm and 210 ± 57 nm, respectively (Figure 

6.4). Though there is no significant difference in the mean diameters between various 

scaffolds, the size distribution was found to be highly homogenous incase of RSF-GalCS 

scaffolds than RSF and GalCS. We then determined the physical properties of e-spun 

nanofibrous RSF-GalCS scaffold, such as the degree of swelling and water uptake 

capacity (%), which were found to be 2.95 % and 74.68 % respectively. A negligible 

degree of swelling index suggests that when implanted in the body the scaffold do not 

swell in excess and do not cause any physical/mechanical hindrance to the surrounding 

tissues. However, it has a water uptake capacity of around 75 % indicating that it is 

hydrophilic and can hold an excess amount of water or body fluids. 
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The chemical/structural properties of the scaffold were evaluated from FTIR 

spectroscopy studies. The spectra of e-spun nanofibrous RSF alone, GalCS alone and 

RSF-GalCS scaffold are presented in Figure 6.5. The peaks between 1600-1690 cm-1, 

1480-1575 cm-1, 1229-1301 cm-1 and 640–800 cm-1 showed by e-spun nanofibrous RSF 

alone scaffold can be attributable to characteristic amide – I, - II, - III and – V 

respectively (Meinel et al., 2009; Jin et al., 2002). Similarly, the peaks at 1630 cm−1 and 

1573 cm−1

Further details about chemical/structural properties of the scaffold were drawn 

from powder XRD spectroscopy studies. The powder XRD patterns of RSF alone, GalCS 

alone and RSF-GalCS nanofibrous scaffold are presented in Figure 6.6. The spectra of 

RSF alone and GalCS alone revealed a characteristic broad peak at 2θ = 21 / 24-25

 exhibited by e-spun nanofibrous GalCS alone scaffold can be regarded as 

characteristic of amide – I and – II respectively (Feng et al., 2009). While, in the e-spun 

nanofibrous RSF-GalCS scaffold, the characteristic signals related to both RSF and 

GalCS were preserved. In particular, the signals of RSF, which was the major constituting 

polymer, remained unaltered. Also, there were no any new peaks or any significant 

changes in the characteristic signals, which suggest absence of any covalent interactions 

between GalCS and RSF.  

o and 

2 θ = 24-26o

The thermal properties of the scaffold were obtained from TGA analysis. The 

thermographs of e-spun nanofibrous RSF alone, GalCS alone and RSF-GalCS scaffold 

are presented in Figure 6.7. The RSF was found to be stable for up to 265 

, respectively, depicting the amorphous nature of both the polymers. Our 

results were in good agreement with previous reports on powder XRD studies of RSF and 

GalCS (Um et al., 2001; Zhang et al., 2008). While, in the e-spun nanofibrous RSF-

GalCS scaffold, the characteristic signals related both RSF and GalCS were preserved. 

Notably, the signals of RSF, which was the major constituting polymer, remained 

unaltered. Also, similar to FTIR findings, there were no any new peaks or any significant 

change in the characteristic signals, and thus suggests non-covalent interactions between 

GalCS and RSF, without causing any major obliteration to fibroin secondary structure. 

Previously, Park et al (2004) studied the interaction between silk fibroin and chitosan and 

suggested a possible intermolecular hydrogen bonding. In the current study, based on 

FTIR and XRD observations, we anticipate similar intermolecular hydrogen bonding 

between RSF and GalCS. 

oC with mere 

~5% weight loss, while the GalCS was found to undergo exponential mass loss of up to 
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~20% until 227 oC, after which it was subjected to thermal decomposition. In contrast, the 

RSF-GalCS exhibited a 2-stage decomposition pattern with an exponential weight loss 

phase between 37-108 oC, a region of thermal stability between 108-244 oC, followed by 

thermal decomposition. It was observed that as compared to RSF the overall thermal 

stability of the RSF-GalCS scaffold was decreased from 265 oC to ~240 oC, which may 

probably due to the addition of GalCS. Nevertheless, the results suggest that the e-spun 

nanofibrous RSF-GalCS scaffold has a thermal stability of up to ~240 o

Ideally, a biomaterial intended for use as scaffold in TE applications should not, 

either by it-self or by its degraded products, elicit adverse biological reactions. In 

particular it should not result in any kind of cytotoxic or necrotic reactions. In the current 

study, a simple in vitro cytotoxicity assay using L929 cells was followed to determine the 

undesirable effects of e-spun scaffolds. The changes in morphology of treated cells were 

tracked by inverted phase contrast light microscopy (Figure 6.8). The results revealed 

that the treated cells in negative control group showed characteristics of healthy 

fibroblasts, while, the treated cells in positive control group showed characteristics of 

dead fibroblasts. However, the treated cells in test group exhibited characteristics of 

viable cells, which was comparable to that of negative control group. Similarly, cell 

viability was determined by MTT assay after 24, 48 and 72 h of treatment (Figure 6.8). It 

was noticed that, in case of test group the cell viability was found to be >95%, which 

resembled with that of negative control group; while in case of positive control group, the 

cell viability has drastically decreased to <20%. Thus, the inverted phase contrast light 

microscopy observations and MTT assay results collectively suggest the non-toxicity of 

the test sample. 

C with mere 20% 

weight loss. 

Hepatic TE strategies often involves the isolation of healthy hepatocytes from the 

patient, seeding and in vitro culturing of cells on an artificial ECM, and subsequent 

implantation back into the patient body. Therefore, a scaffold intended for use in hepatic 

TE should facilitate the attachment, growth, metabolism and proliferation of hepatocytes, 

and should finally result in the formation of a functional tissue. In this study, the 

compatibility of the e-spun RSF-GalCS nanofibrous scaffold for use in hepatic TE was 

evaluated by culturing HepG2 cells for a period of 7 days. Inverted phase contrast 

microscope images of HepG2 cells growing on e-spun RSF-GalCS nanofibrous scaffold 

clearly revealed the formation of hepatic spheroids that are regarded as characteristic of 
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functional hepatocytes, (Figure 6.9). The scaffold’s ability to induce the formation of 

such multi-cellular aggregates, which consists of functionally active, differentiated 

hepatocytes with preserved viability, enhanced liver specific function and extended 

survival in vitro, could be a beneficial factor from a hepatic TE perspective (Török et al., 

2001). Further details about hepatocyte compatibility of RSF-GalCS scaffold were 

obtained from FESEM analysis (Figure 6.10). The observations depicted a gradual 

progress in the cell density over a period of 7 days. Also, a high magnification image of 

cell-matrix junction revealed excellent integration of cells with the e-spun RSF-GalCS 

fibers. Hepatocytes are anchorage-dependent cells and are highly sensitive to the ECM 

milieu for the maintenance of their viability and differentiated functions, thus hepatic TE 

require a suitable ECM for hepatocyte culture (Park et al., 2003). Overall, light, 

fluorescence and electron microscopy studies collectively depict the favorable adhesion, 

growth and spheroid formation of hepatocytes on e-spun RSF-GalCS scaffold, and thus 

suggested its suitability for use in hepatic TE. 

Additionally, the metabolic activity and rate of cell proliferation of hepatocytes 

growing on e-spun RSF alone, GalCS alone RSF-GalCS nanofibrous scaffolds were 

determined at 1, 2, 3 and 7 d of culture period. Figure 6.11 presents the results of MTT 

assay and Figure 6.12 presents the results of DNA quantification assay of hepatocytes 

growing on various substrates. In both cases, there was a gradual increase in the cell 

metabolic activity and cell density on all the substrates. However, the observations 

suggest that the metabolically active cell population was highest on e-spun RSF-GalCS 

than on e-spun RSF alone and e-spun GalCS alone. Interestingly, amongst RSF alone and 

GalCS alone, the metabolically active cell population was found to be relatively higher on 

RSF than on GalCS. However, little is known in this regard. Nevertheless, the results 

suggest that the RSF-GalCS scaffold provided favorable environment for growth and 

proliferation of hepatocytes. 

Overall, light, fluorescence and electron microscopy studies, MTT assay and 

DNA quantification assay collectively depicted that the e-spun RSF-GalCS blend scaffold 

can efficiently support the adhesion, growth, proliferation and metabolic activity of 

hepatocytes. Given the vital role of liver in human physiology and the fact that 

hepatocytes are anchorage-dependent cells and lose their liver-specific functions without 

an optimal ECM features, the design of artificial matrix for hepatic TE is critically 

important (Ng et al., 2006). Several varieties of scaffolds for hepatic TE were reported 
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previously with varying success; however, most of these scaffolds were developed with a 

focus either on its architectural features or on its biological properties only. For example, 

Ahn et al (2007) and Lv et al (2007) described the fabrication of polystyrene-based and 

PLA-based e-spun nanofibrous scaffolds for hepatocytes culture. Though the architecture 

of these scaffold mimics the natural ECM, the scaffold composition does not mimic the 

natural ECM. Similarly, Hu et al (2007) reported biocompatible blend films of silk 

fibroin and recombinant human-like collagen, and Zavan et al (2005) reported ECM-

enriched polymeric scaffold for hepatic TE. In these cases, the scaffolds mimic the 

composition of natural ECM but not its architecture. Also, in the recent past, GalCS based 

scaffolds have gained a great deal of attention, since it was proposed that hepatocytes’ 

ASGP receptors interacts with galactose ligands and subsequently aid in enhanced cell 

adhesion and function (Park et al., 2003). Recently, Feng et al (2009) reported the effect 

of e-spun nanofibrous GalCS scaffolds of hepatocytes aggregation and maintenance of 

liver function. Authors reported that the hepatocytes function was higher on e-spun 

GalCS scaffold than on GalCS films. However, the characteristic functionality of 

hepatocytes cultured on these scaffolds declined gradually during the culture period (Feng 

et al., 2009). 

Hence, the existing scaffolds can be considered to be less than ideal since these 

scaffolds lack a balance between architectural features and biological / biochemical 

properties. The e-spun RSF-GalCS blend scaffold, described in the current chapter, can 

be a better choice over existing scaffolds since it mimics both the architecture and the 

composition of natural ECM. To the best of our knowledge, current study is the first of its 

kind to report a comparative account of hepatocyte culture on a protein based (RSF alone) 

scaffold, a carbohydrate based (GalCS alone) scaffold, and a scaffold based on blends of 

protein and carbohydrate (RSF-GalCS). The data presented in this report clearly show 

that the hepatocytes growth, metabolism and proliferation was found to be higher in the 

order of RSF-GalCS blend > RSF alone > GalCS alone e-spun scaffolds. Thus, the results 

clearly suggested that the e-spun RSF-GalCS blend scaffold, a biomimetic artificial ECM 

fabricated by integrating a careful selection of appropriate materials and fabrication 

techniques, could be a better choice over existing scaffolds for use in hepatic TE 

applications. 
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6.4 CONCLUSIONS 

The current chapter describes the development of e-spun RSF-GalCS nanofibrous 

scaffold as a biomimetic artificial extracellular matrix for hepatic tissue engineering 

applications. It was found that the blends of RSF-GalCS were difficult to e-spin, thus, 

PEO was used as a processing aid. About 10% of RSF (w/v), 25% of GalCS (w/w with 

respect to RSF), 10% of PEO (w/w with respect to RSF), 15 cm of distance between 

capillary tube and collecting drum, 1.5 kV/cm applied voltage and around 0.5 ml/h were 

found to be relatively optimum parameters for obtaining fibers with uniform size 

distribution. The mean average diameter of the scaffold was found to be 210 ± 57 nm as 

estimated using Image J. The degree of swelling and water uptake capacity (%) were 

found to be 2.95 % and 74.68 % respectively. The FTIR and powder XRD studies 

revealed absence of any covalent interaction between RSF and GalCS. The scaffold has a 

thermal stability of up to ~240 o

 

C with mere 20% weight loss as evident from TGA 

analysis. In vitro cytotoxicity assay using L929 cells revealed the non-toxicity of the 

scaffold. Subsequently, extensive hepatocyte compatibility studies revealed the adhesion, 

growth and characteristic spheroid formation of hepatocytes on the scaffold. Also, the 

metabolic activity and rate of proliferation of hepatocytes was found to be relatively 

higher on e-spun RSF-GalCS blend scaffold than on RSF alone and GalCS alone 

scaffolds. The results suggested that the e-spun RSF-GalCS blend scaffold, reported in 

the current study, can be a better choice over existing scaffolds since it mimics both the 

architecture and the composition of native ECM. However, further in vivo studies are 

needed to prove its true potential. 

--- * --- 
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7.1 INTRODUCTION 

Liver performs many important metabolic functions and is the only internal organ that has 

the capacity to regenerate itself with new healthy tissues. Loss of liver functions may 

result in the disruption of many essential metabolic functions; and acute liver failure is 

often associated with high morbidity and mortality without transplantation (Allen et al., 

2001; Fiegel et al., 2008). Extracorporeal liver support devices have therefore been 

developed in the last few decades in order to either bridge patients to liver transplantation 

or allow the native liver to recover from injury. They may also be valuable when primary 

non-function occurs after liver transplantation or when a large hepatic resection leaves too 

little liver in reserve. There are two types of liver assist devices: artificial and bioartificial 

livers (Carpentier et al, 2009). Artificial liver devices use non-living components to 

cleanse the blood or plasma of its toxins. Removal is based on physical/chemical 

gradients and adsorption. While, the bioartificial liver (BAL) devices aim to replace the 

primary and most important liver functions, using a combination of physical and chemical 

procedures, and bioreactors hosting cells. BAL systems, consisting of liver cells or tissue 

in a synthetic housing, have been promising but have not yet proven completely 

successful in clinical trials (van de Kerkhove et al., 2004; Sussman et al., 2009; Giri et 

al., 2011); the optimal BAL system is still under development.  

The major key components of any BAL system include cells (biological 

component), matrix or scaffold (materials component) and bioreactor. BAL system uses 

few well-characterized animal cells and immortalized cell lines; however, studies are 

underway to determine the type and amount of cells and to overcome the associated 

limitations (Stange and Mitzner, 1996; Hoekstra and Chamuleau, 2002; Morsiani et al., 

2002). A variety of configurations of the BAL system are reported with varying response 

with regard to fluid/mass transfer characteristics and oxygenation at site (Busse and 

Gerlach, 1999; Yu et al., 2009). However, hepatocytes are anchorage dependent cells and 

quickly lose their characteristic phenotype without the proper matrix (composition and 

configuration) (Park et al., 2003; Akaike et al., 1993). Thus, to ensure the efficacy of the 

entire BAL system, the design and fabrication of a matrix with an appropriate balance 

between its architectural and physico-chemical / biological features is critically important. 

Till date, a variety of materials and matrix configurations have been evaluated for use in 

BAL systems. As far as materials are concerned, several polymeric materials such as 

cellulose acetate, polysulfone, etc., are conventionally used in most BAL devices (Kamlot 
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et al., 1996; Tzanakakis et al., 2000; Legallais et al 2001). However, these polymeric 

surfaces are easily prone to nonspecific biofouling and thus induce various unfavorable 

bioreactions and reductions in material function. And with regard to matrix configuration, 

several forms such as films/membranes, microcarriers, hydrogels, porous sponges, micro- 

or nano- fibrous nonwoven matrices have been investigated for use in 3D hepatocyte 

culture. However, each of these configurations was found to have its corresponding 

merits and demerits, and thus proves to be suboptimal (Sussman et al., 2009). 

Despite extensive research, the effective matrix for high density hepatocyte 

culture system that can perform high level cellular functions and log-term survivability 

remain elusive. No any single material / matrix configuration could mimic the 

composition / micro-architecture of native extracellular matrix (ECM) and thus are far 

from being perfect; however, they offer desirable traits which were exclusive of the other. 

Here, we hypothesize to design and fabricate a multi-component/phase composite matrix 

by combining a careful selection of materials and appropriate matrix configuration. The 

proposed matrix possess a two-component sandwich configuration, where, Antheraea 

assama silk fibroin (AaSF) based sulfated micro-fibrous nonwoven scaffold constitutes 

the central base matrix, and Bombyx mori silk fibroin (BmSF)/galactosylated chitosan 

(GalCS) based electrospun nanofibrous matrix encase/sandwich the base matrix. 

Extensive characterization studies were performed to determine its morphological, 

physico-chemical, thermal and cytotoxicity properties. The hepatocyte compatibility of 

the scaffold was evaluated by culturing HepG2 cells in a custom-built nonwoven mat 

based bioreactor system for a period of 7 days, where, the morphological features and 

metabolic activity of hepatocytes growing on the matrix were analyzed on a regular basis. 

 

7.2 MATERIALS AND METHODS 

7.2.1 Materials 

Antheraea assama and Bombyx mori cocoons were a kind gift from Silk Mark 

Organization of India (SMOI; Guwahati, India). Chitosan (low molecular weight, 90% 

deacetylated) was obtained from Marine Chemicals (Cochin, India). Lactobionic acid 

(LA), N-hydroxysuccinimide (NHS), 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide 

(EDC), Poly(ethylene oxide) (PEO, Mv ≈ 1,000,000), N,N,N′N′ -

TH-1073_06610611



Chapter 7 

203 | P a g e  

tetramethylethylenediamine (TEMED), and cell culture chemicals and plastic ware were 

purchased from Sigma-Aldrich (Kolkata, India). All other chemicals of analytical reagent 

grade were purchased from Merck (Mumbai, India) and were used without further 

processing. 

 

7.2.2 Preparation of sulfated A. assama silk fibroin nonwoven matrix 

The nonmulberry silkworm (A. assama) cocoons were degummed and processed as per a 

previous report to yield a nonwoven matrix composed of micro-scale fibers (Kasoju et al., 

2009). Briefly, the pure fibroin fibers were suspended in formic acid solution containing 

lithium bromide and subjected to constant stirring to get a homogeneous mixture of fibers 

in the solution. The suspension was later cast in a 100 mm Petri dish and the solvent was 

allowed to evaporate under vacuum. The residual formic acid and traces of salt were 

removed by washing thoroughly with distilled water. The sulfation of the nonwoven 

scaffold was performed by a simple reaction with chlorosulfonic acid in pyridine for 2 h 

at 80 o

 

C, as reported previously (Tamada, 2003). It was subsequently used as base mat to 

fabricate composite scaffold for use in BAL setup. 

7.2.3 Preparation of regenerated B. mori silk fibroin (BmSF) for electrospinning 

The B. mori cocoons were degummed and processed to yield aqueous regenerated silk 

fibroin by conventional method (Meinel et al., 2009). Briefly, the pure fibroin fibers were 

suspended in lithium bromide and subjected to heating under constant stirring. The 

soluble fraction was dialyzed to yield fibroin aqueous solution which was then freeze 

dried to yield fibroin sponge. It was used with GalCS for preparation of electrospun 

nanofibers. 

 

7.2.4 Preparation of galactosylated chitosan (GalCS) for electrospinning 

The coupling of chitosan with LA was performed by an active ester intermediate using 

EDC and NHS as previously reported (Feng et al., 2009). Briefly, 2.3 g (6.35 mmol) of 

LA dissolved in 50 ml of TEMED/HCl buffer solution (pH 4.7) was activated with a 
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mixture of NHS (0.14 g) and EDC (0.6 g). Subsequently, 2.2 g of chitosan (13.7 mmol) 

was added into the solution at an equivalent molar ratio to LA. The reaction was 

performed for 72 h at room temperature. The resulting product was dialyzed and freeze 

dried to obtain GalCS. It was used with regenerated RSF for preparation of electrospun 

nanofibers. 

 

7.2.5 Process optimization for electrospinning of BmSF/GalCS 

The freeze dried fibroin and GalCS were dissolved in formic acid. The mixture was 

stirred continuously until complete dissolution and then subjected to electrospinning. The 

electrospinning scheme and the apparatus (ESPIN-NANO, Physics Instruments Co. 

Chennai, India) used for nanofiber preparation is shown in Figure 7.1.  

The setup includes a high voltage power supply, software driven syringe pump, a 

rotating drum collecting unit and an electric discharge stick, enclosed in a plastic 

chamber. The polymer solution is filled in to a standard 2 ml disposable syringe capped 

with a blunt end needle. The final concentrations of BmSF and GalCS were 10% (w/v) 

and 25% (w/w with respect to BmSF) respectively. To increase the spinnability about 

10% (w/w with respect to BmSF) of PEO was also mixed with the above suspension. 

 

7.2.6 Fabrication of composite matrix for use in BAL setup 

A simplified schematic overview of the steps involved in the fabrication of composite 

scaffold is presented in Figure 7.2). Initially, AaSF based sulfated nonwoven 

microfibrous mat was prepared. Then, the mat was bound to the aluminum collector drum 

with the help of fibroin fibers, and the nanofibers were then collected onto it at previously 

optimized electrospinning parameters. The nanofibers were collected on both sides of 

nonwoven microfibrous mat. The composite scaffold was dried in vacuum desiccator at 

room temperature to remove solvent residues, and was then treated with methanol to 

induce conformational change in the fibroin.  
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Figure 7.1. A Simplified schematic view of the (A) electrospinning process and the (B) 

apparatus used in the current study to produce nanofibrous scaffolds. (a) Syringe, (b) 

metal blunt ended needle, (c) high voltage supply, (d) fine jet of polymer solution, (e) 

earthed target. 

 

 

Figure 7.2. The schematic overview of the methodology followed to fabricate the 

composite matrix for BAL applications.  
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7.2.7 Characterization studies 

7.2.7.1 Morphological properties 

The samples were examined under scanning electron microscope for evaluation of the 

morphological features of the matrix. The samples were mounted on the specimen holder 

with electro-conductive tape, sputter coated with gold under vacuum in a coating unit 

(SC7620, Polaron Range), and were subsequently observed under field emission scanning 

electron microscope (FESEM, ΣIGMA, ZEISS). 

7.2.7.2 Physical properties: swelling behavior and water uptake capacity 

To study the swelling behavior, measured amounts of scaffold were taken (Wd) and were 

immersed in water for 24 h. The swollen scaffold was centrifuged at 500 r.p.m. in the 

presence of a filter to remove excess water from the scaffold and the wet weight (Ws) was 

determined. The degree of swelling (Q) and water uptake (%) were calculated using 

following equations (Kasoju et al., 2009). 

( )s d

d

W  - W
Degree of swelling (Q) 100

W
= ×

 

( )s d

s

W  - W
Water uptake (%) 100

W
= ×

 

7.2.7.3 Chemical / structural properties 

Energy dispersive x – ray (EDX) spectroscopy: The elemental analysis of the sulfated 

AaSF microfibrous scaffold was studied in a SEM (LEO 1430 VP) equipped with INCA 

Oxford EDX facility, at an acceleration voltage of 10 keV. 

Fourier transform infrared (FTIR) spectroscopy. About 5 mg of the finely powdered 

samples were pressed into a pellet with 200 mg of potassium bromide (IR grade, Sigma-

Aldrich) and infrared spectra were recorded in FTIR spectrophotometer (Spectrum One, 

Perkin Elmer, MA, USA), from 4000 cm–1 to 450 cm–1 with a resolution of 2 cm–1

Wide angle X-ray diffraction (WAXD) spectroscopy. The samples were subjected to 

powder WAXD analysis on a Bruker D8 advance X–ray diffractometer (Bruker Axs Inc. 

 and 5 

scans per sample.  
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Germany) using Cu–Kα radiation (λ = 1.54184 Ao ) at 40 kV voltage, 40 mA current, a 

scanning rate of 0.05o/min and a 2θ angle ranging from 5o to 75o

7.2.7.4 Thermal properties 

. 

Thermal gravimetric analysis (TGA). TGA measurements were performed using a TGA 

instrument (NETZSCH). A thermograph of 5 mg scaffold was obtained from 25 – 600 oC, 

with a heating rate of 10 o

 

C/min. The cell was swept with Argon during analysis. 

7.2.8 Cell culture 

Mouse subcutaneous connective tissue fibroblast (L-929 or NCTC clone 929) and human 

hepatocellular carcinoma cell line (HepG2) were obtained from National Centre for Cell 

Sciences (NCCS, Pune, India). As per NCCS guidelines, cells were maintained in Eagle’s 

minimum essential medium (EMEM) supplemented with 2 mM L-glutamine, 1.5 g/L 

sodium bicarbonate, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate, 1 % 

antibiotic-antimycotic solution (1000 U/mL penicillin G, 10 mg/mL streptomycin sulfate, 

5 mg/mL gentamycin, and 25 μg/mL amphotericin B) and fetal bovine serum (FBS, heat 

inactivated, 10% v/v). Cells were cultured in T-25 culture flasks (Corning®) at 37 °C in a 

CO2 incubator (HF 160W, Heal Force®

 

).  The sub-confluent cell monolayer was 

subjected to trypsinization to obtain a cell suspension, and cell count of the suspensions 

was made using a hemocytometer before each experiment. 

7.2.9 Cytotoxicity testing 

7.2.9.1 Preparation of extracts 

The sterile sulfated AaSF microfibrous scaffolds, BmSF/GalCS nanofibrous scaffolds, 

and the composite scaffolds were suspended separately in serum-free EMEM (about 1 

cm2 area per ml) and incubated at 37 °C in a CO2 incubator for 24 h. For control 

experiments, extracts of sterile filter papers saturated with  Dulbecco’s phosphate 

buffered saline without Ca2+ and Mg2+ (DPBS, 1×), and aqueous phenol (0.45% v/v) were 

prepared in a similar manner, and were regarded as negative and positive controls, 

respectively. All the extracts were used within 24 h of preparation. 
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7.2.9.2 Treatment procedure 

In the present work, the cytotoxicity of the extracts of composite scaffold, along with 

proper controls, was investigated using L929 mouse fibroblasts. For each experiment, 

exponentially growing L929 cells were seeded in a 96 well culture plate (Corning®) 

approximately at a rate of 1 × 104 cells per well and cultured for 24 h in a CO2 incubator. 

The cells were then exposed to the extracts of composite scaffold, DPBS and aqueous 

phenol. Also, for comparative analysis, the cells were incubated with plain medium 

without any extracts. The treatment was performed for 24, 48 and 72 h in a CO2

7.2.9.3 Microscopic examination 

 

incubator. 

At the end of each incubation period, the changes in morphology of L929 cells, both 

treated and untreated, were observed under an inverted phase contrast light microscope 

(Eclipse TS100, Nikon) equipped with a digital camera (Coolpix, Nikon). 

7.2.9.4 Cell viability assay 

Similarly, at the end of each incubation period, the well contents were replaced with equal 

volume of MTT solution (0.5 mg/ml in serum-free EMEM). The cells were further 

incubated for a period of 4 h. The MTT solution was then replaced with equal volume of 

DMSO to dissolve the formazan complex formed by viable cells. The absorbance of the 

samples was measured at 570 nm using a multimode multiwell plate reader (Infinite 

M200i, Tecan) and the cell viability was calculated by the following equation, where, Nt 

and Nc represents the absorbance of treated and untreated-control cells, respectively. 

(%) 100NtViability
Nc

= ×
 

 

7.2.10 Hepatocyte compatibility studies in BAL setup 

7.2.10.1 BAL setup 

The schematic drawing of the BAL bioreactor setup and configuration used in the current 

study is presented in Figure 7.3. The setup includes a bioreactor (a plastic cartridge, 

enclosing the matrix) which was connected to a media reservoir through silicon tubing. 
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The input medium was pumped into bioreactor using a peristaltic pump which was 

operated at a speed of 40 ml/h during experiment. The output medium was carried back 

into the medium reservoir through silicon tubing. The bioreactor and the medium 

reservoir were kept in a CO2 incubator operating at 37oC and supplemented with 5% 

CO2

7.2.10.2 Preparation of BAL setup 

, while, the peristaltic pump was kept outside the incubator. The medium reservoir 

was fitted with a filter vent and the medium was stirred continuously at 100 rpm to allow 

gas exchange and saturation. 

The sterile composite matrix (1″ × 2.5″) was revolved around an axis to form a spiral roll. 

It was then fit into the bioreactor column (10 ml capacity) and connected to the BAL 

setup. The matrix was saturated first with Dulbecco’s phosphate buffered saline (DPBS 

1×) for 1 h, and then with FBS supplemented EMEM for another 1 h. The peristaltic 

pump was operated at a speed of 40 ml/h. 

7.2.10.3 Hepatocyte seeding and culture in BAL setup 

About 25 ml of HepG2 cell suspension (approx. 1×106 cells/ml) was pumped from the 

reservoir through the bioreactor at a flow rate of 2ml/min, and recycled back into the 

reservoir. After 1 h, the pump was switched-off, inlet and outlet of the bioreactor were 

closed, and the incubation was followed for another 4 h at static conditions. The non-

adherent cells were removed by flushing with cell-free, FBS-supplemented EMEM, at a 

flow rate of approximately 0.5 ml/min. Subsequently, the cell loaded BAL system was 

operated for 1 week, where, the cells were supplied with fresh medium every 24 h. The 

setup was housed in a CO2 incubator set at 37oC and supplemented with 5% CO2, 

7.2.10.4 Microscopic examination 

and 

operated at a flow rate of 40 ml/min. 

At the end of the experiment, the cell – scaffold matrices were observed under an inverted 

phase contrast light microscope (ProSciTech) equipped with a digital camera (Coolpix, 

Nikon). The cell – scaffold matrices were stained with acridine orange and were observed 

under an inverted phase contrast fluorescence microscope (ProSciTech) equipped with a 

digital camera (Coolpix, Nikon). Additionally, the cell – scaffold constructs were 

subjected to scanning electron microscope (FESEM, ΣIGMA, ZEISS) examination, after 
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fixation in glutaraldehyde solution, dehydration by ethanol gradient and subsequent 

sputter coating with gold. 

7.2.10.5 Biochemical assays 

The ability of the hepatocytes, which were growing on the composite matrix in the 

bioreactor, to perform their characteristic functions was evaluated on a regular basis. For 

this purpose, the spent medium was collected and subjected for albumin assay and urea 

assay using a biochemical auto-analyzer (VITROS® 350 Chemistry System, Ortho-

Clinical Diagnostics Inc. - Johnson & Johnson Co.). Also, the amount of LDH release 

was estimated to evaluate the cell death. 

 

7.2.11 Statistical analysis 

Values (at least quadruplicate) were averaged and expressed as mean ± standard deviation 

(SD). Statistical differences were determined by Student's paired t test using SigmaPlot®. 

Differences were considered statistically significant at p < 0.01. 

 

 

Figure 7.3. A simplified schematic view of the BAL setup and bioreactor configuration 

used in the current study.  

TH-1073_06610611



Chapter 7 

211 | P a g e  

7.3 RESULTS 

7.3.1. Characterization studies 

7.3.1.1 Morphological properties 

The FESEM images showing the morphological properties of the composite scaffold are 

presented in Figure 7.4. Also, magnified images of middle sulfated AaSF microfibrous 

portion and top/bottom e-spun nanofibrous BmSF/GalCS portion are presented. In both 

cases a homogenously porous nonwoven network was observed. Additionally, the fiber 

diameter and size distribution was determined using Image J software (NIH). The mean 

average diameter of sulfated AaSF microfibrous mat and e-spun nanofibrous 

BmSF/GalCS mat were found to 20.9 ± 10.2 µm and 206 ± 66 nm, respectively (Figure 

7.4). About 10% of RSF (w/v), 25% of GalCS (w/w with respect to RSF), 10% of PEO 

(w/w with respect to RSF), 15 cm of distance between capillary tube and collecting drum, 

1.5 kV/cm applied voltage and around 0.5 ml/h were found to be relatively optimum 

electrospinning parameters for obtaining fibers with uniform size distribution. 

7.3.1.2 Physical properties: swelling behavior and water uptake capacity 

The degree of swelling (Q) and water uptake capacity (%) of e-spun nanofibrous 

BmSF/GalCS mat were found to be 2.95 % and 74.68 % respectively. While, the degree 

of swelling (Q) and water uptake capacity (%) of sulfated AaSF microfibrous were found 

to be 2.35 % and 69.84 % respectively. 

7.3.1.3 Chemical / structural properties 

EDX spectroscopy: A typical line diagram of EDX spectra of sulfated AaSF microfibrous 

mat exhibited Kα lines for carbon, oxygen, nitrogen and sulfur at 0.28 keV, 0.52 keV, 

0.39 keV and 2.31 keV respectively (Figure 7.5). The relative sulfur content of sulfated 

scaffold it was found to be around 20.43 %. 

FTIR spectroscopy: The FTIR spectra of e-spun nanofibrous BmSF/GalCS mat and 

sulfated AaSF microfibrous mat are presented in Figure 7.6. The e-spun nanofibrous 

BmSF/GalCS mat exhibited signals at 1646 cm−1, 1619 cm−1, 1423 cm−1, 1135 cm−1 and 

1061 cm−1. While, the sulfated AaSF microfibrous mat showed peaks at 1632 cm−1, 1515 

cm−1, 1246 cm−1 and 967 cm−1.  
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Figure 7.4. FESEM images of composite scaffold (a), middle sulfated AaSF microfibrous 

portion (b), and top/bottom e-spun nanofibrous BmSF/GalCS portion (c). From the 

corresponding size distribution histograms, as prepared from Image J, the mean fiber 

diameters of sulfated AaSF mat (a’), and e-spun BmSF/GalCS mat (b’) were found to be 

20.9 ± 10.2 µm and 206 ± 66 nm, respectively. 
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Figure 7.5. A typical elemental microanalysis spectrum of sulfated AaSF microfibrous 

mat with K lines for C, O, N and S as obtained from EDX analysis. The inset shows a pie 

diagram representing the relative atomic percentages of each element. 

 

 

Figure 7.6. The FTIR spectra of (a) e-spun nanofibrous BmSF/GalCS mat and (b) 

sulfated AaSF microfibrous mat. 
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Figure 7.7. The powder XRD spectra of (a) e-spun nanofibrous BmSF/GalCS mat and (b) 

sulfated AaSF microfibrous mat. 

 

 

Figure 7.8. The TGA thermographs of sulfated AaSF microfibrous mat (a), and e-spun 

nanofibrous BmSF/GalCS mat (b) revealed the kinetics of weight loss as a function of 

temperature.  
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Powder XRD spectroscopy: The XRD spectra of e-spun nanofibrous BmSF/GalCS mat 

and sulfated AaSF microfibrous mat are presented in Figure 7.7. The e-spun nanofibrous 

BmSF/GalCS mat presented broad peaks at 2θ = 21 / 24-26o. While, the sulfated AaSF 

microfibrous mat exhibited broad signals at 2θ = 17/21o

 

. 

7.3.1.4 Thermal properties 

The thermographs of e-spun BmSF/GalCS nanofibrous mat and sulfated AaSF 

microfibrous mat, as obtained from TGA analysis, are presented in Figure 7.8. The 

BmSF/GalCS exhibited a 2-stage decomposition pattern having an exponential weight 

loss of up to ~20% between 37-108 oC, a region of thermal stability between 108-244 oC, 

followed by thermal decomposition. While, in case of sulfated AaSF mat, the initial 

weight loss phase occurred between 37-80 oC with a weight loss (%) of up to ~ 10%, and 

a region of thermal stability between 80-344 o

 

C, followed by thermal decomposition. 

7.3.2 Cytotoxicity studies 

The Figure 7.9 presents the inverted phase contrast light microscopy images of L929 

cells treated with the various extracts. It was noticed that the cells treated with the extracts 

of DPBS saturated filter disc (negative control) showed spindle shape morphology. And, 

the cells treated with the extracts of aqueous phenol saturated filter disc (positive control) 

showed distorted morphology. While, the cells treated with the extracts of composite 

matrix (test sample) exhibited a morphology which was analogous to that of negative 

control group. Similarly, the MTT assay results showing the viability of L929 cells 

treated for 24, 48 and 72 h with various extracts are also presented in Figure 7.9. The cell 

viability (%) in positive control group was found to 17% at 24 h, 13% at 48 h and 8% at 

72 h of treatment period. In contrast, the cell viability (%) in negative control group and 

test group was always found to be >95%. 
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Figure 7.9. Inverted phase contrast light microscope images of L929 mouse fibroblasts 

treated with the extracts of composite scaffold (a, test group), DPBS (b, negative control 

group) and aqueous phenol (c, positive control group) for 72 h, and (d) MTT assay 

results, collectively suggest the non-toxicity of the test sample. Maginification: 200×. 
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7.3.3 Hepatocyte compatibility studies in BAL setup 

7.3.3.1 Microscopic examination 

Inverted phase contrast light microscope images of HepG2 cells growing on composite 

matrix housed in BAL setup are presented in Figure 7.10a. Similarly, images of cells 

stained with acridine orange and captured through an inverted phase contrast fluorescence 

microscope are presented in Figure 7.10b. The observations revealed the formation of 

hepatic spheroids on the composite scaffold. Similarly, the observations of FESEM 

examination of cell-scaffold constructs are presented in Figure 7.11. The results depicted 

the successful attachment and spreading of HepG2 cells on both top nanofibrous and 

middle microfibrous portions of the composite matrix. The integration of cells with the e-

spun BmSF/GalCS fibers and the formation of hepatic spheroids, characteristic of 

functional hepatocytes, was also evident from images. 

 

7.3.3.2 Biochemical assays 

The metabolic activity of hepatocytes growing on the composite scaffold that was housed 

in BAL setup was evaluated on a daily basis for a period of up to 7 days. Particularly, we 

have estimated the LDH, albumin and urea content in the spent media. The results of the 

same are presented in Figure 7.12. The levels of LDH on day 0 were found to be 74.33 ± 

13.65 mU/ml, which then rose to 126.00 ± 25.23 mU/ml by day 3. On day 4 the levels 

decreased to 108.66 ± 16.26 mU/ml and reached a plateau state thereafter. In case of 

albumin, the levels on day 0 were found to be 1.194 ± 0.129 µg/ml, which then rose to 

2.448 ± 0.199 µg/ml by day 4, followed by a plateau state thereafter. Similarly, the urea 

levels on day 0 were found to be 8.68 ± 1.95 µg/ml, which then rose to 17.52 ± 0.82 

µg/ml by day 3, followed by a plateau state thereafter. 
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Figure 7.10. Inverted phase contrast microscope images of HepG2 cells growing on 

composite scaffold: (a) bright light view, (b) fluorescence image. The observations 

revealed the formation of hepatic spheroids, characteristic of functional hepatocytes. 

Maginification: 200×. 

 

 

 

Figure 7.11. FESEM images of HepG2 cells growing on composite scaffold. Cells on top/ 

bottom nanofibrous and middle microfibrous portions of the composite matrix are 

presented in (a) and (b) respectively. 
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Figure 7.12. The levels of LDH, albumin and urea secreted by hepatocytes growing on 

the composite scaffold that was housed in BAL setup. 
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7.4 DISCUSSION 

BAL is considered to be an effective temporary system to expedite recovery from acute 

decompensation, facilitate regeneration in acute liver failure or serve as a bridge to liver 

transplantation (Allen et al., 2001; Carpentier et al, 2009). Research in this direction is on 

since over 50 years, however, till date no BAL device has obtained FDA approval or 

widespread clinical acceptance (Park and Lee, 2005; Sussman et al., 2009; Giri et al., 

2011). The use of microscale or undefined biomaterials, indirect and lower oxygenation 

levels in liver cells, short-term undesirable functions and a lack of 3D interaction of 

growth factor/cytokine signaling in liver cells are regarded as major constraints (Giri et 

al., 2011). To ameliorate such multifactorial limitations several attempts are being made 

mainly on the design and optimization of a bioreactor, and on the optimization of choice 

of cell source and required cell mass (Riordan and Williams, 1997; Morsiani et al., 2002). 

Also, investigations for ideal materials have gained increasing attention in recent years 

owing to its vital role in determining the fate of the entire process (Akaike et al., 1993).  

In the current study, we describe the development of a novel matrix for BAL 

applications. With respect to the matrix configuration, the proposed matrix is a bi-

component nonwoven hybrid structure, having a microfibrous nonwoven mat as base 

matrix and a nanofibrous nonwoven mat encasing/sandwiching the base mat. And as far 

as the matrix composition is concerned, the microfibrous base matrix is composed of 

sulfated AaSF, while the nanofibrous top/bottom mat is composed of blends of 

BmSF/GalCS. As compared to previously reported BAL matrices, the matrix described in 

the current study is unique both in its configuration and composition. The microfibrous 

component provides structural / mechanical integrity to the overall scaffold, while the 

nanofibrous component offers high surface-to-volume ratio for enhanced cell growth and 

proliferation. And, the AaSF mat is very slowly degrading mat and thus provides long 

term support, while, the nanofibrous mat is bioresorbable and thus can create space for 

the growing hepatic spheroids which would be then carried by microfibrous portion of the 

matrix. The major materials used in the matrix fabrication, AaSF and BmSF, are well-

studied biocompatible biomaterials in the context of hepatocyte culture. Previously, we 

have described the fabrication of AaSF based nonwoven mat and its compatibility with 

HepG2 cells (Kasoju et al., 2009). Similarly, several studies have reported the 

compatibility of hepatocytes with BmSF (Altman et al., 2003). Additionally, in this study, 

the AaSF mat was subjected to a simple sulfation process to enhance its blood 
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compatibility. Incorporating sulfate / sulfonate moieties was found to enhance the blood 

compatibility of the material by increasing the hydrophilicity, decreasing plasma protein 

adsorption, platelet adhesion and thus reducing clotting (Tamada, 2004; Kasoju et al., 

2010). And, the BmSF was blended with GalCS to encourage high density culture of 

functional hepatocytes on the matrix. Galactose moieties were found to interact with 

asialoglycoprotein (ASGP) receptors of hepatocytes and thus aid in high density 

hepatocyte culture (Park et al., 2003).  

In the current study we have used HepG2 cell line, which is well characterized 

human tumor-derived cell line. However, it is not highly popular owing to safety 

concerns; nevertheless, it is relatively a better cell line over porcine derived hepatocytes 

for use in BAL systems (Hoekstra R and Chamuleau, 2002). And, with respect to the 

bioreactor design, we have adopted the configuration of a spiral wound mat housed in a 

plastic cartridge (Figure 7.3). We used a 3D nonwoven matrix that mimic the 

architectural features of natural ECM and thus allow immobilization and high density 

aggregation of hepatocytes. This configuration also allow individual perfusion of high 

density hepatocytes aggregates with low diffusional gradients, thereby more closely 

resembling the conditions in the intact liver lobuli (Flendrig et al., 1997; Flendrig et al., 

1999). Previously, several studies exploited such configuration for BAL application; 

however, most of these studies have used synthetic polymer based matrices (Flendrig et 

al., 1997; Flendrig et al., 1999; Li et al., 2006; Naruse et al., 2001). In contrast, in the 

current study, we have used biocompatible natural polymers to fabricate the matrix, and 

in particular, we choose silk fibroin and galactosylated chitosan with an intention to 

mimic the protein/proteo-glycan nature of natural ECM. 

Although the fabrication process involves multiple steps, is simple, robust, 

reproducible and scalable. The process yields a composite nonwoven structure, where, the 

mean average diameter of sulfated AaSF microfibrous mat and e-spun nanofibrous 

BmSF/GalCS mat were found to be 20.9 ± 10.2 µm and 206 ± 66 nm, respectively, as 

estimated by Image J software. We then determined the physical properties of composite 

scaffold, such as the degree of swelling and water uptake capacity (%), which were found 

to be 2.35 % and 69.84 % respectively in case of AaSF microfibrous mat, and 2.95 % and 

74.68 % respectively in case of e-spun nanofibrous BmSF/GalCS mat. In both cases the 

swelling index is negligible and thus suggests that it do not swell in excess and do not 

cause any physical/mechanical hindrance to the surrounding cells/tissues in BAL setup. 
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However, the matrices have a water uptake capacity of around 70-75 % indicating that it 

is hydrophilic and can hold an excess amount of water or body fluids in BAL setup. 

We followed a simple and rapid SEM-EDX based elemental composition analysis 

to obtain an estimate of sulfur content on the surface of AaSF mat. A prominent signal at 

2.31 keV clearly depicts the incorporation of sulfate / sulfonate moieties (Figure 7.5). 

The relative sulfur content was found to be about 20.43 %. Details about 

chemical/structural properties of AaSF and BmSF/GalCS mats were obtained from FTIR 

analysis. The FTIR spectra of e-spun BmSF/GalCS nanofibrous mat and sulfated AaSF 

microfibrous mat are presented in Figure 7.6. The peaks between 1600-1690 cm-1, 1480-

1575 cm-1, 1229-1301 cm-1 and 640–800 cm-1 showed by e-spun nanofibrous 

BmSF/GalCS mat can be attributable to characteristic amide – I, - II, - III and – V 

respectively of BmSF (Meinel et al., 2009; Jin et al., 2002). And, it is presumed that the 

characteristic signals of amide – I at 1630 cm−1 and – II at 1573 cm−1 of GalCS might 

have overlapped with that of BmSF signals (Feng et al., 2009). While, the spectra of 

sulfated AaSF showed signals that were attributable to characteristic amide – I, - II, - III 

and – V bonds. Besides, the spectra also showed an intense signal at 967 cm−1

Further details about chemical/structural properties of the composite scaffold were 

drawn from powder XRD spectroscopy studies. The XRD patterns of e-spun 

BmSF/GalCS nanofibrous mat and sulfated AaSF microfibrous mat are presented in 

Figure 7.7. In the e-spun nanofibrous RSF-GalCS scaffold, the characteristic signals 

related both BmSF (2θ = 21 / 24-25

 which was 

characteristic of β(3a) type conformation of non-mulberry fibroin (Keten et al., 2010). 

Thus, in the e-spun RSF-GalCS nanofibrous mat and sulfated AaSF microfibrous mat, the 

characteristic signals related to both RSF, GalCS and AaSF were preserved. In particular, 

the signals of BmSF and AaSF, which were the major constituting polymers, remained 

unaltered. Also, there were no any new peaks or any significant changes in the 

characteristic signals which suggest the absence of any covalent interactions between 

BmSF / GalCS, and sulfated AaSF. 

o) and GalCS (2θ = 24-26o) were preserved, and thus 

suggested the amorphous nature of the mat. Our results were comparable with previous 

reports on powder XRD studies of RSF and GalCS (Um et al., 2001; Zhang et al., 2008). 

While, the spectra of sulfated AaSF microfibrous mat showed intense signals at 2θ = 

17/21o that were characteristic of non-mulberry fibroin. Notably, the signals of BmSF and 

AaSF, which were the major constituting polymers, remained unaltered. Also, similar to 
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FTIR findings, there were no any new peaks or any significant change in the 

characteristic signals, and thus suggests the absence of any covalent interactions between 

BmSF / GalCS, and sulfated AaSF. 

The thermal properties of the composite scaffold were obtained from TGA 

analysis. The thermographs of e-spun BmSF/GalCS nanofibrous mat and sulfated AaSF 

microfibrous mat are presented in Figure 7.8. A 2-stage decomposition pattern was 

observed in case of e-spun BmSF/GalCS nanofibrous mat. Initially there was a region of 

exponential weight loss of up to ~20% between 37-108 oC which may be due to the loss 

of loss of moisture content and decomposition of GalCS. It was followed by a region of 

thermal stability between 108-244 oC. The final exponential decomposition has started at 

around 245 oC. While, in case of sulfated AaSF mat, the initial weight loss phase occurred 

between 37-80 oC with a weight loss (%) of up to ~ 10%, which may be due to the loss of 

moisture content. It was followed by a region of thermal stability between 80-344 oC. The 

final exponential decomposition has started at around 345 o

A biomaterial intended for use as matrix in BAL applications should not, either by 

it-self or by its degraded products, elicit adverse biological reactions. Particularly, there 

must not be any kind of cytotoxic or necrotic reactions that might result in failure of the 

BAL system. In the current study, we followed a simple in vitro cytotoxicity assay using 

L929 cells to determine the undesirable effects of composite matrix. The inverted phase 

contrast light microscopy images showing the changes in morphology of treated cells is 

presented in Figure 7.9. The results revealed that the treated cells in negative control 

group showed characteristics of healthy fibroblasts, while, the treated cells in positive 

control group showed characteristics of dead fibroblasts. However, the treated cells in test 

group exhibited characteristics of viable cells, which was comparable to that of negative 

control group. Similarly, the results of cell viability as determined by MTT assay after 24, 

48 and 72 h of treatment are presented in Figure 7.9. It was noticed that, in case of test 

group the cell viability was always found to be >95%, and resembled with that of 

negative control group; while in case of positive control group, the cell viability has 

drastically decreased to <20%. Thus, the inverted phase contrast light microscopy 

observations and MTT assay results collectively suggest the non-toxicity of the test 

sample. 

C. Notably, it was observed 

that the thermal stability of the AaSF was relatively higher than BmSF. 
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Several studies proved that the hepatocytes are anchorage dependent cells and lose 

their characteristic functions without proper matrix (Park et al., 2003). Thus, in the 

current study, we first checked the attachment and growth of HepG2 cells on the matrix 

by microscopy tools. The inverted phase contrast light and fluorescence microscope 

images of HepG2 cells growing on composite matrix clearly revealed the formation of 

hepatic spheroids that are regarded as characteristic of functional hepatocytes, (Figure 

7.10). Similarly, the adhesion of hepatocytes and formation of hepatic spheroids was 

further confirmed by FESEM observations (Figure 7.11). The integration of cells with 

the e-spun RSF-GalCS fibers was also evident from FESEM observations. Also, the 

presence of hepatocytes and hepatic spheroids on sulfated AaSF microfibrous scaffold 

was clearly revealed by electron microscopy observations. The matrix’s ability to induce 

the formation of such multi-cellular aggregates, which was anticipated to consist of 

hepatocytes with preserved viability, enhanced liver specific function and extended 

survival in vitro, could be a beneficial factor from a BAL perspective (Török et al., 2001). 

As the liver is known to serve several metabolic, anabolic and detoxification 

functions rather than a structural role, the maintenance of hepatocyte function is the key 

to the success of BAL systems. In the current study, the metabolic activity of hepatocytes 

growing on the composite scaffold that was housed in BAL setup was evaluated on a 

daily basis for a period of up to 7 days. The levels of LDH, albumin and urea content in 

the spent media are presented in Figure 7.12. The levels of LDH rose from 74.33 ± 13.65 

mU/ml to 126.00 ± 25.23 mU/ml by day 3. However, the levels decreased to 108.66 ± 

16.26 mU/ml on day 4 and reached a plateau state thereafter. LDH is an enzyme which is 

a constituent of cells’ cytoplasm. Any damage to cell membrane may results in the rise of 

LDH in extracellular fluid. Thus, in the current study, the rise in LDH levels up to day 3 

suggests the damage to hepatocytes growing on the matrix. This may be due to the sudden 

change in the growth conditions from 2D to 3D cultures. However, the fall in LDH on 

day 4 and a plateau thereafter suggests the acclimatization of hepatocytes on the new 3D 

matrix in BAL setup.  

Albumin, produced only in the liver, is the major plasma protein that circulates in 

the bloodstream. It is essential for maintaining the oncotic pressure in the vascular 

system, and functions as natural drug carrier in the body (Ahrén and Burke, 2011). 

Albumin synthesis is an indicator of the differentiated protein synthetic function of 

hepatocytes. In the current study, the levels of albumin rose from 1.194 ± 0.129 µg/ml to 
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2.448 ± 0.199 µg/ml by day 4, followed by a plateau state thereafter.  Similarly, the liver 

neutralizes a wide range of toxic chemicals, both those produced internally and those 

coming from the environment. One of liver’s many detoxification reactions is 

conversation of toxic ammonia to nontoxic urea through ornithine cycle (Cohen, 1981). In 

the current study, we evaluated the levels of urea as a measure of detoxifying ability 

hepatocytes growing on composite matrix in BAL setup. It was found that the levels of 

albumin rose from 8.68 ± 1.95 µg/ml to 17.52 ± 0.82 µg/ml by day 3, followed by a 

plateau state thereafter. 

In both cases, i.e., albumin synthesis and urea production, the results suggest that 

the hepatocytes growing on the composite scaffold housed in BAL setup were actively 

functioning. Previously, several studies reported the compatibility and functionality of 

hepatocytes on a variety of materials, for example, Jiankang et al., (2008) prepared 

chitosan-gelatin hybrid scaffolds, Feng et al., (2009) and Chua et al., (2005) fabricated 

nanofibrous galactosylated chitosan scaffold, Zavan et al., (2005) developed ECM 

enriched polymeric scaffold. However, in most cases, it was found that the levels of 

albumin and urea in long term cultures of hepatocytes have gradually declined. In 

contrast, in the current study, for a test period of 7 days, we noticed that the synthesis and 

detoxification functions have not lost significantly; instead they reached a state of plateau 

which suggests a stable functioning of hepatocytes. Thus, the results clearly suggested 

that the composite scaffold, composed of sulfated AaSF microfibrous mat and e-spun 

BmSF/GalCS nanofibrous mat, could be a better choice over existing scaffolds for use as 

matrix in BAL applications. 

 

7.5 CONCLUSIONS 

The current chapter demonstrates the development of a hybrid composite nonwoven 

scaffold, composed of sulfated AaSF microfibrous mat as base matrix and e-spun 

BmSF/GalCS nanofibrous mat as top/bottom matrix encasing/sandwiching the base 

matrix, for BAL applications. The microfibrous component provides structural / 

mechanical integrity, while the nanofibrous component offers high surface-to-volume 

ratio. Sulfation process was followed to enhance the blood compatibility and galactose 

moieties were incorporated to enhance the high density culture of functional hepatocytes 

on the matrix. The mean average diameter of the microfibrous component and 
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nanofibrous component were found to be 20.9 µm and 206 nm respectively, as estimated 

using Image J. Similarly, the water uptake capacity of the microfibrous component and 

nanofibrous component were found to be 69.84 % and 74.68 % respectively. 

Incorporation of sulfate/sulfonate moieties on the surface of AaSF microfibrous mat was 

confirmed by EDX analysis. The FTIR and powder XRD studies revealed that the there 

were no significant obliteration to the chemical structure of AaSF and BmSF which 

constitute major portion of the matrix. The TGA analysis revealed that the thermal 

decomposition of the microfibrous and nanofibrous component starts at 245 oC and 

345 o

--- * --- 

C respectively. In vitro cytotoxicity assay using L929 cells revealed the non-toxicity 

of the scaffold. Subsequently, the hepatocyte compatibility of the composite matrix in 

BAL setup was studied using a spirally wound nonwoven bioreactor configuration for a 

period of 7 days. The inverted phase contrast light and fluorescence microscopy and 

FESEM analysis revealed the presence of HepG2 cells growing on composite matrix and 

formation of hepatic spheroids that are regarded as characteristic of functional 

hepatocytes. Lastly, the spent media analysis revealed that the hepatocytes growing on the 

composite matrix were viable - as evident from diminished LDH, and were able to 

perform the characteristic synthetic and detoxifying functions - as evident from stable 

albumin and urea levels. The results clearly project the composite matrix composed of 

sulfated AaSF microfibrous mat and an e-spun BmSF/GalCS nanofibrous mat as a 

promising matrix material for BAL applications. However, further in vivo / clinical 

studies are needed to prove its true potential. 
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8.1 SUMMARY  

The present investigation was focused on the development of novel scaffolds, with 

an appropriate balance between its architectural features and biological properties, for 

functional tissue engineering applications. We have used silk fibroin from Antheraea 

assama, a wild nonmulberry silkworm, and from Bombyx mori, a domestic mulberry 

silkworm. Mostly, we followed fiber bonding/ textile based methods to fabricate 

nonwoven fibrous scaffolds.  

 

8.1.1 Antheraea assama silk fibroin based nonwoven scaffold 

We have demonstrated the fabrication of A. assama silk fibroin based 3D scaffold 

with homogenously porous, highly interconnected, nonwoven biomimetic architecture. 

The fabrication process is simple, efficient and reproducible, and does not involve any 

toxic cross linking agents. The scaffold has pore size of 155 µm as evident from Image J 

analysis of SEM images, a porosity of 87 % and water uptake capacity of 83 %, which 

collectively suggest the scaffold’s ability to favor cell infiltration and exchange of gases/ 

nutrients/ waste products. Fabrication process did not cause any obliteration to the fibroin 

structure, as evident from FTIR. The thermal decomposition peak at 375 o

 

C and a tensile 

yield point at 4 % with a plateau up to 7 % of the scaffold, as determined by TGA/DSC 

and tensile testing studies respectively, were found to be superior to the reported values of 

B. mori fibroin based scaffold. The scaffold showed good in vitro blood compatibility, 

and exhibited excellent cellular compatibility with four human cell lines (HepG2, A549, 

KB and HeLa) tested in vitro. The ex ovo CAM assay revealed scaffold’s ability to 

support angiogenesis. Additionally, the scaffold was amenable for biodegradation upon 

treatment with trypsin. Hence, the fibroin from A. assama was found to be an excellent 

biocompatible, biodegradable biomaterial and the resultant biomimetic nonwoven 

scaffold can be explored for various TERM applications.  
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8.1.2 Antheraea assama silk fibroin based nonwoven scaffold with biomimetic 

architecture  

Here we have described the fabrication of A. assama silk fibroin based 

homogenously porous 3D scaffolds with biomimetic, micro – nano fibrous and highly 

interconnected nonwoven architecture. The fabrication process is simple, efficient and 

reproducible, and does not involve any toxic cross linking agents. SEM examination 

revealed the micro – nano fibrous nonwoven architecture of the scaffold. The micro fibers 

ranged between 1 to 20 mm, while the nano fibers ranged between 150 to 500 nm. SEM 

analysis also revealed the disruption of molecular assembly of silk fibroin fibers which 

has caused the formation of such a hierarchy of micro- and nano- scale fibers. Such 

biomimetic architecture of the scaffold can conveniently favor cell infiltration and 

exchange of gases/ nutrients/ waste products. The scaffold was found to be non-hemolytic 

as evident from in vitro hemolysis assay, however, protein adsorption and platelet 

adhesion experiments suggest further modifications to improve the blood compatibility of 

the scaffold. Also, as evident from the results of in vitro cytotoxicity assay using extracts 

of the scaffold, SEM observations and MTT assay of cell – scaffold constructs 

collectively suggest the non-toxicity and excellent cyto-compatibility of A. assama 

fibroin based micro – nano fibrous nonwoven scaffold. The results also hold promise and 

encouragement for progressing towards production of functional tissues with this novel 

biomimetic scaffold.  

 

8.1.3 Antheraea assama silk fibroin based biomimetic scaffold with enhanced blood 

compatibility 

In the current chapter, we describe (a) the sulfation of fibroin isolated from a 

nonmulberry silkworm, (b) the use of SF in the form of a 3D scaffold for sulfation 

reaction, and (c) the detailed tests to elucidate the changes in the biological properties of 

fibroin before and after sulfation and to evaluate its subsequent use in TE applications. 

The fibroin purified from Antheraea assama cocoons was fabricated into 3D scaffold 

with biomimetic architecture and subsequently the scaffold was made blood compatible 

by modifying the surface chemistry through a simple sulfation reaction. The scaffold has 

nonwoven micro-nano fibrous hierarchical architecture, where micro fibers diameter 
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ranged from 1 μm to 20 μm while nano fibers ranger between 150 nm to 500 nm. The 

relative sulfur content of sulfated scaffold was found to be around 22.21 %. The reduction 

in the hemolysis percentage, after sulfation of scaffold, was found to be about 14.705 %. 

The average decrease in the protein adsorption and platelet adhesion percentage after 

sulfation was calculated to be around 21.34 % and 60 % respectively. The sulfation 

reaction significantly improved the overall hydrophilicity of the scaffold as evident from 

about 29.26 % increase in water holding capacity; this could be the possible cause for the 

enhanced blood compatibility. This study revealed that the AaSF based sulfated scaffold, 

having biomimetic architecture and blood compatible surface chemistry, could be a 

suitable scaffold for TE applications.  

 

8.1.4 Silk fibroin based curcumin releasing multi-purpose tissue engineering scaffold 

Here, we described the fabrication and characterization of curcumin releasing 

fibroin scaffold. The process of scaffold fabrication is simple, reproducible, cost-

effective, does not require any sophisticated instruments or any toxic cross linking agents. 

Additionally, the scaffold can be conveniently molded into various physical forms. 

Extensive characterization studies revealed that there was (i) a solvent (DMSO) induced 

conformational transition of fibroin from silk-I to silk-II which resulted in the formation 

of water stable 3D structure, (ii) no direct effect of fibroin and curcumin on each other’s 

molecular structure, and (iii) strong non-covalent interaction between curcumin and 

fibroin. The fact of solvent induced conformational transition of fibroin was evaluated by 

fluorescence spectroscopic studies. Also, (i) decrease in fibroin fluorescence 

accompanied with blue shift of emission maxima upon addition of curcumin, (ii) increase 

in curcumin fluorescence accompanied with blue shift of emission maxima upon addition 

of fibroin, and (iii) weak fluorescence of curcumin in presence of fibroin acid 

hydrolysate, clearly suggested the presence of hydrophobic domains in fibroin, and strong 

hydrophobic interactions between curcumin and fibroin. The curcumin release from the 

scaffold was found to be slow and sustained, and mathematical modeling of release data 

revealed diffusion as the predominant mode of release. Finally, in vitro bioactivity assays 

revealed that the encapsulated curcumin has retained its functional bioactivity similar to 

the free curcumin. We hypothesize that, by encapsulating curcumin within the 

hydrophobic cores of fibroin, a multi-purpose 3D tissue engineering scaffold could be 
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made, where, curcumin with its antimicrobial properties acts as an antiseptic and hence 

could prevent microbial infections at the site of action; its antioxidant properties could 

decrease the tissue damage caused by scavenging the free radicals; its anti-inflammatory 

activities could reduce the tissue inflammation; its antitumor properties could attack the 

residual cancer cells after surgical dissection of tumors; its antiamyloid properties could 

reduce the amyloid formation and hence could be an effective treatment for associated 

diseases such as Alzhemier’s disease. 

 

8.1.5 Silk fibroin based artificial extracellular matrix for hepatic tissue engineering 

We have demonstrated the development of e-spun RSF-GalCS nanofibrous 

scaffold as a biomimetic artificial extracellular matrix for hepatic tissue engineering 

applications. It was found that the blends of RSF-GalCS were difficult to e-spin, thus, 

PEO was used as a processing aid. About 10% of RSF (w/v), 25% of GalCS (w/w with 

respect to RSF), 10% of PEO (w/w with respect to RSF), 15 cm of distance between 

capillary tube and collecting drum, 1.5 kV/cm applied voltage and around 0.5 ml/h were 

found to be relatively optimum parameters for obtaining fibers with uniform size 

distribution. The mean average diameter of the scaffold was found to be 210 ± 57 nm as 

estimated using Image J. The degree of swelling and water uptake capacity (%) were 

found to be 2.95 % and 74.68 % respectively. The FTIR and powder XRD studies 

revealed absence of any covalent interaction between RSF and GalCS. The scaffold has a 

thermal stability of up to ~240 o

 

C with mere 20% weight loss as evident from TGA 

analysis. In vitro cytotoxicity assay using L929 cells revealed the non-toxicity of the 

scaffold. Subsequently, extensive hepatocyte compatibility studies revealed the adhesion, 

growth and characteristic spheroid formation of hepatocytes on the scaffold. Also, the 

metabolic activity and rate of proliferation of hepatocytes was found to be relatively 

higher on e-spun RSF-GalCS blend scaffold than on RSF alone and GalCS alone 

scaffolds. The results suggested that the e-spun RSF-GalCS blend scaffold, reported in 

the current study, can be a better choice over existing scaffolds since it mimics both the 

architecture and the composition of native ECM.  
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8.1.6 Silk fibroin based composite matrix for bioartificial liver applications 

We have described the development of a hybrid composite nonwoven scaffold, 

composed of sulfated AaSF microfibrous mat as base matrix and e-spun BmSF/GalCS 

nanofibrous mat as top/bottom matrix encasing/sandwiching the base matrix, for BAL 

applications. The microfibrous component provides structural / mechanical integrity, 

while the nanofibrous component offers high surface-to-volume ratio. Sulfation process 

was followed to enhance the blood compatibility and galactose moieties were 

incorporated to enhance the high density culture of functional hepatocytes on the matrix. 

The mean average diameter of the microfibrous component and nanofibrous component 

were found to be 20.9 µm and 206 nm respectively, as estimated using Image J. 

Similarly, the water uptake capacity of the microfibrous component and nanofibrous 

component were found to be 69.84 % and 74.68 % respectively. Incorporation of 

sulfate/sulfonate moieties on the surface of AaSF microfibrous mat was confirmed by 

EDX analysis. The FTIR and powder XRD studies revealed that the there were no 

significant obliteration to the chemical structure of AaSF and BmSF which constitute 

major portion of the matrix. The TGA analysis revealed that the thermal decomposition of 

the microfibrous and nanofibrous component starts at 245 oC and 345 o

 

C respectively. In 

vitro cytotoxicity assay using L929 cells revealed the non-toxicity of the scaffold. 

Subsequently, the hepatocyte compatibility of the composite matrix in BAL setup was 

studied using a spirally wound nonwoven bioreactor configuration for a period of 7 days. 

The inverted phase contrast light and fluorescence microscopy and FESEM analysis 

revealed the presence of HepG2 cells growing on composite matrix and formation of 

hepatic spheroids that are regarded as characteristic of functional hepatocytes. Lastly, the 

spent media analysis revealed that the hepatocytes growing on the composite matrix were 

viable - as evident from diminished LDH, and were able to perform the characteristic 

synthetic and detoxifying functions - as evident from stable albumin and urea levels. The 

results clearly project the composite matrix composed of sulfated AaSF microfibrous mat 

and an e-spun BmSF/GalCS nanofibrous mat as a promising matrix material for BAL 

applications.  
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8.2 FUTURE PROSPECTS 

Our attempt to develop fibroin based scaffolds for functional tissue engineering 

applications yielded novel scaffolds with great potential. However at the end of the 

investigations we could foresee many areas in which further studies could yield 

potentially new and beneficial information as summarized below. 

• Most importantly, the in vivo studies of these scaffolds are required to understand 

their true potential. Information on the resorbability and tolerability of the scaffolds in 

animal models in vivo would be crucial for clinical applications.  

• There is further scope of these scaffolds of being functionalized either at surface or at 

bulk level or micro-patterned with adhesion and/or growth factors for fine-tuning cell 

responses. 

• The ability of these scaffolds to support the adhesion, growth, proliferation and 

differentiation of stem cells can be evaluated for potential applications in stem cell 

based tissue engineering. 

• These scaffolds can be used for in vitro engineering of artificial tumors for drug 

screening applications. Such 3D artificial tumors mimic the physiological disease 

tissue micro-environment, and thus would alleviate need for animal experimentation 

to some extent. 

 

-- * -- 
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