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patterning. (C) Water contact angles of flat silk films (BMF and 

AAF) and patterned silk films (BMP and AAP in both parallel 

(PAR) and perpendicular (PER) to the microgroove direction). 

Images are showing droplet micrographs in contact with silk films. 

Contact angle values mentioned in the table are representative of at 

least three different spots onto silk film surfaces. 

64 

Figure 2.3. Mechanical properties of silk films. (A) Representative stress-strain 

curves showing the slope of BM and AA flat hydrated films. (B) 

Modulus of silk films calculated from stress-strain curve slope. (C) 

Comparison of stress at failure values for both silk films. (D) 

Comparison of strain at failure values for both silk films. (E) 

Representative tensile cyclic analysis of BM silk films. (F) 

Representative tensile cyclic analysis of AA silk films. (##p<0.01, 

n.s.=not significant)   

65 

Figure 2.4. Representative load-displacement curves of hydrated silk films. 66 

Figure 2.5. Fourier Transform Infrared (FTIR) spectra of silk films. (A) 

Spectrographs showing peak shifts in amide-I, II and III peaks 

before and after β-sheet induction: BM solution (BMS). AA 

solution (AAS), films after β-sheet induction (BM film (BMF), AA 

film (AAF)). (B) Deconvolution of amide-I peaks to determine 

secondary structure through second order derivative of amide-I 

spectra for i) BMS, ii) AAS, iii) BMF and iv) AAF. 

67 

Figure 2.6. Vascular cells’ (ECs and SMCs) marker specific identification. 

Vascular cells isolated from porcine aorta were characterized based 

on specific marker expression. Cells were cultured on standard 

tissue culture plate (TCP) and labelled with marker specific 

antibodies (vWF for endothelial cells, αSMA and calponin for 

smooth muscle cells: green color), Hoechst 33342 (for staining 

nucleus: blue color) and rhodamine-phalloidin (for actin 

cytoskeleton: red color). 

68 

Figure 2.7. Proliferation of vascular cells on silk films. Proliferation profile of 

(A) ECs and (B) SMCs cultured on silk films. (##p<0.01) 
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Figure 2.8. Orientation profile of vascular cells cultured on silk films. Phase 

contrast microscopic images of (A) endothelial cells and (B) smooth 

muscle cells cultured onto tissue culture plate (TCP) and silk films 

after 4 days. Images were processed using ImageJ software to 

calculate the cell distribution/orientation profile. Black arrows are 

indicating the direction of cellular alignment. (C) Orientation of 

cytoskeletal actin fibers. Cells cultured onto silk films were stained 

with rhodamine-phalloidin to investigate the distribution of actin 

fibers. Unidirectional alignment of actin fibers was observed for 

cells cultured onto patterned silk films (AAP and BMP). White 

arrows are indicating the direction of cellular alignment. 

70 

Figure 2.9. Representative lower magnification of vascular cells cultured on 

silk films. Scale bar represents 500 μm. Black arrows represent 

direction of cell alignment. 

71 

Figure 2.10. Analysis of cell cycle. Vascular cells cultured on silk films were 

subjected for cell cycle analysis after 4 days. Cell cycle profile of 

(A) endothelial cells and (B) smooth muscle cells, showing four 

distinct phases (G0, G1, S and G2/M). Percentage population of 

cells in each phase is represented for (C) endothelial cells and (D) 

smooth muscle cells. (n.s.=not significant, ##p<0.01, #p<0.05) 

72 

Figure 2.11. Quantification of functional gene expression by qRT-PCR. 

Vascular cells cultured on silk films were investigated for functional 

gene expression after 4 days of culture. Endothelial cells were tested 

for (A) eNOS and (B) ANGPT1 expression whereas smooth muscle 

cells were tested for (C) αSMA and (D) SM-MHC expression. 

(#p<0.05, ##p<0.01) 

73 

Figure 2.12. Production of functional moieties by vascular cells cultured on silk 

films. (A, B) Endothelial cells were tested for production of NO 

(nitric oxide) from day 1 to day 4. (C, D) Total collagen content 

produced by smooth muscle cells was also quantified which was 

further normalized with DNA content. (n.s.=not significant, 

#p<0.05, ##p<0.01) 

74 

Figure 2.13. Functional analysis of smooth muscle cells. (A) Representative 

gelatin zymography profile of SMC media collected after 4 days of 

culture period showing the expression of MMP2 and MMP9 

enzymes. (i) Image showing MMP bands in different groups. 

Quantification of band intensity of (ii) MMP-9 and (iii) MMP-2 

representing relative expression. (B) Collagen gel contraction assay 
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of smooth muscle cells. (i) SMCs were entrapped in collagen gel 

and images were captured at different time points. (ii) 

Quantification of gel contraction by measuring the gel size after 

24h. (##p<0.01) 

   

CHAPTER 3   

Figure 3.1. (A) Schematic representing the fabrication of patterned silk films 

and (B) rolling process of vascular cell sheets to obtain tri-layered 

biomimicking tissue engineered small diameter blood vessel. 

91 

Figure 3.2. (A) Set-up used to analyze the burst strength of vascular construct 

(in the inset is the enlarged image of tubular specimen) and (B) 

Representative image of vascular graft withholding the pressure of 

up to 908 mm Hg. 

100 

Figure 3.3. (A) Atomic force microscopic images of water vapor annealed 

patterned and flat films of both mulberry and non-mulberry silk 

varieties. Mechanical properties of silk films (B) Young’s modulus 

and (C) Elasticity showing percentage elongation at break. 

(#p<0.05, ##p<0.01) 

102 

Figure 3.4. Field emission scanning electron microscopy of patterned silk films.  102 

Figure 3.5. (A) Fourier transform infrared spectra of water vapor annealed (II, 

IV, VI) and untreated (I, III, V) 1% (w/v) silk fibroin films from A. 

assama (I, II), P. ricini (III, IV), and B. mori (V, VI) silkworms, 

respectively. (B) X-ray diffractogram of water vapor annealed silk 

films (I) B. mori, (II) P. ricini, and (III) A. assama. 

104 

Figure 3.6. Thermal analysis of silk films. (A) Differential scanning 

calorimetry (DSC) and (B) thermogravimetric analysis (TGA) 

studies. Swelling (%) (C) and degradation profile (D) of water vapor 

annealed silk films. (/P) indicates the presence of protease (#p<0.05, 

##p<0.01) 

106 

Figure 3.7. In vitro cyto and hemocompatibility assessment of silk films. 

Growth profile of (A) fibroblasts, (B) smooth muscle cells and (C) 

endothelial cells cultured on silk films of different varieties obtained 

using alamar blue dye reduction assay. (D) Lactate dehydrogenase 

(LDH) activity of adhered platelets on different silk films. (E) 

Adhesion of platelets on silk films; (I) Collagen coated coverslips-

positive control, (II) B. mori film, (III) A. assama film, (IV) P. ricini 
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film. Platelets were stained with rhodamine phalloidin (red color). 

(#p<0.05, ##p<0.01) 

Figure 3.8. Production of TNF α by RAW 264.7 mouse macrophage cells in 

response to silk films. Cells were stimulated by 1 wt% patterned silk 

films from different variety silk. Standard tissue culture plate was 

considered as negative control whereas for positive control, 1000 

ng/mL lipopolysaccharide from E. coli was used. Amount of TNF-

α released was calculated quantitatively from the standard curve 

plotted using recombinant TNF-α. (#p<0.05, ##p<0.01) 

109 

Figure 3.9. Bright field microscopic images of H&E stained sections showing 

in vivo immunological response of silk films, B. mori (I, II), P. ricini 

(III, IV) and A. assama (V, VI) retrieved 4 weeks post implantation 

from subcutaneous pocket of mice. (Black arrows are indicating the 

location of film). 

110 

Figure 3.10. Phase contrast microscopic pictograph of confluent monolayer of 

vascular cells aligned unidirectionally on patterned silk films. Inset 

images demonstrating rhodamine-phalloidin stained (red color-

alignment of actin cytoskeleton) and Hoechst 33342 stained (blue 

color) fluorescent microscopic pictograph of vascular cells. White 

and black arrows are indicating the direction of alignment. 

111 

Figure 3.11. Representative fluorescent microscopic images depicting 

phenotypic marker expression and functionality of vascular cells 

cultured on A. assama patterned silk films. SMCs were stained with 

phenotype markers: calponin (A, B) and α-SMA (C, D). EC’s 

functionality was confirmed by visualizing the vWF expression (E, 

F). All phenotypic markers are stained with FITC tagged secondary 

antibody (green fluorescence). Cells were further counterstained 

with rhodamine-phalloidin (red) and Hoechst 33342 (blue color) to 

visualize actin cytoskeleton and nucleus respectively. White arrows 

are indicating the direction of alignment. (G) Real time gene 

expression analysis showing upregulation of contractile phenotype 

markers (SM-MHC and α-SMA) in SMCs cultured on patterned A. 

assama silk films for 10 days. (##p<0.01) 

112 

Figure 3.12. Representative images of ECM deposition by SMCs cultured on A. 

assama patterned silk films. (A) Intracellular localization of soluble 

tropoelastin (green color) and nucleus (blue color) in SMCs. Images 

were captured after 10 days of culture. (B) Van Gieson’s staining at 

different time points showing deposition of immature elastin fibers 
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(black color) network. (C) Masson’s trichrome staining showing 

collagen deposition (Blue color). (D) Quantification of collagen 

deposition by SMCs cultured on mulberry and non-mulberry 

patterned silk films at different time points. (#p<0.05) 

Figure 3.13. (A) Histological analysis of mature small diameter vascular 

construct. (I) Gross view of vascular graft. (II) Bright field image of 

graft cross section after day 1 of cell seeding depicting loosened 

multilayer structure. (III) Cross-section of matured vascular graft 

after 14 days of cell seeding showing maintenance of graft integrity 

films due to ECM secretion. Deparaffinized sections of matured 

graft were stained with Hoechst 33342 to locate cellular distribution 

of vascular cells - (IV) Bright field unstained, (V) Fluorescent 

microscopic Hoechst 33342 stained (blue color) and (VI) Merged 

view of the graft cross section. (B) Burst pressure of silk film based 

acellular vascular tubes. 

115 

   

CHAPTER 4   

Figure 4.1. Custom made 3D printed mold used for fabrication of inner porous 

layer of tubular silk scaffold. Polypropylene tube was inserted in the 

stainless steel tube, which helps in easy removal of silk scaffold post 

lyophilization. 

127 

Figure 4.2. Schematic representation of fabrication methodology of bi-layered 

small diameter silk scaffolds. The inner porous layer is prepared by 

molding and lyophilization based approach followed by coating 

with an outer nanofibrous electrospun layer. 

128 

Figure 4.3. Morphometric analysis of bi-layered silk scaffolds. (A) 

Representative images of tubular silk scaffolds and SEM 

micrographs showing internal porous architecture (CS: cross-

section and lumen). Micro-CT analysis of tubular silk scaffolds 

representing (B) 3D scaffold models and (C) Distribution of pore 

size of inner porous layer. (D) SEM micrographs of outer 

electrospun layer representing porosity and nanofiber distribution, 

(E) Quantification of pore size distribution of outer electrospun 

layer calculated from micro-CT images. 

138 

Figure 4.4. Uniaxial tensile testing of silk scaffolds. Average stress-strain 

curves in longitudinal (Long) and circumferential (Circ) directions 

for (A) BMES, (B) BM, (C) BAES and (D) BA silk scaffolds. 

Comparison of scaffold average modulus in the low (E, G) and high 
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(F, H) stretch regions in longitudinal (E, F) and circumferential (G, 

H) directions. (##p<0.01, n.s.=not significant) 

Figure 4.5. Uniaxial tensile testing of silk scaffolds. Average stress values 

(MPa) at failure point (A, C) and corresponding strain at scaffold 

failure (B, D) in longitudinal (A, B) and circumferential (C, D) 

directions. (##p<0.01, n.s.=not significant) 

139 

Figure 4.6. Mechanical properties of bi-layered silk scaffolds. (A) Comparison 

of suture retention force and (B) Suture retention tension between 

the two silk scaffold variants. (C) Comparison of β stiffness and (D) 

Dynamic compliance of silk scaffolds at initial (T=0h) and final 

(T=7h) time points under the influence of physiologically relevant 

pulsatile flow. (E) Creep analysis of silk scaffolds after 7h 

physiologically relevant pulsatile flow. (F) Comparison of burst 

pressure of silk scaffolds. (n.s.=not significant) 

140 

Figure 4.7. Silk scaffold response to pulsatile flow. (A) Representative image 

showing silk tubular scaffold mounted in a testing chamber for 

pulsatile flow analysis. (B) Graph representing change in scaffold 

diameter under the influence of physiological pulsatile pressure post 

1h testing. Representative graphs showing the pulsatile behavior of 

pressure with time for BMES (C) and BAES (D) scaffolds. 

Representative graphs showing the pulsatile behavior of scaffold 

outer diameter for BMES (E) and BAES (F) scaffolds. 

141 

Figure 4.8. In vitro degradation of tubular bi-layered silk scaffolds in the 

presence of protease XIV. (A) SEM micrographs showing the 

scaffold morphology and effect of protease treatment over time. The 

higher magnification images on the right represent the scaffold 

degradation pattern (pore formation in scaffold struts) after 15 days 

of treatment. (B) Quantification of scaffold diameter after 15 days. 

(C) Graph representing the degradation of silk scaffold (in terms of 

percentage mass loss) over time in the presence or absence of 

protease enzyme. (‘/PRT’ represents the presence of protease and 

‘/PBS’ represents the absence of protease) (##p<0.01, n.s.=not 

significant) 

142 

Figure 4.9. Seeding tubular silk scaffolds with SVF cells and viability analysis. 

(A) Silk scaffolds were mounted into the rotational vacuum cell 

seeding device prior to cellular infusion. The graph on the right 

represents the recorded luminal pressure at the proximal end with 

time during infusion of cells. (B) SVF seeded scaffolds were 
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exposed to 48h dynamic culture in a spinner flask and scaffold 

cross-sections were stained with DAPI (blue) indicating cell nuclei. 

ImageJ was used to map the cell distribution along the scaffold wall 

(representative images on the right side of the panel, dashed black 

line represents the scaffold wall); Scale bar: 200 μm. (C) Graph 

representing viability and proliferation of SVF cells cultured on silk 

scaffolds over 15 days under in vitro conditions. (##p<0.01) 

Figure 4.10. In vivo implantation of silk scaffolds and graft patency. (A) A 

representative image of silk graft after aortic interposition 

implantation in a rat. (B) Representative images showing the 

explanted silk grafts after 8 weeks. (C) Representative images 

showing gross morphology of silk explants’ cross-section post 1 

week and 8-week time points. Black arrows are showing the 

presence of neo-tissue in the lumen of silk explants. (D) 

Quantitative data representing in vivo graft performance. (E) 

Viability and patency analysis of acellular control silk scaffolds. (F) 

Representative images of recorded angiograms showing graft 

patency after 8 weeks. White arrows represent the location of graft 

(infra-renal and above iliac bifurcation). 

145 

Figure 4.11. BMES acellular (control) 8 weeks explant. (A) Patent BMES 

control explant. (I) Gross morphology of graft explant, (II) Cross 

section view of middle part of the explant showing neo-tissue 

formation, (III) H&E stained representative image of the explant 

(nucleus-blue, cytoplasm-red), (IV-VI) Representative 

immunofluorescence images showing expression of vascular cell 

specific markers (αSMA, calponin and vWF-green color). (B) 

Occluded BMES graft. (I) Cross section view of middle part of the 

explant showing occluded lumen, (II) H&E stained cross section, 

(III) Representative immunofluorescence image showing 

expression of αSMA (green color). (C) Patent BMES graft without 

any neo-tissue formation. (I) Cross section view of the explant 

showing patent lumen, (II, III) H&E stained sections showing 

absence of neo-tissue formation. (‘*’ represents the lumen of the 

scaffold, ‘S’ represents the freeze dried scaffold part, ‘ES’ 

represents the outer electrospun layer, ‘NT’ represents neo-tissue, 

dashed lines and circle are separating the scaffold wall from lumen).      
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Figure 4.12. BAES acellular (control) explant. (A) (I) Representative image of a 

2-day explant occluded due to acute thrombosis, (II) Gross 

morphological analysis of 8 weeks explant showing complete 
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lumen occlusion at the proximal end and partial occlusion at middle 

and distal end. (B) H&E staining of the partially occluded middle 

section of the 8 weeks explant. (C) Immunofluorescence images 

showing the expression of smooth muscle cell (SMCs) specific 

markers (αSMA and calponin- green color) in the middle part of 

partially occluded 8 weeks explant. (‘*’ represents the lumen of the 

scaffold, ‘S’ represents the freeze dried scaffold part, ‘ES’ 

represents the outer electrospun layer, dashed lines and circle are 

separating the scaffold wall from lumen).      

Figure 4.13. Analysis of host cell infiltration, lumen diameter and wall thickness 

of explants. (A) Representative immunofluorescence images of the 

middle section of vascular explants at different time points showing 

the infiltration of host cells (αSMA and calponin: SMCs, vWF: ECs 

and CD68: macrophages). The lumen of the explants is labeled as 

‘*’ and marked with white dotted line. (B) Quantification of host 

cell infiltration in silk grafts. Graph representing (C) presence of 

CD68+ cells in silk grafts, (D) lumen diameter and (E) Wall 

thickness of vascular explants. (#p<0.05, ##p<0.01, n.s.=not 

significant) 

149 

Figure 4.14. Histological analysis of extracellular matrix (ECM) production and 

graft remodeling. (A) Representative histological images of the 

middle section of explanted grafts stained with H&E (hematoxylin 

and eosin) for cell infiltration, PCRO (picrosirius red) for collagen 

(red) and VVG (Verhoeff van Gieson) for elastin (black). Scaffold 

lumen is marked as ‘*’. (Scale bar: 500 μm) Quantitative analysis 

of (B) collagen (n=3) and (C) elastin (n=3) in silk grafts compared 

with rat aorta. (#p<0.05, ##p<0.01, n.s. = not significant) 

150 

Figure 4.15. BMES + SVF, 8 weeks occluded explant. (A) Gross morphological 

images of proximal, middle and distal cross sections of occluded 

explant. (B) H&E stained representative images of the middle 

section of explant showing the occluded lumen. (C) Representative 

immunofluorescence images of middle section of the explant 

showing the smooth muscle cell (SMCs) specific marker expression 

(αSMA and calponin, green color). (‘*’ represents the lumen of the 

scaffold, ‘S’ represents the freeze dried scaffold part, dashed lines 

and circle are separating the scaffold wall from lumen).      

155 

Figure 4.16. BAES + SVF, 8 weeks occluded explant. (A) Gross morphological 

images of proximal, middle and distal cross sections showing graft 

occlusion at both ends and partial occlusion in the middle section. 

155 

TH-2670_156106029



List of Figures  

 

xxvi 
 

(B) H&E stained representative images of the middle section of 

explant showing partially occluded lumen. (C) Representative 

immunofluorescence images of middle section of the explant 

showing the smooth muscle cell (SMCs) specific marker expression 

(αSMA and calponin, green color). (‘*’ represents the lumen of the 

scaffold, ‘S’ represents the freeze dried scaffold part, dashed lines 

and circle are separating the scaffold wall from lumen). 

   

CHAPTER 5   

Figure 5.1. Isolation and characterization of human decellularized Wharton's 

Jelly (dWJ) matrix. (A) Scheme showing the stepwise process to 

isolate dWJ matrix. (B) Aqueous dWJ solution was lyophilized to 

obtain powder form (white color) and re-dissolved in water to obtain 

the desired concentration. DNA quantification data are showing the 

decellularization of WJ matrix (n=5). The dotted line represents the 

allowed threshold limit of DNA for decellularized tissue. Cytokine 

profiling of dWJ matrix showing the presence of 

immunomodulatory cytokines (n=3). (##p<0.01) 

174 

Figure 5.2. Effect of dWJ matrix on vascular cell viability. (A) Schematic 

representation of aqueous dWJ matrix treatment on a 2D culture of 

vascular cells. Live cell imaging showing the viability of (B) 

HUVEC and (D) HDF cells after 1 and 3 days of aqueous dWJ 

treatment at varying concentrations (0-1 mg/mL). Quantitative 

assessment of metabolic activity of (C) HUVEC and (E) HDF cells 

at different dWJ concentrations. The dashed line is representing 

baseline metabolic cellular activity after 1 day of cell seeding. 

(n.s.=not significant) 

175 

Figure 5.3. Effect of dWJ matrix on HUVEC function. Real-time gene 

expression quantification for functional endothelial cell genes (D) 

vWF, (E) CD31, (F) eNOS and (G) VE-Cadherin after 24h aqueous 

dWJ treatment (1 mg/mL). (##p<0.01, n.s.=not significant) 

176 

Figure 5.4. Effect of dWJ matrix on vascular cell migration and HUVEC 

function. (A) Scheme representing the process followed for 

analyzing the migration of HUVEC under the influence of aqueous 

dWJ treatment. (B) Phase-contrast images of HUVEC processed 

using the 'Find Edges' function of ImageJ, showing the migration of 

cells inwards towards the center of the circle marked with a yellow 

dashed line. Dotted arrows are representing the cellular migration 
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towards the center. (C) Quantification of cell migration in terms of 

percentage wound area over time. (D) Representative phase contrast 

microscopic images of scratch wound assay showing migration of 

HDF cells in control and dWJ treated groups. (E) Quantification of 

wound area covered over time. (F) Quantification of nitric oxide 

(NO) production from HUVEC after 6h and 30h aqueous dWJ 

treatment. (##p<0.01) 

Figure 5.5. In vitro analysis of the effect of aqueous dWJ matrix treatment on 

human monocytes (THP-1). (A) Scheme representing monocyte 

differentiation and aqueous dWJ treatment. (B) Quantification of 

THP-1 cells viability after 24h dWJ matrix treatment. (C) 

Live/Dead fluorescent microscopic images showing the viability of 

THP-1 cells. (D) Representative immunofluorescent images 

showing expression of CD68 (pan macrophage marker), CD163 

(M2 marker), and CCR7 (M1 marker) in control and dWJ treated 

THP-1 cells. Real-time qPCR analysis quantifying the expression 

of (E) TNF-α, (F) CCR7, (G) IL-6, (H) MCP1, and (I) IL-10 genes 

in control and dWJ treated THP-1 cells. (#p<0.05, ##p<0.01, 

n.s.=not significant) 

178 

Figure 5.6. Fabrication and physical characterization of tubular silk bi-layered 

vascular grafts. (A) Representative scheme showing the stepwise 

fabrication of bi-layered silk vascular grafts. (B) Scanning electron 

microscopic (SEM) images of cross-sections of grafts showing 

porosity and pore interconnectivity of the inner core layer. (C) 

Graph representing quantification of pore size of the inner porous 

layer for all three scaffold variants calculated by processing the 

SEM images (n=6, each group). (D) In vitro quantification of 

scaffold degradation in control (PBS) and treated (protease enzyme) 

groups over 28 days. (E) Graph representing water retention 

capability of silk scaffolds. (##p<0.01) 

179 

Figure 5.7. Physical characterization of tubular silk bi-layered vascular grafts. 

(A) Quantification of protein release from silk scaffolds. (B) 

Fluorescent microscopic images of scaffold cross-sections stained 

with collagen-I antibody (green dots). Positive staining for BAW 

scaffolds substantiates their stable functionalization with dWJ 

matrix. (C) High magnification scanning electron microscopic 

(SEM) images of cross-sections of silk TEVGs. (n.s.=not 

significant) 
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Figure 5.8. In vitro HUVEC viability on 3D silk scaffolds. Analysis of viability 

and proliferation of HUVEC cultured on 3D scaffold discs (BM, 

BA, and BAW) over 14 days. (n.s.=not significant) 

181 

Figure 5.9. Migration of HDF cell in porous 3D scaffolds. (A) Scheme 

representing the methodology adopted for cell migration analysis 

on silk scaffold strips. Cells were seeded on both longitudinal ends 

of strips followed by static culture. MTT staining was performed at 

predefined time points to visualize cell migration. (B) Cell-seeded 

MTT-stained silk scaffolds at different times. The presence of cells 

is represented in blue color. Black arrows are indicating the cell 

migration boundary. (C) Graph representing quantitative analysis of 

% area covered by cells over time. (n.s.=not significant, #p<0.05) 

182 

Figure 5.10. In vivo immunomodulation analysis of dWJ functionalized silk 

scaffold discs in rabbit subcutaneous implantation model. (A) 

Schematic representation of subcutaneous implantation of silk/dWJ 

scaffolds in rabbit, followed by retrieval after five days and one 

month. (B) Hematoxylin & Eosin (H&E) stained histology sections 

of silk scaffold explants. The scaffold is marked as 's' and dotted 

green lines are representing the host tissue-scaffold interface. (C) 

Immunofluorescence staining of explanted silk scaffolds sections 

for CD68 (pan macrophage marker), CD163 (M2 macrophage 

marker), and CCR7 (M1 macrophage marker). For each specific 

antibody, the bottom row is the magnified image of the square 

labeled portion of the top row. (D-H) Quantification of real-time 

gene expression of M1 (IL-1β, IL-6, and TNF-α) and M2 (IL-10 and 

TGF-β) phenotypic markers in 5 days and 1-month explants of silk 

scaffolds (n=3). (n.s.=not significant, #p<0.05, ##p<0.01) 

183 

Figure 5.11. In vivo implantation and characterization. (A) Representative 

images showing surgical implantation of silk vascular grafts in 

rabbit left jugular vein. (B) Representative H&E stained histological 

cross sections of 2 months’ silk TEVG explants showing lumen 

occlusion. (C) Quantification of lumen diameter of explanted silk 

TEVGs compared with rabbit jugular vein (JV) showing no 

significant difference (p>0.05). 

185 

Figure 5.12. In vivo implantation of silk TEVGs in rabbit jugular vein (JV). (A) 

Schematic representation of interposition grafting of silk TEVGs in 

rabbit JV. Grafts were explanted after 2 months. Dotted arrows are 

indicating the anastomotic point between TEVG and JV. Dotted 

lines in the middle portion of the graft represent the section used for 
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histological analysis. (B) Representative color Doppler imaging of 

implanted TEVGs after 12 days and 60 days of implantation. 

Yellow arrows are representing the anastomotic site. (C) Patency 

analysis of silk TEVGs based on color Doppler data. (D) 

Hematoxylin & Eosin (H&E) stained histological cross-sections of 

native JV and silk explants, demonstrating host cell infiltration into 

silk TEVGs. (E) Quantification of host cells infiltrated into silk 

TEVGs. (F) DAPI stained fluorescent microscopic images of silk 

TEVG explants' cross-sections staining cell nucleus blue. White 

arrows are representing the presence of cell nuclei in each section. 

The square portions having white outline labeled as a, b, c are 

further magnified in the bottom images. (##p<0.01) 

Figure 5.13. Analysis of silk TEVG remodeling after two months’ implantation 

in rabbit jugular vein as interposition graft. (A) Representative 

immunostained histological images of native rabbit jugular vein and 

silk TEVG explants showing the presence of vascular cells (CD31: 

endothelial cell marker, calponin, and αSMA: smooth muscle cells 

marker at early and mid-differentiation phase respectively) in the 

remodeled grafts. Representative histological images of silk TEVG 

explants and rabbit jugular vein showing extracellular matrix 

deposition (Verhoeff Van Gieson (VVG) for Elastin: blue-black to 

black color and Masson's Trichrome (MT) for Collagen: blue color). 

Inset images are showing the magnified zone of interest for each 

specific stain. Lumen is marked as ‘L’. Scale bar: 100 µm. (B) 

Graph representing quantification of percentage area covered by 

CD31+ cells (representing endothelial cells) in histological cross-

sections of silk TEVG explants (n=6 images per experimental 

group). Quantification of (C) collagen, (D) elastin, in remodeled 

silk grafts compared with the native jugular vein (n=3). (#p<0.05, 

##p<0.01) 

188 

Figure 5.14. Alizarin Red staining of silk TEVGs explanted after 2 months to 

characterize the presence of any traces of calcium deposition. ‘L’ 

represents scaffold lumen. 
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Figure 5.15. Macrophages and their phenotype in silk TEVG explants. (A) 

Immunofluorescent histological images of vascular silk explants 

showing the presence of CD68+ (pan macrophage marker), CD163+ 

(anti-inflammatory marker) and CCR7+ (pro-inflammatory marker) 

cells. Lumen is marked as ‘L’. Quantification of percent area of (B) 

CD68, (C) CD163 and (D) CCR7 markers obtained by processing 
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the immunofluorescent images (n=6) using ImageJ. (F) Graph 

representing M2/M1 marker positive cells. (#p<0.05, ##p<0.01) 

Figure 5.16. Biomechanical assessment of silk TEVG explants. (A) Schematic 

representation of uniaxial circumferential tensile testing set-up. The 

tissue rings were mounted in stainless steel hooks through the 

lumen. Hooks were pulled apart at 2 mm/min crosshead speed until 

sample failure. Average representative stress-strain curves for (B) 

BM, (C) BA, and (D) BAW TEVG explants. Graphs are 

representing modulus in (E) low stretch (low modulus) and (F) high 

stretch (high modulus) regions. (G) maximum stress and (H) 

corresponding strain at failure points. (##p<0.01, n.s.=not 

significant) 
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Figure 6.1. Morphological analysis of silk lyogel scaffolds. (A) Gross 

appearance of silk lyogel scaffolds. (B) SEM analysis of silk 

scaffolds representing porosity and pore interconnectivity. (C) 

Micro-CT acquired 3D images of scaffolds. Quantification analysis 

of (D) pore size and (E) strut thickness of LG and LGMP scaffolds. 
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Figure 6.2. Uniaxial tensile test of silk lyogel TEVGs. Representative average 

stress-strain curves of (A) LG, (B) LG core, (C) LGMP, and (D) 

LGMP core silk scaffolds in longitudinal (long) and circumferential 

(circ) directions. Graphs are representing scaffold modulus in (E) 

low-stress region (low modulus) and (F) high-stress region (high 

modulus). Graphs representing (G) stress and (H) strain at the 

scaffold failure points. (#p<0.05, ##p<0.01, n.s.=not significant) 
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Figure 6.3. Mechanical properties of silk lyogel TEVGs. Comparison of 

approximate (A) suture retention force, (B) suture retention tension, 

(C) β-stiffness, (D) dynamic compliance, (E) creep and (L) burst 

strength of bi-layered (LG vs. LGMP) lyogel silk scaffolds. 

(n.s.=not significant) 
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Figure 6.4. Degradation of silk lyogel scaffolds. (A) Representative scanning 

electron micrographic images showing the cross-section of silk 

lyogel scaffolds in the presence of protease XIV enzyme over 15 

days. High-resolution images on the right show the degradation 

pattern of scaffold struts after 15 days of protease treatment. (B) 

Quantitative analysis of scaffold degradation over time in the 

presence of protease enzyme. Control group (samples kept in PBS 
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without enzyme: LG/PBS and LGMP/PBS). Experimental group 

(samples kept in protease enzyme: LG/PRT and LGMP/PRT). 

(##p<0.01) 

Figure 6.5. Microparticle retention in silk lyogel scaffolds after physiologically 

relevant pulsatile perfusion. (A) Representative image showing silk 

scaffold mounted on a testing chamber of pulsatile flow setup. (B) 

The representative curve is showing the intraluminal pulsatile 

pressure over time. (C) Fluorescent microscopic images are 

showing microparticle retention after 1h of pulsatile perfusion. 

Microparticles were tagged with FITC fluorescent dye (green color 

particles are visible in the high-resolution images on the right). 

Scaffolds without perfusion represent the control group. Scanning 

electron microscopic images showing microparticle retention after 

1h perfusion in (D) cross-section and (E) lumen of scaffolds. (F) 

Graph showing the quantitative analysis of microparticle retention 

obtained by processing the fluorescent microscopic images. 

(n.s.=not significant)   
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Figure 6.6. Biocompatibility of silk lyogel scaffolds. (A) Representative image 

showing lyogel silk scaffold discs used for biocompatibility 

analysis. (B) Quantification of SVF cell proliferation over time 

cultured on silk lyogel discs using AlamarBlue assay. The values 

are normalized with day 1 data. (C) DAPI stained (blue color 

nucleus) fluorescent microscopic images showing adhesion of SVF 

cells onto lyogel silk scaffolds. (##p<0.01) 
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Introduction and review of literature 

 

This chapter provides a progressive overview of vascular tissue engineering, which has made 

prodigious progress in recent years by converging multidisciplinary approaches. While traditional 

therapeutic methods rely on bypassing the severely damaged vessels with synthetic counterparts 

and no growth potential, contemporary perspectives focus on biodegradable conduits bestowing 

inherent remodeling capability. In this regard, various synthetic and natural bioresorbable 

materials are appraised, followed by the current implications of silk in the field. 
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Introduction and review of literature 

 

1.1 Introduction 

Alarming mortality rates due to cardiovascular diseases (CVDs) arising from blockage or 

narrowing of vital blood vessels are of serious concern. The global disease burden and subsequent 

deaths are projected to escalate exponentially, with an estimated 23.4 million deaths in 2030 [1, 

2]. The majority of CVDs stem from narrowing or blockage of vital blood vessels, which results 

in interrupted blood supply to the target organ and eventual ischemia. Some of the most commonly 

occurring CVDs are peripheral artery disease, cerebrovascular disease, deep vein thrombosis, and 

coronary artery disease. Bypassing the blood supply through an autologous graft via surgical 

intervention is currently the clinicians' preferred treatment choice [3]. Following are some of the 

reasons why autologous grafts are presently the gold standard for bypass surgeries: 1) they are 

physiologically the natural analogs of the diseased blood vessel which do not evoke immune 

response after implantation, hence no chance of graft rejection; 2) their lumen is naturally lined 

with endothelial cells which prevent thrombosis and SMC proliferation; 3) graft compliance and 

mechanical properties closely match the recipient site which attenuates the chance of intimal 

hyperplasia; 4) being originated from the patient him(her)self, no regulatory clearance is required; 

5) they are readily available and finally; 6) they can grow in size with patient’s age. Commonly 

used autografts are saphenous vein, radial artery, and mammary artery [3].  

The primary setback of using autologous grafts is donor site morbidity. In several cases, 

their unavailability due to prior harvesting or diseased condition exacerbates the situation 

precluding the possibility of auto-grafting. In this scenario, another viable option for clinicians is 

prosthetics [4]. Synthetic grafts (e.g., Gore-Tex and Dacron) currently dominate the global 

vascular grafts market, with an estimated value of 2.01 billion USD in 2018. A substantial portion 

is contributed by endovascular stent-grafts, hemodialysis access grafts, and peripheral vascular 

grafts (source: www.grandviewresearch.com). Notably, the application of synthetic grafts is 

limited to larger blood vessel (>6 mm diameter) replacement, and they face daunting obstacles 

when implemented for high pressure, small diameter blood vessels (<6 mm diameter) due to 

thrombosis and stenosis [5]. Besides, they are prone to chronic foreign body reaction, calcification, 

and risk of infection. The reason behind the poor performance of synthetic grafts is compliance 

mismatch and their non-biological composition [6]. Researchers are venturing into the surface 
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modification of these grafts to prevent thrombosis [7]. Amidst all the success, if we look at the 

vascular graft market with a clinical perspective, limited innovative products are coming up with 

the ever-persistent inability of synthetic grafts for smaller vessel replacement.  

 In pursuit of finding a clinically feasible alternative for small-diameter vessel replacement, 

tissue-engineered vascular grafts (TEVGs) are currently a popular choice [3, 8]. The aim of TEVGs 

is to provide the structural framework for host cells to re-grow the functional tissue. The overall 

idea is to design a scaffold (a tubular scaffold in this context) using a biodegradable polymer, 

seeding patient-specific cells, maturation in a naturally simulated dynamic microenvironment, and 

implantation into the patient. With time, the graft polymer is degraded and replaced by a newly 

formed ECM in a precisely balanced manner preserving the structural integrity, leaving behind a 

native-like regenerated tissue [5]. These lab-made grafts have the potential to mimic the autografts 

properties with high fidelity. Research in the field is now profoundly focused on conferring 

autologous grafts' properties into TEVGs for their clinical translation. Vascular tissue engineering 

has grown remarkably in the past few decades since the seminal groundwork laid by Weinberg 

and Bell in 1986 [9]. Scientists have investigated a plethora of different approaches to creating a 

clinically feasible small-diameter blood vessel that has remarkably improved our understanding. 

While various synthetic and natural biomaterials have been explored to create bioresorbable 

vascular grafts, silk renders several advantages in terms of biocompatible degradation products, 

abundant availability and affordability.  

Silk is an ancient textile material that has long been used as sutures in surgery owing to its 

biocompatibility and remarkable tensile strength. This natural protein biopolymer is produced by 

various insects (silkworms, scorpions, spiders, and flies) [10]. SF biomaterials provide numerous  

favorable inherent properties, that has enabled their remarkable performance in the past few 

decades as a potential biomaterial for various tissue engineering applications [11-13]. Among other 

variants, regenerated silk fibroin obtained from Bombyx mori silkworm cocoons is widely explored 

for regenerative medicine. Some of the silk-made bioengineered products have been approved by 

FDA for clinical implementation, including SERI surgical scaffold® and Silk Voice® [13]. Few 

exemplary characteristic properties of SF biomaterial that make it a suitable choice for tissue 

engineering applications include: 1) biocompatibility, 2) tunable biodegradation, 3) minimally 

immunogenic, 4) ability to adapt various formats (3D scaffolds, thin films, nanofibers, 

microspheres, nanoparticles, hydrogels, etc.), 5) extraordinary mechanical strength, 6) easy 
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accessibility, 7) cost-effective, 8) easy green processing [11, 14]. In addition to the other potential 

areas of regenerative medicine, silk biomaterials are actively being investigated to explore their 

potential for vascular tissue engineering applications [15]. Despite the remarkable promising 

aspects of SF biomaterials in various domains of tissue engineering, their implementation in 

creating tissue-engineered vascular grafts has witnessed a comparative scarcity. Moreover, a 

significant proportion of prior literature suggests the predominant application of silk fibroin 

obtained from domesticated Bombyx mori silk variety, possibly due to wide availability. Other 

non-mulberry silk varieties have sparsely been explored in this domain, possibly due to their 

geographical restrictions. Nevertheless, lately, researchers are actively investigating silk-based 

TEVGs prepared by diverse fabrication methodologies in pre-clinical settings, and have shown 

very encouraging outcomes.  

In this thesis, we have progressively explored various approaches to fabricate clinically 

viable silk-based small-diameter vascular grafts. Towards this end, both mulberry (Bombyx mori) 

and non-mulberry (Antheraea assama and Philosmia ricini) silk varieties are explored in the 

domain of vascular tissue engineering. In addition, crucial factors were identified that would 

improve the clinical feasibility of vascular grafts. These factors rely on either biomaterial property 

(biocompatibility, immune compatibility, blood compatibility, biodegradation, mechanical 

properties, cost-effectiveness) or fabrication approach (fabrication time/ready availability). From 

a biomaterial perspective, silk fibroin remains a rational choice, whereas various fabrication 

approaches are pragmatically investigated. This thesis work first investigates the cell-biomaterial 

interaction to substantiate the suitability of silk for vascular regeneration. The first fabrication 

approach capitalizes on the principle of bionics, wherein a cellular multilayered TEVG is explored 

while recapitulating the native-like cellular arrangement. In the second approach, a novel bi-

layered vascular graft is developed, and the fabrication time is further reduced from months to 

days by implementing human SVF cells (without culture) instead of vascular cells. The third and 

fourth approaches set out to provide a ready available vascular graft while completely bypassing 

the cell seeding step. In these cases, the bioactivity is preserved by means of functionalizing the 

acellular grafts with decellularized human Wharton’s jelly matrix and CCL2, which locally 

provide cell-secreted bioactive paracrine factors conferring constructive graft remodeling. 

Research work carried out in this thesis offers the excellent pre-clinical success of developed 

vascular grafts in animal models (rats/rabbits). 
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1.2 Review of literature 

1.2.1 Structural components of blood vessels 

Blood vessels are comprised of three concentric layers: 1) tunica adventitia, 2) tunica media, and 

3) tunica intima (Figure 1.1). Each layer has distinct cell types and ECM proteins arranged in a 

specific manner. The innermost tunica intima consists of a longitudinally aligned monolayer of 

endothelial cells along the lumen resting on a thin basement membrane. It provides a natural 

anticoagulant surface, maintains vascular tone, and regulates the nutrient transport from blood to 

the parenchymal tissue. The middle layer consists of multiple layers of circumferentially aligned 

SMCs densely packed in elastin and collagen matrix, confining distensibility. Microvascular 

pericytes are also present in tunica media. Multiple cell types (including fibroblasts, macrophages, 

B cells, T cells, myofibroblasts, dendritic cells, hematopoietic, mesenchymal, and endothelial 

progenitor cells) reside in outermost adventitial layer. In larger blood vessels, a capillary network 

(vasa vasorum) is present in the adventitia, which provides nutrition to the vessel wall [16].  

 

Figure 1.1. Scheme representing the multilayered components of a blood vessel. 

 

1.2.2 An overview of vascular tissue engineering 

Coronary artery blockage leads to the inadequate blood supply to the heart muscle, causing 

ischemia and eventually myocardial infarction. Atherosclerosis, which was conventionally 
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believed to be solely originating from the deposition of cholesterol plaques along the wall and is 

now known to be associated with inflammation, is the most common cause of artery blockage [17, 

18]. In 1960, Robert Goetz and colleagues performed the first coronary artery bypass grafting 

(CABG) using Rosenak (tantalum) rings [19], and later in 1962, David Sabiston successfully 

anastomosed right coronary artery with saphenous vein graft without rings in a completely hand 

sewn manner [20]. It was the starting point of bypass surgery using autologous grafts, which 

remains the gold standard after almost six decades. The saphenous vein, internal mammary artery, 

and radial artery are the most frequently used autologous grafts; however, the literature suggests 

that the chances of vein graft failure are more likely than arterial grafts for CABG [21]. The 

anatomical differences between veins and arteries make vein grafts more susceptible to aneurysms 

and thrombosis when used for an arterial replacement. The longevity of arterial grafts is markedly 

superior. The outperformance of arterial grafts could be attributed to either higher prostacyclin 

production [22] or a mature vasa vasorum network in the arterial adventitia, which ensures better 

blood supply in the vessel wall [23]. Among various autografts, the left internal mammary artery 

(LIMA) remains the most preferable and successful choice of clinicians for CABG because of its 

patency rates (better than SVG) post revascularization. The superior patency of LIMA is attributed 

to lesser fenestrations in the endothelial layer, higher production of NO, and other antithrombotic 

molecules (tissue plasminogen activator and heparin). The limited permeability of endothelial cell 

layer makes it impervious for lipoproteins, hence minimal chances of atherosclerosis [24].   

Soon after CABG became the standard therapeutic approach for coronary artery disease, 

doctors realized the limited availability of autografts and started exploring synthetic grafts (most 

commonly used are: Dacron and PTFE). Synthetic grafts were developed before the routine use of 

autologous grafts. Almost a decade after the development of Dacron by J.T. Dickinson and J.R. 

Whinfield, DeBakey was the first to use them for aortic reconstructive surgery in the early 1950s. 

Since then, Dacron grafts have been the regularly used synthetics for large diameter vessel 

revascularization, including lower extremity bypass surgery and aortic replacement [25]. Dr. Roy 

Plunkett developed another key player in the field, PTFE, at DuPont in the late 1940s; however, 

its expanded derivative (ePTFE) was launched in the market because of its better compliance and 

porosity than the former one. ePTFE grafts witnessed first implementation in the vascular surgery 

field in the mid-1970s as a lower extremity bypass conduit. At present, ePTFE grafts are frequently 

used for arterio-venous and lower extremity bypass grafting [25]. While synthetics were successful 
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for replacing larger vessels (>6mm diameter), they performed poorly when used for smaller 

vessels. Hence continued the search for a suitable grafting vessel. In the 1960s, Charles Sparks 

first started using silicone tubular structures for arterial replacements [26] and later moved on to a 

tissue-engineering approach to developing autologous biological tubes. These patient-specific 

grafts were prepared by subcutaneous implantation of a silicone mandril in the patient’s leg, which 

produced fibrotic tissue tubes as a result of foreign body response and referred to as ‘Sparks 

mandril’. The clinical trials of Sparks mandril were continued up to the late 1970s, but their dismal 

patency rate and aneurysmal behavior forced researchers to abandon them [27].  

In the 1980s, in a seminal study, Weinberg and Bell came up with the idea of producing 

the first in vitro TEVG consisting of vascular cells [9]. They created a native-like multilayered 

vessel composed of collagen gel embedded with bovine aortic vascular cells (fibroblasts, smooth 

muscle cells, and endothelial cells). The incorporation of Dacron sleeves facilitated tubular 

integrity and improved mechanical strength. Organogenesis, Inc. tried taking up this technology 

but failed to bring out any viable product [5]. Nonetheless, this was the starting point for tissue-

engineered vascular grafts, and the idea still exists today after 34 years. Following the groundwork 

laid by Weinberg and Bell, many investigators started looking into various aspects aiming to create 

a functional blood vessel analog. Zilla, Deutsch, and colleagues showed strong evidence of 

synthetic grafts' clinical success (ePTFE) seeded with autologous endothelial cells [28]. In a long-

term study over 15 years, they implanted 341 ePTFE grafts in a cohort of human subjects at 

femoropopliteal and femorodistal locations. The grafts' lumen was first coated with fibrin glue, 

followed by lining with autologous endothelial cells obtained from segments of saphenous, 

basilica, external jugular, and cephalic veins. After years, the primary patency rates of 

endothelialized ePTFE grafts were comparable with vein grafts validating their feasibility in 

clinical settings [28]. Despite encouraging outcomes, this technology's prevalent adoption is 

limited, likely due to the need to harvest an optimal amount of autologous endothelial cells and 

their expansion. Moreover, ensuring the long-term adherence of endothelial cells to synthetic 

surfaces is another challenging task. 

In 1998, Nicolas L’Heureux and colleagues came up with the idea of creating a completely 

biological tissue-engineered blood vessels without using any supporting material [29]. The concept 

relied on the self-assembly of cell sheets, which were prepared by maintaining a confluent 

monolayer culture of SMCs and fibroblasts for extended periods in the presence of sodium 
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ascorbate. The obtained cell sheets were rolled sequentially onto inert mandrel and matured in a 

pulsatile bioreactor for at least 8 weeks. The long-term maturation allowed cohesion of consecutive 

cell-sheet layers providing a self-assembled tubular graft. Endothelial cells were seeded in the 

lumen at the later stage. The burst strength of these mechanically robust grafts was nearly 2000 

mmHg, attributed to an organized collagen matrix [29]. Interposition grafting in the canine model 

demonstrated optimal suturability. Completely biological TEBVs supposedly have multiple 

theoretical advantages, including inherent self-renewing potential, on-demand remodeling, 

precludes foreign body reaction, and minimal chances of graft infection. Cytograft Tissue 

Engineering, Inc. took up this technology for phase I clinical trials in a hemodialysis access setting. 

Unfortunately, the outcomes were not very encouraging, as the implanted grafts showed signs of 

dilatation over time [30-32].  

The groundwork of the currently most advanced engineered blood vessel was laid by 

Niklason et al. in the late 1990s [33]. For the first time, the investigators used a rapidly degrading 

polymer, PGA, as supporting material for growing vascular cells. The degraded byproducts of 

PGA are metabolized by cells without inducing a chronic immune response. Bovine SMCs and 

ECs were cultured onto tubular PGA scaffold under physiologically relevant pulsatile perfusion 

system for extended periods, creating native-like blood vessel constructs. Implantation in the 

porcine right saphenous artery revealed good patency after four weeks. Derivatives of this 

technology were further developed to render immune compatibility and ready availability. In 2003, 

the same group showed cells’ removal from engineered vessels without compromising the 

mechanical properties [34]. The underlying idea was to obtain a tubular construct consisting of 

natural ECM derived from allogenic or xenogenic SMCs, followed by decellularization. The 

resulting vessels can be stored for longer periods. When required, the grafts can be retrieved, 

seeded with autologous ECs, and implanted in the patient. The technology was transferred to 

Humacyte, Inc, which initiated the clinical trials in hemodialysis access setting [35]. Notably, the 

HAVs were tested without autologous ECs seeding but were shown to have a mature endothelial 

layer in 16 weeks’ explants. HAVs are currently in phase III clinical trials, wherein their 

applicability as hemodialysis conduit is being tested compared with ePTFE grafts and fistulas [3].  

Tissue-engineered vascular grafts composed of biodegradable polymers became a trend after 

Shinoka first implanted a synthetic biodegradable scaffold in 2001 [36]. The patient was born with 

a single ventricle and pulmonary atresia. The PCL-PLA copolymer-based tubular scaffold (10 mm 
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diameter) was seeded with autologous vascular cells isolated from a peripheral vein and used for 

pulmonary reconstruction with no postoperative complication. The intention was that the 

implanted graft would grow with patient age and would not require repetitive surgical 

interventions. Following this breakthrough, Shinoka and Breuer have been exploring the polymeric 

biodegradable scaffolds in combination with autologous BM-MNCs. It brings down the graft 

fabrication time from days to hours rendering clinical feasibility. These scaffolds were used in a 

clinical trial in Japan targeting extracardiac Fontan procedure in children born with single ventricle 

physiology. The TEVGs were implanted in a low pressure, high flow system, and long-term (10 

years) outcomes showed positive results [37-39]. In continuation, an FDA approved U.S. phase I 

clinical trial investigated the use of these TEVGs in congenital heart surgery [40]. Researchers 

observed frequent graft narrowing post six months’ transplantation requiring angioplasty, which 

led to a premature clinical trial closure. When analyzed with advanced computational modeling, 

the observed data revealed the eventual reversal of stenosis over time. Hence, the model was 

further validated, wherein seeded TEVGs were implanted in 24 lambs as Fontan conduits 

connecting the pulmonary artery with IVC [40]. The hypothesis stands true even in animal models 

suggesting the possibility of avoiding angioplasty for patients showing early asymptomatic 

stenosis; however, regular medical monitoring is required. In addition to the material centric and 

self-assembly approaches, allogenic and xenogenic grafts are also under active investigation by 

several research groups [41, 42]. The primary setback of these vessels is acute/chronic rejection, 

which leads to allograft vasculopathy [43].  

Significant efforts have been invested over the past few decades, yet the search for a 

translatable ‘off the shelf’ small-diameter vascular substitute continues. On a positive note, various 

prototypes are in various stages of clinical trials, and hopefully, few are on the verge of success. 

With the improved understanding gained through past experience, it is crucial to identify and avoid 

the critical failure mechanisms in the future. One imperative notion is that engineered vessel need 

not to recapitulate all compositional, physiological, and cellular aspects of native tissue, rather 

focusing on a few critical aspects should serve the purpose. Foundational and follow up studies in 

the field indicate a few indispensable criteria for a successful tissue-engineered vascular graft. 

Especially, while designing a low flow high-pressure arterial substitute, it is necessary to provide 

blood compatible/anti-thrombogenic lumen. The blood-contacting surface should also prevent 

platelet adhesion and activation to maintain long-term patency. Immune compatibility is another 
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crucial aspect. Autologous implants are the only candidates having the privilege of uncontested 

acceptance; whereas, any foreign (non-self) object activates a cascade of innate/adaptive immune 

system, leading to rejection. With the latest scientific advancements, the role of the host immune 

system in constructive graft remodeling is now established [44-46]; however, regulating the 

immune response in a balanced manner remains a pre-requisite. An exuberant reaction may lead 

to eventual hyperplasia and stenosis [40]. Another notable aspect is to ascertain the mechanical 

stability of the implanted graft during remodeling, wherein simultaneous occurrence of matrix 

degradation and neo-tissue formation takes place in a dynamic microenvironment. An imbalance 

of these two would succumb graft integrity and may result in aneurysm formation in the long run. 

Biomechanics of the bioengineered graft needs to be optimized, keeping in mind the initial 

(including suture retention, dynamic compliance, tensile properties, and burst strength) and post-

implantation factors (degradation and remodeling). Besides these mechanical and biological pre-

requisites, successful clinical translation demands their ready availability and automated 

reproducibility. Economic factors like low cost and affordability should not be avoided during the 

course of graft manufacturing.  

 

1.2.3 Current limitations and emerging strategies in vascular tissue engineering 

1.2.3.1 Surface modification with bioactive molecules rendering antithrombogenic effects 

Naturally, a continuous endothelium, consisting of endothelial cell monolayer, prevents blood 

clotting and maintains vascular tone by regulating/synthesizing a series of bioactive molecules 

including tPA, PAI-1, heparans, plasminogen, thrombin, AT III and plasmin, etc. [47, 48]. Damage 

in the endothelium exposes underlying ECM proteins, allowing platelet adhesion and initiating the 

blood coagulation cascade. Activated platelets release several adhesion proteins and pro-

thrombotic molecules resulting in a fibrin clot formation. Platelet activation also regulates the 

expression of cell adhesion molecules (CD31, CD54, E-selectin, and P-selectin) on the ECs’ 

surface, which mediate platelet and leukocyte binding with ECs [49]. Functionalizing TEVGs with 

natural anticoagulant molecules is the most fundamental approach to prevent acute thrombosis in 

vascular grafts (Figure 1.2A). In this regard, heparin, a natural polysaccharide has been used 

widely in clinic as an independent anticoagulant molecule. Heparin prevents the platelet adhesion 

on the lumen wall by interacting with AT III enhancing its affinity towards thrombin [50]. 

Endothelial cells, present at the interface between flowing blood and vessel wall, experience 
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constant shear stress stimulating the release of NO via upregulation of eNOS. It leads to PGI2 

mediated vasodilation and inhibits platelet aggregation [49]. NO immobilization has shown 

tremendous scope towards preventing acute thrombosis in bioengineered vascular grafts [51, 52]. 

In a recent endeavor, keratin-based vascular graft surfaces were shown to produce NO. The GSH 

activity breaks the intrinsic disulfides of keratin into thiols catalyzing GSNO, which results in NO 

production [53, 54]. Enzyme prodrug therapy is another approach, wherein galactosidase 

immobilized vascular grafts effectively produce NO by decomposing the NO prodrug at the 

localized site following in situ catalysis [55]. Engraftment of TEVG with conjugated linoleic acid 

confers antithrombotic properties [56]. In order to produce highly effective antithrombotic 

surfaces, co-immobilization of heparin and NO is envisioned to closely mimic the biochemical 

effects exerted by the endothelium at the interface of blood and vessel wall [57]. To create a 

biochemical analog of natural endothelium, coating glycocalyx-like hydrogel comprising of 

hyaluronic acid on to decellularized TEVGs has shown protective effects against thrombus 

formation. This novel methodology shields the underlying collagen layer, thereby preventing 

platelet adhesion and activation [58]. Although most of these technologies have shown remarkable 

outcomes by preventing blood clot formation in laboratory conditions and pre-clinical trials, their 

validation in clinical settings is necessary to warrant their translation. 

 

1.2.3.2 Surface modification for rapid endothelialization  

Functionalization of vascular grafts with anti-thrombotic molecules ensures the prevention of acute 

thrombosis; however, their long-term success predominantly relies on endothelialization. 

Conventionally, seeding autologous vascular endothelial cells before implantation has shown 

comparable results with vein grafts in clinical settings [28]. One notable advantage of autologous 

ECs is that the patient need not to undergo immunosuppressive therapy after graft implantation 

[59]. Despite clinical applicability, restricted adoption of this technology was observed primarily 

due to limitations associated with autologous ECs harvesting [48, 60]. In addition, in vitro 

expansion of cells and longer maturation time pose further complications owing to their limited 

regeneration and proliferative capacity. Another setback with in vitro endothelialized grafts is the 

possibility of cell detachment upon implantation under the influence of blood flow [48]. 

Considering limitations associated with in vitro endothelialization of vascular grafts, research 

impetus is now shifted towards in situ endothelialization strategies of TEVGs. After implantation, 
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the graft is endothelialized by one of the following three mechanisms: 1) Transanastomotic growth, 

wherein host intimal endothelial cells migrate at the anastomotic site towards the graft center in 

response to the natural injury-induced mechanism, 2) Transmural growth, wherein endothelial 

cells reach the lumen via newly formed capillaries through the graft wall, and 3) Fallout process, 

wherein circulating progenitor cells populate the implanted TEVG (Figure 1.2B) [59]. The 

homeostasis of the vessel wall is disturbed following TEVG implantation arising from altered 

blood flow patterns and variations in vessel wall stresses. It subsequently triggers the secretion of 

adhesive proteins from ECs, recruiting leukocytes followed by activation of inflammatory cascade 

and healing response [61]. In most animal studies implementing smaller TEVGs (1-2 cm), 

transanastomotic endothelialization is uncontested; however, there is no consensus for longer 

grafts [6, 62]. Moreover, in humans, natural transanastomotic ingrowth is limited to 1-2 cm [59]. 

In this scenario, the remaining two mechanisms seem to be predominantly responsible for graft 

endothelialization in humans. Transmural capillary formation principally relies on foreign body 

response and granular tissue formation on the ablumen surface [63]. This newly formed tissue 

allows angiogenesis, resulting in capillary formation. However, it is unclear why these newly 

formed capillaries grow towards the graft lumen assisting endothelialization. Studies have shown 

that graft porosity is crucial in order to allow capillary ingrowth [64]. A paucity of information 

about the underlying mechanism of transmural capillary ingrowth and ambiguous results indicate 

the need for a further concerted investigation, but the possibility of transmural endothelialization 

of TEVGs cannot be avoided. Recent innovative approaches are focused on engineering the 

interface of blood and TEVGs to capture the circulating EPCs and other endothelial forming cells 

aiming faster endothelialization [52]. 

  

1.2.3.3 Preventing intimal hyperplasia 

Intimal hyperplasia is a pathological condition characterized by thickening of the vessel wall 

resulting from overgrowth and migration of medial SMCs into the intimal layer due to endothelium 

damage [65]. In a healthy blood vessel, endothelium maintains homeostasis by releasing PGI2 and 

NO to prevent platelet activation and eventual blood clotting. In addition, it regulates underlying 

SMCs by restricting their proliferation and assisting a quiescent, differentiated state, exhibiting a 

contractile phenotype [66]. Any inadvertent damage in the endothelium exposes the medial layer 

and consequently activates platelets. It initiates the modulation of SMCs’ phenotype from 
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quiescent contractile to a highly proliferative state, causing intimal thickening. Differentiation of 

adventitial fibroblasts to myofibroblasts also participates in the former event [67]. Surgical 

implantation of vascular graft damages the endothelium and exposes the medial layer, putting them 

at high risk of developing intimal hyperplasia. Inducing rapid endothelialization is not enough to 

prevent the thickening of the graft wall. An effective solution demands concerted efforts to 

contemporaneously developing innovative approaches, which eventually could prevent graft 

stenosis. In addition to surgical intervention, which damages the native blood vessel; biological 

and mechanical properties of TEVGs are the key regulator of hyperplasia development [65]. 

Inflammation is actively involved with intimal hyperplasia; hence, the level of inflammatory 

response initiated after TEVG implantation would determine the severity of subsequent stenosis. 

Inhibition of MCP-1, platelets, and NK cells is effective in abrogating stenosis [45]. Besides other 

mechanical properties, TEVGs’ compliance mismatch with the native vessel is proposed to be 

responsible for graft stenosis [68]. Aberrant blood flow, wall shear stress, and wall stress further 

exacerbate the condition [65].  

 Strategies applied to prevent intimal hyperplasia in bioengineered vascular grafts primarily 

focus on incorporating drug molecules attenuating SMCs’ proliferation and platelet adhesion 

(Figure 1.2C). Potential target drugs to serve the aforementioned purpose include sirolimus or 

rapamycin [69, 70], cilostazol, aspirin [71] and paclitaxel [72]. In addition, bioresorbable grafts 

functionalized with imatinib, a PDGF and c-kit receptor kinase inhibitor, attenuated the neotissue 

formation in mice [73]. Burst release of the drug driven by blood flow minimizes cell-drug 

interaction, challenging the overall idea. In a novel approach, resveratrol functionalized single-

walled carbon nanotubes were coated to form an irregular mesh onto TEVG lumen. The coating 

was resistant to blood shear stress. Drug internalization by macrophages promoted a pro-healing 

phenotype and aided in maintaining the graft patency [74].  

Anti-proliferative and anti-inflammatory therapeutic approaches have shown their 

effectiveness in preventing intimal hyperplasia in native and synthetic blood vessel grafts. 

However, it is surprising that despite being the most fundamental aspect of the development of 

intimal hyperplasia, compliance mismatch between the native vessel and TEVG is generally 

overlooked by most, and hypo compliant (stiffer) grafts are implemented. One arguable aspect is 

that whether it is absolutely necessary to match the graft compliance with the target blood vessel, 

considering the viewpoint that the majority of research in the field is focused on producing 
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bioresorbable vascular grafts, which tend to quickly lose their initial compliance as a result of 

degradation and subsequent remodeling. In an ongoing clinical trial study, with the help of 

computational modeling and based on outcomes of bioresorbable TEVGs implantation in an ovine 

model, the spontaneous reversal of stenosis was demonstrated [40].  

 

Figure 1.2. Strategies to improve TEVG performance by surface modification. (A) Scheme 

representing approaches to prevent thrombosis. (B) An overview of TEVG endothelialization 
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mechanisms (transanastomotic growth, transmural capillary infiltration, and fallout process) 

post-implantation. (C) Strategies to prevent intimal hyperplasia and stenosis by inhibiting the 

over-proliferation of smooth muscle cells and suppressing the exuberant inflammatory response. 

 

1.2.3.4 Creating biomimetic vascular grafts  

Recapitulating the native-like structural properties has long been a goal of tissue engineering 

following principles of bionics. Blood vessels have a complex structure comprising three distinct 

layers, homing various vascular cells in a unique arrangement. The structural complexity maintains 

tissue homeostasis by regulating biological and physical properties. The luminal layer (intima) of 

the blood vessel is comprised of ECs’ monolayer aligned in the direction of blood flow, radially 

aligned SMCs form the medial layer, and randomly oriented fibroblasts are present in the 

adventitia [8]. In addition to cell types, collagen, and elastin fibers in the arterial wall are aligned 

at a particular angle, governing the mechanical properties [75]. Engineering at the cell-substrate 

interface opens up remarkable avenues to manipulate cell function [76]. An overview of the 

biomimetic approaches adopted to regulate vascular cell function is provided in Figure 1.3. ECs 

cultured on unidirectionally aligned surface patterns maintained intercellular junctions under the 

disturbed flow, in contrast to randomly oriented cells. The nanoscale oriented intimal geometry 

can regulate the graft hemocompatibility and spur in situ endothelialization [77, 78]. Similarly, 

unidirectional alignment of SMCs cultured on micro-patterned substrate help switching from 

proliferative to contractile phenotype [79], which would eventually help preventing the possibility 

of intimal hyperplasia. These observations indicate the potential of creating biomimetic grafts 

endowing native-like ECM and cellular arrangement. 

Different research groups have adopted diverse fabrication technologies to produce native-

like TEVG. Inspired by the radial alignment of SMCs, tubular scaffolds with circumferentially 

aligned PLLA nanofibers were prepared by electrospinning using parallel auxiliary electrodes. The 

resulting aligned substrates induced SMCs’ unidirectional alignment by contact guidance, showing 

implications for TEVG applications [80]. Recapitulating the mechanical and structural anisotropy 

of native blood vessels, aligned sheets of fibroblast-derived ECM were rolled over a mandrel 

providing a potential TEVG alternative, while no animal data was provided [81]. In a concerted 

effort, immobilization of heparin on topographically aligned luminal surface resulted in superior 

neovessel remodeling, long-term patency, and rapid in situ endothelialization in rabbit carotid 

artery after three months [82]. In an intriguing bioinspired approach, researchers have engineered 
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the intimal interface by manufacturing self-cleaning actuating surface topography emphasizing the 

prevention of platelet adhesion and eventual thrombosis [83]. Driven by systolic and diastolic 

blood pressure, it was postulated that the transition between smooth and wrinkled surfaces and 

resulting bending energy prevents platelets' interfacial adhesion. In a follow-up study, the same 

research group revealed that the antithrombotic property of the wrinkled luminal topography 

depends on its dynamic behavior, and constrained luminal corrugations are susceptible to platelet 

adhesion [84]. These observations could epitomize the self-cleaning ability of natural blood vessel 

intima. The overall biomimetic approach covers two broad perspectives. While circumferential 

alignment of medial SMCs aims to improve mechanical properties and prevent hyperplasia by 

restricting the cellular overgrowth, the nanolamellar luminal topography targets orchestrating the 

anti-thrombotic surface by preventing platelet adhesion.  

 

 

Figure 1.3. Biomimetic approaches of TEVG fabrication. Schematic overview of various strategies 

adopted to recapitulate the native-like cellular arrangement in tissue-engineered vascular grafts. 

 

1.2.3.5 Acellular vascular grafts: bypassing cell incorporation 

Since the beginning, when Weinberg and Bell (1986) proposed the idea of creating tissue-

engineered vascular grafts using autologous primary vascular cells, research impetus in the field 

is focused on implementing a diverse array of cells fostering an off-the-shelf TEVG, as 

summarized in Table 1.1. Cell-laden grafts have performed better than cell-free grafts; but the 

former approach poses several impediments. For instance, culture and expansion of patient-

specific vascular cells is a time-consuming and costly process, challenging its clinical feasibility. 
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Moreover, the diminished expansion ability of adult vascular cells restrains a broader adoption of 

this technique. Vascular progenitor cells are a suitable alternative, but their scarce availability 

hampers the idea. Subsequently, the focus shifted to various stem cells to obtain larger vascular 

cell populations via lineage-specific differentiation [85]. Direct seeding of patient-specific stem 

cells in TEVGs before implantation soon became tremendously popular in the field, considering 

their abundant availability and bypassing the need for culture expansion [86, 87]. Autologous BM-

MNCs seeded TEVGs were the first to enter into clinic [36] and have long been a part of active 

clinical investigation [40]. Bone marrow and adipose tissue-derived MSCs also remain a 

substantial choice for researchers towards creating an off-the-shelf system [88, 89]. Nevertheless, 

it is believed that acellular grafts would presumably follow a shorter path towards clinical 

translation as compared to the seeded ones. Contemporaneously with cellular TEVGs, acellular 

grafts are also being investigated routinely. Three different approaches are broadly adopted: 1) 

Cell-free biodegradable polymeric grafts, 2) Decellularization of native blood vessels and 3) 

Decellularization of grafts prepared by in vitro cellular self-assembly (Figure 1.4). 

 

Table 1.1. Cell types used for vascular tissue engineering applications.  

Cell type Prominent sources Comments Ref. 

Primary Vascular Cells 

Endothelial 

cells 

 Human umbilical 

vein endothelial 

cells (HUVEC) 

 Microvascular 

endothelial cells 

(MVEC) 

 Biopsies from 

patient blood 

vessels 

 Naturally aligned along the direction 

of blood flow 

 Provide a natural anti-thrombotic 

surface 

 Endothelialized grafts with autologous 

cells prevent thrombosis 

 Patient-specific cells bypass the need 

for immunosuppressive therapy 

 Limited availability and long in vitro 

expansion time restrict their direct 

implementation for TEVGs 

[28, 30, 

59] 

Smooth 

muscle cells 

 

 Human umbilical 

artery smooth 

muscle cells 

(HUASMC) 

 Naturally aligned circumferentially, 

provide contractile function and 

maintain elasticity 

[3, 90, 

91] 
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 Biopsies from 

patient blood 

vessels 

 Responsible for rendering mechanical 

stability to a blood vessel via ECM 

secretion 

 Synthetic/proliferative phenotype 

leads to overgrowth and intimal 

hyperplasia 

 Engineered HAVs, which are in phase 

III clinical trials for hemodialysis 

access, are prepared from allogenic 

SMCs/PGA scaffolds 

Fibroblasts 

 

 Dermal fibroblasts 

 Biopsies from 

patient blood 

vessels 

 Naturally present in the outermost 

adventitial layer of blood vessels 

 Provide mechanical resilience by 

ECM production 

 Predominantly used for preparing cell-

sheet based and fibrin embedded 

engineered vessels 

[29, 30, 

92, 93] 

Vascular Progenitor Cells 

Perivascular 

pericytes 

 

Any tissue with 

capillary bed (muscle, 

fat, saphenous vein 

segments, etc.) 

 Cells found in microvasculature 

interspersed between endothelial cells 

 Have mesenchymal stem cells (MSC) 

like features 

 Secrete pro-angiogenic factors 

 Allogenic cells show immune 

compatibility 

[94-96] 

Endothelial 

progenitor 

cells (EPCs) 

and 

endothelial 

colony 

forming cells 

(ECFCs) 

 Bone marrow 

 Adipose tissue 

 Human peripheral 

blood 

 Placenta 

 Perivascular cell 

fractions 

 Encompass a broad category of cells 

capable of differentiating into 

endothelial cells 

[95, 97] 

Stem Cells 
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Mesenchymal 

stem cells 

(bone marrow 

mononuclear 

cells, stromal 

vascular 

fraction and 

adipose-

derived 

mesenchymal 

stem cells) 

 Bone marrow 

 Umbilical cord 

blood 

 Adipose tissue 

 Guide TEVG remodeling via 

paracrine signaling 

 Immunomodulatory  

 Immunocompatible 

 Due to the availability of abundant 

sources and easy processing, their 

implementation in TEVG markedly 

reduces graft fabrication time 

 MSC derived extracellular vesicles 

have shown remarkable therapeutic 

potential  

 Their secretome has angiogenic 

potential 

[40, 44, 

98] 

Induced 

pluripotent 

stem cells 

(iPSCs) 

 Somatic cells 

(Fibroblasts) 

 Peripheral blood 

 Can be obtained in high quantity and 

differentiated into vascular cell 

lineage (ECs and SMCs) 

 Minimally or non-immunogenic 

 Allogenic implementation is feasible 

[99, 100] 

  

1.2.3.5.1 Cell-free biodegradable polymeric grafts   

Notwithstanding the benefits of cell seeding, acellular polymeric grafts are one of the prodigious 

choices that pragmatically epitomize the most compelling candidate for clinical translation [5, 101-

103]. The advantageous aspects of implementing this approach are: 1) minimal batch to batch 

variation, 2) the whole process is automated, conferring better chances of reproducibility, 3) 

bypass the need of culturing cells and long-term maturation, 4) removing cellular component 

would confer immune compatibility, 5) avoid chances of disease transmission, 6) can be 

functionalized with a plethora of bioactive molecules to improve graft performance, 7) can be 

made readily available for patients in need. However, this technology lags in terms of lack of 

bioactivity, one of the key pre-requisites of TEVG success, generally conferred by cell seeding for 

cellular grafts. Seeded MSCs not only provide anti-thrombogenicity [104] but also help in graft 

remodeling [44]. Emerging technologies are now trying to imitate the effect of cell-seeding in 

acellular polymeric grafts by orchestrating their functionalization with bioactive moieties. This 

innovative approach could be the most suitable strategy for acellular TEVGs’ clinical translation, 

pending identification of a suitable combination. 
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1.2.3.5.2 Decellularization of native blood vessels  

Allogenic and xenogenic blood vessels are suitable alternative for vascular reconstruction provided 

they are devoid of any cellular immunogenic materials orchestrating immune compatibility. Both 

allogenic and xenogenic vessels from various sources are under active investigation to explore 

their ability as a suitable grafting option. The main advantage of using native vessels is that it 

mitigates the limitations associated with the availability of autologous grafts. Moreover, they 

intrinsically contain the well-organized ECM proteins assisting in desired graft mechanics. 

Notwithstanding these advantages, their immunogenicity remains the prime setback for wider 

clinical adoption [101].  

Decellularized xenografts from porcine, bovine, ovine, and other rodent sources have been 

tested in either pre-clinical or clinical settings. Xenografts from bovine are clinically available for 

hemodialysis access (e.g., ProCol®, Artegraft®, SynerGraft®, Solcograft®), however, their 

performance is not satisfactory as they are prone to thrombosis and aneurysm formation [105]. 

Another commercialized xenograft is CorMatrix, derived from porcine SIS was also found to be 

inefficient for a low-flow high-pressure system as it showed significant stenosis [106]. From a 

clinical perspective, the clinical performance of xenografts has not been very successful. Research 

impetus is now shifted towards exploring various allografts with innovative modifications to 

improve their bioactivity and long-term performance while mitigating their immunogenicity.  

 

1.2.3.5.3 Decellularization of grafts prepared by in vitro culture 

Driven by the challenges associated with decellularization of native vessels and encouraging 

evidence suggesting the dependence of graft mechanics on structural organization of conserved 

ECM proteins, underlaid the idea of decellularizing in vitro bioengineered vessels. This strategy 

bypasses the need for autologous biopsy from the patient and leverages the capability of vascular 

cells’ self-assembly under in vitro conditions. Following methodologies described in foundational 

studies [33, 107], bioengineered vascular conduits were prepared by culturing bovine/porcine 

SMCs onto PGA mesh followed by long-term maturation in bioreactors. Furthermore, 

bioengineered HAVs entered into clinical trial studies, wherein they were implanted for 

hemodialysis access in a human patient cohort having an end-stage renal disease. Interestingly, 

HAVs barely exhibited any post-cannulation bleeding, and 1-year follow-up showed excellent 

secondary patency without dilatation [35]. In a subsequent study, the implanted HAVs were 
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investigated for host cell infiltration and remodeling over 200 weeks, revealing their 

transformation into living blood vessel [108]. Considering the prodigious performance of HAVs 

in pre-clinical and clinical studies for hemodialysis access, recently, they were implanted for 

arterial reconstruction (femoral-to-popliteal and above-knee bypass) in humans with great success 

[109, 110]. As of now, HAVs remain the most successful engineered biological vessel in human 

clinical trials. 

 In addition to HAVs comprising of allogenic SMCs and PGA mesh (wherein both of them 

are subsequently removed, leaving behind collagenous tubular framework), researchers are 

exploring the inherent self-assembling property of fibroblasts to prepare a completely biological 

graft. In a partial decellularization approach, TEBVs consisting of inner endothelium cultured on 

decellularized cell membrane and a living adventitia were developed by long term maturation of 

fibroblast cell sheets derived from human skin biopsies [111]. Notably, cultured fibroblasts are 

devoid of MHC II antigens, hence are minimally immunogenic. Allogenic, fibroblast-derived 

TEBVs were further rendered non-immunogenicity by dehydration in lieu of decellularization and 

clinically investigated in humans for hemodialysis access by implanting them as shunts. This case 

study revealed the clinical applicability of scaffold-free cell-derived TEBVs [112]. In recent work, 

the same research group has shown the production of yarns derived from cell-assembled sheets as 

true ‘bio’ material for versatile tissue-engineering applications [93]. 

 In another effective approach, donor fibroblast cells were embedded in a tubular fibrin gel 

and subjected to pulsatile flow maturation for 5 weeks, followed by decellularization. Intriguingly, 

the resulting tubes had the growth potential post-implantation as evinced by their implantation 

replacing pulmonary arteries in a growing lamb model [113]. The application of cell-free 

biological graft was further extended to hemodialysis access in baboons [92]. Graft prepared from 

human neonatal fibroblasts (15 cm long, 6 mm diameter) were implanted in the axillary-brachial 

upper arm or axillary-cephalic position and explanted after six months. Explant analysis suggested 

graft recellularization with host cells with 60% primary patency with no signs of calcification and 

stenosis [92]. Outcomes of these studies spur the notion that acellular biological grafts can grow 

with the host age and undergo in vivo recellularization rendering natural-like vessel characteristics. 

 Clinical outcomes of this technology, wherein acellular grafts are prepared by long-term in 

vitro maturation, have made it the most advanced approach in the current scenario. As described 

earlier, the leading groups in the field have shown the remarkable potential of cell-free grafts for 
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hemodialysis access and arterial replacement. With the advent of technology, these grafts are 

already in different phases of clinical trials. 

 

Figure 1.4. Acellular TEVGs. Scheme representing various methodologies adopted to obtain cell-

free/acellular vascular grafts. 

 

1.2.4 An update on clinical trials 

With the advent of technological advancements, recent decades marked enormous progress in the 

development of translatable tissue-engineered vascular grafts. Few technologies are already in the 

advanced stages of human clinical trials; however, none of the TEVG has hit the market yet. 

Leading groups worldwide have ventured to find biodegradable alternatives for both venous and 

arterial flow systems to advance patient care. Pertinent to note that most successful TEVGs in 

clinical trials are based on distinct approaches and for different clinical targets. To cite a few, 
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Shinoka and Breuer adopted autologous BM-MNCs seeded polymeric grafts for venous grafts, 

whereas Niklason and colleagues resorted to obtaining a cell-free graft (HAVs) comprising 

primarily of cell-derived ECM for hemodialysis access. Tranquillo’s group developed biological 

conduits by embedding fibroblasts into fibrin gel. A completely biological cell-sheet based 

technology was adopted by L’Heureux and colleagues. Xeltis, a European clinical-stage medical 

device company, utilized an acellular supramolecular polymer-based bioresorbable TEVG for 

performing Fontan procedure in clinical trials in Russia. Encouraging results from these trials 

provide compelling evidence asserting that TEVGs will soon become a clinical reality. A list of 

ongoing/completed clinical trials investigating TEVGs in humans is summarized in Table 1.2. 

 

Table 1.2. List of ongoing/completed clinical trials examining advanced stage biodegradable 

tissue-engineered vascular grafts. (Source: https://clinicaltrials.gov/) 

 

Identifier Title Clinical trial 

period/status 

Phase Sponsor 

NCT01034007 A pilot study investigating the 

clinical use of tissue engineered 

vascular grafts in congenital heart 

surgery 

Dec 2009-Jan 

2018 

(Completed) 

Phase I Christopher 

Breuer 

NCT04467671 Two-year study of the safety and 

efficacy of the second-generation 

tissue engineered vascular grafts 

(TEVG-2) 

July 2020-

Aug 2027 

(Ongoing) 

Phase II Nationwide 

Children's 

Hospital 

NCT00850252 Use of a lifeline graft in the A-V 

shunt model 

Sep 2004-Dec 

2012 

(Completed) 

Phase I/II Cytograft 

Tissue 

Engineering 

NCT01872208 Evaluation of the safety and 

efficacy of a vascular prosthesis 

as an above-knee bypass graft in 

patients with PAD 

Oct 2013-

June 2024 

(Ongoing) 

NA Humacyte, 

Inc. 

NCT01840956 Safety and efficacy of a vascular 

prosthesis for hemodialysis 

access in patients with end-stage 

renal disease 

May 2013-

May 2016 

(Completed) 

Phase I Humacyte, 

Inc. 
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NCT01744418 Evaluation of the safety and 

efficacy of a vascular prosthesis 

for hemodialysis access in 

patients with ESRD 

Dec 2012-

April 2026 

(Ongoing) 

NA Humacyte, 

Inc. 

NCT03005418 Humacyte human acellular vessel 

(HAV) in patients with vascular 

trauma 

Sep 2018-Sep 

2024 

(Ongoing) 

Phase II Humacyte, 

Inc. 

NCT02887859 Humacyte's HAV for femoro-

popliteal bypass in patients with 

PAD 

Dec 2016-Dec 

2024 

(Ongoing) 

Phase II Humacyte, 

Inc. 

NCT04135417 Safety and efficacy assessment of 

HAV (manufactured using large-

scale system) in patients needing 

vascular access for dialysis 

Nov 2019-Feb 

2024 

(Ongoing) 

Phase II Humacyte, 

Inc. 

NCT02644941 Comparison of the human 

acellular vessel (HAV) with 

ePTFE grafts as conduits for 

hemodialysis 

May 2016-

Sep 2022 

(Ongoing) 

Phase III Humacyte, 

Inc. 

NCT03183245 Comparison of the human 

acellular vessel (HAV) with 

fistulas as conduits for 

hemodialysis 

Sep 2017-Sep 

2024 

(Ongoing) 

Phase III Humacyte, 

Inc. 

NCT03631056 Individual patient expanded 

access for human acellular vessel 

(HAV) 

Ongoing NA Humacyte, 

Inc. 

NCT04545112 Xeltis coronary artery bypass 

graft (XABG) first in human 

(FIH) (XABG-FIH) 

Sep 2020-

March 2026 

(Ongoing) 

NA Xeltis 

NCT03405636 Xeltis pulmonary valved conduit 

safety and performance study 

Sep 2020-Oct 

2026 

(Ongoing) 

NA Xeltis 

NCT03022708 Xeltis bioabsorbable pulmonary 

valved conduit early feasibility 

study (Xplore2) 

May 2017-

Dec 2023 

NA Xeltis 
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1.2.5 Silk biomaterials for vascular tissue engineering applications 

1.2.5.1 Silk: varieties and molecular structure 

There exists a plethora of natural sources (insects and arachnids) producing silk biopolymer. It is 

the structural component that is used as a protective shield assisting in their life-cycle completion. 

Few prevalent examples of silk-producing living beings include Lepidopterans (silkworms), 

Arachnids (spiders), Tetranychidae (mites), and Hymenopterans (wasps, bees) [13]. From a tissue 

engineering perspective, SF produced by silkworms and spiders has persistently been explored and 

taken a giant leap from being a textile material to sutures to modern regenerative medicine [11, 

114]. Pertinent to mention that SF derived from different sources have unique characteristic 

structural composition, which ultimately defines their biological and physicochemical properties. 

Based on the feeding habits, silkworms are broadly categorized into two types: mulberry and non-

mulberry [115, 116]. As the classification name dictates, silkworms feeding on mulberry plant 

leaves encompass mulberry types, whereas rest of the silkworms belong to non-mulberry types. 

Being a domesticated variety, mulberry Bombyx mori silkworms are available worldwide; hence 

have widely been explored for various tissue-engineering applications.  Non-mulberry wild silk 

varieties are geographically restricted to specific zones: Antheraea pernyi (China), Antheraea 

yamamai (Japan), Antheraea mylitta (Central India), Antheraea assamensis (mostly north-east 

India), and Philosamia ricini (diverse distribution across Asia), etc. [117]. It is worth mentioning 

here that SF produced from different silkworms possess characteristic physico-chemical and 

biological properties dictated by difference in their structural composition. 

 The life-cycle of a silkworm comprises four different stages. The eggs laid by the female 

silkworm moth proceed to the larvae stage post-hatching, which includes five instars. Silk fibroin 

can be obtained either from silk glands or cocoons. To obtain SF from glands, researchers have 

used silkworms at the fifth instar stage to extract the aqueous protein [118]. The silk glands have 

three distinct segments, namely ASG, MSG, and PSG. SF is produced in the PSG portion, whereas 

glue-like sericin is produced in MSG. A high concentration (~25 wt.%) mixture of these two 

proteins is pushed to ASG to initiate the cocoon formation [119]. Notably, SF isolated directly 

from the silk gland comprises primarily of random coil conformation and is water-soluble. After 

completing the fifth instar, the matured larvae start forming cocoons (comprised of structural SF 

protein and silk sericin) followed by subsequent transformation into pupae and moth [13]. Cocoons 

are another source to obtain silk fibroin [14]. SF isolated from mulberry Bombyx mori cocoons has 
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predominantly been investigated for tissue engineering purposes. The natural process of cocoon 

formation (or spinning) involves extrusion of a combination of core structural SF protein (70-80%) 

and glue-like silk sericin protein (20-30%) through silkworm spinneret in the form of fibers [120, 

121]. The structural transformation of SF silk-I (primarily α-helix and random coil conformation) 

to silk-II (anti-parallel β-sheets) occurs during the spinning process, which facilitates semi-

crystalline SF structure in cocoons having remarkable mechanical properties [116, 119]. Due to 

the change in conformation towards β-sheets, the SF protein present in cocoons is water stable. 

Scientists have used various chemical-based methods to remove silk sericin and regenerate the 

cocoon SF into water-soluble protein [14]. 

Mulberry and non-mulberry SF proteins vary in their structural composition. While 

mulberry SF (Bombyx mori) consists of a heterodimer combining three polypeptides (a heavy/H 

chain of ~390 kDa linked to a light/L chain of ~25 kDa via covalent disulfide bond, and a P25 

glycoprotein of ~27 kDa associated with six H-L chains by hydrophobic interactions), non-

mulberry SF contains only homodimers of H chains of variable molecular weights (ranging 197-

230 kDa) for different varieties [122, 123]. Structural dissimilarities in SF proteins are a result of 

the unique genetic makeup of silkworms. Intriguingly, L chain and P25 related genes were lost 

during evolution for non-mulberry silkworms [123]. H chain of mulberry and non-mulberry SF 

comprises of repetitive crystalline regions linked through non-repetitive amorphous regions; 

however, both types contain distinct sets of amino acids. The crystalline region of mulberry SF 

includes copies of two hexapeptides:  GAGAGY and GAGAGS (hydrophobic amino acids); 

whereas, amorphous regions predominantly contain hydrophilic amino acids (threonine, serine, 

glutamine, and asparagine) [124, 125]. On the contrary, the crystalline region of non-mulberry SF 

has poly-alanine repeats, rendering superior mechanical properties to wild silk proteins. Arginine-

rich R motifs and glycine-rich G motifs are present in the non-repetitive regions of H chains of 

non-mulberry SF [13, 124, 126]. More importantly, the inherent presence of RGD tripeptides (a 

cell-binding motif) in the H chain of non-mulberry SF makes it a particularly interesting 

biomaterial from regenerative medicine perspective. The H chain of non-mulberry SF possesses 

variable numbers of RGD tripeptides. For example, Antheraea pernyi (10), Antheraea assamensis 

(01), Antheraea mylitta (05), Antheraea yamamai (12), and Philosamia ricini (01) [126-130]. The 

most common aqueous SF isolation method from mulberry cocoons involves degumming (a 

process of removing silk sericin glue protein) to obtain SF fibers. Which are further dissolved in 
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chemical solvents (most common being lithium bromide-LiBr) followed by dialysis against Milli-

Q water [14]. Notably, the same protocol is not adopted for non-mulberry SF fibers due to their 

insolubility in LiBr. As a result, researchers have shifted to use silk glands isolated from fifth instar 

larvae, instead of cocoons to obtain aqueous non-mulberry SF solution (Figure 1.5) [118]. Among 

others, natural SF obtained from mulberry Bombyx mori cocoons has primarily been investigated 

for fabricating TEVGs, whereas other non-mulberry silk varieties are in the infancy stage for 

vascular tissue engineering applications. 

 

Figure 1.5. Scheme representing sources of silk protein (cocoons and glands) and its amenability 

for fabricate into various formats. 

 

1.2.5.2 Favorable properties of silk towards vascular regeneration 

In a quest to improve the clinical feasibility of tissue-engineered vascular grafts, multidisciplinary 

scientific efforts have converged to identify the favorable properties of vascular scaffolds. While 

biological properties are of utmost importance, physicochemical attributes of the vascular 

scaffolds pragmatically determine their clinical outcomes. Moreover, the remodeling and neo-

tissue formation in an implanted TEVG can be manually controlled by manipulating the graft’s 

properties [131, 132]. Few of the contemporary expectations from an ideal TEVG include: 1) 

mechanical resilience and stability throughout the graft remodeling, 2) in situ biodegradation 

facilitating constructive graft remodeling, 3) ability to attract and recruit host cells along with 

providing a congenial microenvironment for their growth, 4) hemocompatibility, 5) minimal 

immunogenicity. With the advent of technology, researchers are now developing advanced 
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computational models that can predict the TEVG performance based on design parameters [133, 

134]. Pertinent to note that remodeling of an implanted TEVG predominantly relies on their design 

parameters (e.g., pore size, porosity, wall thickness, nanofiber diameter, etc.) [135, 136]. Hence, 

it is important to manually regulate these factors during graft fabrication. A polymer with the 

ability to adopt multiple forms with tunable properties would become a rationally optimistic 

candidate for preparing vascular scaffolds. Silk biomaterials have long been used in medicine as 

sutures and now established their promising aspects in various tissue engineering fields, including 

for vascular grafts. The inherent occurrence of many of the aforementioned properties manifests 

the implications of silk biomaterial for vascular regeneration rendering desirable outcomes.    

 

1.2.5.2.1 Mechanical properties 

The prime reason for a long history of using silk as sutures is credited to its remarkable mechanical 

properties. Variable amino acid compositions of different silk varieties render diverse mechanical 

strength of native silk fibers [13]. Other influential factors that determine the mechanical properties 

include the spinning process, flow distribution, humidity, temperature, degree of sericin binding, 

fiber morphology, and reeling rate [137]. Naturally, silkworm silk-spinning facilitates the 

structural transformation from amorphous to semi-crystalline, induced by attaining a pH/ionic 

gradient while extruding the highly concentrated silk through spinneret under high shear force 

[119]. A recent study reports that Bombyx mori silk fibers obtained from larvae in different instars 

have distinct mechanical properties [138]. Particularly, at the beginning and end of each instar 

stage, silkworms spin some amount of silk. The study revealed the directly proportional co-relation 

of mechanical properties with the presence of amount of β-sheet content. In another work, a 

structure-mechanics relationship was further validated for various mulberry and non-mulberry silk 

varieties [139]. The study encompassing the investigation of mulberry (Bombyx mori) and non-

mulberry (Philosamia ricini, Antheraea assamensis, Antheraea pernyi, and Antheraea mylitta) 

revealed the superior extensibility and toughness of non-mulberry silk fibers than the mulberry 

one. The former observation was attributed to crystallinity, β-sheet content and overall structure 

of non-mulberry silk owing to the presence of poly-alanine repeats in their native polypeptide 

structure [139]. Notably, the mechanical properties of native silk fibers only matter if they are 

directly being implemented for tissue engineering application without considerable post-
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processing. From a vascular tissue engineering perspective, braiding native silk fibers to obtain 

tubular constructs is one way to fabricate tubular constructs [140, 141].  

Regenerated SF, on the other hand, has prevalently been used, wherein the mechanical 

properties rely on scaffold format and degree of crystallization and β-sheet formation. Important 

to note that the mechanical properties of silk-based matrices (e.g., porous scaffolds, nanofibrous 

electrospun mats, hydrogels and thin films, etc.) can be tailored by various means. For instance, 

mechanical attributes of composite silk matrices (silk blended with different synthetic polymers) 

remain comparable despite the presence of non-mulberry SF in electrospun mats [142]. Moreover, 

the crystallinity of regenerated BM silk films can be tuned by varying annealing temperatures. 

While silk I structure with minimal crystallinity is retained at lower temperatures (4℃), water 

vapor annealing at 100℃ induced silk II transition having ~60% crystallinity and high β-sheet 

content, resulting in a significant increase in elasticity modulus, yield stress, and tensile strength 

[143]. Other influential factors by which silk structural conformations can be manipulated include 

relative humidity [144] and choice of organic solvent (methanol, ethanol, and others) [145].  

 

1.2.5.2.2 Biodegradation  

The contemporary idea of tissue engineering is to restore the function of diseased tissue or organ 

in the best possible biomimetic manner exploiting the body’s regenerative capability. The concept 

capitalizes on the biodegradation of an engineered scaffold, which allows the growth of biological 

tissue over time [5]. Ideally, the implanted scaffold should degrade without producing any toxic 

byproducts and, at the same time, should support the growth and infiltration of host cells. One of 

the foremost challenging aspects of tissue engineering is to delineate the peculiar balance between 

the rate of scaffold degradation and neo-tissue formation (Figure 1.6). Among others, tissue-

engineered vascular conduits experience sustained luminal hemodynamic pressure, which is much 

higher in the arterial system than venous circulation. It is imperative to ensure that the implanted 

TEVG should be able to withstand the hemodynamic pressure while fostering the neo-tissue 

formation [3]. For designing a TEVG pertaining aforementioned qualities, the biomaterial should 

be biodegradable and concomitantly provide an option to manipulate the rate of biodegradation 

under in situ dynamic microenvironment as per need. Silk biopolymer is one of the ideal candidates 

in this regard. There exist several potential ways by which the crystallinity of SF can be 

manipulated. It infers that SF may provide remarkable opportunities, wherein the criterion of 
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tunable biodegradation can be fulfilled by means of altering the β-sheet content of fabricated 

scaffolds. Moreover, silk is a protein polymer consisting of polypeptides. The degradation 

byproducts of SF are either small-length peptides or individual amino acids, which can be 

metabolized by host cells without triggering any adverse effects [146].  

 

Figure 1.6. (A) Model of biodegradable tissue-engineered vascular graft remodeling. Host cells 

infiltrate the graft, initiate its biodegradation, proliferate, secrete their own extracellular matrix 

proteins and eventually replace the graft material with neotissue. (B) A critical balance between 

biodegradation, graft mechanics and rate of neotissue formation is required for constructive graft 

remodeling.  

  

 Native silk fibers are comprised of hierarchical structure; hence their degradation is slower 

than regenerated silk fibroin [147]. The latest scientific advancements indicate that the degradation 

rate of BM silk could be varied from days to months depending on their structural conformation 

[146, 147]. While molecular weight and crystallinity of SF regulate the degradation pattern, 

researchers are delving into more innovative ways that can control the SF degradation based on 

implantation site with high fidelity. The disparity among in vitro and in vivo degradation of silk 

matrices led researchers to investigate the degradation of biomaterials directly at the implantation 
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site for more reliable outcomes. For instance, BM silk membranes implanted in the rat dorsal skin 

demonstrated slower degradation as compared with skeletal muscle implantations [148]. 

Exploration of mechanistic insights suggests that in vivo degradation of SF matrices relies on the 

presence of proteolytic enzymes and macrophage activity [147]. After recruitment at the 

implantation site, macrophages secrete multiple proteolytic enzymes (e.g., MMPs, collagenase, 

gelatinase) in addition to other acid hydrolases and lysozymes [149, 150]. Notwithstanding the 

availability of an array of proteolytic enzymes in the close vicinity of implanted silk material, the 

scarcity of enzyme cleavage sites orchestrates a slow degrading status to SF biomaterial [151]. 

While classical approaches for manipulation of SF degradation rely on structural and molecular 

weight alterations, advanced approaches are focusing on imparting degradation susceptibility by 

means of incorporating enzyme catalytic sites. For example, an MMP cleavable peptide (PLCL) 

was incorporated in the genome of silkworms, producing a fast degrading SF protein interspersed 

with MMP susceptible sites conjugated in H chain using transgenic technology [152]. Other 

methods of manipulating the SF degradation profile includes chemical cross-linking, exploitation 

of scaffold porosity and blending with other polymers [147]. Overall, the literature suggests that 

tunable biodegradability of silk biomaterials would provide remarkable opportunities to vascular 

tissue engineers for the fabrication of a TEVG having ideal degradation properties with an existing 

set of tools. 

 

1.2.5.2.3 Interaction of silk matrices with vascular cells 

SF protein has long been used in medical science as suture material and is known to be 

biocompatible for various cell types [10]. Without exception, the growth of vascular cells is also 

supported by various SF matrices. Electrospun nanofibrous BM silk scaffolds support the growth 

and proliferation of human aortic ECs and coronary artery SMCs [153]. While cultured SMCs 

represented the structural alignment and elongation, interconnected capillary-like structures were 

spotted after seven days ECs’ culture with predominant expression of cell-specific functional 

markers. Other studies have also substantiated the favorable attributes of SF matrices towards 

supporting the growth of all three vascular cells [15, 60, 154]. Prior studies rationally validate the 

aptness of native and regenerated silkworm silk (both mulberry and non-mulberry varieties) for 

supporting the growth of vascular cells.  
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Endothelialization is of paramount importance for TEVG success. From pre-implantation seeding 

of TEVGs in the lumen of the vascular graft to relying on in situ endothelialization, a suitable 

surface is necessary, which could facilitate the stable adherence of ECs and maintain a confluent 

endothelium. Notwithstanding the optimal properties of SF-based matrices, researchers have 

further delved into the improvement of certain features by means of surface modification. Another 

emerging technology is to recapitulate the native-like cellular arrangement to manipulate the cell 

function in the best possible way. Silk biomaterials from mulberry and non-mulberry silkworms 

present numerous possibilities for vascular tissue engineering, as they support the culture and 

proliferation of all three vascular cell types. Inherent availability of RGD cell-binding tripeptide 

in non-mulberry silk orchestrates growth and functional attributes by facilitating firm adherence 

of seeded cells. RGD availability also plays a crucial role in the recruitment and infiltration of host 

cells post-implantation of a TEVG [155].  

 

1.2.5.2.4 Hemocompatibility of silk biomaterials 

Hemocompatibility of the biomaterial is the most fundamental property to be considered for 

designing a viable TEVG. Among other favorable properties, the hemocompatibility of SF protein 

remains comparatively elusive and lacks a general consensus in its native form. A few studies have 

shown the rapid coagulation of blood after exposure to silk-collagen scaffolds and soluble SF [156, 

157]. On the contrary, the hemocompatibility of silk-based TEVGs has been validated in animal 

studies [158]. In a single parametric study, researchers have revealed elevated fibrin 

polymerization and adsorption of serum proteins on SF fibers than films, possibly due to format 

differences [159]. A co-relation of SF structure with platelet/THP-1 cell adhesion and activation 

and protein adsorption was further established. Silk films having high hydrophobicity and 

crystallinity showed lower protein adsorption upon treatment with human plasma, influencing 

platelet activation. Further investigation suggested that the differences in the protein adsorption 

were primarily attributed to chemotactic factors (e.g., C3a, C3b, and C5a); however, comparable 

fibrinogen adsorption was reported [160]. 

 As most of aforementioned blood testing practices emphasize limited factors of blood-

biomaterial interaction and predominantly using 2D silk films, the possibility of false-positive or 

negative results cannot be ignored. Investigation of APTT takes only the intrinsic pathway of blood 

coagulation into account, whereas PT estimates the prothrombin to thrombin conversion time 
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associated with the extrinsic pathway. Estimation of platelet adhesion and activation in response 

to biomaterial also unveils one aspect of the complex blood coagulation cascade. From a tissue 

regeneration perspective, investigation of whole blood interaction with 3D porous scaffolds using 

multiparametric assays would pragmatically produce more accurate results [161]. In order to parse 

these former concerns, researchers have resorted to investigating comprehensive 

thromboelastomeric (ROTEM®) response of non-mulberry (Antheraea mylitta: AM) 3D porous 

scaffolds followed by comparison with BM silk scaffolds and Uni-Graft® W (a clinically used 

graft) [162]. A comparison of altered ROTEM parameters revealed insignificant differences in 

hemocompatibility among silk scaffolds and reference material; however, some trivial alterations 

of Antheraea mylitta silk scaffolds were attributed to the inherent presence of RGD tripeptide. The 

existence of the former notion may facilitate the interaction of Antheraea mylitta silk with 

membrane glycoproteins (IIb and IIIa) on platelet surface, which could substantially manipulate 

the material thrombogenicity by triggering the platelet assisted initiation of blood coagulation 

cascade [163]. The overall hemocompatibility of silk scaffolds has although shown to be 

reasonably optimal and comparable to few clinically used reference materials, SF materials 

provide numerous possibilities of surface modification with various anti-thrombotic molecules to 

improve their blood compatibility.     

 Some of the frequently used approaches to improve silk hemocompatibility are the 

incorporation of heparin and sulfur modification. Electrospun silk scaffolds modified with heparin 

demonstrated superior antithrombogenicity and ECs’ proliferation [164]. In addition to endowing 

antithrombogenicity, heparin modification of silk biomaterials has also shown to manipulate the 

VEGF release profile from silk films [165], inhibit SMCs proliferation (an important aspect to 

prevent intimal hyperplasia in TEVGs), and facilitate vascularization in 3D porous silk scaffolds 

[166], and promote elastogenesis [167]. Composite sulfonated silk films were prepared by adding 

sulfuric acid during SF processing, and their anticoagulant activity was investigated by means of 

APTT, PT, and TT estimation. Results revealed an increment in the former parameters, validating 

their superior blood compatibility. Restricted platelet adhesion further substantiated the 

effectiveness of sulfur modification of silk films endowing hemocompatibility, which was 

attributed to a change in negative charge density owing to the presence of sulfanilamide radical 

groups [168]. In addition to prevalently used heparin and sulfur modification, hemocompatibility 

of SF matrices can also be improved by means of modification with zwitterionic phosphobetaine, 
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poly(ethylene glycol), ferulic acid, and chlorosulfonic acid [161]. In a recent attempt, silk 

biomaterials were biofunctionalized perlecan via recombinant expression for developing blood-

compatible surfaces [169]. 

 

1.2.5.2.5 Immune response to silk biomaterials 

It is imperative for an aspiring biomaterial not to induce the adaptive immune response; however, 

a mild innate response is known to assist tissue regeneration [45]. Another considerable aspect is 

the interaction between immune cells with proteins adsorbed onto the implant surface. External 

surfaces of all implants are exposed to body fluids immediately after implantation, which results 

in the adsorption of several proteins onto the implant surface, forming a provisional matrix. 

Morphological characteristics and surface chemistry of the implanted material crucially regulate 

the former process [170]. Previous studies have shown that native SF conjugated with sericin 

protein elicits an exuberant adaptive immune response, whereas purified SF is surprisingly 

compatible [171, 172]. Native silk fibers induce allergic response (type I allergy), causing 

upregulation of IgE levels and asthma [173]. The pro-inflammatory and allergic reactions in 

response to native silk fibers were later found to be originating from its sericin component 

(containing glycoproteins prevalently comprised of serine) [172]. Different formats of SF matrices 

(porous scaffolds, nanofibrous electrospun scaffolds, thin films) have shown a characteristic 

impact on provoking an immune response. In fact, morphological features of silk scaffolds 

(porosity, pore size, etc.) considerably determine their immunogenicity [174]. In vitro macrophage 

response to BM silk using murine macrophage cells (RAW 264.7) substantiated the immunological 

compatibility of fibers; whereas, insoluble particles triggered the release of TNF, a 

proinflammatory cytokine. Moreover, while silk sericin treatment of macrophages was 

comparatively neutral, its cumulative impact along with bacterial lipopolysaccharide triggered the 

macrophage activation [175]. A six-week in vivo investigation of autologous rat MSCs seeded 

films revealed comparatively higher inflammatory reactions for collagen and PLA films than the 

silk ones, corroborating their immune compatibility [176].  

 Implementation of most of the SF-based matrices has been shown to activate the 

complement system, which is eventually resolved over time [177, 178]. The activated complement 

cascade enacts the release of inflammatory cytokines and attracts other immune cells at the 

implantation site. Chemokines comprise a fraction of released cytokines, which facilitate the 
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recruitment of leukocytes, macrophages, and neutrophils by establishing a concentration gradient. 

While milder inflammatory activation has shown to render constructive remodeling of implanted 

grafts by means of assisting vascularization and ECM accumulation, an exuberant response leads 

to negative systemic effects by activating the adaptive immune system [46, 179]. The innate 

immune response is also categorized in acute (resolves in 7-14 days) and chronic (lasts up to 

months/years). Cytokines released in the acute phase (IL-4 and IL-13) are responsible for 

activating the chronic immune response, which is typically characterized by the presence of 

multinucleated FBGCs. These cells are originated as a result of the fusion of activated 

macrophages [170]. The primary job of FBGCs is to clear the foreign material that is escaped from 

phagocytosis. FBGCs are found in close vicinity of the implanted materials and release an array 

of proteases. In cases where the implanted device is practically bigger in size and cannot be cleared 

from the system, multiple layers of activated macrophages and FBGCs encapsulate the foreign 

body, forming granulation tissue. It finally forms a fibrous capsule (a process called ‘fibrosis’) by 

developing new vasculature and concerted efforts of activated macrophages and fibroblasts [180]. 

The latest literature also suggests the rational involvement of diverse macrophage phenotypes in 

regulating the new ECM assembly and tissue remodeling [179, 181]. Ideally, an implanted tissue-

engineered graft would follow a constructive remodeling if it triggers a regulated inflammatory 

response while avoiding fibrosis. 

 In vivo implantation of BM silk matrices have been shown to trigger the release of IL-4 

and IL-13, which asserts their ability to profoundly assist in FBGCs formation [182]. However, 

the inflammatory response has been observed to eventually subside without forming a fibrous 

capsule, substantiating the activation of remodeling cascade for tissue-engineered silk grafts [183, 

184]. The ability of silk to circumvent the formation of fibrous capsule makes it an immune-

compatible biomaterial from a tissue engineering perspective. With currently available knowledge, 

it is apparently sufficient to state that SF-based materials are prevalently immunocompatible as 

they do not elicit an exuberant immune chronic response. Similar to other tunable properties of 

SF, the immune response can also be modulated by means of manipulating degradation rate, 

producing a plethora of formats, functionalizing with bioactive molecules, which would 

orchestrate not only immune compatibility but also ensure constructive remodeling. In addition, 

more advanced state-of-the-art, multidisciplinary immune engineering approaches are emerging, 
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which could pre-determine the immune response by means of fabricating ‘immune-informed’ 

tissue-engineered grafts.   

 

1.2.5.3 An update on pre-clinical implications of silk-based TEVGs 

Silk has a long history in medical science for its use as suture material. Notably, regenerated BM 

silk-based scaffolds have acquired FDA approval for their use in human subjects. Sofragen 

developed ‘Silk Voice,’ a 3D silk scaffold for medialization of the vocal fold, which is the first 

and only FDA cleared composed of regenerated SF protein (https://www.sofregen.com/).  A list 

of BM silk products currently in different stages of human clinical trials is provided in our previous 

review [13]. SERI silk scaffolds are already in the market for various regenerative medicine 

applications (https://seri.com) [185]. Its application has further been extended to treat various 

dermatological pathologies, breast and abdominal wall reconstruction [186, 187]. As of now, only 

BM silk products are clinically validated for tissue regeneration purposes, whereas the progress of 

other silk varieties remains in infancy and needs further attention. Moreover, none of the silk-

based TEVGs has entered the human clinical trials phase. While silk grafts have shown remarkable 

long-term regeneration potential in small animal models, their performance in larger animals 

remains concerning and in an infancy stage. We provide a detailed list describing the 

implementation of silk TEVGs in various pre-clinical small animal models for vascular 

regeneration in Table 1.3. 

 

Table 1.3. Performance of silk TEVGs in various pre-clinical animal models. 

Scaffold type Animal 

model 

used 

Implantati

on site 

Overall graft performance Ref. 

Gel spun silk 

tubes 

Sprague-

Dawley 

rats 

Abdominal 

aorta 

 Resistant to acute thrombosis. 

 Progressive infiltration of host SMCs and 

ECs. 

[158] 

Gel spun silk 

tubes 

Sprague-

Dawley 

rats 

Abdominal 

aorta 

 Improvement of graft porosity results in 

accelerated remodeling by means of neo-

tissue formation and cellular infiltration. 

 Well-developed neo intima and adjacent 

matured SMC layer at one month, 

preferably at the luminal side.   

[188] 
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 Highly porous grafts although showed 

better remodeling but their compromised 

strength, which potentially reduced their 

in vivo feasibility. 

 Only low molecular weight SF grafts were 

mechanically stable till six months. 

Plaiting and 

winding of 

silk fibers 

Sprague-

Dawley 

rats 

Abdominal 

aorta 

 No observed acute thrombosis for silk 

grafts. 

 Silk graft showed superior patency rates 

than PTFE grafts over 1 year. 

 Silk grafts showed early arrangement of 

intimal and medial layer. 12-week 

explants revealed almost confluent 

endothelium. 

 Organization of medial layer was assisted 

by bone marrow derived cells. 

 Presence of vasa vasorum like capillaries 

were detected. 

 No sign of aneurysm formation. 

 Macrophage assisted graft degradation 

over extended time. 

[189] 

Braiding and 

winding of 

natural and 

recombinant 

silk fibers  

Sprague-

Dawley 

rats 

Abdominal 

aorta 

 Excellent patency (85%). 

 Signs of neo-tissue formation along the 

lumen. 

 Presence of organized SMC layer and 

mature endothelium. 

 Recombinant grafts (modified to express 

collagen active sites) showed faster 

transanastomotic ingrowth of CD31 

positive cells compared with control grafts 

comprised of domestic BM silk fibers. 

[190] 

Transgenic SF 

braiding grafts 

Sprague-

Dawley 

rats 

Abdominal 

aorta 

 Signs of thrombus formation in occluded 

grafts. 

 No sign of intimal hyperplasia. 

 Superior endothelialization in central 

portion of transgenic SF grafts than wild 

type. 

[191] 
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Double-

raschel knitted 

silk TEVGs  

Sprague-

Dawley 

rats 

Abdominal 

aorta 

 Tunable elasticity and thickness of 

scaffold wall by manipulating knitting 

pattern. 

 Suitable patency and no sign of intimal 

hyperplasia. 

 PGDE crosslinking and aqueous SF 

coating endow adequate permeability 

comparable with medical grade PTFE 

grafts. 

 No significant difference in tissue 

ingrowth after 2 and 8 weeks, signifying 

slower degradation of scaffold. 

[192] 

Fibroin 

sponge coated 

double-

raschel knitted 

silk TEVGs 

Beagle 

dogs 

Common 

carotid 

artery 

 No acute thrombosis. 

 Sonography observation of 1-year implant 

suggested signs of intimal plaque 

formation at the middle and proximal 

anastomotic portion of the graft. 

 Sponge layer was completely replaced 

with fibrous tissue in 1-year explants. 

 Minimal detection of foreign body giant 

cells, substantiating immune 

compatibility. 

[193] 

Fibroin 

sponge coated 

double-

raschel knitted 

silk TEVGs 

Sprague-

Dawley 

rats 

Abdominal 

aorta 

 Silk grafts coated with lower SF 

concentration (1-2.5% w/v) sponge 

facilitate constructive remodeling and 

prevent intimal hyperplasia/stenosis. 

 Significantly improved tissue infiltration 

in 1-2.5% SF coated grafts. 

 Complete degradation of sponge and 

replacement with host tissue. 

[194] 

Double-

raschel knitted 

TEVGs 

(SF and PE 

splice grafts) 

Beagle 

dogs 

Abdominal 

aorta 

 SF coating assist in rapid 

endothelialization and prevent medial 

thickening. 

 Thrombus formation in gelatin coated 

grafts. 

 SF coated grafts had thinner luminal layer 

compared with gelatin coated ones. 

 Higher ECs observed in SF coated silk 

fiber grafts. 

[195] 
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Elastin 

modified 

double-

raschel knitted 

SF grafts 

Rats Abdominal 

aorta 

 Elastin coating facilitates ECs’ attachment 

while prevent platelets adhesion. 

 Very good patency. 

 No sign of excessive immune response or 

fibrous capsule formation. 

 Rapid endothelialization within 2 weeks 

of implantation. 

[196] 

Plaited silk 

fibers and 

cocoon 

filaments 

coated with 

SF solution 

Beagle 

dogs 

Carotid 

artery 

 Dismal patency possibly due to lost 

mechanical strength by virtue of 

degradation. 

 Limited remodeling in large animals. 

 3-months data revealed superior 

endothelialization of silk graft compared 

with PTFE ones. 

[197] 

Braided SF 

threads 

C57BL/6 

mice 

Right 

carotid 

artery 

 ~13% (4/30) patency after 6 months. 

 2-week explants showed presence of SMA 

and CD31 positive cells in neointimal. 

 Complete endothelialization at 4 weeks. 

 Significant presence of collagen and 

elastin fibers after 4 weeks. 

 Signs of SF degradation at 6 months. 

[140] 

Silk fabric 

core layer 

embedded in a 

porous 

scaffold 

Rabbits Common 

carotid 

artery 

 No sign of stenosis and aneurysmal 

dilation. 

 Complete endothelialization in 3 months. 

 Blood flow profile was comparable with 

native artery. 

 Organized medial layer comprising of 

SMCs substantiating constructive graft 

remodeling. 

[198, 

199] 

Double-

raschel knitted 

silk TEVGs 

Sprague-

Dawley 

rats 

Inferior 

vena cava 

 95% patency for silk grafts, 80% patency 

for ePTFE grafts over 4 weeks. 

 Full lumen coverage by ECs in 4 weeks. 

 Podoplanin-positive mesothelial cells 

were traced on the outer surface of graft. 

[200] 

Electrospun 

silk TEVG 

Lewis 

rats 

Abdominal 

aorta 

 No sign of thrombus formation. 

 Good short-term patency. 

 Infiltration of host vascular cells observed 

in explant. 

[201] 
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 Newly developed elastic lamina along the 

graft lumen. 

 Notable presence of vasa vasorum at the 

outer scaffold surface. 

Electrospun 

silk TEVGs 

Sprague-

Dawley 

rats 

Abdominal 

aorta 

 Graft survival at 24 weeks: 95% (20/21) 

silk grafts, 73% (16/22) ePTFE grafts.  

 Rapid endothelialization in 6 weeks. 

 Regression of neointimal was also 

observed. 

 Constructive remodeling over time in 

terms of new ECM deposition, minimal 

number of inflammatory cells and 

reduction in granulation tissue. 

[202] 

Tri-layered 

SF/PCL 

composite 

electrospun 

TEVGs 

Sprague-

Dawley 

rats 

Right 

carotid 

artery 

 Good patency. 

 Significant infiltration of host vascular 

cells. 

[203] 

Bi-layered 

SF/PLCL 

composite 

electrospun 

TEVGs 

Rabbit Carotid 

artery 

 Good patency. 

 Graft remodeling and infiltration of host 

vascular cells. 

 Loss of mechanical strength over time. 

[204] 

Electrospun 

silk TEVGs 

(aqueous and 

HFP based) 

Sprague-

Dawley 

rats 

Abdominal 

aorta 

 HFP grafts performed better than aqueous 

grafts. 

 No sign of aneurysm formation. 

 Neointimal regression over time. 

 HFP grafts facilitated faster contractile 

phenotype transition of SMCs. 

 Increased ECM production in HFP grafts. 

[205] 

Tri-layered 

silk TEVG 

(inner/outer 

electrospun 

layer, an 

intermediate 

woven layer) 

Minipig 

and 

Sheep 

Carotid 

artery 

 The study identified that sheep would be 

suitable option for a long-term pre-clinical 

trial.  

 Grafts were easy to handle during surgery 

and showed adequate suture retention. 

 Pre-seeding of cells is not required for 

SilkGraft. 

[154] 

Composite 

electrospun 

Rabbit 

 

Left carotid 

artery 

 Graft degradation and neo-tissue 

formation. 

[206] 
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PLCL grafts 

coated with 

silk/heparin 

 Remarkable patency. 

 No sign of intimal thickening. 

 Minimal inflammation resulting from 

biomaterial degradation. 

 Discontinuous endothelialization after 2 

months. 

Composite 

silk-

polyurethane 

(Silkothane) 

graft for 

haemodialysis 

Sheep Arterioven

ous shunt 

 Implantation between external jugular 

vein and common carotid artery. 

 No graft related complications. 

 8/9 sheep: 100% primary patency. 

 Signs of initial inflammation and 

infiltration of ECs. 

 Overall 100% patency. 

[207] 

 

While prior literature suggests the predominant use of Bombyx mori silk for vascular tissue 

engineering applications, present thesis work explores the non-mulberry silk varieties. In addition, 

various innovative approaches are demonstrated to improve the in situ remodeling and clinical 

feasibility of silk-based TEVGs.  
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MOTIVATION AND OBJECTIVES OF THE PRESENT  

INVESTIGATION 

 

A major proportion of cardiovascular diseases is originated from the occlusion of vital blood 

vessels carrying oxygenated blood to the target organ. Aberrant blood flow leads to ischemia and 

organ failure. One of the most predominant examples is the occlusion of the coronary artery 

causing myocardial infarction and eventual heart failure. Balloon angioplasty, laser angioplasty, 

and placement of stents are some of the effective clinical options but concomitantly are associated 

with secondary complications requiring follow-up surgical interventions. Autologous bypass 

grafting remains the gold standard for the past six decades but faces several limitations, including 

a shortage of healthy donor vessels. Small diameter (<6mm) blood vessels pose further challenges 

owing to their high failure rates. Tissue-engineered vascular grafts are currently the best-suited 

option, wherein a bioresorbable biomaterial is used to harness the body’s regeneration capability. 

While synthetic biomaterials release toxic byproducts upon degradation, the implementation of 

natural polymers is promising in regeneration. 

A substantial research impetus in the field is now focused on using natural ECM proteins 

as building blocks to manufacture TEVGs. In this regard, some of the prevalently explored natural 

polymers in tissue engineering are collagen, fibrin, elastin, gelatin, and silk fibroin. Collagen 

scaffolds are biologically active and predominantly contain cell-binding sites; however, the 

recapitulation of native-like fibril assembly conferring alpha-helix structure is a formidable 

challenge. As a result, collagen-based grafts succumb to physiological blood pressure owing to 

poor mechanical properties. Similarly, fibroblast embedded fibrin gel-based grafts require long-

term maturation in a simulated dynamic environment. On the other hand, the fibrin gel provides a 

congenial structural framework to cells as they secrete their own ECM, providing a mechanically 

resilient implantable TEVG. Inadequate in situ elastin production and lamellar organization in 

implanted TEVGs is one of the persisting limiting factors. Incorporating either smooth muscle 

cells generated elastin or engineered synthetic elastin in vascular grafts before implantation is one 

prospective solution. While some of these natural biomaterials offer outstanding bioactivity, their 

questionable mechanical properties have limited direct implementation of such polymers. 

Moreover, their large-scale production is time-intensive and expensive. 
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Silk is a natural, versatile protein biopolymer produced by various insects (silkworms, 

spiders, scorpions, mites, and flies). This ancient textile material has long been used as sutures in 

surgery owing to its biocompatibility and remarkable tensile strength. Considering an array of 

favorable inherent properties, the past few decades have witnessed silk use as a potential 

biomaterial for various tissue engineering applications. Among other variants, regenerated silk 

fibroin obtained from Bombyx mori silkworm cocoons is widely explored for regenerative 

medicine. Lately, a few of the silk-made bioengineered products were approved by FDA for 

clinical implementation, including SERI surgical scaffold® and Silk Voice®. Few characteristic 

properties that make silk a suitable choice for tissue engineering applications are: 1) 

biocompatibility, 2) tunable biodegradation, 3) minimally immunogenic, 4) ability to adapt various 

formats (3D scaffolds, thin films, nanofibers, microspheres, nanoparticles, hydrogels, etc.), 5) 

extraordinary mechanical strength, 6) easy accessibility, 7) cost-effective, 8) easy green 

processing. Without exception, silk biomaterials are under active investigation to explore their 

potential for vascular tissue engineering applications. Notwithstanding the remarkable promise of 

silk in various regenerative medicine fields, its involvement in creating tissue-engineered vascular 

reconstruction products has witnessed a comparative scarcity. Moreover, a significant proportion 

of prior literature suggests the predominant application of silk fibroin obtained from domesticated 

Bombyx mori silk variety, possibly due to the geographically restricted distribution of many silk 

types. Nevertheless, lately, researchers are actively investigating silk-based TEVGs prepared by 

diverse fabrication methodologies in pre-clinical settings and have shown very encouraging 

outcomes. 

We first identified various parameters, which are of utmost importance for the clinical 

translation of TEVGs. The anti-thrombogenic property of biomaterial is crucial to allow blood 

flow through the scaffold lumen without coagulation. The fabricated graft should sustain the 

physiological blood pressure without failure while concomitantly allowing the formation of neo-

tissue. A controlled innate immune response facilitates graft remodeling. From a clinical 

perspective, readily available or fast fabricating grafts would be suitable. In addition, a cell-free 

graft would have a better chance of regulatory clearance. Affordability is another essential aspect 

for the broader applicability of tissue-engineered grafts. In this thesis work, we have explored the 

potential of mulberry (Bombyx mori) and Indian endemic non-mulberry silk (Antheraea assama) 

for vascular tissue engineering applications. The additional advantageous aspect of non-mulberry 
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silk is their inherent presence of RGD (Arg-Gly-Asp) cell binding tripeptide, which is envisaged 

to facilitate cell adhesion and growth. Moreover, poly-alanine repeats in the heavy chain of non-

mulberry silk render remarkable mechanical strength, which remains one of the vital prerequisites 

while developing vascular grafts.  

Considering the enormous scope of silk biomaterials, we have used various progressive 

strategies to fabricate small-diameter vascular grafts. We first show the favorable cell-material 

interaction and implications of surface patterns to induce native-like unidirectional alignment 

resulting in functional improvement. We further report a novel facile methodology to develop bi-

layered biomimetic grafts, which were investigated either in cell-seeded format (adipose stem 

cells) or cell-free platform (functionalized with human Wharton’s jelly). We have shown the 

superior performance of non-mulberry silk-based TEVGs in rat and rabbit implantation models 

through various defined objectives. Finally, we provide a TEVG platform having the potential to 

locally deliver the desired bioactive cargo towards improving clinically viable acellular grafts. 

These grafts could be fabricated in a highly reproducible manner and are potential candidates for 

ready availability. Different hypothetical strategies are analyzed through the following defined 

objectives: 

 

1. Combinatorial analysis of silk films’ innate physicochemical properties and surface 

topography on the functional behavior of vascular cells. 

2. Development of small-diameter vascular grafts using patterned silk films recapitulating 

native arterial structure. 

3. Development of bi-layered tubular silk scaffolds consisting of inner porous freeze-dried 

layer coated with outer dense electrospun layer and their functional analysis in a rat aortic 

interposition model as cell-seeded vascular grafts. 

4. Acellular silk-decellularized human Wharton’s jelly extracellular matrix composite tubular 

scaffolds and their functional analysis in rabbit jugular vein as interposition graft for 

vascular tissue engineering applications. 

5. Acellular silk lyogel conduits impregnated with bioactive polymeric microparticles as 

potential substitutes for vascular tissue engineering applications. 
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Combinatorial analysis of silk films’ innate physicochemical 

properties and surface topography on the functional 

behavior of vascular cells  

 

This chapter investigates the effect of intrinsic physiological properties of silk substrates on the 

functionality of vascular cells. Bombyx mori and Antheraea assama substrates present distinct 

surface characteristics (hydrophobicity/hydrophilicity, chemical composition owing to structural 

dissimilarities). In addition, unidirectional alignment influences vascular cell functionality in terms 

of phenotype switch and physical contraction. Understanding cell-material interaction provides 

valuable insights for designing a translatable tissue-engineered product.  

 

 

 

 

 

Publication:  

Prerak Gupta, Joseph Christakiran Moses and Biman B. Mandal. Surface patterning and innate 

physicochemical attributes of silk films concomitantly govern vascular cell dynamics. ACS 

Biomaterials Science & Engineering. 2019; 5:933-49. 
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ABSTRACT 

 

Functional impairment of vascular cells is associated with cardiovascular pathologies. Recent 

literature clearly present evidences relating cell microenvironment and their function. It is crucial 

to understand the cell-material interaction while designing a functional tissue engineered vascular 

graft. Natural silk biopolymer has shown potential for various tissue-engineering applications. In 

the present work, we aimed to explore the combinatorial effect of variable innate physico-chemical 

properties and topographies of silk films on functional behavior of vascular cells. Silk proteins 

from different varieties (mulberry Bombyx mori – BM and non-mulberry Antheraea assama – AA) 

possess unique inherent amino acid composition that leads to variable surface properties 

(roughness, wettability, chemistry and mechanical stiffness). In addition, we also engineered the 

silk film surfaces and printed a microgrooved pattern to induce unidirectional cell orientation 

mimicking their native form. Patterned silk films induced unidirectional alignment of porcine 

vascular cells. Irrespective of alignment, endothelial cells (ECs) proliferated favorably on AA 

films; however, it suppressed nitric oxide (NO) production – an endogenous vasodilator. 

Unidirectional alignment of smooth muscle cells (SMCs) encouraged contractile phenotype as 

indicated by minimal cell proliferation, increment of quiescent (G0) phase cells and upregulation 

of contractile genes. Moderately hydrophilic flat BM films induced cell aggregation and 

augmented the expression of contractile genes (for SMCs) and endothelial nitric oxide synthase - 

eNOS (for ECs). Functional studies further confirmed SMCs’ alignment improving collagen 

production, remodeling ability (matrix metalloproteinase - MMP-2 and MMP-9 production) and 

physical contraction. Altogether, this study confirms vascular cells’ functional behavior is 

crucially regulated by synergistic effect of their alignment and cell-substrate interfacial properties. 
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2.1 Introduction 

Cell microenvironment influences their behavior and functionality. It may be various soluble 

factors present in the close vicinity or the surrounding matrix that triggers multiple signaling 

pathways [208, 209]. All living tissues consist of a diverse population of cells embedded in 

specialized extracellular matrix (ECM) in a very intricate manner. This ECM provides the 

structural framework and determines cell polarity and arrangement. Biochemical composition and 

topographical organization of ECM are two key determining factors regulating cellular behavior 

and functionality. Hence, a lot of research has been focused on modulating cell-surface interactions 

by tuning surface topography [209]. One of the arguments about studying the co-relation between 

cell distribution pattern and their function is discrepancy among 2D vs 3D microenvironments. 

However, the majority of studies have implemented 2D surfaces to study the fundamental 

principles of cell biology owing to its simplicity as compared to complex 3D microenvironments. 

Most recently, structural control of surface topography using micro/nano technology has paved the 

way to mimic the 3D complex microenvironments while preserving the easiness of working with 

2D surfaces [210, 211].  

At cell substrate interface, several factors (including topography, wettability, roughness, 

chemistry and mechanical properties of the substrate) play a crucial role in determining cell 

behavior. The majority of human adherent cell types are spatially arranged innately in a unique 

manner that helps them maintain their function and overall tissue dynamics [212, 213]. Of note, 

vascular cells, typically endothelial cells (ECs) in tunica interna and smooth muscle cells (SMCs) 

in tunica media of blood vessels follow a unique topographical arrangement. ECs are aligned along 

the direction of blood flow and maintain vascular homeostasis [214], whereas SMCs are aligned 

radially contributing to the mechanical robustness and vasoactive responsiveness of blood vessels 

[215]. These design parameters become important for tissue engineering of vascular grafts where 

the main focus for success is to engineer the scaffold wall surface in such a way so that it recruits 

the progenitor vascular cells and provides a congenial microenvironment for their growth and 

functionality. Recently, several studies have shown the co-relation between vascular cell 

morphology/organization and their functionality in vitro [216] and in vivo [217, 218].  

A functional and continuous monolayer of ECs maintains un-interrupted blood flow in the 

blood vessels. Any damage in ECs’ monolayer may lead to various pathological conditions like 

thrombosis, hyperplasia, stenosis and inflammation in the vessel wall, which alters the vascular 
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tone [219]. Besides that, cell morphology, shape, alignment and polarity are also other determining 

factors that regulate ECs’ functionality [220]. Hence, mimicking a native-like physiological 

environment becomes a point of interest. ECs present in blood vessels’ lumen lining are exposed 

to shear stress and cyclic circumferential strain due to continuous blood flow. Under these 

circumstances, these cells tend to adopt unidirectional alignment along the direction of blood flow. 

The adjacent multiple layers of SMCs in the vascular wall (tunica media) align themselves radially 

(perpendicular to the direction of blood flow) [215]. Recently, several researchers have reported 

the positive effect of unidirectional alignment on vascular cell functionality. Majority of them 

focused on either engineering the cell culture surfaces (by printing grooved pattern) or by exposing 

the cultured cells to the flow shear stress [79, 213, 215, 221]. 

Surface wettability is another important parameter that influences cell morphology 

affecting their functionality [213]. It is well proven fact that cells prefer to spread better on 

moderate hydrophilic surfaces [222, 223]. Limited cell adhesion and spreading was reported on 

highly hydrophilic surfaces because such surfaces do not allow long-term retention of cell adhesion 

molecules [224].  The biochemical composition of the cell culture matrix or surface chemistry also 

regulates cell morphology and spreading [225, 226]. For instance, surface bio functionalization 

with cell binding RGD peptide enhances the cell attachment and proliferation via integrin (cell 

adhesion receptor) mediated process [227]. Apart from surface patterning (guiding cellular 

alignment), surface roughness also determines the functionality of vascular cells. Cellular response 

to surface roughness at micro scale is a bit controversial owing to the inconsistency noticed 

throughout several reports. For instance, endothelial cells showed superior growth on rougher PU-

PEG (Polyurethane-polyethylene glycol) surface irrespective of presence of surface cell adhesion 

peptides (RGD) [228].  On the contrary, smoother solvent casted poly (L-lactic acid) (PLLA) 

surfaces supported better ECs’ functionality [229]. Nanostructured titanium surfaces favorably 

supported the adhesion of SMCs and ECs [230]. Such paradoxical behavior is generally attributed 

to undefined attributes of surface roughness and needs more specific definition that considers 

different nanostructured shapes, spacing between irregularities and sharpness of the peaks [224]. 

Among all cell-substrate interface properties, substrate rigidity is considered least important but 

recently it is identified as a very crucial factor in determining cells’ fate. The phenomenon of 

change in cell’s chemical microenvironment in response to mechanical signals is called 

‘mechanotransduction’ [231]. Substrates with same chemical composition and different rigidity 
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have shown to modulate SMCs adhesion [224].  Studies have shown that substrates with low 

rigidity does not allow cellular spreading whereas cells spread better on stiffer substrates 

(depending on cell type) [232]. One of the plausible explanation of such cellular behavior might 

be related with imbalance between cell traction forces and corresponding extracellular matrix 

(ECM) response, a crucial parameter for assembly of cell-matrix adhesion complexes and cell 

spreading [224]. Several studies have reported the effect of individual factor on cellular 

functionality; however, in a native in vivo microenvironment, cells are exposed to multiple factors 

simultaneously. Hence, investigating the combinatorial effect of more than one factor becomes of 

great importance.   

In the present study, we intend to explore the functionality of vascular cells (ECs and 

SMCs) when cultured on mulberry Bombyx mori-BM and non-mulberry Antheraea assama-AA 

silk films. Our selection of using different silk relied on following crucial parameters: (1) both 

proteins are highly biocompatible and have been explored for various tissue engineering 

applications [233, 234]; (2) their ability to be fabricated into myriad structural designs with nano 

level accuracy, allowing surface engineering to print any desirable pattern [14], and (3) structural 

variability in their native amino acid sequence and arrangement of secondary protein structures 

[235]. The molecular composition of these silk proteins is quite different. Heavy chain of both silk 

proteins consists majorly of Ala (44.5% vs 28.8% for AA vs BM) and Gly (30.1% vs 43.7% for 

AA vs BM), nonpolar amino acids [126]. The alanine methyl groups are usually exposed to 

external microenvironment because of their arrangement outside of protein backbone [236]. 

Owing to presence of different percentage of hydrophobic amino acid residues in BM and AA silk 

proteins, the surface wettability of films made of these proteins is expected to be dissimilar. The 

crystalline core of AA is made-up of poly-alanine motifs, which makes 37.4% of total Ala out of 

44.5%. In contrast, BM protein have multiple repeats of AGSGAG comprising 55% of total 

crystalline core [237]. Differential amino acid composition and arrangement leads to formation of 

unique secondary structures. For instance, the poly-alanine motifs present in AA silk prefer to form 

anti-parallel β-sheets via non-covalent inter-molecular interactions, which confers tensile strength 

[238]. Besides, it also provides more hydrophobicity, forming stronger β-sheets as compared with 

AGSGAG repeats of BM silk. In general, alanine motifs provide tensile strength to silk fibers 

whereas glycine rich sequences are responsible for fiber elasticity. It has also been reported that 

even the short polyalanine stretches (A)6 are able to confer remarkable tensile strength to AA 
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protein by forming strong β-nanocrystal, which is much higher than all other wild silk varieties 

[239]. Additionally, AA silk has intrinsic presence of RGD cell binding motif in its native amino 

acid structure making its surface chemically different from BM silk [126]. Owing to these 

aforementioned characteristics, surfaces of silk films obtained from different silks provide variable 

surface characteristics. Therefore, in the current endeavour, we cultured vascular cells on BM and 

AA silk films and looked into their functional behaviour in response to combinatorial effect of 

multiple physico-chemical factors acting at  cell-substrate interface. 

 

2.2 Materials and methods 

2.2.1 Fabrication of silk films 

Mulberry silk (Bombyx mori - BM) and non-mulberry silk (Antheraea assama - AA) proteins were 

used for this study. Silk fibroin (SF) proteins were obtained by following previously described 

procedures [233]. BM silk was extracted by degumming the cocoons in 0.02M sodium carbonate 

followed by dissolution in 9.3M LiBr and dialysis against distilled water for 72h with frequent 

water changes. Non-mulberry AA silk was obtained directly from silk glands of mature 5th instar 

larvae. The glandular protein was extracted using fine forceps and dissolved in 1% (w/v) sodium 

dodecyl sulfate (SDS). Protein solution was further dialyzed in milli-Q water at 4℃ for 4h. 

Percentage of silk protein was estimated using gravimetric method and SF protein solution was 

stored at 4℃ until use.  

A 2% (w/v) SF solution was used for fabricating silk films. Both flat and patterned 

polydimethylsiloxane (PDMS) molds were prepared as per earlier described techniques. Flat 

molds were fabricated by blending PDMS substrate (Dow Corning Corporation, Midland, MI 

USA) with its cross-linker (10:1 w/w ratio) and baking at 60℃ for 4h. Soft lithography technique 

was used to prepare microgrooved patterned molds (distance between ridges: 3 μm; groove depth: 

200 nm) [240]. 4 x 4 cm2 PDMS molds were used to fabricate films by spreading 2 mL of 2% SF 

protein solution and allowed to dry at ambient flow conditions overnight. The dried silk films were 

exposed to water vapor annealing in a vacuum desiccator for 6h at 37℃. The water stabilized films 

were detached further from the PDMS molds and stored at 4℃ sterile conditions until further use. 

The following abbreviations are used henceforth for designating different experimental groups: 

standard tissue culture plate (TCP), BM flat films (BMF), BM patterned films (BMP), AA flat 

films (AAF) and AA patterned films (AAP). 
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2.2.2 Physico-chemical characterization of silk films 

Water vapor annealed films were analyzed for their surface roughness and topography by atomic 

force microscopy (Agilent Model 5500, USA). All silk films were scanned in non-contact mode 

with a scanning area of 15 x 15 μm2 at room temperature (RT). WSxM 5.0 Develop 7.0 software 

was used to calculate various parameters and plotting surface profiles of patterned silk films. Both 

flat and patterned silk films were observed under FESEM (Zeiss, Sigma) for analyzing their 

surface morphology. FESEM micrographs were captured after gold sputtering of silk films. Water 

contact angle of flat silk films was further investigated by sessile drop technique using contact 

angle goniometer (Holmarc, India). Water vapor annealed silk films of 2 x 2 cm2 were used. An 

automated micro-syringe extruded 3 µL of milli-Q water droplet onto silk film and captured 

images were processed to determine the contact angle of both flat and patterned silk films. 

Patterned silk films were characterized parallel (PAR) and perpendicular (PER) to the direction of 

microgrooves. A scheme of directions of these analyses is shown in Figure 2.1. For each film, at 

least three different spots were used for calculating the contact angle. 

 

Figure 2.1. Schematic representation of contact angle measurement for patterned silk films. 

BM/AA PAR is representing that the image was captured parallel to the direction of pattern and 

BM/AA PER is representing that the image was captured perpendicular to the direction of pattern. 

 

Silk films were further analyzed to explore their mechanical properties. Only water vapor 

annealed flat films were subjected for this analysis owing to their stability in hydrated conditions 

in which the analysis was performed. Silk film strips (length: 3 cm and width: 1 cm) were used for 

tensile testing under hydrated conditions using Universal Testing Machine (UTM, Instron 5944, 

USA) in a BioPuls bath (with PBS as immersion buffer) at 37℃. Stress-strain curves were obtained 

at a crosshead speed of 1 mm/min until sample failure. Modulus of films was calculated as slope 

of stress-strain curves. Silk films were also subjected for cyclic testing until 10 cycles (5% 

deformation strain) value at a rate of 1 mm/min. Mechanical analysis of silk films was performed 

for at least n=4 specimens.  
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Infrared spectra of regenerated silk fibroin solutions (BM and AA) and water vapor 

annealed silk films of the same were characterized using Fourier transform infrared spectrometer 

(Shimadzu, Model: IR Affinity-1S WL) in attenuated total reflectance (ATR mode) with 

germanium internal reflection element. Each measurement consisted of 30 scans averaged to yield 

the spectra (4000 – 400 cm-1) with a resolution of 2 cm-1. The amide-I spectra (1700 – 1600 cm-1) 

was further deconvoluted by taking second derivative of the spectra and fitting Gaussian peaks to 

determine the secondary structures present in the regenerated silk fibroins and its water vapored 

annealed films. Band assignments for secondary structures were given as follows: α-helices (1650 

– 1658 cm-1), β-sheets (1620 – 1640 cm-1), anti-parallel β-sheets (1670 – 1695 cm-1), disordered 

structures (1640 – 1650 cm-1), loops (1660 – 1680 cm-1) following previous reports [241, 242]. 

The deconvoluted spectra were area normalized and subsequently used to determine the percentage 

of secondary structures present in the samples investigated. 

 

2.2.3 Isolation and culture of vascular cells  

Smooth muscle cells (SMCs) and Endothelial cells (ECs) were isolated from descending porcine 

aorta following our previously described protocol [243]. In brief, porcine descending aorta was 

collected from local slaughterhouse and transported in ice cold sterile phosphate buffered saline 

(PBS). Tissue was processed within 1h of collection. Associated fat was removed and the aorta 

was cut into 1 cm2 pieces followed by digestion with collagenase type 1A (1 mg/mL, Sigma-

Aldrich, USA) keeping luminal side in contact with the plate surface. These tissue sections were 

further incubated in a humidified incubator (95% humidity) at 5% CO2, 37°C for 1h. Post 

incubation, the luminal surface was scraped to harvest ECs. From the remaining tissue, a medial 

layer containing SMCs was isolated from the adventitial layer and digested further in 0.5% 

collagenase for 8h. Digested tissue was filtered through a cell strainer (70 µm pore size, BD 

Biosciences, USA) and cultured in high glucose Dulbecco's Modified Eagle's medium (DMEM, 

Gibco, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, USA) and 1% (v/v) 

antibiotic-antimycotic solution (Himedia, India) in a humidified incubator. After 24h of cell 

adherence, media was changed to ECGS (endothelial cell growth supplement, recommended 

concentration in DMEM culture media, Sigma-Aldrich, USA) for ECs and SMGS (smooth muscle 

cell growth supplement, 2% w/v in DMEM culture media, Life Technologies, USA) for SMCs. 
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2.2.4 Immunostaining for vascular cell identification 

Vascular cells isolated from porcine aorta were subjected to immunostaining for cell specific 

marker expression. ECs were stained for vWF (Von Willebrand factor) and SMCs were stained 

for calponin and αSMA (alpha- Smooth muscle actin) markers. Cells cultured on standard TCP 

(tissue culture plate) were fixed in neutral buffered formalin (NBF, Sigma-Aldrich, USA) 

overnight and permeabilized with 0.1% (v/v in PBS) TritonX-100 for 15 minutes. Cells were 

further treated with blocking solution (2% w/v bovine serum albumin-BSA in PBS) to prevent any 

non-specific binding. Rabbit primary antibody solution was prepared in blocking solution with the 

following dilutions: vWF (1:400), calponin (1:250) and αSMA (1:100). Cells were treated with 

primary antibody for 1h at 37°C followed by FITC tagged anti rabbit secondary antibody treatment 

(1:500) for 1h. Cell nucleus was stained with Hoechst 33342 (1:1000, Sigma-Aldrich, USA) and 

the cellular cytoskeleton was stained with rhodamine phalloidin (1:40, Life technologies, USA). 

Cells were given three PBS wash after each successive step. Stained cells were imaged under a 

fluorescent microscope (EVOS FL, Life Technologies, USA). 

 

2.2.5 Proliferation of vascular cells cultured on silk films 

Silk films from each experimental group were cut into circular discs (ϕ 15 mm) and placed in a 24 

well tissue culture plate. Films were further sterilized followed by conditioning overnight with 

culture media (DMEM with 10% FBS). Vascular cells (both ECs and SMCs) were seeded carefully 

onto these discs at a density of 105 cells/cm2 suspended in minimal volume (~20 μL) of culture 

media to avoid spillage from the films. After initial cell adherence onto silk films, 1 mL of culture 

media was added into each well and plate was kept in humidified incubator (5% CO2, 37°C). 

AlamarBlue (Thermo Fisher Scientific, USA) dye was used to monitor the cell activity and 

proliferation following manufacturer’s protocol and as described previously [234]. Cell growth 

was determined at three different time points and represented as normalized value of percentage 

reduction of AlamarBlue. 

 

2.2.6 Cell distribution profile and orientation analysis 

Phase contrast microscopic images of vascular cells (both ECs and SMCs) cultured on silk films 

were captured using microscope (EVOS FL, Life Technologies, USA). These images were further 

processed using MBF ImageJ software (model 1.52a, National Institute of Health, USA). Cell 
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orientation was calculated by OrientationJ plugin, which is available online 

(http://bigwww.epfl.ch/demo/orientation/). Briefly, captured phase contrast images were 

converted to 32-bit greyscale type and orientation distribution plugin was used to plot the cell 

distribution profile with 5% minimum coherency level. Moreover, in order to visualize the 

distribution of actin cellular filaments, cells cultured on silk films were stained with rhodmine-

phalloidin fluorescent dye as described previously and observed under a fluorescent microscope 

(EVOS FL, Life Technologies, USA). 

 

2.2.7 Cell cycle analysis 

Circular discs of silk films (ϕ 3 cm) were sterilized, conditioned in culture media and placed in 6-

well tissue culture plate. ECs and SMCs were seeded onto silk films with a cell density of 105 

cells/cm2. After 4 days of culture, cells were harvested from silk films using trypsin-EDTA 

(Himedia, India) and analyzed for cell cycle profile. Briefly, cell suspension was fixed in ice cold 

ethanol followed by 2 washes with PBS. Cells were further treated with 200 µg/mL RNase A 

(Sigma-Aldrich, USA) for 1h to avoid any false positive signal from RNAs. Cells suspension was 

treated with 40 μg/mL propidium iodide (PI, Thermo Fischer Scientific, USA) and kept on ice for 

an additional 10 min prior to flow cytometry date acquisition. Cell cycle data was acquired in FL2 

channel using BD Accuri C6 plus flow cytometer machine equipped with blue laser (488 nm). 

Data was analyzed on inbuilt BD AccuriTM C6 software to calculate the percentage of cell 

population present in each phase of cell cycle. 

 

2.2.8 Analysis of functional gene expression using qRT-PCR 

Vascular cells cultured on topographically different silk films were investigated for the expression 

of functional genes. For this, we studied the expression of endothelial nitric oxide synthase 

(eNOS)/angiopoietin 1 (ANGPT1) for endothelial cells and alpha smooth muscle actin 

(αSMA)/smooth muscle myosin heavy chain (SM-MHC) contractile markers for smooth muscle 

cells. After 4 days of culture, cells were lysed using TRIzol reagent (Sigma-Aldrich, USA) to 

isolate the RNA. The cell lysate was centrifuged for 10 min at 13,000 rpm at 4°C followed by 

transfer of supernatant to fresh tubes containing chloroform. After 15 min, three distinct layers 

were observed and tubes were centrifuged again at 13,300 rpm. Upper aqueous layer containing 

RNA was transferred to fresh tubes and RNA was eluted and purified by repeated washing with 
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ethanol. RNase free water was used to re-suspend the RNA pallet. The extracted RNA was 

quantified and processed for reverse transcription using high efficiency reverse transcription kit 

(Applied Biosystems, Invitrogen) and thermal cycler (Takara, Japan). Gene expression profile was 

further quantified using Power SYBR Green PCR master mix (Applied Biosystems, Life 

Technologies, USA) and real-time PCR machine (Applied Biosystems, Quant Studio 5) following 

manufacturer’s instructions. Primer sequences of the target genes are mentioned in Table 2.1.   

 

Table 2.1. Primer sequences of target genes. 

Gene Primer Sequence 

Porcine eNOS F: 5′- TTCCGGGGATTCTGGCAGGAG -3′ 

R: 5′- GCCATGGTGACGTCGCCGCAG-3′ 

Porcine ANGPT1 F: 5′- CTTCCTCGCTGCCATTCTGA-3′ 

R: 5′- GACAGTTCCCGTCGTGTTCT-3′ 

Porcine αSMA F: 5′- GGCCGAGATCTCACTGACTA-3′ 

R: 5′- AGTGGCCATCTCATTTTCAA-3′ 

Porcine SM-MHC F: 5′- CTGCAGCTTGGAAATATCGT-3′ 

R: 5′- GAGTGAGGATGGATCTGGTG-3′ 

Porcine GAPDH 

 

F: 5′-TCGGAGTGAACGGATTTGG-3′ 

R: 5′-CCAGAGTTAAAAGCAGCCCT-3′ 

 

2.2.9 Functional studies 

2.2.9.1 NO production by endothelial cells 

Production of NO (nitric oxide) by endothelial cells was quantified as per previously described 

protocol [244]. Circular silk film discs were placed in 12 well tissue culture plate, sterilized and 

conditioned with culture media prior to cell seeding. A higher cell number (~5 x 105) were seeded 

into each well to obtain a uniform cell monolayer. After day 1 of culture, 1 mL of media was 

pooled out and replaced with same volume of fresh media. The experiment was terminated after 4 

days of culture and spent media was collected in fresh vials. Collected media was stored at -20°C 

until further use. Nitrite was quantified by using Griess reagent (Sigma-Aldrich, USA) which is a 

stable degradation product of NO. Spent media was centrifuged to remove any possible cell debris 

or particles and 100 µL of supernatant was incubated with equal volume of Griess reagent in a 96 

well plate at RT under dark conditions for 15 min. The mixture was read at 540 nm and readings 

were fitted into standard curve equation (obtained using sodium nitrite) to quantify the amount of 

NO produced by endothelial cells. 
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2.2.9.2 Collagen production by smooth muscle cells 

In order to determine the amount of collagen secreted by SMCs, cells were seeded on different silk 

films placed in 6 well plates at a density of 5 x 105 cells/well. After 4 days of culture, the 

experiment was terminated and Sirius red dye based assay was used to quantify the total collagen 

content following previously published protocol [245]. Silk films with cultured SMCs were 

digested using pepsin digestion buffer (1 mg/mL pepsin-Sigma-Aldrich, USA, 0.5M NaCl and 

0.1M acetic acid, pH 3.0). 100 µL from each digested sample was aliquoted in 96 well plate and 

allowed to dry overnight at 37°C. The dried sample layer was further treated with Sirius red dye 

(1 mg/mL) followed by fixation with saturated picric acid for 1h. Fixed sample coatings were 

washed with 0.01 normal HCl and dissolved in 0.1 normal NaOH. Optical density (O.D.) readings 

were taken at 550 nm using multiplate reader (Tecan infinite M 200 pro). A standard curve was 

plotted using rat tail collagen (Sigma-Aldrich, USA) to determine the total collagen content 

secreted from SMCs cultured on silk films. Furthermore, secreted collagen was normalized with 

total DNA content quantified using Quant-iT™ PicoGreen™ dsDNA Assay Kit (Thermo Fisher 

Scientific, USA) following manufacturer’s instructions. 

 

2.2.9.3 Gelatin zymography 

To detect the activity of secreted matrix metalloproteinase (MMP - 2 and 9) porcine SMCs at cell 

density of 6000 cells/cm2 were seeded on different films and cultured in SMC growth media 

supplemented with 10% (v/v) FBS. After cells attained confluency, these cell seeded films were 

incubated in SMC growth media without FBS supplementation for 14h. The serum starved 

conditioned media was collected to assess the MMP activity through gelatin zymography 

following previously published protocols [245]. Briefly, 40 μg of protein from serum starved 

conditioned media from each group were loaded in each lane and separated in non-reducing 

conditions using 7.5% (w/v) polyacrylamide separating gel with 4 mg/mL gelatin. After resolving 

the gel was incubated in renaturation buffer [50 mM Tris-HCl, pH 7.5, 1% (w/v) triton X-100 

(Sigma-Aldrich, USA), 5 mM CaCl2 (Sigma-Aldrich, USA) and 1 mM ZnC4H6O4 (Sigma-Aldrich, 

USA)] overnight at 37°C. The gel was then stained with 0.5% (w/v) Coomassie Brilliant Blue R-

250 (Himedia, India) and destained to visualize the gelatinolytic bands which appeared as clear 

bands in dark background. The densiometric profiling was done using Image-J software (NIH, 

USA). 
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2.2.9.4 Collagen gel contraction assay 

The functional contractility attained by porcine SMCs with respect to biophysical cues presented 

by different films were assessed using collagen gel contraction assay, following previously 

published protocols [246]. Briefly, porcine SMCs were seeded on different films at a seeding 

density of 6250 cells/cm2 and cultured for 4 days in SMC growth media supplemented with 10% 

(v/v) FBS. Thereafter, the cells were detached using trypsin and resultant cell suspension was 

seeded on to preformed collagen gels (collagen-I, rat tail, Gibco, USA) following the 

manufacturer’s protocol in 96 wells plate at density 105 cells/mL. After 24h, the extent of collagen 

gel contraction was assessed using Image-J by measuring the area of gel before contraction and 

after contraction. 

 

2.2.10 Statistical analysis 

All of the statistical analyses were performed using OriginPro 8 (Origin lab Corporation, USA) 

following one-way analysis of variance (ANOVA) and Tukey’s test. All the experiments were 

performed at-least for n=3, unless otherwise specified. Significant levels were analyzed at 95% 

and 99% confidence and represented as #p<0.05 and ##p<0.01. All data is represented as mean ± 

standard deviation. 

 

2.3 Results 

2.3.1 Physico-chemical properties of silk films 

Cell substrate interaction influences the cells’ functionality. Surface topography is one of the 

factors that cells experience when cultured on any substrate. Therefore, we performed AFM 

scanning of silk films (Figure 2.2A). A considerably higher surface roughness was noticed for 

AAF films ranging 57.52 ± 3.89 nm, approximately 1.6 times more than BMF films. Reported 

values are representative of 3 different scanning spots. When calculated for patterned silk films 

(BMP and AAP), no such roughness difference was observed and the patterning (microgroove 

pattern) dominated the nano range roughness difference. The surface plot of patterned silk films 

demonstrated smoother ends of microgrooves for BMP whereas irregular edges were observed for 

AAP films. Distance between consecutive microgroove ridges was recorded to be ranging from 

2.8 – 3.0 µm for both type of patterned films. Similar features were observed when these films 
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were visualized under FESEM (Figure 2.2B). AA films showed rougher surface whereas smoother 

surface and edges were observed for BM films.  

Another crucial determining factor is surface contact angle or surface 

hydrophobic/hydrophilic nature that governs cellular adhesion, spreading and functionality. We 

further investigated the water contact angle for both of silk protein types. Both silk films were 

hydrophilic owing to the fact that their water contact angles were well below 90°; however, their 

degree of hydrophilicity was significantly different. BMF films showed approximately 1.43 times 

higher contact angle as compared to AAF films, making it moderately hydrophilic than AAF type 

(Figure 2.2C). We further analyzed the contact angles for patterned silk films along and 

perpendicular to the direction of microgrooves. Again, a similar trend was observed and AAP films 

showed relatively higher degree of hydrophilicity with less contact angle. The contact angle values 

for various silk films are summarized in Table 2.2. 

 

Table 2.2. Contact angles of silk films. 

Sample Contact angle (in degrees) 

BMF 66.92 ± 1.75 

AAF 46.76 ± 1.39 

BMP PAR 68.41 ± 1.28 

BMP PER 64.98 ± 1.56 

AAP PAR 40.93 ± 1.02 

AAP PER 39.58 ± 1.87 
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Figure 2.2. Surface characterization of silk films. (A) Atomic force microscopic images of flat and 

patterned silk films showing surface roughness. Surface plot profile of patterned films is also 

illustrated indicating the groove depth and peak-to-peak distance. (B) FESEM micrographs of silk 

films demonstrating surface topography and patterning. (C) Water contact angles of flat silk films 

(BMF and AAF) and patterned silk films (BMP and AAP in both parallel (PAR) and perpendicular 

(PER) to the microgroove direction). Images are showing droplet micrographs in contact with silk 

films. Contact angle values mentioned in the table are representative of at least three different 

spots onto silk film surfaces. 

 

Furthermore, mechanical properties of silk films were analyzed. Only water vapor annealed 

flat silk films were subjected for this analysis. Stress-strain curves suggested higher slope of AAF 

TH-2670_156106029



Results Chapter 2 

 

65 
 

films as compared with BMF (Figure 2.3A). The representative load-displacement curves are also 

shown in Figure 2.4. AAF films were stronger/stiffer and showed ~2-fold higher modulus (32.54 

± 9.51 MPa) than BMF films (16.79 ± 0.51 MPa) (Figure 2.3B, p<0.01). A similar trend was 

observed for stress at failure (3.09 ± 0.65 MPa vs 8.54 ± 1.04 MPa for BMF vs AAF films 

respectively) (Figure 2.3C, p<0.01); however, no significant difference was observed for strain at 

failure (0.25 ± 0.08 MPa vs 0.30 ± 0.12 MPa for BMF vs AAF films respectively) (Figure 2.3D). 

Tensile cyclic testing of silk films was also performed to obtain hysteresis behavior. BMF films 

did not exhibit much of energy loss between first and last cycle (Figure 2.3E); however, strain 

hardening and energy gain was observed for AAF films until fifth cycle followed by plateau for 

last five cycles (Figure 2.3F).  

 

Figure 2.3. Mechanical properties of silk films. (A) Representative stress-strain curves showing 

the slope of BM and AA flat hydrated films. (B) Modulus of silk films calculated from stress-strain 

curve slope. (C) Comparison of stress at failure values for both silk films. (D) Comparison of strain 

at failure values for both silk films. (E) Representative tensile cyclic analysis of BM silk films. (F) 

Representative tensile cyclic analysis of AA silk films. (##p<0.01, n.s.=not significant)   
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Figure 2.4. Representative load-displacement curves of hydrated silk films. 

 

Chemical structure analysis was further performed to investigate the secondary structure 

composition of silk films (Figure 2.5A). Silk fibroin solution (AAS and BMS) and water vapor 

annealed films (AAF and BMF) were subjected for this analysis. All specimen showed 

characteristic peaks in amide-I (1610-1660 cm-1), amide-II (1510-1560 cm-1) and amide-III (1210-

1260 cm-1) regions [247]. On comparing the samples before (AAS, BMS) and after (AAF, BMF) 

water vapor annealing, a blue shift was observed in amide-I region. Alternatively, amide-II and 

amide-III regions demonstrated a red shift, a characteristic of β-sheet transition after water vapor 

annealing, making silk films water stable [247]. In order to quantify the secondary structure 

composition in silk solution and water stable silk films, we de-convoluted the amide-I region 

between 1600-1700 cm-1 region (Figure 2.5B). The percentage of secondary structures after water 

vapor annealing is summarized in Table 2.3. The blue shift noticeable in the amide-I spectra of 

water annealed films meant an increase anti-parallel β-sheet and cumulative β-sheet content was 

much higher than in fibroin solution indicating water stability of films consistent with previous 

reports. The higher percentage of β-sheet in non-mulberry silk is attributed to the poly-alanine 

present in AA. 

Table 2.3. Effect of water vapor annealing on silk secondary structure composition. 

Secondary structures Percentage (%) 

BMS AAS BMF AAF 

β-sheets 44.7 58.1 29 33.2 

α-helices 7.7 23.1 - 1.7 

Loops 36.2 5.9 16.3 - 

Antiparallel β-sheets - 1.7 34.9 61.9 

Disordered structures 11.3 11.2 19.8 3.2 

TH-2670_156106029



Results Chapter 2 

 

67 
 

 

Figure 2.5. Fourier transform infrared (FTIR) spectra of silk films. (A) Spectrographs showing 

peak shifts in amide-I, II and III peaks before and after β-sheet induction: BM solution (BMS). AA 

solution (AAS), films after β-sheet induction (BM film (BMF), AA film (AAF)). (B) Deconvolution 

of amide-I peaks to determine secondary structure through second order derivative of amide-I 

spectra for i) BMS, ii) AAS, iii) BMF and iv) AAF. 
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2.3.2 Marker analysis of vascular cells and their proliferation on silk films 

Vascular cells isolated from porcine descending aorta were identified based on expression of cell 

specific markers. ECs expressed uniformly distributed typical dotted pattern of von Willebrand 

Factor (vWF) in cytosol – a glycoprotein produced by endothelial cells. SMCs on the other hand 

showed expression of two signature protein markers: αSMA (alpha smooth muscle actin – early 

differentiation marker) and calponin (mid differentiation marker) (Figure 2.6). Presence and 

predominant expression of specific markers confirmed the vascular cell identity.  

 

Figure 2.6. Vascular cells’ (ECs and SMCs) marker specific identification. Vascular cells isolated 

from porcine aorta were characterized based on specific marker expression. Cells were cultured 

on standard tissue culture plate (TCP) and labelled with marker specific antibodies (vWF for 

endothelial cells, αSMA and calponin for smooth muscle cells: green color), Hoechst 33342 (for 

staining nucleus: blue color) and rhodamine-phalloidin (for actin cytoskeleton: red color). 

 

We further investigated the vascular cell proliferation on silk films. Both SMCs and ECs 

were compatible with different silk film surfaces and they we metabolically active for whole 

examination period. In all experimental groups, normalized Alamar reduction value increased from 

day 1 to day 6 (p<0.01), attesting the active cell proliferation; however, variable growth patterns 

were observed for different silk films. Utmost growth of ECs on day 6 was observed on AA films 

irrespective of their surface topography, it was significantly higher than standard tissue culture 
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plate (TCP), and both of BM silk film types (p<0.01). ECs’ proliferation on AAP was 1.52 times 

higher than BMP counterpart and 1.27 times higher than TCP (Figure 2.7A). SMCs exhibited a 

completely different growth profile on day 6 and patterning of these cells led to slower 

proliferation. No significant difference was observed among any of the flat surfaces (AAF, BMF, 

and TCP). SMCs proliferation on AAP and BMP was 1.15 and 1.58 times slower than flat surfaces 

respectively (p<0.01), a clear indication towards dominant effect of cell alignment (Figure 2.7B). 

 

Figure 2.7. Proliferation of vascular cells on silk films. Proliferation profile of (A) ECs and (B) 

SMCs cultured on silk films. (##p<0.01) 

 

2.3.3 Vascular cell distribution on different silk films 

Multiple factors that affect the cellular distribution include surface roughness, surface 

hydrophilicity, surface patterning and extent of cell-cell/cell-surface interaction depending upon 

cell seeding density. All these factors concomitantly regulate the cell spreading and distribution; 

which ultimately determine cellular function. Here in this study we tried to analyze the vascular 

cell distribution pattern on topographically different silk films. ECs arranged themselves in their 

signature cobblestone morphology on TCP. When cultured on silk films, cell elongation was 

observed but still most of the cells were distributed uniformly and spread well on all silk films 

except BMF; where slight cell clustering was observed (Figure 2.8A). On a similar note, SMCs 

distribution followed the same distribution pattern and predominant clustering of cells was 

observed after 4 days of culture on BMF films (Figure 2.8B). Even in certain cases, where SMCs 

cultured on BMP film, clustering tended to dominate the cellular alignment. Cell orientation profile 

were also plotted to ensure unidirectional cell alignment. Both ECs and SMCs were able to align 

themselves following the surface patterning as their unidirectional pattern is attested by single peak 

on the orientation curve; whereas cells cultured on flat silk films and TCP exhibited a random 

TH-2670_156106029



Results Chapter 2 

 

70 
 

distribution and multiple peaks throughout the orientation angle range (Figure 2.8A, B). We 

further stained the cellular cytoskeleton with rhodamine-phalloidin fluorescent dye to analyze the 

actin filament distribution pattern. Actin filaments also followed the similar pattern and 

unidirectional alignment was observed on patterned silk films (Figure 2.8C). Representative lower 

magnification images of vascular cells cultured on various silk films are shown in Figure 2.9. 
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Figure 2.8. Orientation profile of vascular cells cultured on silk films. Phase contrast microscopic 

images of (A) endothelial cells and (B) smooth muscle cells cultured onto tissue culture plate 

(TCP) and silk films after 4 days. Images were processed using ImageJ software to calculate the 

cell distribution/orientation profile. Black arrows are indicating the direction of cellular 

alignment, (C) Orientation of cytoskeletal actin fibers. Cells cultured onto silk films were stained 

with rhodamine-phalloidin to investigate the distribution of actin fibers. Unidirectional alignment 

of actin fibers was observed for cells cultured onto patterned silk films (AAP and BMP). White 

arrows are indicating the direction of cellular alignment. 

 

 
 

Figure 2.9. Representative lower magnification of vascular cells cultured on silk films. Scale bar 

represents 500 μm. Black arrows represent direction of cell alignment. 

 

2.3.4 Cell cycle analysis 

Earlier reports demonstrate the connection between expression of specific genes and cell cycle 

progression [248]. Hence, we looked further into cell cycle phases of vascular cells cultured on 

silk film surfaces with variable topographies. Cell cycle profile of ECs and SMCs is shown in 

Figure 2.10A, B respectively, indicating different cell cycle phases with assorted colors. On 

quantifying the percent population of vascular cells present in each phase, we did not observe any 

significant difference in G0 phase for ECs. However, on comparing the G1 phase population, 

higher percentage of cells was observed (Figure 2.10C). In contrast, on analyzing for SMCs, a 

significantly higher quiescent phase population (G0) was noticed for cells growing on patterned 

silk films irrespective of other surface properties (p<0.01). Approximately 30% and 38% of total 

cell population was trapped in G0 phase for BMP and AAP films groups respectively (Figure 

2.10D).  

TH-2670_156106029



Results Chapter 2 

 

72 
 

 

Figure 2.10. Analysis of cell cycle. Vascular cells cultured on silk films were subjected for cell 

cycle analysis after 4 days. Cell cycle profile of (A) endothelial cells and (B) smooth muscle cells, 

showing four distinct phases (G0, G1, S and G2/M). Percentage population of cells in each phase 

is represented for (C) endothelial cells and (D) smooth muscle cells. (n.s.=not significant, 

##p<0.01, #p<0.05) 

 

2.3.5 Real-time gene expression profile of vascular cells 

The effect of cell morphology and distribution at gene level was analyzed by quantifying the real-

time gene expression after 4 days of culture. We investigated ECs’ function specific genes: eNOS 

(encodes for an enzyme involved in synthesis of NO; a key molecule determining the blood vessel 

dynamics) and angiopoietin 1 (crucial modulator of vascular development and angiogenesis). 

eNOS expression in ECs was surprisingly found to be boosted up for cells cultured on BMF (~19 

times higher) as compared to all other experimental groups except TCP (p<0.01) (Figure 2.11A). 

Minimal expression of eNOS was observed for ECs cultured on AAP films. Expression profile of 

ANGPT1 gene was influenced by cellular patterning. Alignment of ECs on patterned silk films 

(BMP and AAP) downregulated the ANGPT1 expression by almost 50 times as compared to flat 
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films (BMF and AAF) and TCP (p<0.01) (Figure 2.11B). We further analyzed the gene expression 

profile of SMCs cultured on silk films. Two functional genes were selected for this study; αSMA 

– early differentiation marker and SM-MHC (smooth muscle myosin heavy chain) – late 

differentiation marker. Expression of these two genes is related with regulation of SMCs’ 

phenotype and their contractile behavior. Expression of both genes was upregulated for cells 

cultured on BMF films. αSMA expression was almost 15 times higher as compared to flat AAF 

and TCP surfaces and approximately 5 times higher than patterned films (p<0.01). Patterning of 

SMCs clearly improved the αSMA expression (Figure 2.11C). Being the late differentiation 

marker, very minimal expression of SM-MHC was observed for flat surfaces (AAF and TCP) post 

4 days of culture and relatively lower expression was noticed for patterned films (BMP and AAP), 

dictating the effect of cellular patterning on functional gene expression profile (Figure 2.11D). 

 

Figure 2.11. Quantification of functional gene expression by qRT-PCR. Vascular cells cultured 

on silk films were investigated for functional gene expression after 4 days of culture. Endothelial 

cells were tested for (A) eNOS and (B) ANGPT1 expression whereas smooth muscle cells were 

tested for (C) αSMA and (D) SM-MHC expression. (#p<0.05, ##p<0.01) 

 

2.3.6 Functional assessment of vascular cells 

Expression of functional proteins by tissue specific cells is one of the crucial requirements for 

maintaining healthy tissue dynamics. Vascular ECs produce nitric oxide (NO) by calcium-
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calmodulin dependent enzyme eNOS; an essential regulator of vascular cell growth and protecting 

blood vessel from adverse effects of platelets [249]. Herein we quantified the production of NO 

from ECs cultured on different silk films on day 1 and day 4. On quantifying the NO production 

on day 1, cells cultured on TCP showed the maximum NO production significantly higher than 

other experimental groups (p<0.01). BMP cultured cells produced minimal NO after 4 days 

(Figure 2.12A). Interestingly, when we calculated the fold increase profile from day 1 to day 4, 

we observed the downregulation of NO secretion from aligned ECs (p<0.01). A paradoxical 

behavior was observed for TCP cells where NO production was in the range of aligned ECs 

(Figure 2.12B). Collagen secretion from SMCs is another parameter we considered for analyzing 

the cellular functionality. Majority of blood vessel’s ECM is made-up of collagen and elastin, 

which help maintain tissue’s mechanical integrity without compromising its elasticity [250]. 

Hence, we quantified the total collagen secreted from SMCs cultured on various silk films at 

different time points. No significant difference was observed for day 1 samples; however, on day 

4, cellular alignment induced the collagen production as compared with flat surface cells (Figure 

2.12C). In order to get more accurate idea about collagen secretion, we normalized the total 

collagen content with DNA. SMCs cultured on AAP produced the maximum collagen and it was 

significantly higher than its counterpart AAF (p<0.01). However, we did not observe any 

difference among BMP and BMF cultured SMCs (Figure 2.12D). 
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Figure 2.12. Production of functional moieties by vascular cells cultured on silk films. (A, B) 

Endothelial cells were tested for production of NO (Nitric oxide) from day 1 to day 4. (C, D) Total 

collagen content produced by smooth muscle cells was also quantified which was further 

normalized with DNA content. (n.s.=not significant, #p<0.05, ##p<0.01) 

 

 

Figure 2.13. Functional analysis of smooth muscle cells. (A) Representative gelatin zymography 

profile of SMC media collected after 4 days of culture period showing the expression of MMP2 

and MMP9 enzymes. (i) Image showing MMP bands in different groups. Quantification of band 

intensity of (ii) MMP-9 and (iii) MMP-2 representing relative expression. (B) Collagen gel 

contraction assay of smooth muscle cells. (i) SMCs were entrapped in collagen gel and images 

were captured at different time points. (ii) Quantification of gel contraction by measuring the gel 

size after 24h. (##p<0.01) 
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Apart from providing mechanical robustness to the blood vessels by secreting the structural 

components, SMCs also contribute to tissue remodeling by secreting ECM degrading enzymes- 

MMP-2 (matrix metalloproteinase-2) and MMP-9. Considering this, we explored the effect of 

surface topography and hydrophilicity on matrix remodeling capability of SMCs. Our gelatin 

zymography results suggested that cellular alignment on patterned silk surfaces boost the secretion 

of MMP-2 and MMP-9 irrespective of cell surface hydrophilicity. Very bright and sharp gel bands 

were spotted for MMP-2 (at 62 kDa) as compared with MMP-9 (92 kDa) (Figure 2.13A-i). On 

quantifying the relative band density for MMP-9, TCP cultured cells showed minimal secretion 

followed by flat films (3 times higher) and patterned films (8-9 times higher) (Figure 2.13A-ii). 

Similarly, SMCs cultured on TCP showed minimum MMP-2 production and AAP with maximum 

production of MMP-2 (3 times higher) (Figure 2.13A-iii).  

Blood vessel walls are always exposed to continuous contraction and relaxation; hence the 

most important aspect for SMC functionality is their contractile behavior. In order to speculate 

about the impact of different surface topography and hydrophilicity on SMCs contractile behavior 

in 3D culture conditions, we encapsulated SMCs in collagen hydrogels post 4 days of 2D culture 

on silk film surfaces (Figure 2.13B-i). Gel contraction was quantified in terms of its size after 24 

h culture. Maximum contraction was observed for BMP and AAP groups (~60%); which was 

significantly higher than flat film surfaces (~30%) and TCP (~10%) (p<0.01) (Figure 2.13B-ii). 

SMC contraction was solely found to be affected by cellular patterning and no effect was observed 

for variable surface hydrophilicity. 

 

2.4 Discussion 

There is great interest on the effect of physical factors (including surface topography, 

hydrophilicity and shear stress) on vascular cell functionality [79, 213, 215]. Published reports 

clearly assure that chemical factors are not the only regulator for cells’ functional modulation 

rather physical cues are of equal importance. In this study, we investigated the functional behavior 

of vascular cells cultured on films fabricated using different silk (AA and BM). Both silk proteins 

have unique amino acid sequences; hence, different structural arrangement conferring variable 

surface properties. Our selection of using silk protein also relied on its remarkable biocompatibility 

and its ability to acquire any topographical shape even at micro and nano scale, which provides 

another dimension to add one more variable at cell-substrate interface apart from their natural 
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traits. By using proteins from different variety of silk worms (either mulberry or non-mulberry), 

we fabricated surfaces having different properties without any chemical modification. These 

inherent physico-chemical properties of BM and AA silk films owing to the compositional 

difference of the silk fibroins, provided surfaces with variable roughness, wettability, chemistry 

(presence of RGD motif on AA film) and stiffness (BMF and AAF). Moreover, we also engineered 

the silk surfaces by printing a microgroove pattern to induce unidirectional alignment of porcine 

primary vascular cells.  

Several studies have recently reported the unidirectional alignment of SMCs [79, 213, 221, 

251-253] and ECs [214, 220, 254-257]. The rationale behind using such specifically designed 

topographical surfaces is to improve the cell functionality. SMCs are capable of adopting two 

contrasting phenotypes: contractile and synthetic. Cell behavior in both of these phenotypes differs 

drastically. Under healthy physiological conditions, SMCs remain in the contractile phenotype. 

However, a phenotype switch (towards synthetic) leads to development of multiple pathological 

conditions including atherosclerosis, intimal hyperplasia and restenosis after angioplasty. 

Unidirectional alignment of SMCs is primarily aimed to induce contractile phenotype in order to 

prevent the diseased condition [258]. In blood vessels, ECs’ monolayer in the lumen works as 

barrier between blood and underlying tissue. It also acts as natural anticoagulant surface that allows 

uninterrupted channeling of blood. Because of direct contact with bloodstream, ECs are regularly 

exposed to fluid shear stress. It induces their alignment along the direction of blood flow and 

ultimately help them maintaining their function [220, 256]. 

In order to assess the cumulative effect of surface physico-chemical properties and 

unidirectional cell alignment, we used flat and micro grooved silk films from both silk varieties. 

Surface roughness of AA films was superior to BM counterparts as depicted by AFM analysis. 

The higher surface roughness might be attributed to distinct presence of inherent amino acid 

stretches and their arrangement [126, 236]. In contrast, for patterned films, no significant 

difference was observed between two silk types; possibly due to dominance of microstructural 

surface features over nanostructures.  By convention, any surface with a water contact angle less 

than 90 degrees is considered hydrophilic. BMF and AAF films showed different degrees of 

hydrophilicity (water contact angle 69.92 ± 1.75 and 46.76 ± 1.39 degrees respectively). AAF 

surfaces were more hydrophilic than BMF surfaces. One plausible justification for AA surfaces 

being more hydrophilic might be related with the presence of higher percentage of Ala amino acid 
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residues, which is more hydrophobic than Gly. When in aqueous solution, the non-polar amino 

acids tend to form hydrophobic core, leaving polar amino acid residues in contact with outer 

environment, hence more hydrophilic surface. This hypothesis was further substantiated from our 

FTIR deconvolution data, wherein we observed higher β-sheet content in AA groups in 

comparison to BM groups. The β-sheet rich crystalline region in silk fibroin forms the intact 

hydrophobic core. The predominantly higher β-sheet content noticed in AAF contributes for more 

polar groups exposed outwards, which favored the relatively hydrophilic surface of AAF. We 

further analyzed the contact angle for patterned silk films. For more precise measurement, we 

recorded the contact angle from both directions; i.e. parallel and perpendicular to the 

microgrooves. A similar hydrophilicity trend was recorded for patterned silk films with no 

significant difference between the contact angles from two different directions. Silk films’ 

hydrophilicity range is also relevant for this study owing to better EC adhesion on surfaces with a 

contact angle 40-45 degrees as compared to surfaces with a contact angle of 60-65 degrees’ 

surfaces [259, 260]. Although these prior studies report the cell adhesion percentage on surfaces 

with different wettability, the functional behavior of ECs was not investigated. On further analysis 

of mechanical properties of silk films, both film types showed significant difference. AA films 

were mechanically stiffer and showed higher tensile modulus. Load-displacement curves also 

suggested significantly higher elongation of AA films at the breaking point. The higher tensile 

strength and elongation of AA silk is because of presence of distinct polyalanine stretches in its 

native structure; conferring formation of higher amounts of anti-parallel β-sheet structures [238].   

We further evaluated the biological reaction of vascular cells in response to variable cell-

substrate interface features of silk films. We first looked into the proliferation of vascular cells. 

Surface pattern induced ECs’ alignment is reported to enhance the cellular proliferation [261, 262] 

but in the present study, irrespective of surface patterning, ECs cultured on AA films showed 

significantly higher proliferation than BM films in a 6 days experiment (p<0.01). As mentioned 

earlier, interactions at cell-substrate interface determine the cell behavior; therefore, superior 

proliferation of ECs on AA films might be attributed to either surface wettability (allowing better 

cell adhesion) [259, 260], presence of inherent RGD cell binding motifs on the surface of AA films 

(improving cell adhesion and proliferation) [126, 263] or substrate stiffness (stiffer substrates are 

reported to support better ECs proliferation) [264]. As suggested by AFM data, AAF and AAP 

films’ surface roughness showed no significant difference, eliminating influence of roughness 
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factor on ECs’ proliferation. These findings suggest that favorable substrate chemistry, wettability 

and stiffness of AA films cumulatively dominate the influence of surface patterning and 

subsequent cell alignment on ECs’ proliferation.  When compared between BMF and BMP films, 

surface patterning altered the ECs’ proliferation profile. ECs cultured on BMP films showed 

comparatively lesser proliferation. This contrasts with a few prior reports, where ECs’ alignment 

was found to improve cellular proliferation [261, 262]. The plausible reason for such cellular 

behavior might relate with the size of grooves (depth and peak distance) that might alter cell 

adhesion and proliferation. On the other hand, the proliferation profile of SMCs showed a 

contrasting behavior than ECs and surface pattern induced alignment was observed to be the 

dominating factor over other surface properties. In line with the previous reports, SMCs’ alignment 

suppressed the proliferation rate, one of the features observed during phenotype transition from 

synthetic (high proliferation index) to contractile (low proliferation index) [258]. The underlying 

mechanism of alignment-induced switch of SMCs’ contractile phenotype has not been explored in 

details but several studies suspect the possible role of integrin for signaling across the plasma 

membrane. The two downstream signaling molecules FAK (focal adhesion kinase) and ERK 

(extracellular signal regulated kinase) might be involved with proliferation alteration of SMCs 

cultured on flat and patterned surfaces [251]. 

 The progression of cell cycle is directly co-related with cell proliferation [258, 265]. On 

that account we further investigated the cell cycle profile of vascular cells under the influence of 

various surface properties. In native blood vessels, SMCs remain in a non-proliferative quiescent 

state (G0 phase) and maintain a contractile phenotype [266]. Hence, we evaluated the percentage 

cell population in G0 phase only. SMCs cultured on patterned silk surfaces (BMP and AAP) 

showed increment in quiescent phase (G0 phase) cell population when compared with flat surface 

counterparts (p<0.01). Based on these results, it may be inferred that unidirectional alignment of 

SMCs induce the non-proliferative (contractile) phenotype via induction of quiescent phase cells. 

On the other hand, no significant difference was observed for G0 phase cell population for ECs in 

response to variable cell-substrate interfacial properties. However, in line with proliferation data, 

a higher G1 phase cell population was recorded for ECs cultured on AA films, irrespective of their 

surface patterning. It suggests that on AA films, more number of cells are entering in cell cycle 

leading to higher proliferation.  Important to note here is that under in vivo conditions, ECs are 

exposed to a very dynamic microenvironment where they are attached as a monolayer on basement 
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membrane (topographical factor) and remain in direct contact with blood flow (dynamic 

mechanical loading) [267]. Both of these factors synergistically modulate the ECs’ cell cycle 

progression. It is evidenced by a previous report where three-fold reduction (compared to 

randomly aligned cells) in Ki67 expression (a proliferation associated protein expressed during 

cell cycle phases but absent from G0 phase) was observed for endothelial cells cultured on aligned 

nanofibers and exposed to orthogonal shear stress [268]. Such observations clearly indicate that 

modulation of cell-substrate interface might not be enough to recapitulate the in-vivo like 

microenvironment rather fluid shear stress is equally important. 

 Functional aspect of vascular cells is further assessed by investigating the expression of 

functional genes and proteins. A healthy monolayer of ECs is needed to maintain the vascular 

homeostasis by releasing nitric oxide (NO), which regulates vasodilation and suppress platelet 

activation and aggregation [269]. The NO molecule is synthesized by nitric oxide synthase (eNOS) 

enzyme. On analyzing the eNOS expression by ECs cultured on different silk films, we observed 

that BMF group showed the maximum expression while the patterned surfaces were found to 

suppress the eNOS expression. In order to further verify at the protein level, we quantified the 

production of NO by ECs. TCP cultured ECs produced maximum NO, but in order to normalize 

these values we calculated fold increase in NO production from Day 1 to Day 4. In agreement with 

the gene expression data, BMF group observed maximum fold increase (p<0.01). This is in 

contrast with previous reports where shear stress was observed to induce eNOS expression and 

NO production [254]. In a previous report it was observed that substrate compliance induced 

modulation of ECs’ NO production is mediated by fluid shear stress [270]. Surface microgroove 

induced alignment of ECs has also shown to influence the production of NO. As suspected in a 

previous report, microgroove size also matters when it comes to alignment induced functional 

manipulation of ECs. Microgrooves measuring 5 μm suppressed the eNOS expression 

significantly as compared to higher dimensions [271]. In addition, eNOS expression remained 

unchanged on flat and microgrooved surfaces [271, 272]. In yet another report, researchers have 

shown the effect of ratio of groove to ridge width influencing the ECs’ cytokine and chemokine 

profile related with remodeling and inflammation [254]. It is obvious from the prior studies that 

microgroove dimension also affects ECs’ functionality crucially. The suppressed expression of 

eNOS and downregulation of NO production from ECs cultured on patterned silk surfaces might 

be related with the microgroove width of patterned silk films used in this study. However, an in 
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depth investigation on effect of microgroove dimensions on silk films is needed to ascertain any 

such possibility. Angiopoietins are another class of proteins that regulate the vascular homeostasis. 

Angiopoietin-1 (ANGPT1) stabilizes the vascular endothelium by activating Tie2 receptor 

whereas Angiopoietin-2 (ANGPT2) acts as an antagonist for the former protein [273]. Considering 

the importance of ANGPT1 for the maintenance of healthy vascular endothelium, we further 

enquired if its expression is affected by surface physico-chemical cues of silk films. A drastic 

downregulation of ANGPT1 was observed on patterned silk films. As per our best understanding, 

there is no such report investigating the effect of biophysical factors on ANGPT1 expression. A 

detailed molecular analysis is needed to justify these observations. Such paradoxical behavior 

might be related to the fact that ECs’ alignment and other substrate properties (roughness, 

wettability and chemistry) are not the only determining factors of cell functionality; dynamic 

microenvironment created by blood flow shear stress is also of crucial importance.  

 SMCs present in tunica media primarily hold the mechanistic responsibility by maintaining 

their contractile phenotype and producing extracellular matrix (ECM) proteins – collagen and 

elastin. Therefore, we further aimed to investigate the expression of contractile phenotype related 

genes and collagen synthesis in response to variable cell-substrate interfacial properties. 

Expression of two contractile genes is studied – αSMA and SM-MHC. Cellular alignment on 

patterned surfaces (BMP and AAP) upregulated the expression of contractile genes, which is in 

agreement with previous reports [215]. However, BMF group (having a comparatively less 

hydrophilic surface, lesser surface roughness and without any presence of RGD cell binding 

motifs) also exhibited the enhanced expression of both of these genes. Such behavior of SMCs 

might be related to the cell clustering and self-assembly of cells on BMF films. Owing to the 

inferior hydrophilicity of BMF films, after reaching an optimal cell density, SMCs favored more 

cell-cell interaction compared to cell-substrate interaction and started forming cell clusters 

mimicking 3D micro tissues that might be one of the plausible justifications for improved 

contractile gene expression on BMF films [274-276]. A similar trend is observed with the collagen 

quantification analysis. Including patterned silk films (BMP and AAP); SMCs cultured on BMF 

films showed enhanced collagen production. Increased collagen production from SMCs 

expressing upregulation of contractile genes is in agreement with a previous report [277]. The 

underlying mechanism for such cellular behavior relies on increased gap junction communication 

mediated by Wnt3a and subsequent modulation of Wnt signaling [277]. Our findings suggest that 
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although surface patterning induced cellular alignment is sufficient to induce SMCs’ contractile 

phenotype and collagen production but other surface properties cumulatively might also lead to a 

similar cellular response.  

 The functional aspect of SMCs is further elaborated and investigated in terms of their 

matrix remodeling capability (production of matrix metalloproteinase – MMP-2 and MMP-9) and 

physical contraction ability using collagen gels. For any tissue engineered vascular graft (TEVG), 

matrix remodeling is very crucial. In this regard, SMCs are known to produce MMP-2 and MMP-

9 in blood vessels undergoing remodeling post injury [278]. Increased expression of MMP-2 and 

MMP-9 is observed for BMP and AAP groups independent of other surface properties. Cell 

alignment induced upregulation of MMPs might relate to the SMCs’ contractile phenotype [277]. 

We further looked into the contraction ability of SMCs cultured on different silk films by 

encapsulating them in collagen hydrogel [246]. SMCs cultured on patterned surfaces showed better 

contraction capability. However, the superior expression of contractile genes for BMF group is not 

reflected here. It indicates that SMCs’ alignment and cell-cell gap junction mediated 

communication is important for their functional contractile behavior. These outcomes indicate that 

predominant unidirectional alignment of SMCs lead to induction of their contractile phenotype, 

allows more collagen and MMP production and shows better contraction capability when 

compared with cells cultured on flat silk films growing in random orientation. Another key 

observation is that SMCs’ contractile phenotype and ECM production might also be altered 

depending on synergistic effect of surface wettability, surface chemistry and substrate stiffness, as 

observed in case of BMF group. 

 Our findings in this work suggest that depending on cell type, surface properties of silk 

films synergistically determine cellular functionality. Most of the prior research is focused on 

extrapolating the effect of a single factor at the molecular level in a highly controlled 

microenvironment, however unveiling the effect of complex dynamic environment is of much 

clinical relevance. Although this study is limited to few standard substrate properties of silk films 

without any consideration of dynamic mechanical microenvironment (due to blood flow shear 

stress) but a detailed molecular and functional analysis by mimicking the complex native-like 

microenvironment is much needed to understand the vascular cell dynamics under various physio 

pathological conditions. 
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2.5 Significant findings 

 

1. Vascular pathologies are majorly associated with malfunction of vascular cells under the 

influence of dynamic microenvironment. Understanding the functional aspect of these cells 

under in vitro conditions demands the recapitulation of native-like environment involving 

multiple physico-chemical factors.  

2. In this work, we evaluated the functionality of vascular cells (SMCs and ECs) cultured on 

engineered silk film surfaces having different wettability, roughness, chemistry and 

mechanical stiffness owing to variable inherent characteristics of BM and AA silk.  

3. Our findings suggest that surface pattern induced alignment solely is not adequate for 

maintaining ECs’ functionality; however other surface properties play a crucial role. For 

instance, ECs’ showed superior proliferation on AA films irrespective of their surface 

patterning.  

4. Gene expression profile and NO quantification data evidenced the negative impact of 

surface pattern induced cellular alignment.  

5. In contrast, SMCs were more responsive when cultured on patterned surfaces in terms of 

proliferation, expression of contractile genes, remodeling capability and physical 

contraction. Surface patterning favorably induced the unidirectional cell alignment and 

modulated their function.  

6. Together with surface patterning, other surface properties of flat silk films (BMF) also 

influenced the contractile gene expression and ECM production favorably.  

7. Altogether, this study demonstrates that surface physico-chemical properties of silk films 

synergistically determine the functional behavior of vascular cells. 
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Development of small-diameter vascular grafts using 

patterned silk films recapitulating native arterial structure 
 

 

This chapter demonstrates the development of silk films-based multilayered small-diameter 

vascular grafts recapitulating native blood vessel architecture. Vascular cells cultured and aligned 

onto silk films via contact guidance were assembled in a tubular structure implementing a 

customized rolling device. Following this methodology, a patient-specific TEVG can be obtained 

using autologous cells, eliminating the possibility of immune rejection post-implantation. 
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ABSTRACT 

 

Autologous graft replacement as a strategy to treat diseased peripheral small diameter (<6mm) 

blood vessel is often challenged by prior vein harvesting. To address this issue, we fabricated 

native-tissue mimicking multilayered small diameter vascular graft (SDVG) using mulberry 

(Bombyx mori) and Indian endemic non-mulberry (Antheraea assama and Philosamia ricini) silk. 

Patterned silk films were fabricated on microgrooved PDMS mold, casted by soft lithography. The 

biodegradable patterned film templates with aligned cell sheets were rolled onto an inert mandrel 

to mimic vascular conduit. The hemocompatible and mechanically strong non-mulberry films with 

RGD motif supported ~1.2-fold greater proliferation of vascular cells with aligned anchorage. 

Elicitation of minimal immune response on subcutaneous implantation of the films in mice was 

complemented by ~45% lower TNF-α secretion by in vitro macrophage culture post 7 days. Pattern 

induced alignment favored functional contractile phenotype of smooth muscle cells (SMCs), 

expressing the signature markers- calponin, α-smooth muscle actin (αSMA) and smooth muscle 

myosin heavy chain (SM-MHC). Endothelial cells (ECs) exhibited typical punctuated pattern of 

von Willebrand factor (vWF). Deposition of collagen and elastin by the SMCs substantiated the 

aptness of the graft with desired biomechanical attributes. Furthermore, burst strength of the 

fabricated conduit was in the range of ~915-1260 mmHg, a pre-requisite to withstand physiological 

pressure. This novel fabrication approach may eliminate the need of maturation in a pulsatile 

bioreactor for obtaining functional cellular phenotype. This work is thereby, an attestation to the 

immense prospects of exploring non-mulberry silk for bioengineering multilayered vascular 

conduit similar to native vessel in ‘form and function’, befitting for in vivo transplantation.   
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3.1 Introduction 

Cardiovascular malfunctioning is one of the leading causes of death globally and India is now 

being called ‘the world capital of cardiovascular diseases’. It is pertinent to mention that coronary 

artery occlusion incidences are more prominent (~50% of total cardiovascular patients). A recent 

report from World Health Organization (WHO) states that 17.3 million people died of 

cardiovascular diseases in 2008 and this number is expected to reach 23.3 million by 2030 [1]. 

Current surgical treatment methods require an adequate supply of native or native like vascular 

constructs so as to replace the diseased vessels. Autologous vessels, including saphenous and 

umbilical veins and mammary arteries serve as ‘gold standard’ for coronary replacement but 

almost one-third of patients do not have their veins appropriate for grafting due to pre-existing 

vein stripping, vascular disease and prior vein harvesting [4, 279]. The associated surgical cost and 

significant morbidity rate pose additional limitations.  

Considering these limitations, there exists an urgent need to find a suitable alternative. 

Tissue engineering, in this regard could serve as important tool for preparation of readily available, 

functional and biocompatible vascular grafts through scaffold based biomimetic approach. 

Synthetic materials like polyethylene terephthalate (Dacron) and expanded 

polytetrafluoroethylene (ePTFE) are apt choice for large diameter (>6mm) vascular grafts and 

have been implanted successfully in thoracic and abdominal aorta [189, 280]. On the contrary their 

use for small caliber vessels has shown to cause thrombosis, anastomotic intimal hyperplasia and 

subsequent occlusion (reduced patency) due to compliance mismatch and inflammation [281]. 

This necessitates the selection of a suitable biomaterial that could withstand the continuous shear 

and vascular wall stretches with minimal energy loss and supports the growth of vascular cells. 

Among others, silk represents its potential candidature for vascular tissue engineering owing to its 

easy accessibility, ease in processing, morphology control with immense modification options, 

extraordinary mechanical properties with flexibility, tunable degradability and hemocompatibility 

[114]. Further, amenability for fabrication into various forms like film, fiber, gel, sponge and 

particles broadens its usefulness and opens new portal of applications [165].  

It is important to know that blood vessel is a layer by layer assembly of vascular cells 

arranged in a unique fashion so as to sustain the shear forces induced via blood flow. Recent 

endeavors implementing the use of silk for vascular tissue engineering application demonstrated 

the fabrication of porous silk microtube using layer-by-layer deposition and gel spinning methods 
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[158, 281, 282]. Such grafts although provides control over porosity but major drawback with 

these grafts is randomly arranged cells and their inability to maintain functional cellular phenotype. 

Electrospun nanofibrous silk tubes certainly improved the prior fabrication approach but 

maintenance of long term mechanical compliance and poor control over mechanical and 

degradation properties imposed further limitations [283]. Silk composite were then investigated 

for their supposedly improved properties. In this regard, tri layered vascular grafts composed of 

elastin, polycaprolactone, silk and collagen were developed to match the required mechanical 

properties [284]. Silk micro-tube encapsulating heparin have been used as carrier for vascular 

endothelial growth factor (VEGF) sustained release, with concomitant hemocompatibility and 

endothelialization, thereby reducing the chance of thrombosis [165, 285].  A recent study projected 

the use of hybrid protein polymers containing silk and human recombinant tropoelastin to provide 

better tissue elasticity and extensibility [286]. These ‘top down approaches’ are based on the use 

of spongy scaffold as a template for engineering tubular construct followed by cell seeding in order 

to recapitulate compact and organized tissue. However, limitations in terms of long term 

mechanical compliance can be easily comprehended in situations that demand stretchable tube like 

structure with millimeter range wall thickness. Developing native like cellular arrangement and 

maintaining tissue integrity and complexity still remains a challenge in the field of vascular tissue 

engineering. Further limitations include co-culture of vascular cells, remodeling capability, long 

reproducible time and associated high cost.  

Scaffold free approaches later came into existence that allows mimicking native cellular 

alignment and tissue integrity with higher fidelity. Cell sheet engineering is a good example of 

aforesaid technique. More than a decade ago, L'Heureux et al. successfully demonstrated the 

fabrication of human blood vessel using cell sheet engineering [287]. They have shown the 

subsequent rolling of sheets of SMCs and fibroblast cells over an inert mandrel followed by 

endothelial cell seeding in the luminal surface. The concept is although completely bio-based 

where one can precisely control the cellular and extracellular matrix (ECM) alignment; the rolling 

of the highly delicate cell sheets itself is tedious. In order to implement the concept of cell sheet 

engineering for preparing vascular graft and making the rolling process more feasible, recently 

people have tried to combine the principle of cell sheet engineering with the electrospinning 

technique [288, 289]. In this approach, aligned electrospun mat is used as a platform for cell 

seeding and after getting a confluent cell sheet, mat is rolled over the mandrel. This combined 
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approach made the rolling process more facile but require cellular infiltration during the maturation 

process. Limited infiltration of cells in electrospun scaffolds due to lesser pore size and inadequate 

surface properties need additional measures for graft success [283, 290].  

Several reports have attested the applicability of Bombyx mori silk for vascular tissue 

engineering applications however non-mulberry silk varieties like Philosamia ricini and 

Antheraea assama are quite unexplored [189, 281, 282]. We have previously reported that non-

mulberry silk varieties (e. g., Antheraea mylitta) support better cell attachment and proliferation 

owing to intrinsic presence of RGD motif (cell binding site) [291]. Recently, presence of similar 

cell binding motif was reported in A. assama [292]. Additionally, unique molecular architecture 

(polyalanine repeats without any intervening amino acid) of A. assama silk is reported to improve 

its mechanical properties- a considerable aspect of vascular tissue engineering [239, 293]. Hence, 

we attempted to explore the suitability of Indian endemic non-mulberry silk varieties (PR and AA) 

for vascular tissue engineering application. 

In the current endeavor, we project an alternative approach by combining the cell sheet 

engineering and patterned silk films to overcome the above mentioned limitations. A schematic 

representation of our methodology to fabricate small diameter vascular graft is shown in Figure 

3.1. Several reports have attested the applicability of B. mori silk for various tissue engineering 

applications but other non-mulberry silk varieties like P. ricini and A. assama are quite unexplored. 

In this study, we used the latter in comparison with B. mori silk. This approach would serve as a 

suitable cell sheet platform simultaneously inducing the functional contractile phenotype of SMCs 

(alignment induced phenotypic transition). Also, it may be envisaged that cellular platform (silk 

film) would make the rolling process more facile and would not require long term maturation in 

pulsatile bioreactor to obtain sufficient mechanical strength and functionality. This consecutive 

rolling assembly is expected to exactly mimic the native cellular alignment (EC aligned 

longitudinally along the blood flow direction, SMCs and fibroblasts in the concentric arrangement 

improving mechanical contractility). 
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Figure 3.1. (A) Schematic representing the fabrication of patterned silk films and (B) rolling 

process of vascular cell sheets to obtain tri-layered biomimicking tissue engineered small diameter 

blood vessel. 

 

3.2 Materials and methods 

3.2.1 Preparation of aqueous silk fibroin (SF) solutions 

SF protein was obtained from both mulberry (BM) cocoons and non-mulberry (AA and PR) silk 

glands as previously described procedures [118, 294]. Briefly, small cocoon pieces were 

degummed in boiling 0.02M sodium carbonate, washed properly with distilled water and dried 

overnight at room temperature (RT). Dried and degummed silk fibers were than dissolved in 9.3M 

TH-2670_156106029



Materials and Methods Chapter 3 

 

92 
 

LiBr and dialyzed against milli-Q water using dialysis membrane (MWCO 1200) for 3 days with 

successive water change. On the other hand, non-mulberry silk protein was isolated from silk 

glands of fully-grown fifth-instar matured larvae of A. assama and PR. Obtained protein was 

dissolved in 1% (w/v) sodium dodecyl sulfate and dialyzed against milli-Q water. The 

concentration of regenerated silk solution obtained was determined by gravimetric method.  

 

3.2.2 Fabrication of silk films  

Patterned (microgroove) silk films were fabricated by using grooved PDMS substrates (Dow 

Corning Corporation, Midland, MI USA) prepared by previously described soft lithography 

technique [240, 295]. 1.5 mL of 1% (w/v) extracted aqueous silk solution was poured onto 4 x 4 

cm2 PDMS platforms and spreaded uniformly. Casted SF solution was allowed to dry at RT 

overnight. Resulting 4-5 µm thick films were subsequently subjected to water vapor annealing in 

a vacuum drying oven for 6h, 37°C in order to induce β-sheet transition and making them water 

insoluble. After that films were taken out from PDMS molds carefully and kept under sterile 

conditions till further use.  

 

3.2.3 Physical characterization of silk films 

3.2.3.1 Atomic force microscopy 

Surface roughness of water vapor annealed patterned and flat silk films was measured in non-

contact mode using atomic force microscope (Agilent Model 5500, USA) with tips mounted on 

triangular cantilevers (spring constant 40 N/m, as specified by manufacturer). All the 

measurements were performed at room temperature by selecting scanning area range of 20 µm x 

20 µm. Acquired data was processed to calculate RMS roughness, roughness average and average 

height using WSxM 5.0 Develop 7.0 software. 

 

3.2.3.2 Mechanical properties of silk films 

Silk films were analyzed for their mechanical properties using Universal testing machine (Instron 

3342). 100 Newton (N) load cell was used to carry out the experiment. Silk films (3 cm x 1 cm) 

were cut keeping the longest dimension parallel to the direction of patterned grooves. For 

calculating the thickness of silk films, Field Emission Scanning Electron Microscope (FESEM, 

Zeiss, Sigma) images were captured after gold sputtering. FESEM images were further processed 
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through MBF ImageJ software to calculate film thickness. The data were acquired at a rate of 0.5 

mm/min at 25°C for n=6 samples from each group. Results were reported as Young’s modulus 

and percentage elongation at break. 

 

3.2.3.3 Fourier transform infrared (FTIR) spectroscopy  

Fourier transform infrared (FTIR) spectroscopic analysis of water vapor annealed and untreated 

films was performed using an FTIR Spectrophotometer (Nicolet iS 10) in ATR mode in the 

spectral region from 1100-1800 cm-1 under absorbance mode. All spectra were obtained with a 

resolution of 4 cm-1 and 32 scans per spectra. 

 

3.2.3.4 Wide angle X-ray scattering 

The crystallinity of water annealed silk films was analyzed by X-ray diffraction spectroscopy 

(Bruker D2 Phaser) under Cu radiation (30 KV, 40mA current having Ni filtered) with a scanning 

rate of 1° per min. All scans extended from 5° to 50° in 2θ with Lynexeye detector system. 

 

3.2.3.5 Thermal analysis of silk films 

Water content of water vapor annealed dried silk films was detected using thermogravimetric 

analysis (TGA, Pyris Diamond TG-DTA). 5 mg of sample was used to carry out analysis in 

nitrogen atmosphere. Sample was heated at constant rate of 10°C/min in aluminum crucibles from 

50°C to 700°C and % weight loss was recorded as a function of time. A differential scanning 

calorimeter (Perkin Elmer Pyris Diamond DSC) was used to study phase changes in silk films at 

higher temperatures. 3 mg of sample was heated in aluminum crucibles from 50°C to 400°C with 

a dry nitrogen gas flow at a constant heating rate of 10°C/min. 

 

3.2.4 Swelling properties 

Swelling properties were estimated by gravimetric method used conventionally [296]. Silk films 

of pre-determined weight prepared of 1% (w/v) SF were immersed completely in phosphate buffer 

saline (PBS, pH 7.4) at 37°C. At pre-defined time points, swollen films were weighed after soaking 

the excessive residual PBS using filter paper. The dry weight (Wd) and wet weight (Ws) of silk 

films was recorded and swelling ratio was calculated implying the following equation: 

Swelling (%) = [(Ws–Wd)/Wd ] x 100    
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3.2.5 In vitro enzymatic degradation 

In vitro enzymatic degradation profile of silk films was studied in presence of protease XIV 

isolated from Streptomyces griseus (enzymatic activity 3.5 U/mg, Sigma-Aldrich, USA). Initial 

dry mass of all films was recorded. Silk films were than immersed in 2 mL of PBS (pH 7.4) with 

and without 2 U/mL protease at 37°C. At predefined time points films were taken out of the 

enzymatic solution and dried at 60°C for 24h. Enzyme treated dried films were weighed and 

compared with the initial dried weight. For every 72h, enzyme solution was replaced with freshly 

prepared enzyme solution. Remaining mass fraction was calculated as: 

% Mass remaining= (Mass at time t/initial mass) x 100   

 

3.2.6 Isolation and culture of primary vascular cells 

Small portion of descending porcine aorta was obtained from a local slaughterhouse and kept in 

sterile, ice cold Dulbecco’s phosphate buffered saline (PBS) for transportation. All three vascular 

cell types were harvested as per the previously reported protocols [243, 297]. Briefly, small part 

(~1 cm) of aortic tube was cut. The outermost adventitial layer containing fibroblasts was scraped 

followed by 0.018% (w/v) collagenase digestion (collagenase type IA from Clostridium 

histolyticum, lyophilized powder ≥125 CDU/mg solid, Sigma-Aldrich, USA) for 12h. Fibroblasts 

extruded from the tissue were plated on standard tissue culture plate. Remaining part containing 

endothelial cell layer at the luminal side and SMCs’ in the middle layer (embedded in extracellular 

matrix) was cut open to expose the luminal surface. Endothelial cells were harvested by scraping 

the inner part. SMCs’ were harvested following the similar protocol as described for fibroblasts. 

All three cells were maintained in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM; 

Gibco, USA) supplemented with 10% fetal bovine serum (v/v, FBS, Gibco, USA) and 1% 

antibiotic-antimycotic (v/v, Himedia, India) at 37°C in a humidified incubator at 5% CO2 level. 

Media was replenished on regular basis to remove the tissue debris and non-adhered cells. Primary 

cells were passaged twice after 60-80% confluency and used at early passages (P4 to P8) for 

carrying out further experiments. 

 

3.2.7 Proliferation of vascular cells on SF films 

SF (1% w/v) films from different silk varieties were evaluated for their ability to support the 

proliferation of vascular cells. Films were conditioned with Dulbecco’s Modified Eagle Medium 

TH-2670_156106029



Materials and Methods Chapter 3 

 

95 
 

(DMEM, Gibco, USA) overnight prior to cell seeding. Equal number (~104 cells/cm2) of EC, SMC 

and fibroblasts were seeded on each film (n=4). Cell proliferation was assessed using AlamarBlue 

dye (Invitrogen, USA) reduction assay following the manufacturer’s instructions at 1, 4 and 7 days. 

Briefly, cell seeded silk films were incubated with 10% (v/v) dye in culture media for 3h. Post 

incubation, 100 µL of culture media from each sample was read at 570/600 nm using a multiplate 

reader (Tecan infinite M 200 pro). Results were reported as normalized value of % AlamarBlue 

reduced at various time intervals. 

 

3.2.8 In vitro hemocompatibility of silk films 

3.2.8.1 Platelet adhesion onto silk films 

Hemocompatibility of silk films and their antithrombogenic property was checked by checking the 

amount of platelet adhesion as reported by Cutiongco et al. [298]. Whole blood was taken out from 

healthy porcine and primed with 8 U/mL heparin (Sigma-Aldrich, USA). Platelet rich plasma 

(PRP) was isolated by centrifuging the whole blood at 100g for 20 min at 20°C. Supernatant was 

collected and used fresh for further studies. Briefly, 200 µL of PRP was incubated on silk coated 

coverslips for 1h at RT. Coverslips were kept on orbital shaker during incubation at 60 rpm. 

Collagen (1.5 mg/mL) coated coverslips were considered as positive control. Silk coated 

coverslips were washed subsequently thrice with PBS (pH 7.4). Adhered platelets were further 

fixed by Neutral Buffered formalin (NBF, Sigma-Aldrich, USA) for overnight followed by 

permeabilization with 0.1% Triton X-100 (v/v, Sigma-Aldrich, USA) for 15 min. Permeabilized 

platelets were stained with rhodamine-phalloidin (1:40, Life Technologies, USA) and visualized 

under inverted fluorescent microscope (EVOS FL, Life Technologies, USA). 

 

3.2.8.2 Activity of adhered platelets 

For analyzing the activity of adhered platelets, 24 well plate was coated with silk protein. 500 µL 

of PRP was incubated in each well for 1h, 37°C on shaker (60 rpm). Adhered platelets were washed 

with PBS (pH 7.4) three times and lysed with 1% Triton X-100 for 1h at 37°C. Cell lysate was 

centrifuged at 10,000 rpm at 4°C and supernatant was analyzed for lactate dehydrogenase (LDH) 

activity using LDH assay kit (Sigma-Aldrich, USA) following the manufacturer’s instructions. 

Assay was performed in quadruplet and LDH activity was reported in milliunits/mL.  
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3.2.9 Immunogenicity of silk films 

3.2.9.1 Macrophage stimulation assay 

Immunogenic response of SF films prepared using B. mori cocoons and AA/PR silk glands protein 

was assessed by estimating the tumor necrosis factor alpha (TNF-α) release profile as previously 

reported [175, 299]. TNF-α is a cell signaling cytokine that is released primly from macrophages 

as a foreign body response causing inflammation. RAW 264.7, a mouse macrophage cell line, was 

used to analyze the immunogenic response of silk films. Equal no. (~50,000 cells/well) of cells 

were seeded on sterile protein coated 12 well tissue culture plate. Uncoated wells with same cell 

density were considered as negative control whereas wells containing 1000 ng/mL 

lipopolysaccharide (LPS, from Escherichia coli, Sigma-Aldrich, USA) were taken for positive 

control. Culture media was collected at day 1 and day 7 for estimation of TNF-α production. 

 

3.2.9.2 Determination of TNF-α release 

Amount of released TNF-α was quantified using mouse TNF-α ELISA kit (Life Technologies, 

sensitivity <3 pg/mL) as per the manufacturer’s instructions. Briefly, cell culture supernatants were 

collected at pre-defined time points. For standard curve preparation, 100 µL of Ms TNF α (0-1000 

pg/mL) was added in duplicate in 96 well antibody (against mouse TNF-α) coated plate. Cell 

supernatant was diluted 2 fold with standard diluents buffer and added in same manner as for 

standard. 50 µL of biotinylated secondary antibody was added into each well followed by 90 min 

incubation at RT. After four subsequent washing, wells were added with 100 µL streptavidin-HRP 

working solution. Post 30 min incubation period, wells were washed and incubated with 100 µL 

stabilized chromogen solution. Reaction was stopped after 20 min by adding 100 µL of stop 

solution and absorbance was measured at 450 nm using multiplate reader (Tecan infinite M 200 

pro). Amount of TNF α released was calculated using standard curve values.    

 

3.2.9.3 In vivo response to silk films 

The animal experiments were performed following an ethical committee approved protocol in 

accordance with institutional animal ethical committee (IAEC), West Bengal University of Animal 

and Fishery Sciences (WBUAFS), West Bengal, India (Permit No. Pharma/IAEC/36 dated 

30.6.2014) in accordance with "Principles of laboratory animal care". Swiss (I.B.) mice of 30-35 

g body weight and either sex were used to carry out the study. Animals were undergone surgery 
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under isoflurane (1-3% in oxygen and up to 5% for initial induction), using a precision vaporizer. 

Patterned silk films of all three varieties were cut in to 2 x 2 cm2 pieces and sterilized properly 

under UV radiation exposure. Sterile silk films were implanted through a 0.5 cm incision in 

subcutaneous pocket of lateral side of thoracic-lumber region and protected using a non-absorbable 

nylon suture stitch. The healing process was continuously monitored for any infection at the 

incision. No death was recorded during the entire experimental duration. The animals were 

sacrificed after 4 weeks by cervical dislocation. Implanted films were collected along with the 

surrounding tissue and stained with hematoxylin and eosin for histological examination.  

 

3.2.10 Cellular alignment and immunostaining 

Vascular cells were seeded onto the patterned silk films at a density of 2 x 104 cells/cm2. Media 

was replenished every 2nd day. Cell growth was continuously monitored under phase contrast 

microscope. After almost 80% confluent cell monolayer maturation, cells were washed twice with 

phosphate buffer saline (pH 7.4) followed by Neutral Buffered formalin (NBF, Sigma-Aldrich, 

USA) fixing for 24h. NBF was removed with 3 subsequent PBS washes. Formalin fixed cells were 

permeabilized with 0.1% TritonX-100 (v/v, in PBS, Sigma-Aldrich) for 15 min. In order to reduce 

the chances of non-specific binding, cells were incubated with blocking buffer (1% w/v bovine 

serum albumin and 0.3M glycine) for 1h at RT. After three subsequent PBS washes, corresponding 

primary antibodies developed in rabbit against anti vWF (Abcam, 1:100 dilution) for endothelial 

cells, anti α-smooth muscle actin (α-SMA, Abcam, 1:300 dilution), anti calponin (Abcam, 1:100 

dilution), anti-elastin (Abcam, 1:300 dilution) for smooth muscle cells were used for cell specific 

marker detection. FITC conjugated Goat anti rabbit IgG H&L (Abcam) secondary antibody was 

implied for fluorescent imaging. Cells were than counterstained with Hoechst 33342 (1:1000, 

Sigma-Aldrich, USA) and rhodamine-phalloidin (1:40, Life Technologies, USA) for nucleus and 

cytoskeleton respectively followed by imaging under an Inverted Fluorescent Microscope (EVOS 

FL, Life Technologies, USA). Cells were washed properly with PBS before imaging in order to 

reduce the background noise. Pattern direction and cytoskeleton alignment was observed for 

cellular patterning. 
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3.2.11 Quantitative real-time polymerase chain reaction (qRT-PCR) 

For analyzing the alignment induced contractile phenotype of SMCs cultured on patterned A. 

assama silk films, smooth muscle myosin heavy chain (SM-MHC) and α-smooth muscle actin (α-

SMA) expression were checked after 10 days. SMCs cultured on flat films were taken as control. 

After 10 days culture, one mL TRIzol reagent (Sigma-Aldrich, USA) was added to the cultured 

cells on silk films and incubated at 25°C for 30 min. Films were scraped and solution was 

centrifuged at 13,000 rpm (10 min, 4°C). Supernatant was transferred to fresh tubes and incubated 

with chloroform for 15 min. These tubes were centrifuged at 13,000 rpm (15 min, 4°C) and upper 

aqueous layer was transferred to new tubes. RNA was further eluted, purified using ethanol and 

finally re-suspended in RNAse free water (Sigma-Aldrich, USA).  RNA was reverse transcribed 

using High Capacity Reverse Transcription Kit (Applied Biosystems, Invitrogen, USA) in a 

thermal cycler machine (TaKaRa). Expression level of contractile genes (SM-MHC and α-SMA) 

was quantified using Power SYBR Green PCR Master Mix (Applied Biosystems, life 

technologies) in a real-time PCR machine (Applied Biosystems 7500) with 7500 Software v2.0.6. 

Primers with the following sequences were used: SM-MHC (Forward 5′-

AGGACCAGTCCATTTTGTGC-3′, Reverse 5′-CCTGGTCCTTCTTGCTCTTG-3′), α-SMA 

(Forward 5′-GGGAATGGGACAAAAAGACA-3′, Reverse 5′-ATGTCGTCCCAGTTGGTGAT-

3′) and GAPDH (Forward 5ʹ-TCGGAGTGAACGGATTTGG-3ʹ, Reverse 5ʹ-

CCAGAGTTAAAAGCAGCCCT-3ʹ). The gene expression was normalized with corresponding 

GAPDH expression and fold change was calculated by 2−ΔΔCt method.         

        

3.2.12 Extracellular matrix (ECM) secretion by SMCs on 2D silk film 

Cells (~104 cm-2) were seeded onto patterned A. assama silk films to quantify ECM production 

(collagen and elastin). Cell seeded silk films were stained for collagen and elastin deposition at 

different time points. For elastin staining, samples were fixed with neutral buffered formalin (NBF, 

Sigma-Aldrich, USA) overnight. Deposited elastin fibers were stained with elastic stain kit 

(Sigma-Aldrich, USA) following manufacturer’s protocol. Briefly, fixed samples were washed 

with PBS thrice and incubated with working elastic stain solution for 10 min. Samples were further 

rinsed with 95% ethanol (v/v aqueous) followed by brief PBS washing. Elastin fibers were stained 

by incubating samples with Van Gieson solution followed by dehydration and mounting.  
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        Collagen deposition over time was assessed using trichrome stain (Masson) kit (Sigma-

Aldrich, USA). The total collagen content was also quantified by modified Hride Tullberg-Reinert 

method [300]. For staining, samples were fixed in Bouin’s solution overnight at 25°C. Fixed 

samples were stained with Weigert’s iron hematoxylin solution for 5 min after brief rinsing with 

running tap water. Samples were further incubated with biebrich scarlet-acid fucshin solution 

followed by working phosphosphotungstic-phosphomolybdic Acid solution for 5 min. Samples 

were subsequently transferred to aniline blue solution, incubated for 5 min and dipped in 1% acetic 

acid (v/v) for 2 min. Stained samples were rinsed briefly with deionized water and quickly 

dehydrated with graded ethanol. After clearing in xylene, samples were mounted in DPX mountant 

(Sigma-Aldrich, USA). Stained samples were imaged with bright field microscope (EVOS FL, 

Life Technologies, USA). For quantification of deposited collagen secreted by SMCs cultured on 

patterned mulberry and non-mulberry films, samples were digested with pepsin digestion buffer 

(0.1M acetic acid, 0.5M NaCl and 1mg/mL pepsin (from porcine gastric mucosa, Sigma-Aldrich, 

USA)). Digested samples were coated onto 96 well tissue culture plates and stained with direct red 

80 (1 mg/mL aqueous solution, Sigma-Aldrich, USA). Dye was fixed with saturated picric acid 

solution. Samples were washed with 0.01N HCl thrice and red collagen granules were dissolved 

in 0.1N NaOH. Final solution was read at 550 nm using multiplate reader (Tecan infinite M 200 

pro). Collagen content was estimated after plotting the standard curve prepared using collagen 

from rat tail (Sigma-Aldrich, USA).         

 

3.2.13 Preparation of silk film-based vascular conduit 

Silk films were sterilized under ultraviolet light prior to cell seeding. An optimal number of 

vascular cells (4 x 104 cells/cm) were seeded onto 4 x 4 cm2 patterned film. Approximately 70% 

confluent silk films were used for rolling. At first, 2 layers of endothelial cell seeded film were 

rolled over the inert mandrel using custom designed rolling assembly. SMCs seeded silk film (4-

6 layers) was rolled over the endothelial layer considering the concentric alignment. At last, 

fibroblast seeded silk film (3-4 layers) was used to cover the SMC layer. This specific arrangement 

was chosen to mimic the native structure of blood vessel. Such rolled films were held together 

onto the mandrel using a sterile silk thread. This assembly was further submerged in the basal 

culture medium (high glucose DMEM supplemented with 10% FBS (v/v) and 1% (v/v) antibiotic-

antimycotic solution) and maintained at 37°C in a humidified incubator at 5% CO2 for maturation 
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over 14 days. After maturation, thread was removed and the vascular construct was slide out of 

the mandrel. 

 

3.2.14 Histological analysis of vessel structure 

Immediately after harvesting (14 days), cell seeded vascular construct was cut into small pieces 

(~1 cm) and fixed in neutral buffer formalin (NBF) for at least 24h (4°C). It was than dehydrated 

using grading ethanol solutions (50, 70, 90, 95, 100% v/v) followed by paraffin embedding. 5 µm 

thick sections were cut and mounted onto glass slides. Cell distribution was assessed by imaging 

the Hoechst 33342 stained sections as per the standard protocol.   

 

3.2.15 Burst strength of tubular construct 

The burst strength of tubular construct was measured in hydrated conditions. Silk tube of 

approximately 4 cm in length was connected to 50 mL syringe at one end while other one was 

connected to traceable manometer pressure/vaccum gauge (Fisher Scientific™). This assembly 

created a closed channel (Figure 3.2). Syringe was fixed in a syringe pump and air was perfused 

at a constant flow rate of 1 mL/min. A continuous flow of air created positive pressure inside the 

construct. Maximum pressure point at tube failure was recorded and considered as burst pressure. 

 

Figure 3.2. (A) Set-up used to analyze the burst strength of vascular construct (In the inset is the 

enlarged image of tubular specimen) and (B) Representative image of vascular graft withholding 

the pressure of up to 908 mmHg. 

 

3.2.16 Statistical analysis 

All the experiments were carried out for n=3 samples. For cell viability analysis (AlamarBlue 

reduction assay), n=4 samples were used. Data was reported as mean ± standard deviation (S.D.). 
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One-way analysis of variance (ANOVA) was performed to measure the significance level among 

different groups followed by tukey’s test. All statistical analysis was performed using OriginPro 8 

(Originlab Corporation, USA) at both 0.05 and 0.01 significance level. 

 

3.3 Results  

3.3.1 Surface morphology and mechanical properties of silk films 

Surface morphology of the various silk films prepared using regenerated SF after water annealing 

was assessed by atomic force microscopy. Patterned silk films made up of non-mulberry silk 

exhibited sharp and distinct grooves whereas pattern on B. mori films showed plateau pattern. 

Moreover, on analyzing the flat silk films, we observed greater degree of roughness on non-

mulberry silk films (Figure 3.3A). RMS roughness was 44.70 ± 3.42 nm with an average height 

of 331.18 ± 15.73 nm for B. mori film. On the other hand, RMS roughness values for P. ricini and 

A. assama films were 92.73 ± 7.91 nm and 94.53 ± 4.85 nm with average heights of 320.03 ± 16.98 

nm and 278.45 ± 20.09 nm respectively, thereby representing greater extent of roughness for non-

mulberry silk varieties. 

            Mechanical integrity of construct is an important parameter for vascular engineering. For 

mechanical property assessment, thickness of films was measured from FESEM images using 

ImageJ software (Figure 3.4, Table 3.1). Non mulberry films were found to be mechanically 

strong as compared to mulberry silk (BM). Young’s modulus of former films ranged between 2.5 

and 3.2 MPa. This was significantly higher (2 fold) than the latter (0.99 ± 0.14 MPa, p<0.01) 

(Figure 3.3B). Similarly, elasticity of A. assama silk films was also highest among the group with 

16.13 ± 3.55% elongation at break point. B. mori films showed almost half (i.e. 8.98 ± 0.99% 

elongation) the extension of A. assama films before failure (p<0.05) (Figure 3.3C). There was no 

significant difference between P. ricini films and other two experimental groups. Results attest the 

mechanical superiority of non-mulberry silk films over mulberry counterpart. 
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Figure 3.3. (A) Atomic force microscopic images of water vapor annealed patterned and flat films 

of both mulberry and non-mulberry silk varieties. Mechanical properties of silk films (B) Young’s 

modulus, and (C) elasticity showing percentage elongation at break. (#p<0.05, ##p<0.01) 

 

 

Figure 3.4. Field emission scanning electron microscopy of patterned silk films.  
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Table 3.1. Thickness of patterned silk films. 

S. No. Sample Thickness (µm) 

1 BM film 6.89 ± 0.18 

2 PR film 6.45 ± 0.13 

3 AA film 6.03 ± 0.24 

 

3.3.2 Fourier transform infrared (FTIR) spectroscopy 

Secondary structure-transition of regenerated SF films was studied by FTIR spectroscopy (Figure 

3.5A). For all samples, characteristic vibration bands for peptide backbone between 1610-1660 

cm-1 (amide I), 1510-1560 cm-1 (amide II) and 1210-1260 cm-1 (amide III) were observed 

corroborating the presence of C=O stretching, N-H bending and C-N stretching, respectively [301]. 

Specific vibration frequency corresponds to characteristic structural conformations (β-sheet and 

random coil/α-helix) for silk protein. Absorption at 1648-1554 (amide I) and 1535-1542 is 

indicative of silk I conformation whereas some studies report these values corresponding to 

random coil structure [302]. Regenerated SF from B. mori cocoon showed typical peaks at 1660 

and 1549 cm-1 in the amide I and amide II region suggesting its α-helix/random coil conformation. 

A similar peak values were obtained for P. ricini Silk gland protein at 1660 and 1527 cm-1. Water 

vapor annealing for 6h led to structural transition towards β-sheets conformation with signature 

peaks at 1630 and 1530 cm-1 in amide I and amide II regions. Peak values within 1610-1630 cm-1 

(amide I) and 1510-1530 cm-1 (amide II) range are specific for silk II secondary structure [247]. 

Water vapor annealed P. ricini SF films represented the characteristic peak values at 1630 and 

1529 cm-1 whereas for A. assama silk these peak values fall at 1626 and 1528 cm-1 suggesting β-

sheet transition. A low intensity amide III band was also observed for all samples ranging from 

1222-1240 cm-1. The IR spectrum of regenerated silk protein confirms the transition from native 

predominant random coil structure in untreated state to β-sheet structures after water vapor 

annealing. Shifting of spectral peaks signifies the rearrangement of hydrogen bonds in the SF 

protein moiety that converts it in to more stable β-sheet secondary structures. 

 

3.3.3 X-ray diffraction 

Conformational transition and crystallinity of regenerated SF was further analyzed using wide 

angle X-ray diffraction study (Figure 3.5B). Previous studies suggest α-helix conformation of SF 

at 2θ values 11.8° and 22° whereas characteristic X-ray diffraction peaks at 16.5°, 20.2°, 24.9°, 
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30.9°, 34.59°, 40.97° and 44.12° demonstrate the presence of β-sheets [247, 303]. X-ray spectra 

of SF protein showed the characteristic peaks for 2θ values at 11.8° and 16.5°, after water vapor 

annealing for 6h. Minor peaks at 22.2° and 25.4° were also observed for all silk protein samples 

confirming the presence of β-sheet structure. Data suggested that water vapor annealing induces 

the conformational transition from silk I to silk II type. Significant influence of water on the silk I 

structure is also evident from the data. These results were consistent with prior reports where 

almost similar peaks were obtained for Antheraea pernyi silk, another member of non-mulberry 

silk variety [304]. 

  

Figure 3.5. (A) Fourier transform infrared spectra of water vapor annealed (II, IV, VI) and 

untreated (I, III, V) 1% (w/v) silk fibroin films from A. assama (I, II), P. ricini (III, IV), and B. mori 

(V, VI) silkworms, respectively. (B) X-ray diffractogram of water vapor annealed silk films (I) BM, 

(II) PR, and (III) AA. 

 

3.3.4 Thermal analysis 

All the water vapor annealed SF films demonstrated three characteristic peaks (Figure 3.6A). The 

first endothermic glass transition (Tg) peak was formed at around 80℃, indicating the presence of 

water and the segmental movement of the SF protein molecules. The second exothermic peak 
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formed at around 224℃, indicates the movement of random coil and α-helix conformations and 

crystallization of SF influenced by heat. The third endothermic peak formed at around 300°C 

shows the thermal decomposition of ordered fibroin protein in all the silk films [247]. The 

decomposition temperatures of B. mori silk were slightly lower than A. assama and P. ricini films, 

a clear indication of improved thermal properties in the latter films. An endothermic peak at around 

290℃ was obtained for B. mori silk whereas this peak was at around 360℃ for other two silk 

varieties. This signifies the induction of crystalline structure in silk films which require higher 

activation energy for the breakage of covalent bonds in β-sheet structures as compared to random 

coils structures. 

The thermal behavior of B. mori, A. assama and P. ricini films was further studied by TGA 

(Figure 3.6B). The thermogram demonstrates four steps of weight loss with significant variation 

within the temperature range of 33-770℃. The initial weight loss step at around 100°C refers to 

the removal of absorbed water (loss of moisture). The second weight loss step ranging from 250 

to 400℃ is imputed to the cleavage of peptide bonds and breakdown of side chain groups of amino 

acid residues [247]. The third weight loss step ranging from 400 to 770°C is the decomposition 

stage as described earlier from the DSC results. The TGA curves reveal that in the temperature 

region (400–770℃) for decomposition, the A. assama silk films shows slightly more thermal 

stability (400- 770℃) than B. mori and P. ricini treated films.  

 

3.3.5 Swelling properties 

Swelling behavior determines the structural integrity and stability. Rate of water uptake by 2D SF 

films was studied for extended periods. All films swelled rapidly in PBS and attained an almost 

plateau pattern within 2h owing to low protein concentration. Maximum swelling was observed 

during first 20 min with a swelling ratio of 420 for all silk varieties under consideration (Figure 

3.6C). Regenerated SF films of P. ricini and A. assama silkworms exhibited swelling ratio of 

around 700 and 650 respectively whereas this value was 550 for B. mori silk films. At later stages 

P. ricini films were found to uptake maximum amount of water and it was significantly higher 

from B. mori films (p<0.05). On the other hand, the swelling pattern of A. assama silk films did 

not vary from other two silk varieties.  
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3.3.6 In vitro enzymatic degradation 

In vitro degradation profile of regenerated silk films in PBS with and without protease was studied 

till 28 days by monitoring the rate of weight loss. Results were reported as percentage mass 

remaining with time (Figure 3.6D). Films were degraded more rapidly in presence of protease 

whereas PBS alone did not impose such effect and silk films were found to maintain their integrity 

for prolonged periods. 2-6% weight loss was observed in PBS for different silk varieties. The 

differences in the degradation pattern were apparent in case of protease treated SF films. A 

continuous time dependent degradation was observed for all silk film varieties. In particular, B. 

mori silk film degraded maximally and lost up to 95.97 ± 0.31% after 21 days and 97.85 ± 1.20% 

weight after 28 days. Also rate of degradation was highest for B. mori silk films. Non-mulberry 

silk films were found to resist protease treatment till certain extent. Weight loss of 43.05 ± 1.97% 

(2.27-fold decrease) and 66.70 ± 3.78% (1.46-fold decrease) was observed for P. ricini and A. 

assama silk films respectively after 28 days. However initial rate of degradation was much less for 

these two silk varieties. P. ricini silk films retained 85.45 ± 1.17% mass of the initial weight after 

14 days whereas this value was 73.46 ± 0.50% for A. assama silk film.  

 

Figure 3.6. Thermal analysis of silk films. (A) Differential scanning calorimetry (DSC) and (B) 

thermogravimetric analysis (TGA) studies. Swelling (%) (C) and degradation profile (D) of water 

vapor annealed silk films. (/P) indicates the presence of protease (#p<0.05, ##p<0.01) 
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3.3.7 Proliferation of vascular cells on silk films 

AlamarBlue cell viability assay was used to investigate the proliferative index of vascular cells on 

different variety of silk films. Percentage reduction of AlamarBlue dye corresponds to cell viability 

and metabolism that is directly co-related with the number of live cells. Regenerated SF coated 

and uncoated wells were analyzed for cellular proliferation at day 1, 4 and 7. Growth profiles of 

vascular cells at day 7 clearly demonstrated better cell attachment and proliferation on silk films 

from non-mulberry (P. ricini and A. assama) silk varieties and ~1.3-fold increase for SMCs, ~1.1-

fold increase for fibroblasts, ~1.15-fold increase for ECs was observed as compared to B. mori silk 

(Figure 3.7A-C). In particular, vascular adventitial fibroblasts exhibited higher dye reduction on 

P. ricini and A. assama films than normal tissue culture plate. Although P. ricini films 

outperformed during initial time periods (day 1 to day 4) for all three cultured vascular cells but at 

day 7, proliferation values of vascular cells seeded on A. assama films almost overlapped with P. 

ricini values (p>0.05).  

 

3.3.8 Antithrombogenic activity of silk films 

Antithrombogenic activity on silk films was evaluated by observing number of platelets adhered 

within a predefined time interval while incubating with PRP. LDH assay was performed to 

determine the activity of adhered platelets. Results were in accordance with platelet adhesion test 

and followed a similar trend where maximum LDH activity (5.9 ± 0.42 milliunits/mL) was 

observed for collagen coated coverslip (Figure 3.7D). Platelets adhered onto silk films exhibited 

minimal values and these values lied in between 0.01-0.10 milliunits/mL for both mulberry and 

non-mulberry silk films. Although a broad range of LDH activity was detected for mulberry silk, 

however no significant difference was observed among different silk varieties. Extent of adhered 

platelets on to A. assama and P. ricini films was comparable with B. mori silk films. Collagen 

coated coverslip was considered as positive control where considerably higher population of 

adhered platelets was observed (Figure 3.7E). Fluorescence microscopic images depicted more 

extended and comparatively spreaded morphology on collagen coated coverslips while almost 

rounded morphology was observed onto silk films.  
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Figure 3.7. In vitro cyto and hemocompatibility assessment of silk films. Growth profile of (A) 

fibroblasts, (B) smooth muscle cells and (C) endothelial cells cultured on silk films of different 

varieties obtained using alamar blue dye reduction assay. (D) Lactate dehydrogenase (LDH) 

activity of adhered platelets on different silk films. (E) Adhesion of platelets on silk films; (I) 

Collagen coated coverslips-positive control, (II) B. mori film, (III) A. assama film, (IV) P. ricini 

film. Platelets were stained with rhodamine phalloidin (red color). (#p<0.05, ##p<0.01) 
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3.3.9 Immunogenicity of silk films 

3.3.9.1 In vitro response of mouse macrophages to silk films  

Immunogenicity of silk films was assessed by investigating the amount of TNF-α released from 

mouse macrophages (RAW 264.7 cell line) cultured in presence of different variety silk 

membranes (Figure 3.8). Both short and long term stimulatory effect was studied from day 1 to 

day 7. Very low levels of TNF-α were observed at day 1 for different silk film varieties and these 

values were comparable with polystyrene tissue culture plate. Slightly elevated TNF-α levels were 

obtained for positive control (samples with LPS, p<0.05). Moreover, at day 7, TNF-α release was 

increased 4 folds and ranged between 1100 pg/mL-1600 pg/mL for different silk varieties. At this 

point also, these values were comparable with polystyrene tissue culture plates. A rapid increase 

was although observed with positive control. Response of macrophage to silk films of all three 

varieties was found to be in acceptable range. These findings suggest the low immunogenicity of 

silk films in terms of TNF-α release that enables their applicability as biomaterial for various tissue 

engineering applications. 

 

Figure 3.8. Production of TNF-α by RAW 264.7 mouse macrophage cells in response to silk films. 

Cells were stimulated by 1 wt% patterned silk films from different variety silk. Standard tissue 

culture plate was considered as negative control whereas for positive control, 1000 ng/mL 

lipopolysaccharide from E. coli was used. Amount of TNF-α released was calculated quantitatively 

from the standard curve plotted using recombinant TNF-α. (#p<0.05, ##p<0.01) 

 

3.3.9.2 In vivo response to silk films 

In order to better understand the immunogenicity of silk films and to assess the implant integration, 

films were implanted in the dorsal subcutaneous pocket of mice. Implanted material was retrieved 

TH-2670_156106029



Results Chapter 3 

 

110 
 

after 4 weeks. Post retrieval, implanted films were stained with H&E stain as per the standard 

protocol (Figure 3.9). Occasional occurrence of immune cells was observed nearby the film 

implants. 5-6 layers of fibroblast cell sheets were observed along with milder immigration of 

macrophages for all silk films. Macrophages were limited to film-tissue interface. A. assama film 

section depicted well organized adipose and muscular tissue which retained their structural 

integrity without involving any inflammatory reaction. The material attached to the dermal and 

subdermal tissues showed no infiltration of giant cells, macrophages and mononuclear cells. 

Analysis of B. mori film suggested normal cellular proliferation and angiogenic reaction in 

muscular and hypodermal tissues. The material revealed mild inflammatory reaction consisting of 

few lymphocyte and macrophages. Orientation to the structural portion is quite normal. Results 

were in accordance with previous reports stating the immune-compatibility of pure silk films that 

has shown to induce lower immune response as compared to collagen films [176]. A comparative 

immune response of non-mulberry silk varieties with FDA approved B. mori silk validates the 

applicability of former for various tissue engineering purposes. 

 

Figure 3.9. Bright field microscopic images of H&E stained sections showing in vivo 

immunological response of silk films, B. mori (I, II), P. ricini (III, IV) and A. assama (V, VI) 

retrieved 4 weeks post implantation from subcutaneous pocket of mice. (Black arrows are 

indicating the location of film). 
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3.3.10 Cellular alignment and expression of cell specific surface marker on patterned silk 

films 

Phase contrast microscopic images after one week of culture exhibited unidirectional alignment of 

vascular cells on patterned silk films. Elongated cell morphology along the direction of groove 

axis was observed. Smooth muscle cells responded comparatively faster than other two cell types 

and aligned themselves parallel to groove direction within 24h. Over extended period of time, a 

confluent monolayer culture of vascular cells was established on all three varieties of silk films 

(Figure 3.10). Magnified images demonstrated very low angle between direction of pattern and 

major axis of cell. Elongated geometry of cells on pattern silk films confirmed that microgroove 

imprinted silk films guide the cellular alignment concomitantly maintaining cellular proliferation.  

 

Figure 3.10. Phase contrast microscopic pictograph of confluent monolayer of vascular cells 

aligned unidirectionally on patterned silk films. Inset images demonstrating rhodamine-phalloidin 

stained (red color-alignment of actin cytoskeleton) and Hoechst 33342 stained (blue color) 

fluorescent microscopic pictograph of vascular cells. White and black arrows are indicating the 

direction of alignment.  
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Cell type and specific phenotype was confirmed by presence of cell specific marker protein 

expression using immunocytochemistry. Cells were plated on patterned silk films of all three 

varieties, keeping the initial cell density same (~1x104 cells/cm2). After 7 days of culture, an almost 

confluent layer of vascular cells was observed. Fluorescent microscopic images exhibited 

expression of calponin and α-SMA (early and mid-differentiation marker of SMC) marked the 

functionality of SMCs (Figure 3.11A-D). Furthermore, distinguishable presence of cytoplasmic 

distribution of vWF, a phenotypic marker for endothelial cells (Figure 3.11E-F) suggested that 

patterned silk films support the growth of vascular cell types while maintaining the cellular 

phenotype. Maintaining contractile phenotype of SMCs is one of the major challenges in the field 

of vascular tissue engineering. In order to assure the maintenance of functional cellular phenotype 

onto patterned silk films, we checked for expression level of contractile phenotype markers (SM-

MHC and α-SMA). SMCs cultured on both flat and patterned A. assama silk films were analyzed 

using RT-PCR. Expression of SM-MHC and α-SMA by SMCs cultured on patterned silk film was 

found to be elevated by 10.6 fold and 1.85 fold respectively as compared to flat films after 10 days 

of culture (Figure 3.11G). Results suggested that alignment of SMCs on to patterned silk films 

helps maintaining contractile phenotype of SMCs. 

 

Figure 3.11. Representative fluorescent microscopic images depicting phenotypic marker 

expression and functionality of vascular cells cultured on A. assama patterned silk films. SMCs 

were stained with phenotype markers: calponin (A, B) and α-SMA (C,D). EC’s functionality was 

confirmed by visualizing the vWF expression (E, F). All phenotypic markers are stained with FITC 

tagged secondary antibody (green fluorescence). Cells were further counterstained with 

rhodamine-phalloidin (red) and Hoechst 33342 (blue color) to visualize actin cytoskeleton and 
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nucleus respectively. White arrows are indicating the direction of alignment. (G) Real time gene 

expression analysis showing upregulation of contractile phenotype markers (SM-MHC and α-

SMA) in SMCs cultured on patterned A. assama silk films for 10 days. (##p<0.01) 

 

3.3.11 ECM deposition by SMCs cultured on patterned silk films 

Collagen and elastin are two major constituents of ECM present in the artery medial layer. These 

proteins are mainly responsible for imparting elasticity and mechanical stability to the vessel.  

Elastin production was analyzed by staining intracellular soluble tropoelastin of SMCs cultured 

onto patterned silk films. Although we had not observed the prominent fibrous elastin in the ECM 

of SMC culture but a distinct punctuated pattern in the cellular cytoplasm proves elastin 

biosynthesis (Figure 3.12A). In order to further verify the elastin deposition by SMC, samples 

were stained with Van Gieson stain. Bright field microscopic images demonstrated presence of 

unorganized elastin fibers in SMCs cultures after 10 days whereas no such presence was observed 

at earlier time points (Figure 3.12B). Elastin fibers were arranged in the form of mesh and found 

to connect adjacent cells in the confluent culture. Collagen deposition was also visualized (blue 

color) by Masson’s Trichrome staining (Figure 3.12C). Significant and uniform deposition of 

collagen was observed in confluent SMC culture after day 10 as compared to earlier time point. 

Total content of collagen secreted by SMCs was quantified on both mulberry and non-mulberry 

silk films at different time points. Collagen deposition on to different silk films was independent 

of SF type and no significant difference was observed among different groups. On the other hand, 

time dependent increment of collagen content was observed. Before solubilization in 0.1N NaOH, 

dye stained red globules were clearly visible indicating the presence of collagen deposition. 

Collagen content in the various samples increased from 30-49 µg/mL after day 1 to 93-107 µg/mL 

on 10th day (Figure 3.12D). Almost 2-3 fold increase was recorded in collagen content after 10 

days as compared to day 1 (p<0.05). 
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Figure 3.12. Representative images of ECM deposition by SMCs cultured on A. assama patterned 

silk films. (A) Intracellular localization of soluble tropoelastin (green color) and nucleus (blue 

color) in SMCs. Images were captured after 10 days of culture. (B) Van Gieson’s staining at 

different time points showing deposition of immature elastin fibers (black color) network. (C) 

Masson’s trichrome staining showing collagen deposition (Blue color). (D) Quantification of 

collagen deposition by SMCs cultured on mulberry and non-mulberry patterned silk films at 

different time points. (#p<0.05) 

 

3.3.12 Histology assessment of 3D vascular construct for cellular distribution and burst 

strength analysis 

Gross morphology of matured vascular graft is shown in Figure 3.13A-I. Cross section of cell 

seeded construct after day 1 exhibited loosened multilayered structure (Figure 3.13A- II) whereas 

mature vessel construct after day 14 maintained a tubular morphology and cell seeded film layers 

remained cohesively bound (Figure 3.13A-III). Mature vascular conduit (after day 14) was 

assessed for cellular distribution by histology analysis. Deparaffinized sections were directly 

stained with Hoechst 33342 to locate cells in the mature rolled assembly. Fluorescent microscopic 

images revealed homogenous distribution of vascular cells throughout the circular tissue section 
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(Figure 3.13A, IV-VI). Retention of cells after rolling step verifies the applicability of this 

procedure. 

        Mechanical strength of the silk film based acellular vascular construct was determined in 

terms of burst strength so as to check if it sustains physiological blood pressure. Burst pressure 

ranged between 915-1260 mmHg for tubular constructs made up of different silk varieties under 

hydrated conditions and no significant difference was observed among different experimental 

groups (Figure 3.13B).  

 

Figure 3.13. (A) Histological analysis of mature small diameter vascular construct. (I) Gross view 

of vascular graft. (II) Bright field image of graft cross section after day 1 of cell seeding depicting 

loosened multilayer structure. (III) Cross-section of matured vascular graft after 14 days of cell 

seeding showing maintenance of graft integrity films due to ECM secretion. Deparaffinized 

sections of matured graft were stained with Hoechst 33342 to locate cellular distribution of 

vascular cells - (IV) Bright field unstained, (V) Fluorescent microscopic Hoechst 33342 stained 

(blue color) and (VI) Merged view of the graft cross section. (B) Burst pressure of silk film based 

acellular vascular tubes.  

 

3.4 Discussion 

Silk, being the ancient material having superior mechanical properties has long been used as a 

suture material and still continues even after the availability of myriad of synthetic materials 

available in the market [10]. Apart from load bearing applications, silk is currently emerging as 

one of the most promising material in the field of tissue engineering. Ability of silk to support the 

growth of vascular cells projects it as a potential biomaterial for vascular tissue engineering 

applications [281, 282, 305]. Mimicking the native geometry of blood vessel is also a crucial aspect 

in the field of vascular tissue engineering. It requires directionally aligned cells to maintain the 

cellular phenotype. Ability of silk to obtain desirable patterns even at micro and nano level makes 
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it an apt choice for vascular tissue engineering application [306, 307]. Our overall aim for 

preparing SDVG is to biomimic the cellular geometry and architecture of native blood vessel. 

Herein we used pattern silk films from three different silk varieties in combination with all three 

vascular cells. Patterned silk films were used as template for cell sheet engineering which would 

be advantageous over latter in many aspects discussed previously. 

          Integration of implanted graft with native body tissue is crucial for its successful 

implementation into various tissue engineering aspects. Among other properties, it requires a 

controlled rate of degradation so as to maintain equilibrium with the growth and maturation of 

native tissue in vivo. In this regard, silk serves as an ideal material due to its controlled slow rate 

of degradation whereas simultaneously maintaining tissue integrity. In vitro degradation profile of 

silk films from all three silk varieties suggested structural integrity in PBS and only ~6-8% wt. 

loss was recorded even after 28 days. This long term integrity may be attributed to presence of β-

sheet resulting from water annealing as evidenced by FTIR data. Structural integrity of silk logged 

in this study was in accordance with the prior reports. Moreover, lesser water holding capability 

of non-mulberry silk varieties is directly co-related with the presence of higher extent of 

hydrophobic amino acid residues [292, 308]. Hence, considering the structural inequity among 

different silk varieties, faster degradation of B. mori films might have resulted from its high water 

holding capability. It allows access to higher extent of proteolytic enzyme to interact with native 

structure. Enomoto et al. have demonstrated successful replacement of rat aorta with custom made 

silk based vascular graft with acceptable patency that was subsequently replaced by an artery like 

structure within 1 year tenure [189]. SF fibers retained more than 50% of initial mechanical 

strength two months after their in vivo implantation [309]. Degradation of biomaterials under in 

vivo conditions is a complex phenomenon that involves various synergistic pathways of 

biochemical and mechanical origin. In vitro enzymatic degradation may provide a clue regarding 

the functional interaction of biopolymer with the biological environment. Li et al. investigated the 

degradation response of porous silk films in the presence of protease XIV, collagenase 1A and α-

chymotrypsin [310]. Study demonstrated maximum degradation in presence of protease XIV 

owing to non-specific activity of this enzyme towards chemical structure and amino acid sequence. 

Mimicking in vivo conditions more closely entails concurrence of several enzymes (chymotrypsin, 

collagenase, etc.) with specific amino acid sequence for their activity. Instead of using several 

enzymes in order to speculate about in vivo biodegradation of silk films, we opted for protease 
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XIV despite its absence in human body. Several reports also attest that non-specific proteolytic 

activity of protease XIV would show higher degradation and might simulate the synergistic effect 

of several enzymes with specific activity [303, 309, 311]. This would help to understand the 

stability of biomaterial under harsh enzymatic in vivo conditions. Non-mulberry silk films were 

comparatively more stable than mulberry silk in presence of protease. Outperformance of P. ricini 

and A. assama films may be attributed to differential molecular weight of heavy and light chains 

or amino acid content present as compared to B. mori silk. It has been reported that B. mori SF 

contains multiple repeats of AGSGAG that accounts for nearly 55% of total protein making the 

crystalline structure [237]. Moreover 30.2% alanine and 45.9% glycine make up majority of 

protein structure. The methyl groups of alanine are known to be arranged outside the protein 

backbone and exposed to external microenvironment [236]. On the other hand, the non-mulberry 

P. ricini SF’s major constituent is poly alanine (47.9%) that remains in α-helix conformation and 

packed closely [308]. The differential composition of these two proteins might be the plausible 

reason for stability of non-mulberry silk owing to presence of greater percentage of hydrophobic 

amino acid residues leading to close packing and minimal exposure to external aqueous 

microenvironment. Additionally, AFM data suggested an increase in surface roughness of non-

mulberry SF films that may contribute to better stability of these films [312]. Non- mulberry films 

(A. assama) also demonstrated superior mechanical properties and elasticity than that of mulberry 

silk. The distinctive feature of A. assama SF is presence of its poly alanine residues not intervened 

by any other amino acid. This feature makes it quite unique as compared to its other Saturniidae 

family members. Such characteristic properties mainly impart mechanical robustness to these films 

[239, 293]. 

An ideal biomaterial for any tissue engineering application should be minimally 

immunogenic. In this regard, we checked for mouse macrophage activity (in terms of TNF-α 

release) in response to silk films. The amount of TNF-α released in response to non-mulberry silk 

films were comparable with FDA approved B. mori silk [175]. Material safety was further 

confirmed by examining the in vivo immunogenic response (4 weeks) in a mice model for both 

mulberry and non-mulberry silk films. Tissue response towards silk films was assessed in terms 

of growing collagen fibrils orientation and fibroblast layers surrounding the silk films. Attached 

fibroblast layer and macrophages at tissue implant junction was observed for all silk varieties. 

Very mild response was observed (extent of macrophage infiltration) for non-mulberry silk that 
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was almost analogous with the B. mori silk which is known to be less immunogenic than collagen 

[176]. Moreover, degradation of silk produces small peptides and amino acids that are utilized by 

the surrounding cells to carry out their metabolic activities [146]. 

We further checked for cellular metabolic activity and attachment of vascular cells on silk 

films. Percentage AlamarBlue reduction, that directly co-relates with cell viability suggested better 

cellular proliferation on non-mulberry silk films. Results were in accordance with AFM data 

indicating superior proliferative capacity on rougher surface of A. assama and P. ricini films. It 

may also be attributed to availability of integrin binding RGD motifs present on surface of non-

mulberry A. assama and P. ricini silk films [292]. More interestingly, growth pattern of adventitial 

fibroblasts profoundly favored silk films as compared to standard tissue culture plates that clearly 

indicate the importance of surface roughness and presence of RGD motifs on cell attachment and 

proliferation. Surface topography and chemistry is known to alter the cellular response. Cells with 

spread-morphology and well developed actin cytoskeleton survive better than cells with round 

morphology [313]. Staining of actin cytoskeleton of aligned vascular cells with rhodamine-

phalloidin revealed strong color intensity hence well-developed actin fibers onto non-mulberry 

silk films. This may also be attributed to RGD availability and roughness. These findings were in 

agreement with previous reports [291]. 

Engineering of functional vascular tissue demands well grown endothelial cell layer to 

serve as the hemocompatible surface, reducing the chances of thrombosis [314]. Taking all these 

aforementioned limitations into consideration, fabrication of tissue engineered blood vessel 

primarily demands hemocompatibility of the biomaterial. Motivation of using silk to fabricate 

vascular construct was acquired by virtue of its antithrombotic properties [315]. We investigated 

latter by analyzing the reaction of silk films towards platelet adhesion and activation (LDH 

activity). Results showcased least activation of adhered platelets on to silk films. Also, further 

processing for stabilization of the silk films against water, we adopted water vapor annealing over 

other methods owing to its superior hemocompatibility [316]. In native artery, endothelial cells 

remain in quiescent state and aligned in the direction of blood flow hence form a continuous lining. 

These cells enter into the proliferative phase during an injury or diseased condition. One of the 

major hurdles in the field of vascular tissue engineering is proper endothelialization since most of 

the loosely attached cells detach under the influence of blood flow induced shear stress [317]. 

Under in vivo conditions after graft implantation, tissue engineered vascular grafts usually fail to 
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sustain the endothelial cell lining due to shear forces generated via blood flow [318]. Herein we 

have successfully shown a confluent monolayer of endothelial cells aligned along microgrooves 

on silk films. We hypothesize that parallel arrangement of cells along the flow direction might 

help them to resist shear forces and circumvent cell loss by presenting lesser surface area to the 

flow direction. Additionally, two layers of endothelial cell seeded films were wrapped to provide 

more congenial environment and reduce the chances of early stage thrombosis. Our findings of 

immunostaining also demonstrated strong expression of vWF in the cellular cytoplasm confirming 

the maintenance of endothelial cell phenotype on aligned silk film. 

Another constraint of designing functional tissue engineered vascular graft is maturation 

of construct under pulsatile flow bioreactor for extended periods. Main aim behind this maturation 

is to align SMCs and extracellular matrix concentrically [319]. It also assists in transition from 

synthetic to contractile phenotype rendering superior strength and compliance of fabricated 

construct [320]. Major drawback of blood vessel maturation in a pulsatile bioreactor is that it 

requires long term (~3 months) maturation that reduces the chances of its clinical applicability. 

Also during the long span of construct maturation might cause cellular senescence [321]. Herein, 

we tried to explore whether SMCs in a confluent cell sheet cultured on patterned silk films exhibit 

contractile phenotype. Positive staining of SMCs for calponin and α-SMA (contractile genes) 

clearly suggested that cellular patterning on silk films substantially induces phenotype transition 

of SMCs towards contractile nature. Moreover, the contractile phenotype of SMCs was verified 

by upregulation of contractile gene expression (SM-MHC and α-SMA). Results were in 

accordance with previous reports [79]. Pre fabrication alignment was achieved in shorter span of 

time (~3-6 days) thus allowing rapid assembly of vascular construct making it apt choice for 

clinical applications. 

Cross sectional analysis of tubular vascular construct after maturation exhibited evenly 

distributed cell population. Different silk film layers were found to stick together. This might be 

attributed to ECM formation responsible for keeping the silk films together and maintaining the 

tubular construct. For confirming the aforementioned, we checked the deposition of two major 

ECM constituents- Collagen and Elastin. Results exhibited a time dependent increment of ECM 

deposition by SMCs cultured on patterned silk films. Amount of collagen was found to be almost 

doubled within 10 days. Black et al. (2008) reported that incorporation of ECM proteins (collagen 

and elastin) improve the modulus and other mechanical properties of sheets [322]. Hence, it is 
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quite reasonable to assume that ECM deposition would not only help in maintaining graft integrity 

but also it would improve the mechanical compliance of fabricated graft.  

To reduce the possibility of structural loss during washing and processing steps during 

H&E staining protocol, we opted for Hoechst 33342 staining that directly stains cell nucleus with 

minimal washing steps. Tubular constructs without cell was considered as control. Cross 

sectioning of the latter construct although exhibited consecutively arranged film layers but 

distinguishable gap was observed between film layers. These findings suggest that prolonged 

maturation (~14 days) of film based construct even under static condition helps maintaining the 

structure by holding the films together where secreted ECM acts as glue. On further analysis of 

burst pressure of mature tubular constructs, the pressure values were around 10 times more as 

compared to physiological pressure (120/80 mmHg) and around 5 times higher than above 

pathological pressure (180-220 mmHg) [323]. This attests the mechanical suitability of silk film 

based vascular grafts fabricated in the current endeavor.  

A noticeable aspect that is usually considered as missing link while developing SDVG is 

engineering of internal elastic lamina (IEL). It is a fenestrated proteinaceous barrier that works as 

a basement membrane for luminal endothelial cell lining and allows the exchange of various 

soluble factors crucial for cell functioning. Most of the tissue engineered vessels were not able to 

synthesize sufficient elastin so as to maintain IEL type layer and it is usually neglected while 

fabricating any such graft [324]. Irregularity in the IEL layer might lead to various diseased 

conditions like atherosclerosis since it fails to restrict the infiltration of macrophages into the 

intimal layer of artery [325]. We hypothesize that strategy followed in this work might enable us 

to circumvent the aforestated issue considering the analogy of silk film present in between the cell 

sheet layers with IEL. We anticipate that methodology developed herein would be advancement 

towards cell sheet based engineering and improve the clinical applicability of fabricated SDVG. 
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3.5 Significant findings 

 

1. In this work, facile approach is described to fabricate tissue-engineered vascular grafts for 

prospective application in coronary artery bypass surgery.   

2. Coalescing of engineered cell sheet and patterned silk films through a simple rolling 

process is envisaged to assist the maintenance of graft integrity.  

3. The mechanically robust constructs withstood physiological arterial pressure, forwarding 

the fabricated material for bypass grafting.  

4. The patterned silk films supported unidirectionally aligned monolayer of metabolically 

active vascular cells, expressing functional phenotype.  

5. This work attests better credentials to non-mulberry silk varieties (A. assama and P. ricini) 

in terms of stability, mechanical strength, vascular cell compatibility and minimal in vivo 

immunological response than the mulberry counterpart B. mori silk.  

6. Future advancement in this direction may lead towards “off the shelf” clinical 

implementation of SDVG. 
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Development of bi-layered tubular silk scaffolds consisting 

of inner porous freeze-dried layer coated with outer dense 

electrospun layer and their functional analysis in a rat aortic 

interposition model as cell-seeded vascular grafts 

 

This chapter demonstrates a new fabrication methodology to develop a bi-layered tubular silk 

scaffold for vascular tissue engineering applications. The inner porous layer is designed to support 

cell growth and infiltration, while outer thin nanofibrous layer renders mechanical resilience. 

Human adipose derived SVF seeded TEVGs performed well in rat aortic implantation model. This 

approach is envisaged to provide a patient specific therapeutic option towards developing a 

clinically feasible vascular graft. 
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ABSTRACT 

 

The success of tissue-engineered vascular graft (TEVG) predominantly relies on the selection of a 

suitable biomaterial and graft design. Natural biopolymer silk has shown great promise for various 

tissue-engineering applications. This study is the first to investigate Indian endemic non-mulberry 

silk (Antheraea assama-AA) – which inherits naturally superior mechanical and biological traits 

(e.g., RGD motifs) compared to Bombyx mori-BM silk, for TEVG applications. We designed bi-

layered biomimetic small diameter AA-BM silk TEVGs adopting a new fabrication methodology. 

The inner layer showed ideally sized (~40 μm) pores with interconnectivity to allow cellular 

infiltration, and an outer dense electrospun layer that confers mechanical resilience. 

Biodegradation of silk TEVGs into amino acids as resorbable byproducts corroborates their in vivo 

remodeling ability. Following our previous reports, we surgically implanted human adipose tissue-

derived stromal vascular fraction (SVF) seeded silk TEVGs in Lewis rats as abdominal aortic 

interposition grafts for 8 weeks. Adequate suture retention strength (0.45 ± 0.1 N) without any 

blood seepage post-implantation substantiate the grafts’ viability. AA silk-based TEVGs showed 

superior animal survival and graft patency compared to BM silk TEVGs. Histological analysis 

revealed neo-tissue formation, host cell infiltration and graft remodeling in terms of extracellular 

matrix turnover. Altogether, this study demonstrates promising aspects of AA silk TEVGs for 

vascular tissue engineering applications. 
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4.1 Introduction 

Cardiovascular disease (CVD) remains the primary cause of death globally and coronary artery 

disease (CAD) is the most prominent form of CVD [1]. The main cause of CVD is occlusion of 

blood vessels, which restricts blood supply to vital organs. Current treatment options rely on 

surgical revascularization by either stent placement or implantation of an interposition graft to 

bypass the occlusion. In the case of coronary artery bypass surgery, surgeons commonly use the 

saphenous vein; however, removal of the vein causes significant donor site morbidity. Moreover, 

limited availability of autologous grafts restrict their application [4]. Therefore, an urgent need 

exists to identify a viable option for bypass of occluded small diameter vessels. Tissue engineered 

vascular grafts (TEVGs) have recently made remarkable progress. The fundamental difference 

between conventional vascular grafts and current approaches to graft development is the 

biodegradability of the polymer. In 1980s, Weinberg and Bell fabricated a collagen gel based 

tubular graft for vascular tissue engineering [9]. Since then, a number of biodegradable 

natural/synthetic polymers have been investigated as ‘off the shelf’ vascular grafts. Poly (lactic 

acid) [PLA] and poly (glycolic acid) [PGA], along with their various co-polymers, are a popular 

choice for vascular tissue engineering applications owing to their tunable mechanical and 

degradation properties [36]. Despite several advantages, these synthetic polymers have a number 

of drawbacks including their moderate biocompatibility and acidic degradation products [326]. 

Among several natural polymers used for tissue engineering applications, the structural 

protein silk has shown great potential. The advantages of using silk for vascular tissue engineering 

include its appropriate mechanical properties, tunable degradation producing non-toxic by-

products and good biocompatibility [114, 116, 327, 328]. Lovett and colleagues first reported the 

fabrication of silk fibroin microtubes using dip coating method [281] followed by a gel spinning 

process to fabricate silk-based tubular grafts. In this study, the dip coating was not automated and 

therefore did not provide uniform wall thickness. However, the gel spun tubes demonstrated good 

patency and host cell infiltration at 4 weeks in vivo [158, 282]. Recent studies suggest that there 

are several scaffold design parameters – such as porosity, pore size and other properties, which 

determine the performance of TEVGs [329]. Hence, it becomes crucial that the graft design should 

be flexible in terms of these parameters. The major limitation with gel spun tubes is that they are 

minimally flexible with alteration of pore size owing to use of very high percentage of silk protein 

(~25-35%, w/v), leading to smaller pore size [282]. Braided silk fiber-based tubes have also shown 
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promising results but exhibit prohibitively slow degradation and remodeling in vivo [189]. 

Furthermore, they posed several other complications including sub-optimal anastomotic strength 

and tube permeability leading to blood leakage [194, 330]. Electrospun silk grafts are mechanically 

suitable but they are limited due to small pore size, which prohibits host cell infiltration and graft 

remodeling [283]. A recent study has demonstrated rapid endothelialization of electrospun silk 

vascular grafts in a rat model [202]. In Chapter 3, we have constructed silk vascular grafts based 

on layering patterned silk films with vascular cells. Although this method produced cell and fiber 

alignment that mimics the native vessel architecture, the mechanics (e.g. suture retention) were 

inadequate to evaluate these grafts in vivo. Prior literature clearly validates the use of silk fibroin 

as a natural biomaterial for vascular tissue engineering applications and suggests that further 

advancement is required in terms of flexibility with graft design parameters.  

Despite being the common method for fabricating porous silk scaffolds, direct 

implementation of the freeze-drying (lyophilization) process alone has not been reported 

previously for preparing silk-based TEVGs. This is possibly due to the limitation of the 

lyophilization technique, which is suitable for nearly 1 cm working depth, posing scaffold length 

constraints. In the present study, we were able to overcome this limitation by using a specific 3D 

printed mold (Figure 4.1) and following a new facile fabrication methodology (Figure 4.2).  

 

Figure 4.1. Custom made 3D printed mold used for fabrication of inner porous layer of tubular 

silk scaffold. Polypropylene tube was inserted in the stainless steel tube, which helps in easy 

removal of silk scaffold post lyophilization. 

 

We adopt a molding approach followed by conventional lyophilization to obtain the porous 

tubular core, which is further coated with an outer electrospun layer to yield mechanically resilient, 

bi-layered silk fibroin conduits. Our approach provides several additional features over previously 

reported techniques including precise control over porosity, uniform wall thickness and 

reproducibility.  
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Figure 4.2. Schematic representation of fabrication methodology of bi-layered small diameter silk 

scaffolds. The inner porous layer is prepared by molding and lyophilization based approach 

followed by coating with an outer nanofibrous electrospun layer. 

 

Bi-layered silk grafts fabricated in the present study are morphologically biomimetic 

having inner porous layer similar to tunica media and outer fibrous electrospun layer mimicking 

adventitia. It may also provide flexibility with various graft design parameters (e.g. tunable 

degradation and mechanical properties). Moreover, all prior studies report the use of mulberry 

Bombyx mori (BM) silk in various formats; but non-mulberry Indian endemic Antheraea assama 

(AA) silk is unexplored in the field of vascular tissue engineering. Our previous in vitro studies 

using 2D films suggest that AA silk supports vascular cell growth and functionality (described in 

Chapter 3); moreover, it has superior mechanical/elastic properties owing to its unique molecular 

architecture (polyalanine repeats without any intervening amino acid) [331]. Another unique 

advantage of AA silk is the natural presence of RGD (Arginine-Glycine-Aspartic acid) peptides, 

which have been shown to reduce acute thrombosis in vivo [155]. In the present study, we adopted 

a new facile methodology to fabricate silk TEVGs and attempted to explore the use of AA silk in 

combination and compared with BM silk in vitro and in vivo in a rat aortic interposition graft 

model over eight weeks.  
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4.2 Materials and methods 

4.2.1 Isolation of silk protein 

Silk fibroin (SF) protein was obtained from two different sources: mulberry Bombyx mori (BM) 

silk cocoons and non-mulberry Antheraea assama (AA) silk glands following previously 

described protocols [332]. Silk worms and cocoons were procured from a local farmhouse. BM 

cocoons were chopped into small pieces, degummed in 0.02M Na2CO3, dissolved in 9.3M LiBr 

(Sigma-Aldrich, USA) and dialyzed against distilled water to obtain regenerated SF protein. In 

contrast with BM silk, the aqueous AA silk was obtained directly from silk glands because AA 

silk fibers are insoluble in LiBr [118]. AA SF was obtained from silk glands and dissolved in 1% 

sodium dodecyl sulfate (SDS, Sigma-Aldrich, USA) followed by dialysis at 4°C against milli-Q 

water. SF protein solutions were stored at 4°C until use. 

 

4.2.2 Scaffold fabrication  

Two variants of bi-layered silk scaffolds were fabricated consisting of an inner lyophilized porous 

layer and outer electrospun layer. For the first scaffold type, we used only BM protein (6% w/v) 

to fabricate the inner lyophilized porous layer. The higher concentration (>3-4%, w/v) of AA silk 

forms hydrogel at physiological temperature. Hence, for the second scaffold type, we used a 

combination of BM and AA proteins (1:1 ratio of 10% BM protein and 2% AA protein (w/v) 

keeping 6% final protein concentration). In a previous report, we have shown that the aqueous 

solutions of BM and AA silk forms homogenous solution, which could be used for fabrication of 

blend scaffolds [333]. Tubular scaffolds were fabricated using custom-made 3D printed molds as 

illustrated in Figure 4.1 and Figure 4.2. Our mold consisted of 3D printed base/cap, a 

polypropylene tube (3 cm long), stainless steel rod (1.1 mm diameter, 4 cm long) and a stainless 

steel cylinder (2 mm internal diameter, 3 cm long). Silk fibroin (SF) solution was injected into the 

void space between the central rod and polypropylene tube using a syringe followed by freezing 

in a -20°C freezer for 2h. The central rod and cap were removed rapidly (avoiding any possible 

melting of SF) to expose the lumen of the frozen SF solution. The mold was kept at -20°C 

overnight and lyophilized for 24h. The lyophilized porous SF tubular scaffolds were pushed out 

from the mold and soaked in 80% (v/v) ethanol to induce water stability. 

The outer electrospun layer was coated onto the wet (ethanol soaked) lyophilized inner 

layer. The electrospinning solution consisted of 1:1 (v/v) ratio of 10% w/v polycaprolactone 
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(average Mn 80,000, Sigma-Aldrich, USA) and 10% (w/v) BM silk in 1,1,1,3,3,3-Hexafluoro-2-

propanol (HFP, Sigma-Aldrich, USA). The ethanol soaked tubular scaffolds were mounted on a 

stainless steel mandrel (diameter 0.8 mm). The outer electrospun layer was fabricated using a 

custom-made electrospinning set-up described previously [334]. The following parameters were 

used for electrospinning: flow rate (100 μL/min), tip to collector distance (10 cm), applied voltage 

difference (15 kV), rotational speed (200 rpm), translational speed (50 mm/sec), temperature 

(~25°C) and humidity (~47%). Two scaffolds were coated per cycle with 300 μL electrospinning 

solution. Bi-layered scaffolds were stored in 80% ethanol until use at 4°C. Scaffold variants are 

designated as follow: 1) BM: inner porous layer made up of BM protein, without electrospun layer; 

2) BMES: BM scaffold with outer electrospun layer; 3) BA: inner porous layer made up of 1:1 v/v 

ratio of 10% (w/v) BM protein and 2% (w/v) AA protein, without electrospun layer; 4) BAES: BA 

scaffold with outer electrospun layer. 

 

4.2.3 Scanning electron microscopy (SEM) and micro-CT analysis 

Vertical and horizontal sections of bi-layered silk scaffolds (exposing lumen and cross-section) 

were sputter coated (Sputter Coater 108 auto, Cressington Scientific Instruments, Cranberry 

Township, PA) and imaged under scanning electron microscope (SEM, JEOL JSM-

6510LV/LGS). Scaffold dimensions (inner and outer diameter, thickness of porous and 

electrospun layer) were measured using ImageJ (National Institute of Health, USA). A total of 10-

15 measurements were recorded for n=3 samples of each scaffold variant. Silk scaffolds were 

further subjected to micro-CT imaging on a Scanco microCT 50 (Scanco Medical, Bassersdorf, 

Switzerland) scanner at a nominal resolution of 1.2 µm and a beam energy of 45Kvp (high contrast 

conditions). The scaffolds were scanned individually without a liquid medium. 3D volumes were 

reconstructed from the raw data using the Scanco software, which also performs an automatic 

calibration of the images for mineral density using built-in algorithms for the particular scanning 

conditions. The Scanco 3D Bone Morphometry software was used to define the scaffold region 

and subsequently process the 3D volume. A 0.3 g/cc global threshold was used for segmentation 

of the strut material from the background. The geometric properties reported are pore volume 

fraction inside the scaffold, means and distribution of pore size. Each of these properties were 

calculated individually for inner freeze dried porous and outer electrospun nanofibrous layers. 
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4.2.4 Analysis of mechanical properties 

4.2.4.1 Uniaxial (longitudinal and circumferential) tensile testing  

All of the mechanical data for silk scaffolds was obtained using phosphate buffered saline (PBS) 

soaked wet scaffolds. Uniaxial tensile tests were performed using a tensile testing device with 

pneumatic grips (Instron, model 5543A). For longitudinal tensile testing, 3 cm long scaffolds (n=6) 

were cut open through the lumen to form a strip and both ends were clamped between pneumatic 

grips leaving ~2 cm gauge length. While clamping, precautions were taken to keep both of the 

scaffold ends flat in order to ensure uniform load distribution throughout the scaffold wall. 

Specimen length and width were recorded using a digital caliper (Thermo Fisher Scientific, 

Waltham, MA); whereas effective thickness of specimens was calculated by processing SEM 

images using ImageJ software. Load-displacement curves were obtained at room temperature with 

a crosshead speed of 2 mm/min until failure. For circumferential tensile testing (ring test), scaffold 

rings (n=12 each) were cut (2 mm length) and a previously described protocol was followed with 

minor modifications [335]. Elastic modulus of bi-layered silk scaffolds in both directions was 

calculated as the slope of the stress-strain curves in the low and high stress regions and is 

represented as low and high modulus respectively as described previously [336]. The transition 

point between low and high stress regions was defined as the point having maximum normal 

distance from the global secant. Maximum stress and strain values were also recorded at the failure 

point. 

 

4.2.4.2 Suture retention strength 

Suture retention strength of silk scaffolds was determined following American National Standard 

Institute–Association for the Advancement of Medical Instruments (ANSI/AAMI) VP20 standards 

[337]. Scaffolds were cut open longitudinally to obtain rectangular strips (n=6, length=20 mm). A 

single 7-0 polypropylene (SURGIPROTM II, Syneture) suture was used to create a single loop ~2 

mm away from the end. The free ends of the suture were first secured using laboratory labeling 

tape (Fisher Scientific) keeping scaffold at the center of the loop and the tape was further clamped 

in the upper pneumatic grip of tensile testing device (Instron model 5543A). Another end of the 

scaffold strip was secured in the lower grip and any slack was removed prior to recording the data. 

Load-displacement curves were obtained at a crosshead speed of 2 mm/min until failure. The 

maximum load prior to scaffold tear-off is reported as suture retention strength. Suture retention 
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tension was calculated by dividing the suture retention force by scaffold thickness as previously 

reported [337]. 

 

4.2.4.3 Dynamic compliance 

A custom-made vascular perfusion system was used to analyze dynamic compliance of the silk 

scaffolds as described previously [337]. In brief, the perfusion system consisted of a flow loop and 

a centrifugal pump (Biomedicus) that provides pulsatile flow and induces physiologically relevant 

intraluminal pressure (120/80 mmHg). A He–Ne laser micrometer (Beta LaserMike, Dayton, OH) 

was used for real time measurement of the scaffold’s outer diameter under the influence of pulsatile 

flow. The silk scaffolds (n=6) were mounted in a testing chamber and both ends were secured to 

stainless steel mounts using a 3-0 silk suture. The flow loop and testing chamber were filled with 

DI water. The intraluminal fluid was maintained at 37°C. A pulsatile flow was induced in the flow 

loop using the centrifugal pump and a physiological intraluminal pressure of 120 mmHg over 80 

mmHg was maintained with minimal or no leakage from scaffold wall. Pressure and outer diameter 

of the scaffolds were recorded for 7h. For calculating the dynamic compliance, measurements of 

scaffold inner diameter (ID) were derived by assuming incompressibility of the scaffold wall under 

dynamic flow conditions as follows: 

Inner diameter (IDP) =  2 ∗  √(
ODP

2
)

2

−
A

π
 

IDP = Scaffold inner diameter at physiological pressure; ODP = Scaffold outer diameter at 

physiological pressure recorded using laser micrometer; A = Cross-sectional area of the scaffold 

wall calculated by processing the SEM images using ImageJ software. 

The inner diameter values were used to calculate the dynamic compliance of the silk 

scaffolds using the following expression: 

Dynamic compliance (C) =  
(ID120 − ID80)

ID80

1

P120 − P80
 

Where ID120 = Scaffold inner diameter at 120 mmHg intraluminal pressure; ID80 = Scaffold inner 

diameter at 80 mmHg intraluminal pressure; P120 = 120 mmHg; P80 = 80 mmHg 

Scaffold dilation under dynamic pulsatile flow was also calculated in order to assess any 

possible plastic deformation with time. The recorded average outer diameter of the scaffold at the 
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end of 7h of pulsatile flow was divided by initial diameter to calculate creep. Furthermore, β-

stiffness at the initial and final time point was calculated using the following expression: 

β stiffness =  
ln (

P120

P80
)

[
(OD120 − OD80)

OD80
]
 

 

4.2.4.4 Burst strength 

The burst strength of silk scaffolds (n=6) was measured by recording the maximum pressure 

sustained without failure (bursting). A custom-made set-up was used as described previously 

[337]. Briefly, both ends of the scaffolds were secured on stainless steel tubes (fixed in the flow 

loop test chamber) using 3-0 silk sutures. One of the stainless steel tubes was connected to a syringe 

pump (Harvard Apparatus, Holliston, MA) and a digital manometer (pressure range 0-60 psi, 

Weiss), while the other tube was blocked making it a closed loop. The working chamber was filled 

with saline to submerge the specimen and scaffolds were infused with saline at a rate of 100 

mL/min until failure. Maximum pressure before scaffold failure was recorded and considered as 

burst pressure. 

 

4.2.5 In vitro degradation analysis of scaffolds 

BMES and BAES tubular scaffolds (n=4, length: 1.5 cm) were further assessed for in vitro 

enzymatic degradation in the presence of protease XIV (Sigma-Aldrich, USA) following a 

previously described methodology [333]. Dry weight of the scaffolds was recorded initially and 

each scaffold was submerged in 1 mL of enzyme solution (2U/mL in PBS). In another set, scaffolds 

were submerged in PBS without the enzyme (negative control). Scaffolds were maintained at 37°C 

and enzyme solution was replaced every 72h to ensure proper enzyme activity throughout the 

experiment. In a similar parallel experimental set-up, smaller silk scaffold sections (~2 mm length) 

were kept in PBS and protease, which were subsequently subjected to SEM imaging. At pre-

defined time points, the scaffolds were washed with de-ionized (DI) water, frozen at -20°C 

overnight and lyophilized. The dry weight of the scaffolds at each time point was recorded 

followed by continuation of enzymatic treatment. Scaffold weight was recorded for 28 days 

(excluding freezing and lyophilization time) and percentage of mass remaining was calculated as: 

% mass remaining =  
Mt

M0
 x 100 
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Mt = Scaffold dry weight at time t, M0 = Initial dry weight of scaffold 

 

4.2.6 Scaffold seeding with SVF cells and dynamic culture  

SVF cells were isolated from nondiabetic female human patients, under the age of 40 years and 

undergoing liposuction following previously described protocols [338, 339]. Tubular bi-layered 

silk scaffolds were seeded with SVF cells using a custom-made rotational vacuum seeding device 

as described previously [337, 338, 340]. The intraluminal pressure was measured in real time and 

scaffolds showing high pressure (>25 mmHg) were not used for animal implantation.  The seeded 

constructs were transferred to a 500 mL spinner flask (Kontes #Cytostir 882911-0250) containing 

100 mL culture media and subjected to dynamic culture at 80 rpm for 48h. These scaffolds were 

further used for rat aortic implantation (see “In vivo implantation in rat and angiogram recording”). 

Viability and metabolic activity of SVF cells cultured on silk scaffolds was quantified in a 

time dependent manner for 15 days using AlamarBlue assay (Thermo Fisher Scientific, USA) 

[234]. Porous lyophilized silk scaffold discs (6 mm diameter, 2 mm thickness) were seeded with 

SVF cells (~105 cells) and analyzed for cell viability over time. At each time point, media was 

replaced and AlamarBlue dye was added at 1:10 (dye: media, v/v) ratio followed by 3h incubation. 

The resulting media was read at 570 nm and 600 nm and % Alamar reduction was calculated using 

an online colorimetric calculator. Data is reported as normalized values compared to day 1. 

 

4.2.7 In vivo implantation in rat and angiogram recording 

We used 23 adult Lewis rats (average weight ~200 g) and divided them in 4 groups. First and 

second groups (n=3 each) were negative control and received acellular BMES and BAES scaffolds 

respectively. The third group (n=9) received SVF seeded BMES scaffolds (BMES + SVF), and 

the fourth group (n=8) received SVF seeded BAES scaffolds (BAES + SVF). Two of the rats from 

the second group and 1 from the fourth group) were euthanized prior to completion of experimental 

period due to surgical error and excluded from the study. Other animals were sacrificed either after 

1 week or after 8 weeks to retrieve the implanted silk graft. All animal surgical procedures were 

performed in accordance with a protocol approved by University of Pittsburgh Institutional Animal 

Care and Use Committee (IACUC). Ethylene oxide sterilization may negatively affect the cell 

proliferation [341]; therefore, silk scaffolds were sterilized using 70% ethanol (v/v) followed by 

washing with PBS and overnight conditioning with culture media. SVF seeded silk scaffolds (1 
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cm long) obtained after 48h dynamic culture were surgically implanted as abdominal aortic 

interposition grafts in male Lewis rats following previously described protocols [338, 339, 342]. 

Animals were sacrificed after either 1 week or 8 weeks. In vivo graft patency was analyzed by 

recording angiograms soon after animal sacrifice.  

 

4.2.8 Histological analysis of explanted TEVGs 

Explanted tissue engineered vascular grafts (TEVGs) were fixed in 4% paraformaldehyde and 

subjected to histological analysis to observe cell and ECM distribution. Samples were cut into 

proximal, middle, and distal tissue blocks determined upon explant. Sections from the middle 

portion were used for all IHC (Immunohistochemistry) and IFC (Immunofluorescence) analysis.  

Five micron TEVG sections were mounted on slides and processed for immunostaining using 

previously described protocols [338, 339]. Briefly, tissue sections were permeabilized using 0.1% 

Triton X-100 (v/v) followed by blocking in 1% fetal bovine serum (FBS, v/v). Primary antibodies 

used for this study include mouse anti-smooth muscle α-actin (α-SMA, 1:500 dilution, Abcam), 

rabbit anti-calponin (1:500, Abcam), fluorescein isothiocyanate (FITC) conjugated mouse anti-

von Willebrand factor (vWF, 1:250, US Biological, Salem, Mass) and mouse anti-cluster of 

differentiation 68 (CD68, 1:250, Abcam). The corresponding secondary antibodies used were 

FITC-conjugated goat anti-rabbit IgG (1:1000, Rockland Inc) and Cy5 conjugated goat anti-mouse 

IgG (1:1000, Abcam). Cell nuclei were counterstained using DAPI (Sigma-Aldrich, USA). Each 

section was imaged for DAPI (blue) and cell specific markers (green) which were overlaid for 

clear visualization of positive staining.  

TEVG explants and native rat aorta were also investigated for cell, collagen and elastin 

distribution using H&E, Picro-Sirrus-Red and Verhoeff van Gieson staining respectively. Staining 

was performed at Histology Core at the McGowan Institute for Regenerative Medicine using 5 μm 

TEVG sections. Stained sections were imaged using a Nikon 90i fully automated upright 

microscope.  

 

4.2.9 Collagen and elastin quantification 

The collagen and elastin contents of explanted patent silk scaffolds at both 1 and 8 weeks was 

determined using a hydroxyproline assay and ninhydrin assay respectively. Due to the limited 

patency of some groups, a maximum of 2 explanted grafts per group was analyzed, with n=3 tissue 
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samples per graft. The hydroxyproline assay indirectly measured the collagen content of each 

sample using acid hydrolysis followed by treatment with chloramine-T and p-

dimethylaminobenzaldehyde (p-DMBA) solutions [343]. The same tissue sample was used to 

measure elastin, collagen and total protein using a previously published protocol [344]. Both 

collagen and elastin quantities are reported after normalizing to the total protein content of each 

tissue segment. A segment of native rat aorta was also processed as a positive control. 

 

4.2.10 Image processing 

Fiji-ImageJ (National Institute of Health, USA) software was used to process the IFC images. For 

calculating the total number of cells infiltrated in the scaffold at different time points, 15 randomly 

selected DAPI stained images (10X) obtained from different sections of the scaffolds (n=3) were 

processed. The number of nuclei was calculated using the preset ‘analyze particles’ plugin 

(ImageJ) which applied a threshold to the circularity range and average area parameters of the cell 

nuclei (eliminating silk scaffold auto fluorescence and background noise). Furthermore, in order 

to estimate the presence of CD68 positive cells (representing macrophages) at 1 and 8-week time 

points, we calculated the percentage of fluorescent area in the scaffold wall stained positive for 

anti CD68 antibody. A total of six fluorescence images per scaffold variant with randomly selected 

regions of interest were implemented for this analysis. Silk scaffold auto fluorescence was 

eliminated using the aforementioned thresholding plugin.  

The lumen diameter and wall thickness of the silk scaffolds before and after implantation 

was also calculated. Scaffold images obtained from SEM prior to cell seeding were used to 

calculate the lumen diameter and wall thickness before implantation. Moreover, H&E stained 

images were processed for 1 week and 8 week explants. A minimum of six images per scaffold 

(n=3) were processed manually by a blinded investigator and results are represented as average 

value with standard deviation. 

 

4.2.11 Statistical analysis 

All experiments were performed for at least n=3 samples unless otherwise noted. All data is 

reported as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was 

performed following post hoc Tukey’s test using Origin 8.0 software. p values are reported for all 

the experiments. Two groups with at least p<0.05 were considered significantly different. 
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4.3 Results 

4.3.1 Morphometric analysis 

SEM micrographs of scaffold cross sections validated the presence of two distinct layers: inner 

porous lyophilized layer and outer electrospun layer. Scaffolds had an inner porous layer thickness 

of 598 ± 53 μm and outer electrospun layer thickness of 119 ± 24 μm, totaling 718 ± 65 μm 

thickness for the bi-layered scaffold wall. The inner diameter of scaffolds was 918 ± 82 μm. The 

outer electrospun nanofibrous layer was firmly adhered to the core layer without any visible 

delamination. The SEM micrographs also demonstrated open interconnected pores at the scaffold 

cross-section and throughout the lumen (Figure 4.3A). Micro-CT data suggested heterogeneous 

pore size distribution for inner porous layer of BMES and BAES scaffolds ranging 53 ± 30 μm 

and 43 ± 24 μm respectively. Overall porosity of inner layer was 91.63 ± 1.25% and 87.83 ± 2.14% 

respectively for BMES and BAES scaffolds (Figure 4.3B, C) (p<0.05). The pore size of outer 

nanofibrous electrospun layer was 5 ± 2 μm (Figure 4.3D, E). The porosity of outer electrospun 

layer was 41.5 ± 4.94 for both scaffold types, which was significantly lower than inner layer 

(p<0.01).  

 

4.3.2 Mechanical properties 

Stress-strain curves showed that the addition of an electrospun layer (BMES and BAES) alters the 

mechanical response curves of the scaffolds (Figure 4.4A-D). For longitudinal testing, higher 

stress at failure was noted for scaffolds with an electrospun layer (BMES and BAES, 0.34 ± 0.70 

MPa and 0.36 ± 0.08 MPa respectively) as compared with BM and BA scaffolds (0.12 ± 0.02 MPa 

and 0.10 ± 0.01 MPa respectively) (p<0.01). However, BMES/BAES (p=0.987) and BM/BA 

groups (p=0.986) were comparable. BA scaffolds showed higher strain at failure than BM/BMES 

(p<0.01) (Figure 4.5). The addition of an electrospun layer increased the scaffold modulus in the 

low stress region and BAES showed a significantly higher values than BMES scaffold (p=0.004). 

No significant difference was observed in high modulus across any group (p>0.01) (Figure 4.4E-

F). A similar trend was observed for circumferential tensile testing of scaffolds and the addition 

of the electrospun layer improved the stress at failure (p<0.01). In addition, no significant 

difference among the groups was observed for strain at failure (p>0.01) (Figure 4.5D). In contrast 

with the longitudinal testing, no significant difference was noted for scaffold modulus in the low 

stress regions among the groups (p>0.01); however, addition of the electrospun layer increased the 
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scaffolds’ modulus in the high stress region. BMES scaffolds showed the maximum high modulus 

(0.31 ± 0.04 MPa) and was significantly increased compared to BAES (0.21 ± 0.04 MPa, 

p=0.0023), BM (0.05 ± 0.01 MPa, p<0.01) and BA (0.08 ± 0.02, p<0.01) scaffolds (Figure 4.4G-

H). 

 

Figure 4.3. Morphometric analysis of bi-layered silk scaffolds. (A) Representative images of 

tubular silk scaffolds and SEM micrographs showing internal porous architecture (CS: cross-

section and lumen). Micro-CT analysis of tubular silk scaffolds representing (B) 3D scaffold 

models and (C) Distribution of pore size of inner porous layer. (D) SEM micrographs of outer 

electrospun layer representing porosity and nanofiber distribution, (E) Quantification of pore size 

distribution of outer electrospun layer calculated from micro-CT images. 
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Figure 4.4. Uniaxial tensile testing of silk scaffolds. Average stress-strain curves in longitudinal 

(Long) and circumferential (Circ) directions for (A) BMES, (B) BM, (C) BAES and (D) BA silk 

scaffolds. Comparison of scaffold average modulus in the low (E, G) and high (F, H) stretch 

regions in longitudinal (E, F) and circumferential (G, H) directions. (##p<0.01, n.s.=not 

significant) 

 

 

Figure 4.5. Uniaxial tensile testing of silk scaffolds. Average stress values (MPa) at failure point 

(A, C) and corresponding strain at scaffold failure (B, D) in longitudinal (A, B) and 

circumferential (C, D) directions. (##p<0.01, n.s.=not significant) 
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Suture retention force for tubular silk scaffolds was 0.38 ± 0.11 N for BMES and 0.46 ± 

0.11 N for BAES scaffolds (p=0.290) (Figure 4.6A). Similarly, suture retention tension was not 

significantly different between BMES (520 ± 160 N/m) and BAES scaffolds (620 ± 150 N/m) 

(p=0.290, Figure 4.6B). No significant difference was observed for β stiffness at initial (150 ± 81 

vs 205 ± 8) and final (207 ± 80 vs 214 ± 6) time points for BMES vs BAES scaffolds (p>0.01, 

Figure 4.6C). Dynamic compliance values were also non-significant at initial and final time points 

between the two silk scaffold variants (p>0.01, Figure 4.6D). Creep analysis for silk scaffolds 

over 7 hours suggests very low creep for both silk scaffolds (1.001 ± 0.005 vs 1.017 ± 0.017 for 

BMES and BAES) (p>0.01, Figure 4.6E). Moreover, burst pressure of silk scaffolds was 

comparable (827 ± 68 mmHg vs 798 ± 100 mmHg) for BMES vs BAES scaffolds (p=0.650, 

Figure 4.6F). In order to demonstrate the pressure-diameter relationship for silk scaffolds, we 

recorded scaffold diameter at physiologically relevant pulsatile pressure values at T=1h, showing 

consistency and insignificant distension of the scaffold wall. For both silk scaffold types, pulsatile 

behavior of pressure and scaffold diameter at 1h is shown in Figure 4.7. 

 
 

Figure 4.6. Mechanical properties of bi-layered silk scaffolds. (A) Comparison of suture retention 

force and (B) Suture retention tension between the two silk scaffold variants. (C) Comparison of 

β stiffness and (D) Dynamic compliance of silk scaffolds at initial (T=0h) and final (T=7h) time 

points under the influence of physiologically relevant pulsatile flow. (E) Creep analysis of silk 

scaffolds after 7h physiologically relevant pulsatile flow. (F) Comparison of burst pressure of silk 

scaffolds. (n.s.=not significant) 
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Figure 4.7. Silk scaffold response to pulsatile flow. (A) Representative image showing silk tubular 

scaffold mounted in a testing chamber for pulsatile flow analysis. (B) Graph representing change 

in scaffold diameter under the influence of physiological pulsatile pressure post 1h testing. 

Representative graphs showing the pulsatile behavior of pressure with time for BMES (C) and 

BAES (D) scaffolds. Representative graphs showing the pulsatile behavior of scaffold outer 

diameter for BMES (E) and BAES (F) scaffolds. 

 

4.3.3 In vitro degradation profile 

We performed both quantitative (by recording the mass loss with time) and qualitative analysis 

(by comparing the SEM images at different time points) to track the scaffold degradation. The 

effect of protease on the silk scaffolds is depicted in Figure 4.8A, representing the scaffold 

degradation pattern. Scaffolds kept in PBS alone, were smooth and did not show any visual 

structural alteration; whereas protease treated scaffolds were observed to be degrading with time. 

Images taken at higher magnification showed the formation of undefined pores in the scaffold 

struts after exposure to protease activity. All of the scaffolds maintained lumen diameter with no 

observed visual change with the exception of the BAES scaffolds treated with protease enzymes. 

Lumen diameter was quantified by analyzing the SEM images using ImageJ software. No 

significant change was observed for BMES/PBS, BMES/PRT and BAES/PBS groups (p>0.01), 

however the BAES/PRT group showed a significant decrease (~20% on day 8 and ~40% on day 

15 when compared with day 0) in lumen diameter with time (p<0.01, Figure 4.8B). Both scaffold 
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types lost nearly 50% of their original weight within 15 days and nearly 70% at the end of 30 days 

in the presence of enzyme (Figure 4.8C). A significant difference was reported for protease treated 

and un-treated scaffold groups post 8 days onwards (p<0.01).  

 

Figure 4.8. In vitro degradation of tubular bi-layered silk scaffolds in the presence of protease 

XIV. (A) SEM micrographs showing the scaffold morphology and effect of protease treatment over 

time. The higher magnification images on the right represent the scaffold degradation pattern 

(pore formation in scaffold struts) after 15 days of treatment. (B) Quantification of scaffold 

diameter after 15 days. (C) Graph representing the degradation of silk scaffold (in terms of 

percentage mass loss) over time in the presence or absence of protease enzyme. (‘/PRT’ represents 

the presence of protease and ‘/PBS’ represents the absence of protease) (##p<0.01, n.s.=not 

significant) 
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4.3.4 Scaffold seeding and proliferation of SVF cells 

The luminal pressure at the proximal end of the scaffold during the cell seeding remained between 

-10 mmHg and 10 mmHg (Figure 4.9A). DAPI stained and ImageJ processed images showed 

uniform distribution of SVF cells along the scaffold wall (Figure 4.9B). Moreover, >90% cell 

seeding efficiency was achieved each time, as determined by calculating cell density in the 

perfused media. Silk scaffolds supported SVF cell viability and proliferation with time and results 

are reported as normalized values with respect to day 1. As shown in Figure 4.9C, both scaffolds 

supported SVF proliferation throughout the experimental time and no significant difference was 

recorded between the two groups after 15 days (p>0.01). Cells began proliferation after seeding 

into the silk scaffolds from day 1 onwards and a significant increase was observed at each 

successive time point with approximately 1.7-fold increase in cell population on day 15 (p<0.01). 

 

 

Figure 4.9. Seeding tubular silk scaffolds with SVF cells and viability analysis. (A) Silk scaffolds 

were mounted into the rotational vacuum cell seeding device prior to cellular infusion. The graph 

on the right represents the recorded luminal pressure at the proximal end with time during infusion 

of cells. (B) SVF seeded scaffolds were exposed to 48h dynamic culture in a spinner flask and 

scaffold cross-sections were stained with DAPI (blue) indicating cell nuclei. ImageJ was used to 

map the cell distribution along the scaffold wall (representative images on the right side of the 

panel, dashed black line represents the scaffold wall); Scale bar: 200 μm. (C) Graph representing 

viability and proliferation of SVF cells cultured on silk scaffolds over 15 days under in vitro 

conditions. (##p<0.01) 
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4.3.5 In vivo implantation and graft patency 

Silk grafts were suturable and able to withstand the blood flow pressure (120 mmHg) and 

hemodynamic arterial microenvironment in vivo. Moreover, the electrospun silk/PCL layer 

prevented blood leakage. However, graft reddening was observed due to the infusion of blood cells 

in the inner porous layer of the silk scaffold instantly after micro clamp removal. A representative 

image of a silk graft after anastomosis and clamp removal is shown in Figure 4.10A. SVF seeded 

silk grafts were explanted at 1 week and 8 week time points. A gross morphological evaluation of 

silk explants suggested that 1 week explants demonstrated comparatively higher immune response 

as evidenced by accumulation of fibrin capsule surrounding the graft; whereas, 8 week explants 

showed better graft acceptance and dissolution of most of the fibrin capsule. A gross observation 

of the middle sections of the explanted scaffolds showed the presence of neotissue formation in 

the lumen of the 8-week explants (Figure 4.10B, C). Out of 21 implants, 3 BMES and 2 BAES 

grafts were implanted as control (without seeding SVF cells). All rats that received control grafts 

were observed for 8 weeks; unless impaired mobility of the hind limbs was observed requiring 

immediate euthanization. Graft performance was categorized into 4 groups and represented as: 

graft viability, patency, occlusion and acute thrombosis. Representative graph is shown in Figure 

4.10D for SVF seeded silk scaffolds and Figure 4.10E for control explants. Graft patency was 

validated by recording angiograms (Figure 4.10F).  
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Figure 4.10. In vivo implantation of silk scaffolds and graft patency. (A) A representative image 

of silk graft after aortic interposition implantation in a rat. (B) Representative images showing the 

explanted silk grafts after 8 weeks. (C) Representative images showing gross morphology of silk 

explants’ cross-section post 1 week and 8-week time points. Black arrows are showing the 

presence of neo-tissue in the lumen of silk explants. (D) Quantitative data representing in vivo 

graft performance. (E) Viability and patency analysis of acellular control silk scaffolds. (F) 

Representative images of recorded angiograms showing graft patency after 8 weeks. White arrows 

represent the location of graft (infra-renal and above iliac bifurcation). 

 

  Implanted silk scaffolds were determined to be ‘viable grafts’ in cases where no hind limb 

movement impairment was observed and the rat was bright, alert and responsive (BAR) until the 

completion of the experimental time. Graft patency was directly derived from angiogram data. 

‘Graft occlusion’ include all the occluded grafts as a result of either intimal hyperplasia or acute 

thrombosis. The fourth category represents only the grafts with acute thrombosis within 48 h of 

surgery and confirmed by formation of a blood clot. All three of the control BMES grafts were 
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viable (1 occluded and 2 patent); whereas only one (out of 2) BAES scaffold was viable until 8 

weeks (both occluded) (Figure 4.11 and 4.12). In the majority of cases, the reason for graft 

occlusion was either acute thrombosis or hyperplasia at the anastomosis site. 

 

Figure 4.11. BMES acellular (control) 8 weeks explant. (A) Patent BMES control explant. (I) 

Gross morphology of graft explant, (II) Cross section view of middle part of the explant showing 

neo-tissue formation, (III) H&E stained representative image of the explant (nucleus-blue, 

cytoplasm-red), (IV-VI) Representative immunofluorescence images showing expression of 

vascular cell specific markers (αSMA, calponin and vWF-green color). (B) Occluded BMES graft. 

(I) Cross section view of middle part of the explant showing occluded lumen, (II) H&E stained 

cross section, (III) Representative immunofluorescence image showing expression of αSMA (green 

color). (C) Patent BMES graft without any neo-tissue formation. (I) Cross section view of the 
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explant showing patent lumen, (II, III) H&E stained sections showing absence of neo-tissue 

formation. (‘*’ represents the lumen of the scaffold, ‘S’ represents the freeze dried scaffold part, 

‘ES’ represents the outer electrospun layer, ‘NT’ represents neo-tissue, dashed lines and circle 

are separating the scaffold wall from lumen).      

 

Figure 4.12. BAES acellular (control) explant. (A) (I) Representative image of a 2-day explant 

occluded due to acute thrombosis, (II) Gross morphological analysis of 8 weeks explant showing 

complete lumen occlusion at the proximal end and partial occlusion at middle and distal end. (B) 

H&E staining of the partially occluded middle section of the 8 weeks explant. (C) 

Immunofluorescence images showing the expression of smooth muscle cell (SMCs) specific 

markers (αSMA and calponin- green color) in the middle part of partially occluded 8 weeks 

explant. (‘*’ represents the lumen of the scaffold, ‘S’ represents the freeze dried scaffold part, ‘ES’ 

represents the outer electrospun layer, dashed lines and circle are separating the scaffold wall 

from lumen).      
 

TH-2670_156106029



Results Chapter 4 

 

148 
 

4.3.6 Host cell infiltration and graft remodeling 

At the initial time point (after 7 days), many nucleated cells were present in both BMES and BAES 

scaffolds; however, limited expression of rat specific αSMA, calponin and vWF markers suggested 

minimal infiltration of host cells. Analysis of the 8 week explants revealed the presence of neo-

tissue formation along the lumen of the scaffolds (for both BMES and BAES) and infiltration of 

host cells in the scaffold wall. A large population of αSMA and calponin positive cells was present 

in both the porous scaffold wall and lumen. In addition, a continuous layer of vWF+ cells at the 

scaffold-lumen interface marked the presence of mature endothelium. Notably, a distinct boundary 

was observed between the neo-tissue and the porous scaffold wall suggesting the initiation of neo-

tissue formation over the scaffold followed by integration with the scaffold wall. In 8-week 

explants, SMCs in the neo-tissue were organized circumferentially. Scaffold remnants could still 

be visualized after 8 weeks. Considering the autofluorescence of silk protein, both merged and 

marker specific images are provided for clear representation (Figure 4.13A). BAES+SVF 

scaffolds potentially recruited more cells than BMES+SVF scaffolds (p=0.0062 for 1 week explant 

and p=0.042 for 8 week explants) (Figure 4.13B). A significantly lower no. of CD68+ cells was 

observed at the 8 week time point (p=0.022 for BMES+SVF scaffolds and p<0.01 for BAES+SVF 

scaffolds) (Figure 4.13C). Comparing both scaffold variants, BAES+SVF scaffolds recruited 

higher numbers of CD68 positive cells at 1 week (p=0.01); however, 8 week explants showed no 

significant difference (p=0.424). The lumen diameter of both silk scaffolds was comparable with 

native rat aorta (~1.1 mm) (Figure 4.13D). A slight increase in scaffold lumen diameter was 

recorded post implantation. BMES+SVF and BAES+SVF explants showed ~1.5 and ~1.6 times 

increase respectively in lumen diameter at 1-week (p<0.05), which remained consistent at 8 weeks. 

In addition, no significant difference was observed for TEVG wall thickness over time (Figure 

4.13E). 

TH-2670_156106029



Results Chapter 4 

 

149 
 

 

Figure 4.13. Analysis of host cell infiltration, lumen diameter and wall thickness of explants. (A) 

Representative immunofluorescence images of the middle section of vascular explants at different 

time points showing the infiltration of host cells (αSMA and calponin: SMCs, vWF: ECs and 

CD68: macrophages). The lumen of the explants is labeled as ‘*’ and marked with white dotted 

line. (B) Quantification of host cell infiltration in silk grafts. Graph representing (C) presence of 

CD68+ cells in silk grafts, (D) lumen diameter and (E) Wall thickness of vascular explants. 

(#p<0.05, ##p<0.01, n.s.=not significant) 

 

Remodeling of the patent grafts was further reflected by deposition of ECM proteins 

(collagen and elastin) with time. In agreement with the immunofluorescence staining images, 

hematoxylin and eosin (H&E) stained explant sections showed cellular infiltration at earlier time 

point (1 week) in both scaffold variants. Cells were distributed uniformly along the scaffold wall 

with no specific alignment after 1 week. Picrosirius Red (PCRO) staining and Verhoeff-Van 

Gieson (VVG) staining of scaffold sections showed limited collagen and elastin deposition after 1 

week. BAES+SVF scaffolds showed the formation of thick fibrin capsule covering the graft. The 

TH-2670_156106029



Results Chapter 4 

 

150 
 

neo tissue formation was evidenced by the presence of aligned collagen and elastin deposition. A 

visual analysis of stained histological sections suggested denser and more organized elastin 

deposition for BAES+SVF grafts after 8 weeks when compared with BMES+SVF counterpart 

(Figure 4.14A). 

Quantification of collagen and elastin further substantiated the histological data. Higher 

collagen production was recorded at 1-week for BAES+SVF than BMES+SVF explants (p<0.05). 

Total collagen produced in both silk scaffolds after 8-weeks was comparable with native rat aorta 

(p=0.06) (Figure 4.14B). Elastin quantification showed limited presence of mature elastin at 1 and 

8-week time points for both silk scaffold variants as compared with the native rat aorta (p<0.01) 

(Figure 4.14C). Moreover, both silk grafts showed no significant difference at 1 week (p=0.321); 

however, the elastin content of 8-week explant of BAES+SVF showed an increased value when 

compared with its BM counterpart (p<0.05).  

 

Figure 4.14. Histological analysis of extracellular matrix (ECM) production and graft 

remodeling. (A) Representative histological images of the middle section of explanted grafts 

stained with H&E (hematoxylin and eosin) for cell infiltration, PCRO (picrosirius red) for 

collagen (red) and VVG (Verhoeff van Gieson) for elastin (black). Scaffold lumen is marked as 

‘*’. (Scale bar: 500 μm) Quantitative analysis of (B) collagen (n=3) and (C) elastin (n=3) in silk 

grafts compared with rat aorta. (#p<0.05, ##p<0.01, n.s.=not significant) 
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4.4 Discussion 

A paradigm shift in the field of vascular tissue engineering has been observed since it was reported 

that the remodeling necessary for graft success is an inflammation mediated process [44]. Recent 

studies suggest that stem cells incorporated into vascular grafts play a paracrine role by recruiting 

endogenous inflammatory cells to the scaffold as well as providing anti-thrombogenic effects via 

signaling [104]. In addition, these cells tend to leave the scaffold within a week [44]. We have 

previously investigated TEVGs constructed with a synthetic biodegradable polymer-based tubular 

scaffold seeded with adipose derived stem cells or SVF [338, 339, 342, 345]. The potential 

advantage of using silk over other natural or synthetic polymers is its tunable biodegradability 

[146, 346], mechanical properties [182], remarkable biocompatibility and FDA acceptance [10]. 

Moreover, the degradation byproducts of silk protein polymer are fragments (peptides) or single 

amino acids, which may eventually be metabolized by cells without causing toxic effects [146]. In 

this study, we report for the first time the use of Indian endemic non-mulberry AA silk as a scaffold 

for small-diameter TEVGs. 

Apart from graft material and composition, various design parameters should also be 

considered for success of any TEVG. With the latest computational modeling technologies, it is 

now possible to predict graft performance in vivo based on design parameters [329, 347].  

Considering this, it is critical that TEVG scaffold fabrication methodologies confer controllable 

porosity, pore size, mechanical properties, degradation rate and other factors. No previous studies, 

to our knowledge, used the molding-lyophilization technique reported here to prepare porous silk 

scaffolds for small-diameter TEVGs. This is likely due to the freeze-drying process having limited 

working depth of ~1 cm due to the sublimation of water molecules from the surface. While 

preparing tubular scaffolds with submillimeter wall thickness and >1 cm tube length, it is crucial 

to keep the polymer solution in a frozen state. The typical molding technique only allows 

sublimation from both ends of the tube. In the present work, we designed custom 3D printed molds 

and a new fabrication methodology that keeps the silk solution in a frozen state, leaves behind a 

void space that becomes the scaffold lumen, and provides a large surface area (along the whole 

lumen) to sublimate with submillimeter working depth. Following this unique methodology, we 

achieved longer (~3 cm) silk scaffolds than what is possible using other methods, with 

submillimeter wall thickness. Silk tubes were further coated with a nanofibrous electrospun layer 

to provide enhanced mechanical stability. In contrast to a previous report, bi-layered silk grafts 
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fabricated herein are morphologically biomimetic where inner porous layer mimics tunica media 

and outer fibrous layer mimics adventitia [285]. Another added advantage of our fabrication 

methodology is that the inner porous layer can be fabricated by using a range of protein percentage 

(in contrast to gel-spun tubes where a very high percentage of silk protein is required). It may also 

allow (as per requirement) control over the scaffold porosity, pore size, degradation rate and 

mechanical strength by manipulating the silk protein percentage, freezing temperatures and 

thickness of both layers [348]. 

In general, for any tissue engineering scaffold, 10-μm pores have been shown to promote 

cellular infiltration which was observed in our model using in vitro cell seeding and in vivo host 

cell migration [349]. Pore size is also known to play an important role in governing macrophage 

mediated graft remodeling [350]. The silk scaffolds reported and used in this study are suitable for 

cellular infiltration; however larger pores might cause adverse effects during the course of graft 

remodeling [326, 351]. The pore size of inner freeze-dried layer could be reduced by using a higher 

percentage of silk protein [348].  

Graft mechanics is a design parameter that needs to be regulated carefully. In a previous 

study, we reported the mechanics of human saphenous vein (hSV) and porcine internal mammary 

artery (pIMA) using a similar experimental design [337]. A comparative analysis of silk scaffolds 

with natural blood vessels (hSV and pIMA) is listed in Table 4.1. Circumferential modulus, suture 

retention force and burst pressure of silk scaffolds were comparable to either hSV or pIMA 

validating their suitability; however, silk scaffolds were stiffer leading to comparatively lower 

dynamic compliance that needs to be considered. In addition, minimal creep at physiological 

pressure validates the suitability of silk scaffolds. Burst pressure of scaffolds could also be 

improved by increasing the thickness of outer electrospun layer to match the ISO 7198 standard. 

 

Table 4.1 Comparison of mechanical properties of silk scaffolds with previously reported values 

for human saphenous vein (hSV) and porcine internal mammary artery (pIMA). 

 

 BMES scaffold BAES scaffold hSV [337] pIMA 

[337] 

Circumferential stress 

at failure (MPa) 

1.01 ± 0.16 0.68 ± 0.08 3.7 ± 2.0 10.4 ± 7.1 

Circumferential strain 

at failure 

4.47 ± 0.22 3.92 ± 0.32 1.7 ± 0.7 1.5 ± 0.2 
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Circumferential 

modulus (MPa) 

High: 0.31 ± 0.04 

Low: 0.08 ± 0.02 

High: 0.21 ± 0.04 

Low: 0.09 ± 0.02 

2.5 ± 1.0 0.4 ± 0.2 

β Stiffness 207.2 ± 80.7 214.9 ± 6.03 40 ± 10 15 ± 10 

Dynamic compliance 

(mmHg-1) 

(0.98 ± 0.33)*10-4 (0.90 ± 0.05)*10-4 (3.4 ± 

2.0)*10-4 

(11.2 ± 

6.0)*10-4 

Suture retention 

tension (N/m) 

(0.52 ± 0.16)*103 (0.62 ± 0.15)*103 (6.0 ± 

2.2)*103 

(4.0 ± 

2.0)*103 

Suture retention force 

(N) 

0.38 ± 0.11 0.46 ± 0.11 2.5 ± 0.8 1.0 ± 0.8 

Burst pressure 

(mmHg) 

827.43 ± 68.41 798 ± 100.9 1000.0 ± 

400 

2300 ± 

100 

 

Degradation of the graft after in vivo implantation determines the fate of graft remodeling 

and fast degrading polymers are now becoming the favored choice [326, 338, 339, 352]. Silk 

protein is biodegradable and showed a considerable mass loss in vitro. The degradation profile of 

both silk scaffolds represent their ability to integrate with host tissue without rupture or weakening 

due to rapid degradation [352]. Minimal structural deformation of silk scaffolds (in the presence 

of protease) further validated their suitability. In the protease treated groups, the diameter of BAES 

scaffold was observed to be reducing over time, which is in contrast with BMES scaffolds showing 

no significant difference; however, BA/PRT and BM/PRT were comparable when analyzed for 

mass loss over time. These different patterns may be resulting due to: (1) Delamination of inner 

and outer layers due to mechanical agitation, resulting in collapse of the inner layer and reduced 

scaffold diameter without changing the overall scaffold mass OR (2) Structural deformation during 

manual handling. Despite the fact that BAES grafts demonstrated lumen narrowing due to 

degradation in vitro, no such observation was made when implanted in rat aortae, which might be 

attributed to the hemodynamic pressure in the scaffold lumen. In vivo graft degradation is 

dependent on several factors including the site of implantation. A previous study suggests that 

macrophages play an important role in silk protein degradation in vivo [182, 353].  Higher 

infiltration of CD68+ cells in BAES+SVF grafts might be suggestive of faster degradation and 

remodeling of these grafts post-implantation in the long term.   

Preventing acute thrombosis is crucial for graft success. Conjugating anti-thrombotic 

molecules (e.g. heparin) is the most commonly used approach [352, 354]. However, recent studies 

make use of the dual activity of stem cells: (i) antithrombogenic property [104, 345] and (ii) ability 
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to recruit endogenous inflammatory cells by paracrine signaling for constructive tissue remodeling 

[44]. Adipose derived stem cells and stromal vascular fraction (SVF) cells have shown significant 

success in terms of preventing acute thrombosis and encouraging graft remodeling [338, 339, 342]. 

Hence, we used SVF seeded silk scaffolds for in vivo rat implantation. Both of the SVF seeded 

silk grafts showed fibrous capsule formation around the graft after 1-week in vivo, a sign of foreign 

body response (FBR) [355]. The BAES+SVF scaffolds showed formation of thick fibrous capsule 

at 1 week, possibly due to the intrinsic presence of integrin binding sites (RGD motifs) that 

subsequently might aid in recruiting macrophage/monocytes [170]. Unlike early stage explants, 8-

week silk grafts showed minimal presence of surrounding fibrous tissue, a sign of graft remodeling 

and acceptance. Higher infiltration of CD68+ cells in BAES+SVF grafts post 1-week might be 

attributed to the presence of RGD, which tends to influence thrombogenic response and graft 

remodeling by interacting with platelets and macrophages. These observations indicate that if we 

could prevent acute thrombosis in BAES silk scaffolds, they might have a better chance of host 

cell infiltration and graft remodeling. Despite the presence of SVF cells, BMES+SVF grafts (4/9) 

showed acute thrombosis, contrasting with previous reports with BM silk [158, 189, 202] and our 

poly (ester-urethane) urea (PEUU) based grafts [338, 339, 345]. The average pore size of BMES 

scaffold was higher than BAES scaffolds that might be one of the plausible reasons of acute 

thrombosis observed in BMES+SVF grafts. Moreover, another recent report stated that smooth 

surfaces present higher hemocompatibility [356], this might be related to the higher pore size, and 

therefore rougher surface, of BMES scaffolds leading to poor hemocompatibility. One week 

BMES+SVF scaffold explants also showed penetration of blood in the scaffold wall that might be 

attributed to larger pore size, leading to entrapment of clot inducing cells and ultimately resulting 

in blood clot formation. However, limited literature is available on direct assessment of scaffold 

pore size and hemocompatibility, which needs to be investigated exclusively. Acute thrombosis 

was not the only cause of silk graft occlusion, hyperplasia due to various factors was also observed. 

Occluded silk grafts showed the presence of αSMA and calponin positive cells, suggesting an 

overgrowth of SMCs in the lumen (hyperplasia) (Figure 4.15 and 4.16). BAES+SVF grafts 

showed occlusion predominantly at the anastomotic site, which might be attributed to damaged 

tunica intima during surgical anastomosis. Moreover, RGD bearing matrices have been shown to 

induce the re-expression of contractile phenotype of SMCs, therefore reducing the possibility of 

hyperplasia [357]. In addition, no significant change in TEVG wall thickness over time was 
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observed for patent explants, suggesting minimal possibility of hyperplasia. The graft-occluding 

pattern indicates that adopting a careful graft anastomosis protocol and avoiding possible damage 

to the tunica intima during surgery may increase the chances of BAES graft survival. The drug 

(e.g. rapamycin) eluting silk grafts may also be effective to prevent hyperplasia [358]. 

 

Figure 4.15. BMES + SVF, 8 weeks occluded explant. (A) Gross morphological images of 

proximal, middle and distal cross sections of occluded explant. (B) H&E stained representative 

images of the middle section of explant showing the occluded lumen. (C) Representative 

immunofluorescence images of middle section of the explant showing the smooth muscle cell 

(SMCs) specific marker expression (αSMA and calponin, green color). (‘*’ represents the lumen 

of the scaffold, ‘S’ represents the freeze dried scaffold part, dashed lines and circle are separating 

the scaffold wall from lumen).      

 

 

Figure 4.16. BAES + SVF, 8 weeks occluded explant. (A) Gross morphological images of 

proximal, middle and distal cross sections showing graft occlusion at both ends and partial 

occlusion in the middle section. (B) H&E stained representative images of the middle section of 
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explant showing partially occluded lumen. (C) Representative immunofluorescence images of 

middle section of the explant showing the smooth muscle cell (SMCs) specific marker expression 

(αSMA and calponin, green color). (‘*’ represents the lumen of the scaffold, ‘S’ represents the 

freeze dried scaffold part, dashed lines and circle are separating the scaffold wall from lumen). 

      

Collagen and elastin present in the vessel wall maintain integrity under high-pressure 

conditions [326]. Furthermore, SMC distribution is directly related to the organization of ECM 

proteins and luminal pressure induces their radial alignment. Both scaffold types showed limited 

collagen and elastin after 1-week. However, radially aligned collagen and elastin fibers were 

evident in 8-week explants. Of note, the organization of ECM proteins was limited to neo-tissue; 

unorganized collagen and elastin were still present in the scaffold wall. Longer in vivo studies 

could explore the fate of unorganized collagen and elastin present in the scaffold wall but initiation 

of neo-tissue formation with aligned ECM protein fibers and its integration with the scaffold wall 

indicate initial graft remodeling. Interestingly, collagen content of both scaffold types after 8 

weeks was comparable to the native rat aorta; however, production of mature elastin was an order 

of magnitude lower, which is one of the major challenges of vascular tissue engineering [324]. 

Comparatively higher elastin induced by BAES+SVF grafts might arise from the ability of these 

scaffolds to rapidly recruit host cells. The initial distention of the scaffold wall may result from 

luminal blood pressure after implantation. Notably, the angiogram data did not show any signs of 

graft aneurysm at any time point. The gradual increase in scaffold lumen diameter might be due to 

the compression of the inner lyophilized porous layer of the scaffold without changing the outer 

diameter. In addition, the possibility of vacuum seeding induced deformation should not be 

overlooked. 

This work shows the in vitro and short-term in vivo performance of tubular bi-layered silk 

scaffolds as potential vascular grafts and suggests that using non-mulberry AA silk for this purpose 

is advantageous in multiple terms. Some future directions for this study may include optimizing 

the design parameters (pore size of inner scaffold layer and overall graft compliance) to improve 

the graft’s in vivo performance. Reducing the wall thickness to match the native rat aorta may 

allow easier handling of graft during suturing and reduce the possibility of intimal hyperplasia. 

Moreover, this study is limited to using a rat model up to 8 weeks. In order to investigate complete 

neo vessel formation, graft remodeling and elastin production/rearrangement, long-term 

implantation studies are needed. 
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4.5 Significant Findings 

 

1. In this study, we demonstrate a new approach to fabricate bi-layered scaffolds using 

mulberry (B. mori) and non-mulberry Indian endemic (A. assama) silk.  

2. The bi-layered silk grafts are morphologically biomimetic with inner porous layer 

mimicking tunica media and outer fibrous electrospun layer mimicking adventitia.  

3. TEVG fabrication methodology may also provide control over porosity, pore size, 

biodegradation and mechanical properties, which can be achieved by manipulating protein 

percentage, freezing temperatures and thickness of both layers. The flexibility of graft 

designing parameters is crucial and provides a substantial improvement over existing 

methodologies.  

4. Both BMES and BAES silk scaffolds showed comparable physical, morphological and 

mechanical properties with the exception of average pore size and distribution. 

5. In vivo rat aortic implantation of these scaffolds validated their suturability and strength. 

6. Eight weeks of implantation in rat model revealed the superior performance of BAES+SVF 

TEVGs compared to BMES+SVF grafts (in terms of graft viability, recruitment of host 

cells and new extracellular matrix); possibly due to presence of intrinsic RGD cell binding 

motifs in AA silk protein.  

7. Moreover, BAES+SVF grafts showed better remodeling than BMES+SVF in terms of host 

cell infiltration, neo-tissue formation and integration within scaffold wall, production of 

ECM proteins (collagen and elastin) and their arrangement.  

8. None of the implanted scaffolds showed any sign of aneurysm formation.  

9. Overall, this study highlights the feasibility of TEVG fabrication methodology and 

potential of non-mulberry silk bi-layered scaffolds for vascular tissue engineering 

applications.  

 

 

 

 

 

TH-2670_156106029



 

158 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2670_156106029



 

159 
 

 

 

Acellular silk-decellularized human Wharton’s jelly 

extracellular matrix composite tubular scaffolds and their 

functional analysis in rabbit jugular vein as interposition 

graft for vascular tissue engineering applications 

 

 

This chapter demonstrates the fabrication of a cell-free tissue-engineered vascular graft 

functionalized with decellularized human Wharton’s jelly matrix. Immunomodulatory and other 

bioactive factors secreted by Wharton’s jelly stem cells are hypothesized to be preserved in the 

matrix, partially recapitulating the effect of cell-seeding. This approach is envisaged to provide a 

readily available cell-free option towards developing a clinically feasible vascular graft with high 

fidelity. 
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Wharton's Jelly Improves Remodeling via Immunomodulation in Rabbit Jugular Vein. (# Co-First 
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ABSTRACT 

 

Cell-free polymeric tissue-engineered vascular grafts (TEVGs) have shown great promise towards 

clinical translation; however, their limited bioactivity and remodeling ability challenges this cause. 

Here, a novel cell-free bioresorbable small diameter silk TEVG system functionalized with 

decellularized human Wharton's jelly (dWJ) matrix is developed and successfully implanted as 

interposition grafts into rabbit jugular vein. Implanted TEVGs remain patent for two months and 

integrate with host tissue, demonstrating neo-tissue formation and constructive remodeling. 

Mechanistic analysis reveals that dWJ matrix is a reservoir of various immunomodulatory 

cytokines (IL-8, IL-6, IL-10, IL-4, and TNF-α), which aids in upregulating M2 macrophage-

associated genes facilitating pro-remodeling behavior. Besides, dWJ treatment to human 

endothelial cells upregulates the expression of functional genes (CD31, eNOS, and VE-cadherin), 

enables faster cell migration, and elevates NO production leading to the in situ development of 

endothelium. The dWJ functionalized silk TEVGs support increased host cell recruitment than 

control, including macrophages and vascular cells. It endows superior graft remodeling in terms 

of a dense medial layer comprising smooth muscle cells and elevates production of extracellular 

matrix proteins (collagen and elastin). Altogether, these findings suggest that dWJ 

functionalization imitates the usefulness of cell seeding and enables graft remodeling. 
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5.1 Introduction 

Remodeling of tissue-engineered vascular grafts (TEVGs, all synthetic and natural grafts except 

native cellular blood vessels) predominantly relies on scaffold bioactivity, which is orchestrated 

by either incorporating diverse cell types or bioactive molecules [359]. Developing viable TEVGs 

using patient-specific vascular cells is a time-consuming process. It requires long-term in vitro 

expansion of autologous cells, scaffold seeding, and in vitro maturation under physiologically 

relevant dynamic culture conditions, thus limiting their clinical translation [5]. Alternatively, bone 

marrow mononuclear cells (BM-MNCs) can be harvested in a time-efficient manner, which brings 

down the fabrication time from days to hours. BM-MNCs have the inherent ability to recruit 

endogenous vascular cells, which facilitates in situ endothelialization and neo-tissue formation 

after transplantation [37, 39, 44]. Prior studies suggest that BM-MNCs seeded in the vascular 

scaffolds assist in remodeling via paracrine communication [37, 44]. Monocyte chemoattractant 

protein-1 (MCP-1) secreted from mesenchymal stem cells (MSCs) was identified to be one of the 

signaling molecules involved in the former process [44]. Functionalization of acellular (cell-free) 

vascular scaffolds with MCP-1 revealed comparable outcomes to BM-MNCs-seeded scaffolds 

[44]. From a translational perspective, acellular vascular grafts are expected to follow a shorter 

path than cell-seeded grafts. Hence a lateral shift is observed lately towards cell-free vascular grafts 

to expedite their clinical translation [5, 359]. 

 Acellular TEVGs have shown promising outcomes in animal models and human clinical 

trials [35, 37, 359]. Among biological grafts, autologous decellularized vessels (internal mammary 

artery [360] and umbilical artery [361]) are favored due to their regenerative potential and patency, 

but their sparsity limit clinical feasibility. Moreover, acellular xenografts pose the risk of immune 

rejection and disease transmission [362]. On the other side, polymeric grafts can be manufactured 

with high fidelity, which could be readily available for the patients and bypass the possibility of 

disease transmission. Prior reports show encouraging results for acellular polymeric grafts [108, 

352, 363, 364]. For example, human acellular vessels (HAVs) are the most advanced acellular 

vascular grafts that are developed by seeding allogenic human smooth muscle cells (SMCs) on to 

a biodegradable polymeric scaffold, followed by their long-term maturation in dynamic conditions. 

Eventually, the graft polymer degrades while concomitantly allowing the extracellular matrix 

(ECM) deposition from seeded cells. The developed graft was decellularized to prevent immune 

rejection, and these HAVs showed promising results in human clinical trials [35, 90, 359]. One 
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ostensible setback of acellular vascular grafts is their limited bioactivity, which is generally 

addressed by functionalizing them with specific bioactive molecules. The functionalization aims 

to prevent acute thrombosis and stenosis, allow faster endothelialization, and mitigate intimal 

hyperplasia. Notably, studies showing the immobilization of bioactive molecules onto polymeric 

vascular scaffolds focus on the singular aspect of graft remodeling. For example, heparin 

functionalization of poly(glycerol sebacate) (PGS) grafts helps in preventing thrombosis [352, 

365]. Researchers have also demonstrated improved endothelialization of dimethyloxalylglycine 

(DMOG) functionalized polycaprolactone (PCL) grafts by enabling hypoxia mimicking response 

[366]. Vascular endothelial growth factor (VEGF) improves graft endothelialization by capturing 

the circulating progenitor cells and prevent acute thrombosis [367, 368]. Other approaches include 

functionalization with integrin-binding ligand [369], microRNAs [370], nitric oxide (NO) [371], 

fibronectin [372], CD133 antibody [373], heparin [368, 371], etc. Scaffold functionalization with 

a specific bioactive molecule improves the graft performance, but it is surmised not to mimic the 

efficacy of cell seeding. BMMNCs and other MSCs confer therapeutic efficiency by secreting 

important chemokines and cytokines, including immunomodulatory, angiogenic, and anti-

apoptotic factors [374]. MSCs derived extracellular vesicles (EVs) hold a plethora of signaling 

molecules, including cytokines and microRNA [98]. Few recent studies have ventured into 

exploring EVs’ incorporation in acellular polymeric grafts with great success [375-377]. Loading 

of EVs in PCL-based vascular grafts significantly improved their patency in the hyperlipidemic 

rat and mitigated calcification. Mechanistic analysis revealed the immunomodulatory ability of 

MSC-derived EVs, as they induced  phenotype transition of macrophages from M1 pro-

inflammatory to M2c anti-inflammatory type [375]. MSC-derived exosomes also facilitated 

capturing endothelial progenitor cells (EPCs), assisting in faster endothelialization [376]. 

Among three potential sources of MSCs, bone marrow [40, 44] and adipose tissue-derived 

cells [378] have been widely explored in the field of vascular tissue engineering. By contrast, 

human Wharton's Jelly (WJMSCs) derived MSCs have shown limited application. Human  

Wharton's jelly ECM is a rich source of structural proteins (fibronectin, hyaluronic acid, collagens 

I, III, VI, XII, and tenascin-C) [379] and peptide growth factors (IGF-I, PDGF, FGF, TGF-β, EGF, 

VEGF, TIMP1, etc.) [380, 381]. The matrix also contains the WJMSCs derived exosomes [382]. 

The human umbilical cord is a medical waste and could be made available in large quantities; 

hence, recent studies have ventured into investigating the Wharton’s jelly (WJ) matrix for tissue 
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engineering applications [381, 383-386]. The surface coating of glass coverslips with WJ matrix 

improved the growth and retention of vascular cells and MSCs [381]. Interestingly, the secretome 

of WJMSCs has been reported to posses a higher amount of angiogenic factors than the secretomes 

derived from bone marrow (BMMSCs) and adipose-derived mesenchymal stem cells (ADMSCs) 

[387]. Moreover, WJMSCs produce higher MCP-1 than their counterparts [388], which is crucial 

for TEVG remodeling. WJMSCs secreted bioactive factors might facilitate in situ 

endothelialization, host cell recruitment, and constructive graft remodeling [389].  

Herein, aiming towards creating an acellular, clinically viable TEVG, silk-based vascular 

scaffolds are functionalized with decellularized human Wharton's Jelly (dWJ) matrix, for the first 

time. We hypothesized the preservation of WJMSCs secreted bioactive molecules in the Wharton’s 

jelly matrix, which might improve the performance of acellular TEVGs. In this work, we followed 

a modified protocol to obtain dWJ matrix from human umbilical cords, avoiding any harsh 

chemical (e.g., detergents) or enzyme treatment, which presumably prevents the loss of bioactivity 

of bioactive molecules in the matrix. Our previously reported bi-layered silk scaffolds (described 

in Chapter 4) are functionalized with dWJ matrix in this study, and in vivo graft performance is 

investigated in the rabbit jugular vein as an interposition grafting model. 

 

5.2 Materials and methods 

5.2.1 Preparation and characterization of decellularized Wharton's jelly (dWJ) matrix 

Discarded human umbilical cords (n=5) were obtained post-delivery from the Guwahati 

Neurological Research Centre (GNRC) hospital, Guwahati, after due institutional approval 

(reference no.: Inst/AS/2015/RR-2018/EC-103) and informed patient consent. Cords were 

transported in sterile ice-cold PBS and processed within 2-3h of procurement. The dWJ matrix 

was obtained following a previously described protocol with modifications [381, 382]. A 

schematic representation of the process is shown in Figure 5.1A. Briefly, the cord tissue was 

washed thoroughly with sterile Milli-Q water to remove any remaining blood. Post washing, ~2 

cm tissue pieces were treated with red blood cells (RBC) lysis buffer (Sigma-Aldrich, USA) for 

30 min at room temperature. The amnion membrane was cut open to remove umbilical arteries 

and a vein from each tissue piece. Wharton's jelly was scraped and transferred in sterile Milli-Q 

water (5 tissue pieces in 20 mL water) and kept at 4°C overnight on a shaker for dissolution. The 

obtained solution was filtered through a 70 μm strainer to remove any undissolved tissue chunk. 
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The filtrate at this stage contains water solubilized Wharton’s jelly matrix components and MSCs. 

To obtain the dWJ matrix, cells were removed by centrifugation at 5000 rpm/10 min/4°C. The 

supernatant (dWJ matrix) was lyophilized and stored at -20 °C for further use. The DNA content 

in native and processed tissue was quantified to validate optimal decellularization using Pico 

green™ DNA kit (Molecular Probes, USA) following the manufacturer's protocol. Furthermore, 

the dWJ matrix solution (1 mg/mL) was prepared in filtered Milli-Q water and subjected for 

cytokine analysis using a human Bio-Plex ProTM Assay kit (Bio-Rad Laboratories, Inc, USA). 

The kit detects the following human cytokines: GM-CSF, IFN-γ, IL-2, IL-4, IL-6, IL-8, IL-10, and 

TNF-α. The analysis was performed according to the manufacturer's protocol. 

  

5.2.2 Assessment of viability and functionality of dWJ treated vascular cells 

5.2.2.1 Cell viability 

The dWJ matrix was assessed for its compatibility with human umbilical vein endothelial cells 

(HUVECs) and human dermal fibroblasts (HDFs) at variable concentrations ranging from 0-

1mg/mL. HUVECs (ScienCell Research Laboratories, USA) and HDFs (HiMedia Laboratories, 

India) were cultured following prescribed protocols and used between P1-P5. dWJ matrix stock 

solution (5 mg/mL) was prepared in PBS and sterilized under UV for 20 minutes. Cell viability 

analysis in the presence of dWJ matrix was performed using Live-cell staining and measurement 

of cell metabolic activity (AlamarBlue assay) following established protocols [390, 391]. Briefly, 

cells were seeded in a 12-well tissue culture plate (10,000 cells/well) for 24 h, followed by dWJ 

matrix treatment. Live cell imaging was performed using Calcein AM and visualized under a 

fluorescent microscope (EVOS FL, Life Technologies, USA). In a parallel experiment, the 

metabolic activity of cells was measured using AlamarBlue assay to quantify the cell viability in 

the presence of dWJ matrix post 1 and 3 days of treatment. Quantification of cell viability was 

represented after normalizing with Day 1 value. 

 

5.2.2.2 Expression of functional genes (qRT-PCR)  

Based on the outcome of the biocompatibility assessment of dWJ matrix, we used 1 mg/mL dWJ 

for all further in vitro 2D experiments. The effect of dWJ matrix treatment on HUVECs was further 

evaluated by investigating the expression profile of functional genes (CD31, eNOS, vWF, and VE-

Cadherin). Cells were cultured in a 6-well plate and treated with dWJ matrix (1 mg/mL) for 24h. 
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Post-treatment, cells were processed for RNA isolation following TRizol based method as 

described in our previous study [392]. The cDNA was prepared from extracted RNA (200 ng/µL 

and 260/280 ratio=1.99-2.01) using a high-efficiency reverse transcription kit (Applied 

Biosystems, USA) and a thermal cycler. SYBR based standard RT-PCR was performed for target 

genes using Power SYBR Green PCR master mix (Applied Biosystems, USA) and real-time PCR 

machine (Applied Biosystems, Quant Studio 5, USA). The primer sequences of the target genes 

are listed in Table 5.1. Relative expression of genes was quantified by 2-∆Ct method. Human β-

actin was used as a housekeeping gene. 

 

5.2.2.3 Cell migration assay 

The migration of endothelial cells under the influence of dWJ matrix was analyzed by creating a 

circular wound in cell monolayer using a polydimethylsiloxane (PDMS) disc (diameter: 2 mm, 

thickness: 1 mm). A PDMS disc was kept at the center of each well of the 6-well plate, followed 

by seeding and culture of endothelial cells (106 cells/well) in complete growth media until 

confluence. The PDMS disc was then removed gently without disturbing the cell monolayer, 

leaving behind a circular blank space (without cells) at the center of the wells. Detached cells were 

removed by thorough washing with sterile PBS. Culture media (1% v/v FBS) was replenished in 

each well, and initial wound images were captured in a phase-contrast microscope. Experimental 

wells were treated with 1 mg (200 µL aqueous stock) of the sterile dWJ matrix. Images were 

captured again after 30h culture. Parallelly, HDF migration images were captured following 

standard scratch assay [377]. Images were processed using ImageJ to calculate the wound area 

following the Phase wound plugin (http://dev.mri.cnrs.fr/projects/imagej-

macros/wiki/Wound_Healing_Tool). Percent wound closure with time was reported for cell 

migration analysis.  

 

5.2.2.4 Nitric oxide (NO) quantification  

Production of nitric oxide (NO), a functional molecule responsible for maintaining vascular tone, 

from HUVEC in response to dWJ treatment was investigated in 2D culture after 6h and 30h 

following the previous report [244]. A high cell density (3 x 105 cells /well) was cultured in 6 well 

tissue culture plates, which achieved confluency within a day. After 24h culture, fresh media was 

added to each well. The Control group was left untreated, while in the experimental group, 200 μL 
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of dWJ stock (1 mg matrix) was added. The culture was incubated for 6h and 30h, and spent media 

was collected, centrifuged to remove any cell debris, and processed for NO quantification using 

Griess reagent kit (Thermo Fisher Scientific, USA) following manufacturer's protocol. Fresh cell 

culture media with and without dWJ matrix was considered as a negative control. The NO 

concentration is reported after normalization with cell number. 

 

5.2.3 In vitro assessment of dWJ treated human monocytes (THP-1) 

5.2.3.1 Cell viability 

THP-1 (human monocyte cell line) was procured from National Centre for Cell Science (NCCS), 

Pune, India, and maintained in suspension culture in RPMI 1640 media (Sigma-Aldrich, USA) 

following standard culture protocol. THP-1 cells (10,000 cells/well) were cultured in a 96-well 

tissue culture plate and differentiated to adherent macrophages (M0) by 100 ng/mL (162 nM) 

phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, USA) treatment for 16h. Cytotoxicity of 

dWJ matrix at variable concentrations (0-1 mg/mL) was studied using standard MTT assay 

following 24h treatment. The viability of THP-1 cells after dWJ treatment (1mg/mL) was further 

investigated by fluorescent live-dead imaging by staining cells with Calcein-AM and ethidium 

homodimer-1 dyes (Invitrogen, USA) following the manufacturer's instructions.   

 

5.2.3.2 Immunomodulation analysis 

Considering the presence of immunomodulatory cytokines in dWJ matrix, we looked into its 

ability to modulate macrophage polarization. THP-1 cells were differentiated into adherent 

macrophages followed by dWJ treatment (1 mg/mL) for 24h. Qualitative analysis of 

immunomodulation was studied by immunofluorescent staining of cells with CD68, CCR7, and 

CD163 (1:100, Abcam) primary antibodies, and corresponding AlexaFlour 488, FITC tagged 

secondary antibodies (1:200, Abcam)  following standard protocol. Images were captured using a 

fluorescent microscope. Fluorescence images (n=6 per group) were further processed to quantify 

the expression of specific markers using ImageJ software following our previously reported 

methodology [378]. Expression of phenotype-specific genes (TNFα, CCR7, IL-6, MCP1, and IL-

10) was further quantified using qRTPCR following the protocol, as mentioned earlier, to ascertain 

the effect of dWJ treatment on human macrophage phenotype modulation. Primer sequences of 

genes are listed in Table 5.1.  
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5.2.4 Fabrication and characterization of silk TEVGs 

The aqueous silk fibroin (SF) protein was obtained from Bombyx mori (BM) cocoons and 

Antheraea assama (AA) silk glands following established protocols [233, 332]. Tubular bi-layered 

silk scaffolds were prepared using 3D printed molds following our previous methodology 

(described in Chapter 4). Scaffold variants used in this study are composed of different inner 

porous layers as follows: 1) BM-6% (w/v) Bombyx mori, 2) BA: 1:1 ratio of 10% (w/v) Bombyx 

mori and 2% (w/v) Antheraea assama, 3) BAW: BA + 3 mg/mL dWJ matrix. The choice of using 

a blend of BM and AA was motivated considering the limitation associated with AA silk, which 

forms hydrogel at higher concentrations (>3%, w/v). To maintain the structural similarity among 

different experimental groups, the same final concentration (6%, w/v) was used to fabricate the 

inner porous layer. The inner layer of all three scaffold types (BM, BA, BAW) were coated with 

same outer nanofibrous electrospun layer, following our previous study [378]. The electrospinning 

solution was consisted of 1:1 (v/v) ratio of 10% (w/v) BM silk and 10% (w/v) polycaprolactone 

(PCL, Mn 80,000, Sigma-Aldrich, USA) dissolved in 1,1,1,3,3,3- Hexafluoro-2-propanol (HFP, 

Sigma-Aldrich, USA). BAW scaffolds were crosslinked using EDC/NHS prepared in 80% (v/v) 

ethanol for 12h [385]. The crosslinked scaffolds were washed in sterile water on a shaker for 12h 

and stored at 4°C until further use. Similarly, stable crosslinking of dWJ matrix component 

(collagen I) was investigated in scaffold cross-sections by immunofluorescence analysis following 

standard protocol. Histological sections of bare scaffolds (without cells, after crosslinking step) 

were treated with anti-human Col-I primary antibody (1:100, Abcam) followed by fluorescent 

tagging with secondary antibody (Alexa Fluor 488, 1:500, Abcam). Images were captured using a 

fluorescent microscope. 

For morphological analysis, scaffold cross-sections were obtained using a fine blade, 

preventing any morphological alteration. The surface morphology of silk scaffolds was analyzed 

under a field emission scanning electron microscope (FESEM, Zeiss, Sigma) after gold sputtering. 

Captured FESEM images were further processed using ImageJ software to calculate pore size 

distribution and wall thickness (n=6 images processed per experimental group). In vitro scaffold 

degradation in the presence and absence of protease enzyme was quantified following our 

previously published protocol (described in Chapter 4). Scaffold discs were prepared as described 

in “In vivo immunomodulation analysis of 3D silk scaffolds” and investigated for swelling and 

protein release profile in accordance with previous study [333]. Briefly, protein release from silk 
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scaffolds was assessed following the Bradford method. Silk scaffolds of uniform dry weight 

(approximately 10 mg, n=6 for each experimental group) were incubated in 1 mL PBS at 37℃. At 

predefined time-points, releasates (20µL) were incubated in 200 µL Bradford reagent for 20 min, 

followed by spectrophotometric analysis at 525 nm. The following standard formula was 

implemented to calculate the protein release over time: 

Protein release (% w/w) = (C2/C1)*100 

C1 represents the initial dry weight (mg) of the scaffold and C2 represents protein content (mg) 

released over time. 

The biocompatibility of 3D silk scaffolds with HUVEC cells was analyzed. Scaffold discs 

(2 mm thickness, 6 mm diameter) were prepared for all three variants. Sterilized scaffolds were 

conditioned with the culture media overnight in a 24-well plate and seeded with 105 cells 

(HUVEC) per scaffold. At predefined time points, the cellular metabolic activity was assessed 

using AlamarBlue assay [234]. The percentage Alamar reduction value was quantified at each time 

point, and results are reported after normalization with day 1 value. HDF migration was also 

checked in 3D porous scaffolds. Rectangular scaffold strips (length: 8-10 mm, width: 1 mm, 

height: 1 mm, n=3 each) were seeded with ~10,000 HDF cells at each longitudinal end and cultured 

for up to 7 days. At predefined time points, scaffolds were treated with MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] for 4h following the previously described 

protocol [393]. The resulting blue formazan crystals indicated the boundaries of cell growth. The 

macroscopic images were captured and processed using ImageJ software to calculate the % area 

coverage over time. 

 

5.2.5 In vivo immunomodulation analysis of 3D silk scaffolds 

All animal studies were performed post approval from the animal ethical committee (IAEC), West 

Bengal University of Animal & Fishery Sciences, Kolkata vide permit no. Pharma/IAEC/163. 

Female adult New Zealand rabbits (1500-2000 g of body weight) were used for subcutaneous 

implantation of silk scaffolds. 3D silk scaffolds (BM, BA, and BAW, a composition similar to 

inner layers of silk TEVGs) were prepared by molding the aqueous solution in plastic molds, 

keeping a 2 mm solution height. Molds were kept at -20℃ overnight and lyophilized for 24h. 

Circular discs were cut using a biopsy punch (6 mm diameter, 2 mm thickness). Sterilized scaffold 

discs were soaked in PBS and implanted subcutaneously on the rabbit's dorsal side for five days 
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and one month (n=3 for each group). Scaffolds were explanted at predefined time points. Half a 

portion of each explant was fixed in neutral buffered formalin (NBF, Sigma-Aldrich, USA) and 

incubated with 30% (w/v) sucrose for 2h followed by cryosectioning to obtain 5 µm sections. 

Histological sections were stained with hematoxylin & eosin (H&E, Merck, USA) following 

standard protocol. In addition, the immunohistological analysis was performed by staining samples 

with anti CD68, anti CD163, and anti CCR7 primary antibodies (1:100 dilution, Abcam) followed 

by treatment with AlexaFlour 488 and DyLight 594 tagged corresponding secondary antibodies 

(1:200, Abcam). All sections were counterstained with DAPI, mounted and imaged using a 

fluorescent microscope. The remaining half of each sample was stored in RNA later (Sigma-

Aldrich, USA). Tissue samples were homogenized and processed for qRTPCR for the following 

genes: β-actin, IL-1β, IL-6, IL-10, TNFα, and TGFβ. Primer sequences of genes are listed in Table 

5.1. 

 

Table 5.1. qRT-PCR primer sequences  

S.No Gene 

 

Primer Sequence Accession No. 

1 Human β-actin F 5′- CACAGGGGAGGTGATAGCAT-3′ 

R 5′- CTCAAGTTGGGGGACAAAAA-3′ 

NM_001101.5 

2 Human PECAM 

(CD31) 

F 5′-TCCGATGATAACCACTGCAA-3′ 

R 5′-TGGTGGAGTCTGGAGAGGA-3′ 

NM_000442.5 

3 Human eNOS F 5′-TTCCGGGGATTCTGGCAGGAG-3′ 

R 5′-GCCATGGTAACATCGCCGCAG-3′ 

NM_000603.5 

4 Human vWF F 5′-TCTTCCAGGACTGCAACAAG-3′ 

R 5′-TCCGAGATGTCCTCCACATA-3′ 

NM_000552.5 

5 Human VE-

cadherin (CD144) 

F 5′-ACCCCCACAGGAAAAGAATC-3′ 

R 5′-GACTTGGCATCCCATTGTCT-3′ 

NM_001795.5 

6 Human TNFα F 5′-GAGGCCAAGCCCTGGTATG-3′   

R 5′-CGGGCCGATTGATCTCAGC-3′   

NM_000594.4 

7 Human CCR7 F 5′-AAGCCTGGTTCCTCCCTATC-3′   

R 5′-ATGGTCTTGAGCCTCTTGAAATA-3′   

NM_00130171

8.1 

8 Human MCP1 F 5′-CAGCCAGATGCAATCAATGCC-3′ 

R 5′-TGGAATCCTGAACCCACTTCT-3′ 

NM_002982.4 

9 Human IL-10 F 5′-GACTTTAAGGGTTACCTGGGTTG-3′  

R 5′-TCACATGCGCCTTGATGTCTG-3′    

NM_000572.3 

10 Human IL-6 F 5′-ACTCACCTCTTCAGAACGAATTG-3′   

R 5′-GTCGAGGATGTACCGAATTTGT-3′   

NM_000600.5 
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11 Rabbit β-actin F 5′-AGGAGAAGCTGTGCTACGTG-3′ 

R 5′-CAGGAAGGAGGGCTGGAACA-3′ 

NM_00110168

3.1 

12  Rabbit IL-1β F 5′-TTGAAGAAGAACCCGTCCTCTG-3′ 

R 5′-CTCATACGTGCCAGACAACACC-3′ 

NM_00108220

1.1 

13 Rabbit IL-6 F 5′-GAACAGAAAGGAGGCACTGG-3′ 

R 5′-CTCCTGAACTTGGCCTGAAG-3′ 

NM_00108206

4.2 

14 Rabbit IL-10 F 5′-CAAGCCTTGTCGGAGATGAT-3′ 

R 5′-TTTTCACAGGGGAGAAATCG-3′ 

NM_00108204

5.1 

15  Rabbit TNFα F 5′-CTGCACTTCAGGGTGATCG-3′ 

R 5′-CTACGTGGGCTAGAGGCTTG-3′ 

NM_00108226

3.1 

16 Rabbit TGFβ F 5′-CAGTGGAAAGACCCCACATCTC-3′ 

R 5′-GACGCAGGCAGCAATTATCC-3′ 

NM_00108266

0.1 

 

5.2.6 Implantation of silk conduits in rabbit jugular vein as interposition graft 

Female adult New Zealand rabbits (1500-2000 g of body weight) were used for silk scaffold 

implantation. A total of 9 rabbits were used for this study. Animals were divided into three groups 

(3 each), and each group received BM, BA, and BAW silk grafts, respectively. Scaffold lumen 

diameter was selected to match the diameter of the rabbit jugular vein. Anesthesia was induced 

using xylazine hydrochloride at 5mg/kg body weight and ketamine hydrochloride at 33 mg/kg 

body weight. The Neck portion of the animal was shaved, and an incision was made to expose the 

internal jugular vein (JV). It was further bisected using micro scissors between microvascular 

clamps. The silk scaffold was anastomosed with proximal and distal segments of the internal 

jugular vein in an end-to-end manner as an interposition graft with 10-0 Ethilon following 

microvascular anastomosis technique. Once the graft is secured and no blood leakage was 

observed at anastomotic sites, micro clamps were released. The restoration of blood flow was 

evaluated and confirmed by the appearance of the venous pulse. The skin and muscle layer were 

closed using 3-0 polyglactin sutures (McKesson, Richmond, Va). Post-surgery, animals were 

subcutaneously injected with buprenorphine hydrochloride (0.5 mg/kg) every 12h until three days.  

Post-operatively, graft patency was monitored by color Doppler imaging after day 12 and 

day 60 (at the time of graft retrieval). The middle portion of explants was used for histological 

analysis, whereas ~1mm tissue section from the proximal, middle and distal portion from each 

explant were subjected for extracellular matrix (ECM) proteins (collagen and elastin) 

quantification. To assess host cell infiltration in silk grafts, 5 µm cryosections were stained for 

H&E staining. Furthermore, tissue cryosections were also stained with DAPI (Sigma-Aldrich, 
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USA) to visualize the cell nucleus. Brightfield images of H&E stained sections and fluorescent 

images of DAPI stained sections were captured using a fluorescence microscope. Infiltrated cells 

were quantified by processing the DAPI stained images using ImageJ software following our 

previously published protocol (described in Chapter 4). 

 

5.2.7 Graft remodeling and deposition of ECM proteins  

Histological sections of explanted TEVGs were mounted on coated slides and processed for H&E 

staining (for cellular distribution), Masson's trichrome staining kit (Sigma-Aldrich, USA) (for 

collagen), and Elastic stain kit (Modified Verhoeff Van Gieson Elastic Stain Kit, Sigma-Aldrich, 

USA) (for elastin) following manufacturer's protocols. Tissue explants were further processed for 

quantification of ECM proteins: collagen (Hride Tullberg-Reinert method) and elastin (Ninhydrin 

assay), as described in Chapter 4. Native rabbit jugular vein was also processed and considered as 

the positive control. The results of collagen and elastin quantification were presented after 

normalizing with initial wet tissue weight. Bare silk scaffolds were also processed as the negative 

control. Infiltration of host vascular cells into graft during remodeling was detected by 

immunostaining with cell-specific antibodies (calponin and αSMA for smooth muscle cells, CD31 

for endothelial cells) (1:100, Abcam) using Vectastain Elite ABC Universal kit (Vactor 

laboratories) following manufacturer's protocol. Stained sections were imaged in the brightfield 

mode of the microscope (Nikon ECLIPSE Ti2). The presence of resident macrophages was further 

studied by immunofluorescence staining of explant sections using anti CD68, anti CD163, and anti 

CCR7 antibodies followed by counterstaining with corresponding secondary antibodies and DAPI. 

Stained microscopic images were processed per our previous report to quantify the percent area 

coverage (described in Chapter 4) and M2/M1 macrophage phenotype ratio. 

 

5.2.8 Biomechanical analysis of silk TEVG explants 

Uniaxial circumferential biomechanical testing of silk TEVG explants was performed in 

accordance with the previously described methodology (Chapter 4). Briefly, 2 mm long circular 

tissue rings were obtained from the proximal, middle, and distal part of TEVG explant (n=6), and 

mounted in two U-shaped stainless steel hooks (rod diameter: 0.5 mm) through the lumen 

connected to pneumatic grips of universal testing machine (UTM, Instron 5944, USA). Samples 

were pre-conditioned at 5% strain for 10 cycles, followed by recording load-displacement data at 
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2 mm/min crosshead speed until failure in hydrated conditions. Stress-strain curves, modulus at 

low (low modulus) and high stretch regions (high modulus), stress, and strain at failure points were 

further calculated as described previously in Chapter 4.  

 

5.2.9 Statistical analysis 

Statistical significance of all data was analyzed using Origin 8.0 software following one-way 

analysis of variance (ANOVA). Analysis of equal variance was performed using the Levene test 

and means comparison between groups was performed using post hoc Tukey's test. Two 

experimental groups were considered significantly different, having p-values less than 0.05. All 

experimental data were acquired for at least n=3 samples (both biological and technical replicates), 

unless otherwise noted, and reported as mean  ±  standard deviation (SD).  

 

5.3 Results 

5.3.1 Decellularization and cytokine profile of Wharton's jelly matrix 

The Wharton's jelly matrix was obtained in the powdered form, post lyophilization, which was 

white in appearance and easily soluble in water without forming any clumps (Figure 5.1A). The 

aqueous solubility of dWJ matrix allowed it to mix with silk fibroin solution homogenously. A 5 

mg of dWJ matrix was dissolved in 1 mL of silk solution (6% w/v) without showing any protein 

coagulation. However, on further increasing the dWJ concentration, silk protein coagulation was 

observed, resulting in lump formation. DNA quantification analysis revealed significantly less (10 

times lesser) amount of DNA in dWJ matrix post decellularization (~40 ng/mg dry weight) as 

compared to native umbilical cord tissue (~400 ng/mg dry weight) (p<0.01). In accordance with a 

previous report, the DNA content of decellularized tissue was within the acceptable limit (50 

ng/mg tissue) [394]. We further analyzed the presence of inflammatory cytokines in dWJ matrix. 

Among the investigated cytokines, IL-8 concentration was maximum (1190 ± 94 pg/mL), followed 

by IL-6 (469 ± 100 pg/mL). Remaining cytokines were present in minimal amount: TNF-α (3.53 

± 0.13 pg/mL), GM-CSF (3.09 ± 0.16 pg/mL), IL-4 (0.72 ± 0.08 pg/mL) and IL-10 (0.21 ± 0.04 

pg/mL) (Figure 5.1B).  
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Figure 5.1. Isolation and characterization of human decellularized Wharton's Jelly (dWJ) matrix. 

(A) Scheme showing the stepwise process to isolate dWJ matrix. (B) Aqueous dWJ solution was 

lyophilized to obtain powder form (white color) and re-dissolved in water to obtain the desired 

concentration. DNA quantification data are showing the decellularization of WJ matrix (n=5). The 

dotted line represents the allowed threshold limit of DNA for decellularized tissue. Cytokine 

profiling of dWJ matrix showing the presence of immunomodulatory cytokines (n=3). (##p<0.01) 

 

5.3.2 dWJ treatment improves performance of vascular cells in monolayer culture 

Live-cell imaging suggested that even at higher concentrations (1 mg/mL), dWJ matrix did not 

significantly affect the viability of both vascular cells (human umbilical vein endothelial cells: 

HUVEC and human dermal fibroblasts: HDF). Viable cells were observed after three days at all 

investigated concentrations, and no morphological alteration was observed compared to the 

standard tissue culture plate (Figure 5.2A-B, D). Cell viability and proliferation were further 

quantified using the AlamarBlue assay. Cells proliferated ~1.2 folds over three days in control and 

dWJ treated groups, signifying no detrimental effect of dWJ treatment on cell viability (Figure 

5.2C, E). Subsequent increment of aqueous dWJ concentration adversely affected the HUVEC 

cell viability. Considering the biocompatibility of dWJ matrix with human endothelial cells up to 

1mg/mL, the same concentration was used henceforth for further in vitro analysis.  
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Figure 5.2. Effect of dWJ matrix on vascular cell viability. (A) Schematic representation of 

aqueous dWJ matrix treatment on a 2D culture of vascular cells. Live cell imaging showing the 

viability of (B) HUVEC and (D) HDF cells after 1 and 3 days of aqueous dWJ treatment at varying 

concentrations (0-1 mg/mL). Quantitative assessment of metabolic activity of (C) HUVEC and (E) 

HDF cells at different dWJ concentrations. The dashed line is representing baseline metabolic 

cellular activity after 1 day of cell seeding. (n.s.=not significant) 

 

The expression profile of various endothelial functional genes (vWF, CD31, eNOS, and 

VE-Cadherin) by quantitative real-time PCR was investigated to assess the effect of dWJ matrix 

treatment onto cellular functionality. All of the studied genes play a crucial role in maintaining the 

overall blood vessel tone. Interestingly, endothelial cells showed significant upregulation of CD31 

(~2000 fold), eNOS (~50 fold), and VE-cadherin (~1600 fold) genes after dWJ matrix treatment 

(p<0.01). However, vWF expression remained unchanged, and no significant difference was 

observed (Figure 5.3).  
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Figure 5.3. Effect of dWJ matrix on HUVEC function. Real-time gene expression quantification 

for functional endothelial cell genes (D) vWF, (E) CD31, (F) eNOS and (G) VE-Cadherin after 

24h aqueous dWJ treatment (1 mg/mL). (##p<0.01, n.s.=not significant) 

 

After implantation in animals, graft remodeling relies on the recruitment and migration of 

host cells from the surrounding tissue. We performed the cell migration assay as an indirect 

measurement of cell migration from the host tissue to the graft. Results suggested a faster migration 

of HUVEC and HDF cells in the presence of dWJ matrix (observed at 30h) (Figure 5.4A-B, D). 

Quantification of the wound area corroborated a similar pattern. dWJ matrix treated group covered 

~85% wound area as compared to ~40% for the untreated group (p<0.01), signifying HUVEC 

migration at two times faster rate post dWJ treatment (Figure 5.4C). Similarly, approximately 2.5 

times faster migration rate was recorded for HDF cells (Figure 5.4D-E). Furthermore, the amount 

of NO produced by endothelial cells was quantified, responsible for maintaining the vascular tone. 

At both time points (6h and 30h), endothelial cells treated with dWJ matrix produced a 

significantly higher (~47 and ~9 times, respectively) amount of NO than the control group (p<0.01) 

(Figure 5.4F). The NO concentration is reported after normalization with cell number.  

 

5.3.3 Viability and immunomodulation of human THP-1 monocytes  

With recent advancements in the vascular tissue engineering field, it is now established that the 

circulating cells, including monocytes, play a crucial role in the maturation and remodeling of 

vascular grafts [44, 367]. Hence, the effect of dWJ treatment on human monocytes was 

investigated (Figure 5.5A). The adherent THP-1 cells were subjected to various concentrations of 

dWJ matrix to analyze its cytotoxicity. MTT results showed no cytotoxic effect of dWJ matrix (0-

1 mg/mL) on THP-1 cells (Figure 5.5B). The viability of the attached cells was further validated 

by live-dead fluorescence imaging. In both control and dWJ treated groups, mostly live cells 
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(fluorescing green) were present with the negligible presence of dead cells (fluorescing red). The 

results indicated that dWJ matrix does not show any cytotoxic effects on THP-1 derived 

macrophages at 1 mg/mL concentration (Figure 5.5C).  

 

Figure 5.4. Effect of dWJ matrix on vascular cell migration and HUVEC function. (A) Scheme 

representing the process followed for analyzing the migration of HUVEC under the influence of 

aqueous dWJ treatment. (B) Phase-contrast images of HUVEC processed using the 'Find Edges' 

function of ImageJ, showing the migration of cells inwards towards the center of the circle marked 

with a yellow dashed line. Dotted arrows are representing the cellular migration towards the 

center. (C) Quantification of cell migration in terms of percentage wound area over time. (D) 

Representative phase contrast microscopic images of scratch wound assay showing migration of 

HDF cells in control and dWJ treated groups. (E) Quantification of wound area covered over time. 

(F) Quantification of nitric oxide (NO) production from HUVEC after 6h and 30h aqueous dWJ 

treatment. (##p<0.01) 

 

Immunofluorescence imaging of control and dWJ treated THP-1 cells showed positive 

staining for CD68 and CCR7. However, THP-1 cells markedly stained positive for CD163 in dWJ 

treated group (Figure 5.5D). Quantitative real-time gene expression analysis revealed the 

downregulation of TNF-α, CCR7, and IL-6 genes, post 24h dWJ treatment. On the contrary, dWJ 

matrix induced the upregulation of MCP1, whereas no significant difference was observed for IL-

10 (Figure 5.5E-I). 
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Figure 5.5. In vitro analysis of the effect of aqueous dWJ matrix treatment on human monocytes 

(THP-1). (A) Scheme representing monocyte differentiation and aqueous dWJ treatment. (B) 

Quantification of THP-1 cells viability after 24h dWJ matrix treatment. (C) Live/Dead fluorescent 

microscopic images showing the viability of THP-1 cells. (D) Representative immunofluorescent 

images showing expression of CD68 (pan macrophage marker), CD163 (M2 marker), and CCR7 

(M1 marker) in control and dWJ treated THP-1 cells. Real-time qPCR analysis quantifying the 

expression of (E) TNF-α, (F) CCR7, (G) IL-6, (H) MCP1, and (I) IL-10 genes in control and dWJ 

treated THP-1 cells. (#p<0.05, ##p<0.01, n.s.=not significant) 

 

5.3.4 Physical characterization of bi-layered tubular silk scaffolds and assessment of vascular 

cell viability and migration 

Bi-layered composite silk scaffolds were fabricated, as shown in Figure 5.6A. The porous core 

layer supports the recruitment and growth of host cells. The outer electrospun layer provides 

mechanical resilience to the graft and prevents the transmural flow of blood through the scaffold 

wall post-implantation. SEM images of grafts' cross-sections showed the inner porous and dense 

outer layer. None of the grafts revealed any delamination among the two layers. The average 

thickness of the inner porous and the dense outer layer was 535 ± 38 µm and 51 ± 10 µm, 

respectively, resulting in 586 ± 48 µm total thickness of bi-layered scaffold wall. The core layer 

of all scaffold variants displayed the presence of interconnected pores (Figure 5.6B). 
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Quantification of pore size of the core layer revealed an overlapping distribution ranging 20-65 

µm (mean value of 40µm) for BM, 20-72 µm (mean value of 40µm) for BA, and 10-55 µm (mean 

value of 32 µm) for BAW scaffolds (p>0.05) (Figure 5.6C). A minor, insignificant shift in 

porosity range for BAW scaffolds might be resulting from the presence of structural components 

of Wharton’s jelly matrix. 

 

Figure 5.6. Fabrication and physical characterization of tubular silk bi-layered vascular grafts. 

(A) Representative scheme showing the stepwise fabrication of bi-layered silk vascular grafts. (B) 

Scanning electron microscopic (SEM) images of cross-sections of grafts showing porosity and 

pore interconnectivity of the inner core layer. (C) Graph representing quantification of pore size 

of the inner porous layer for all three scaffold variants calculated by processing the SEM images 

(n=6, each group). (D) In vitro quantification of scaffold degradation in control (PBS) and treated 

(protease enzyme) groups over 28 days. (E) Graph representing water retention capability of silk 

scaffolds. (##p<0.01) 

 

In vitro scaffold degradation data revealed a faster degradation in the presence of protease 

enzyme for all variants (p<0.01). In both treated and untreated groups, BAW scaffolds showed a 

comparatively faster degradation profile than BM and BA scaffolds. Minimal scaffold degradation 
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(10.43 ± 1.58% and 7.70 ± 4.87% mass loss for BM and BA scaffolds, respectively, over 28 days) 

was recorded in the absence of enzyme; however, BAW scaffolds showed significantly higher 

mass loss (30.33 ± 5.94%) (p<0.01). A similar trend was observed for the enzyme-treated group 

over 28 days (50.68 ± 9.28% and 55.05 ± 2.96% vs. 77.78 ± 10.92% for BM and BA vs. BAW, 

respectively) (p<0.01) (Figure 5.6D). Further analysis of scaffold swelling property (water 

retention ability) revealed a superior swelling ratio for BAW scaffolds (12.25 ± 0.6) as compared 

with BM and BA scaffolds (10.01 ± 0.52 and 9.88 ± 0.5 respectively) post 300 mins (p<0.01). 

Early swelling data showed that all scaffold variants reached saturation after 30 minutes and 

followed the same trend at later time points (Figure 5.6E).  

 

Figure 5.7. Physical characterization of tubular silk bi-layered vascular grafts. (A) Quantification 

of protein release from silk scaffolds. (B) Fluorescent microscopic images of scaffold cross-

sections stained with collagen-I antibody (green dots). Positive staining for BAW scaffolds 

substantiates their stable functionalization with dWJ matrix. (C) High magnification scanning 

electron microscopic (SEM) images of cross-sections of silk TEVGs. (n.s.=not significant) 

 

TH-2670_156106029



Results Chapter 5 

 

181 
 

To analyze the scaffold integrity and ensure stable crosslinking, protein release from 

scaffolds was quantified for 24h. Results suggested less than 1% protein release for all scaffold 

variants corroborating their stability (Figure 5.7A). BAW scaffolds at the pre-implantation stage 

showed positive staining for collagen I (col-I), corroborating the stable integration of dWJ matrix 

components in the scaffold struts (Figure 5.7B). High magnification SEM images revealed a 

smoother surface of BM and BA scaffold struts; whereas, a significantly rougher surface for BAW. 

Notably, cross-sections of scaffold struts showed fibrous structures, substantiating the presence of 

dWJ matrix structural components in BAW scaffolds (Figure 5.7C). 

The proliferation of endothelial cells on 3D BM, BA, and BAW scaffolds was analyzed by 

measuring the metabolic activity over 14 days. The result is reported after normalization with day 

one values (Figure 5.8). All three scaffold types supported the endothelial cell growth over 14 

days, and no significant difference was observed in the growth rate among experimental groups. 

On day 14, a ~3 fold increase in cell number was recorded compared with day 1. The results 

suggest that in 3D porous silk scaffolds, the presence of dWJ matrix in BAW did not significantly 

affect the growth rate of endothelial cells. HDF migration analysis in 3D porous silk scaffolds 

revealed significant improvement in cell migration rate in BAW scaffolds on day 7, calculated in 

terms of % area coverage over time (Figure 5.9A-C). 

 

 
Figure 5.8. In vitro HUVEC viability on 3D silk scaffolds. Analysis of viability and proliferation 

of HUVEC cultured on 3D scaffold discs (BM, BA, and BAW) over 14 days. (n.s.=not significant) 
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Figure 5.9. Migration of HDF cell in porous 3D scaffolds. (A) Scheme representing the 

methodology adopted for cell migration analysis on silk scaffold strips. Cells were seeded on both 

longitudinal ends of strips followed by static culture. MTT staining was performed at predefined 

time points to visualize cell migration. (B) Cell-seeded MTT-stained silk scaffolds at different 

times. The presence of cells is represented in blue color. Black arrows are indicating the cell 

migration boundary. (C) Graph representing quantitative analysis of % area covered by cells over 

time. (n.s.=not significant, #p<0.05) 

 

5.3.5 Macrophage response and immunomodulation ability of dWJ functionalized 3D silk 

scaffolds implanted in rabbit subcutaneous pocket 

As shown in Figure 5.10A, 3D silk scaffold discs were implanted in the subcutaneous pocket of 

rabbits followed by sample retrieval at five days and one month, post implantation. Qualitative 

assessment of H&E stained images showed a higher cellular infiltration at early point (five days) 

than one-month explants, signifying the host's initial inflammatory response followed by eventual 

graft acceptance. Interestingly, more cells were recruited by dWJ functionalized scaffolds (BAW) 

than other experimental groups after five days. In addition, cells were arranged along the scaffold 

struts suggesting their superior bioactivity (Figure 5.10B). Immunostaining of infiltrated cells 

showed positive staining for CD68, a pan macrophage marker, corroborating macrophage 

recruitment in all scaffold types following five days of implantation. In agreement with 
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histological data, considerably higher CD68+ cells were observed in 1-month BAW explants. A 

similar trend was observed for CD163+ cells (representing M2 anti-inflammatory phenotype). In 

contrast, all scaffolds showed a homogenous presence of CCR7+ cells (representing M1 pro-

inflammatory phenotype) at both time points (five days and one month) (Figure 5.10C).  

 

Figure 5.10. In vivo immunomodulation analysis of dWJ functionalized silk scaffold discs in rabbit 

subcutaneous implantation model. (A) Schematic representation of subcutaneous implantation of 

silk/dWJ scaffolds in rabbit, followed by retrieval after five days and one month. (B) Hematoxylin 

& Eosin (H&E) stained histology sections of silk scaffold explants. The scaffold is marked as 's' 

and dotted green lines are representing the host tissue-scaffold interface. (C) Immunofluorescence 

staining of explanted silk scaffolds sections for CD68 (pan macrophage marker), CD163 (M2 

macrophage marker), and CCR7 (M1 macrophage marker). For each specific antibody, the bottom 

row is the magnified image of the square labeled portion of the top row. (D-H) Quantification of 

real-time gene expression of M1 (IL-1β, IL-6, and TNF-α) and M2 (IL-10 and TGF-β) phenotypic 
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markers in 5 days and 1-month explants of silk scaffolds (n=3). (n.s.=not significant, #p<0.05, 

##p<0.01) 

 

Quantitative expression of M1 (IL-1β, IL-6, and TNF-α) and M2 (IL-10 and TGF-β) 

phenotype-specific genes was further studied to analyze the impact of dWJ functionalization on 

macrophage polarization. Resident macrophages in BM scaffolds showed comparable expression 

of all genes at both time points. BA scaffolds showed an elevated level of pro-inflammatory genes 

after one month compared with five days (p<0.05), except for TNF-α, where no significant 

difference was observed among both the time points. Similarly, comparable expression of anti-

inflammatory genes was evidenced at different time points for BA scaffolds. Interestingly, BAW 

scaffolds showed immunomodulatory activity. Upregulation of pro-inflammatory genes was 

observed over time (from day 5 to 1-month) (p<0.01), except for TNF-α, which was downregulated 

after one month (p<0.05). In addition, significant upregulation of anti-inflammatory genes was 

recorded for one month BAW scaffold explants (p<0.01). IL-10 and TGF-β expression for BAW 

explants were significantly higher than other scaffold variants at one month (Figure 5.10D-H). 

 

5.3.6 Patency analysis and host cell infiltration in silk TEVGs  

Silk TEVGs were implanted in rabbit jugular vein as interposition grafts by an end to end 

anastomosis (Figure 5.11A). The bi-layered silk scaffolds were easy to handle during the 

microsurgical procedure and withstood the intraluminal venous blood pressure without any sign 

of leakage. After removing surgical micro-clips, faint graft-reddening was observed, ensuring the 

recirculation of blood flow through the graft. After two months, the grafts were explanted, and an 

overall gross morphological overview suggested a resolved fibrotic response. Compared to BM 

and BA explants, BAW explant showed thicker fibrous capsule formation over the graft 

representing inflammatory response. Neo-tissue formation and the presence of microvessels over 

the graft surface indicate their integration with the native tissue. It was also corroborated by 

investigating the anastomotic graft site showing graft-native tissue (jugular vein) integration 

(Figure 5.12A). Graft patency was confirmed by color Doppler imaging after 12 and 60 days of 

implantation (Figure 5.12B). After 12 days of implantation, none of the grafts showed any sign of 

occlusion, precluding the possibility of acute thrombosis. However, color Doppler images of one 

of each BM and BA grafts after 60 days of implantation showed occlusion (Figure 5.11B). The 
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overall graft patency was 66.66% (2/3) for BM and BA grafts, whereas BAW grafts showed 100% 

patency (3/3) after two months without any sign of lumen narrowing (Figure 5.12C).  

 

Figure 5.11. In vivo implantation and characterization. (A) Representative images showing 

surgical implantation of silk vascular grafts in rabbit left jugular vein. (B) Representative H&E 

stained histological cross sections of 2 months’ silk TEVG explants showing lumen occlusion. (C) 

Quantification of lumen diameter of explanted silk TEVGs compared with rabbit jugular vein (JV) 

showing no significant difference (p>0.05). 

 

The explanted silk scaffolds were further analyzed by investigating the histology cross-

sections. H&E stained images of explants and native rabbit jugular vein are shown in Figure 

5.12D. Histological images of patent grafts suggested that the lumen diameter of silk explants was 

similar to the native jugular vein (Figure 5.11C). Histological images revealed neo-tissue 

formation at luminal and ablumen surfaces covering the scaffold wall. Most of the scaffold struts 

were evident for BM and BA grafts; however, the cross-section of BAW explant exhibited 

comparatively lesser scaffold struts. The latter observation indicates the possibility of a higher 
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degree of graft remodeling over time for BAW grafts compared with other counterparts (BM and 

BA), which might be co-related with graft degradation rate suggesting a faster degradation rate of 

BAW grafts facilitating rapid neo-tissue formation [352]. We further investigated the host cell 

infiltration in the silk grafts, which revealed approximately 1.6 fold higher cells in BAW grafts 

than BM/BA grafts. Homogenous distribution of cells was observed in the scaffold walls radially 

(Figure 5.12E-F).  

 

Figure 5.12. In vivo implantation of silk TEVGs in rabbit jugular vein (JV). (A) Schematic 

representation of interposition grafting of silk TEVGs in rabbit JV. Grafts were explanted after 2 

months. Dotted arrows are indicating the anastomotic point between TEVG and JV. Dotted lines 

in the middle portion of the graft represent the section used for histological analysis. (B) 

Representative color Doppler imaging of implanted TEVGs after 12 days and 60 days of 

implantation. Yellow arrows are representing the anastomotic site. (C) Patency analysis of silk 

TEVGs based on color Doppler data. (D) Hematoxylin & Eosin (H&E) stained histological cross-

sections of native JV and silk explants, demonstrating host cell infiltration into silk TEVGs. (E) 

Quantification of host cells infiltrated into silk TEVGs. (F) DAPI stained fluorescent microscopic 

images of silk TEVG explants' cross-sections staining cell nucleus blue. White arrows are 

representing the presence of cell nuclei in each section. The square portions having white outline 

labeled as a, b, c are further magnified in the bottom images. (##p<0.01) 
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5.3.7 In vivo remodeling of silk TEVGs 

Remodeling of explanted silk TEVGs was monitored by qualitative and quantitative assessment 

of remodeled tissue. The immunohistological analysis for CD31 suggested homogenous 

endothelialization of BAW grafts along the lumen; however, BM and BA grafts demonstrated 

discontinuation of the endothelium (Figure 5.13A). A quantitative analysis of % area covered by 

CD31+ cells revealed significantly higher endothelialization in BAW explants (Figure 5.13B). 

Smooth muscle cells (SMCs) in the developed neo-tissue were further substantiated by positive 

staining for αSMA and calponin (early and mid differentiation markers for SMCs). The qualitative 

assessment suggested densely packed SMCs  in the scaffold wall for BA and BAW, whereas BM 

grafts showed a comparatively lesser density of SMC population. Overall, this data suggests that 

BAW grafts developed a superior neo-tissue comprising luminal ECs and medial SMCs over the 

experimental period than BM/BA grafts. BA grafts, although showed a predominant presence of 

SMCs in contrast with BM grafts, yet both BM and BA grafts performed poorly in terms of 

endothelialization as compared to BAW grafts (Figure 5.13A).  

Two month silk explants were further analyzed for graft remodeling and ECM (collagen 

and elastin) deposition. In corroboration with DAPI staining data, H&E stained sections revealed 

the elevated host-cell infiltration in BAW scaffolds. The elastin content of the explants was stained 

by Verhoeff Van Gieson (VVG) staining, which revealed minimum elastin in BM scaffolds. On 

the other hand, a dense deposition of unorganized elastin was observed for BA and BAW grafts. 

On a similar note, collagen deposition followed a similar pattern as that of elastin with maximum 

collagen content present in BAW grafts, as revealed by Masson's trichrome (MT) staining of graft 

cross-section (Figure 5.13A).  

ECM quantification data suggested an elevated presence of collagen and elastin in two 

months BAW explants compared to other experimental groups. The amount of collagen was 

comparable for the native jugular vein, BA, and BAW (p=0.057 for both); however, BM explants 

showed significantly lower collagen content than the jugular vein (p=0.013). No significant 

difference was observed among silk explants (p>0.05) (Figure 5.13C). Elastin quantification 

showed significantly lower levels in two months silk explants than native jugular vein 

(approximately 20%, 24%, and 36% for BM, BA, and BAW explants) (p<0.01). The elastin 

content for BAW explants was higher than BA (p<0.05), and BM (p<0.01) explants (Figure 

5.13D). We also looked into any calcification in the silk graft by staining the explant sections with 
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alizarin red dye. The results revealed that the silk grafts and the native rabbit jugular vein were 

devoid of any calcium content (Figure 5.14).  

 

Figure 5.13. Analysis of silk TEVG remodeling after two months implantation in rabbit jugular 

vein as interposition graft. (A) Representative immunostained histological images of native rabbit 

jugular vein and silk TEVG explants showing the presence of vascular cells (CD31: endothelial 

cell marker, calponin, and αSMA: smooth muscle cells marker at early and mid-differentiation 
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phase respectively) in the remodeled grafts. Representative histological images of silk TEVG 

explants and rabbit jugular vein showing extracellular matrix deposition (Verhoeff Van Gieson 

(VVG) for Elastin: blue-black to black color and Masson's Trichrome (MT) for Collagen: blue 

color). Inset images are showing the magnified zone of interest for each specific stain. Lumen is 

marked as ‘L’. Scale bar: 100 µm. (B) Graph representing quantification of percentage area 

covered by CD31+ cells (representing endothelial cells) in histological cross-sections of silk 

TEVG explants (n=6 images per experimental group). Quantification of (C) collagen, (D) elastin, 

in remodeled silk grafts compared with the native jugular vein (n=3). (#p<0.05, ##p<0.01) 

 

 
 

Figure 5.14. Alizarin Red staining of silk TEVGs explanted after 2 months to characterize the 

presence of any traces of calcium deposition. ‘L’ represents scaffold lumen. 

 

For mechanistic analysis of graft remodeling post-implantation, histological sections were 

immunostained to mark the presence of tissue-resident macrophages as well as their phenotypes 

as a result of the inflammatory response (Figure 5.15A). Quantification of % area revealed a high 

population of CD68+ cells in BAW (11.68 ± 1.58%) than BM and BA grafts (5.54 ± 0.74% and 

7.36 ± 0.71%, respectively) (p<0.05), signifying increment of approximate two-fold than BM and 

1.6 fold than BA grafts (Figure 5.15B). A similar trend was observed for M2 anti-inflammatory 

macrophage marker CD163, for which % area coverage was 5.95 ± 0.51 for BAW vs. 2.68 ± 0.4 

and 4.38 ± 0.59 for BM (p<0.01) and BA grafts (p<0.05) respectively (Figure 5.15C). On the 

contrary, BA (5.76 ± 0.83%) and BAW grafts (6.34 ± 1.09%) showed a comparable population of 
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CCR7+ cells (M1 pro-inflammatory marker) (p>0.05), which were significantly higher than BM 

grafts (3.42 ± 0.38%) (p<0.05) (Figure 5.15D). To assess the anti-inflammatory 

immunomodulatory behavior of dWJ functionalized silk grafts, the ratio of CD163+/CCR7+ was 

calculated. A significantly higher ratio for BAW grafts (0.96 ± 0.18) attested to the presence of 

comparatively higher M2 macrophages density, possibly improving pro-remodeling effects in 

BAW graft than other silk graft variants (Figure 5.15E). 

  

Figure 5.15. Macrophages and their phenotype in silk TEVG explants. (A) Immunofluorescent 

histological images of vascular silk explants showing the presence of CD68+ (pan macrophage 

marker), CD163+ (anti-inflammatory marker) and CCR7+(pro-inflammatory marker) cells. 

Lumen is marked as ‘L’. Quantification of percent area of (B) CD68, (C) CD163 and (D) CCR7 

markers obtained by processing the immunofluorescent images (n=6) using ImageJ. (F) Graph 

representing M2/M1 marker positive cells. (#p<0.05, ##p<0.01) 

 

5.3.8 Biomechanical characterization of TEVG explants 

Uniaxial circumferential tensile testing data were obtained using tissue explant rings, as shown in 

Figure 5.16A. Stress-strain curves of BM and BA samples revealed a more linear pattern, which 

is representative of materials. On the other hand, BAW explants showed an exponential response 

(a J-shaped curve), a characteristic feature of soft biological tissues (Figure 5.16B-D). In the low 

stretch region, no significant modulus difference was recorded among silk TEVG explants; 

however, BAW explants revealed maximum high modulus (0.68 ± 0.38 MPa), significantly higher 
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than BM (0.18 ± 0.02 MPa, p=0.07) and BA (0.22 ± 0.07 MPa, p=0.09) counterparts (Figure 

5.16E-F). Further exploration of stress values at failure point revealed a similar pattern, wherein 

BAW samples showed maximum stress (0.81 ± 0.23 MPa), significantly higher than BM (0.23 ± 

0.03 MPa) and BA (0.36 ± 0.07 MPa) explants (p<0.01) (Figure 5.16G). The corresponding strain 

was comparable for all samples (p>0.05) (Figure 5.16H). Circumferential biomechanical 

properties of BAW silk explants were comparable to either native human saphenous vein (hSV) 

or porcine internal mammary artery (pIMA) (Table 5.2). 

 

Figure 5.16. Biomechanical assessment of silk TEVG explants. (A) Schematic representation of 

uniaxial circumferential tensile testing set-up. The tissue rings were mounted in stainless steel 

hooks through the lumen. Hooks were pulled apart at 2 mm/min crosshead speed until sample 

failure. Average representative stress-strain curves for (B) BM, (C) BA, and (D) BAW TEVG 

explants. Graphs are representing modulus in (E) low stretch (low modulus) and (F) high stretch 

(high modulus) regions. (G) maximum stress and (H) corresponding strain at failure points. 

(##p<0.01, n.s.=not significant) 

 

Table 5.2. Biomechanical circumferential tensile properties of silk explants compared with 

previously reported hSV and pIMA.  

 

 BM  BA BAW hSV [337] pIMA 

[337] 

Stress at failure 

(MPa) 

0.23 ± 0.03 0.36 ± 0.07 0.81 ± 0.23 3.7 ± 2.0 10.4 ± 7.1 

Strain at failure 1.02 ± 0.48 1.67 ± 0.34 1.61 ± 0.37 1.7 ± 0.7 1.5 ± 0.2 

Modulus (MPa) 

 

Low: 0.22 ± 

0.04 

High: 0.18 ± 

0.02 

Low: 0.28 ± 

0.20 

High: 0.22 ± 

0.07 

Low: 0.28 ± 

0.18 

High: 0.68 ± 

0.38 

2.5 ± 1.0 0.4 ± 0.2 
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5.4 Discussion 

Research impetus in the field of vascular tissue engineering is lately witnessing a lateral shift 

towards cell-free grafts. The goal is to reduce the clinical testing time and make the grafts readily 

available for patients in need. Cell-free polymeric grafts can be manufactured in large quantities 

with high fidelity circumventing the limitations of auto/allografts; however, their blood 

compatibility and remodeling ability remain questionable. In chapter 4, the remodeling ability of 

stromal vascular fraction (SVF) seeded bi-layered silk scaffolds was shown. Albeit, it is believed 

that acellular grafts would have better chances to enter into the clinic. With the latest 

advancements, studies have revealed that cell-seeding, be it either vascular cells or various MSCs, 

is not as vital for graft viability (in terms of patency, endothelialization, and remodeling). Acellular 

grafts functionalized with different bioactive molecules have shown comparable in vivo 

performance [5, 352].  There is now enough scientific evidence that MSC seeded grafts remodel 

via paracrine fashion. Among numerous soluble factors, MCP-1 has been identified to be playing 

a significant role in graft remodeling [44]. Other strategies towards successful grafting involve 

approaches for faster endothelialization to prevent acute thrombosis. The current rationally 

important requisite is to biologically functionalize the acellular polymeric grafts, which can 

prevent acute thrombosis, induce endothelialization, and help in constructive graft remodeling. 

The goal of the present study was to identify a novel cell-free solution for tissue-engineered 

polymeric vascular grafts aiming to expedite their clinical translation. Herein, as a potential 

alternative for cell seeding, we propose the functionalization of cell-free silk TEVGs with 

decellularized human Wharton's jelly (dWJ) matrix. The dWJ matrix obtained by a facile modified 

approach, is hypothesized to prevent the loss of bioactivity of in-house extracellular components 

due to the following reasons: 1) tissue is processed at 4℃, and 2) it avoids the use of detergents 

and enzymes. Considering the superior performance of BA grafts showed in our prior work 

(Chapter 4), herein we functionalized them with dWJ matrix (referred as BAW). The dWJ 

functionalization was aimed to support endothelialization and allow constructive remodeling after 

implantation, considering the intrinsic presence of angiogenic and immunomodulatory factors. We 

surmised that our dWJ functionalized TEVGs possess the benefit of WJMSCs' bioactivity. In 

addition, BM silk TEVGs were investigated as a silk control group in accordance with our previous 

study (Chapter 4). 
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Recruitment of host cells in the acellular polymer graft post-implantation is the starting 

point for their remodeling. The implanted TEVG is populated by host cells by either one of the 

following processes: trans-anastomotic, fall-out, and transmural migration [5]. Instantly after 

TEVG implantation, the scaffold wall is infused with blood, facilitating the infiltration of vascular 

progenitor cells and circulating monocytes via the fall-out process. These cells are envisioned to 

populate the graft in an acute response, in addition to the host inflammatory immune response. The 

sparse availability of circulatory vascular progenitor cells strengthens the idea that a vast majority 

of early phase infiltrated cells comprise circulatory monocytes. In addition, as a part of the host 

immune response, tissue-resident monocytes infiltrate the wound site and differentiate into 

macrophages. The recruited macrophages initially exhibit a pro-inflammatory (M1) phenotype 

known to stimulate angiogenesis, followed by a transition into a diverse anti-inflammatory (M2) 

population consisting of various subtypes participating in tissue remodeling [395]. Macrophage 

plasticity is effectively involved in TEVG remodeling, which is regulated by specific cytokines 

and other factors. Cytokine profiling of dWJ matrix revealed the following immunomodulatory 

factors: IL-8, IL-6, IL-10, IL-4, TNF-α, and GMCSF. Previous reports suggest that IFN-γ and 

TNF-α stimulate the M1 phenotype of macrophages. In addition, various subtypes of M2 

phenotypes are stimulated by selective cytokines [396]. For instance, IL-4, IL-10, and IL-6 are 

reported to induce M2 phenotype (pro healing and pro remodeling) [396]. M2 phenotype also 

promotes the secretion of matrix metalloproteinases (MMPs), leading to tissue remodeling. Other 

cytokines like IL-8 are associated with neutrophil recruitment, the first inflammatory cell to reach 

the injury site. Prior studies suggest that M2 macrophages induce tissue remodeling by 

manipulating fibrosis and ECM deposition [396]. Notably, we observed significantly high 

recruitment of macrophage population in a 5-day subcutaneous explant of the BAW scaffold, 

possibly either due to the upregulation of MCP1 gene in the resident macrophages or intrinsic 

presence of MCP1 protein in dWJ matrix [388]. However, a detailed proteomic analysis is needed 

to ascertain the presence of MCP1 protein in dWJ matrix. 

Considering the plasticity of macrophage phenotypes and the presence of 

immunomodulatory factors in dWJ matrix, we further delved into determining the fate of recruited 

macrophages. Short-term in vitro dWJ exposure to human macrophages (THP-1) downregulated 

M1-associated genes (TNF-α, CCR7, and IL-6) but did not affect the IL-10 expression. However, 

immunofluorescence images indicated CD163 expressing cells (representing M2 macrophages), 
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suggesting a possible switch towards the M2 phenotype. Further long-term in vivo rabbit 

subcutaneous implantation study validated the former observation, and a significantly higher 

CD163+ cells was traced in BAW explants. Although, CCR7 expression was evident in all 

experimental groups. Interestingly, quantification analysis revealed the upregulation of M2 

markers (IL-10 and TGF-β) in BAW scaffolds over time, whereas M1 markers (IL-1β, IL-6, and 

TNF-α) showed an ambiguous response. Overall, this data represents that dWJ functionalization 

of silk TEVGs should favor M2 anti-inflammatory macrophage phenotype and promote graft 

remodeling, which was corroborated by a significantly higher M2/M1 ratio for BAW TEVG 

explants, validating the role of dWJ functionalization in expediting the tissue remodeling. 

Another indispensable pre-requisite for functional remodeling of the implanted TEVG is 

the formation of neo-tissue comprising of vascular cells (endothelial cells, smooth muscle cells, 

and fibroblasts). Vascular cells from the adjacent native tissue are believed to populate the 

implanted TEVG via transanastomotic and transmural migration. Herein, we observed that dWJ 

matrix treatment accelerated the in vitro migration rate of endothelial and fibroblast cells, which 

spurs the notion that bio-composite silk vascular grafts may demonstrate faster remodeling. Silk 

TEVG 2 month explants from rabbit jugular vein substantiated our in vitro findings as represented 

by higher cell infiltration in BAW explants than control groups (BM and BA). The role of the 

RGD cell-binding motif in AA silk should also be acknowledged [378]. TEVGs modified with 

RGD tripeptide showed 3-times higher endothelial coverage in rabbit carotid artery post four 

weeks. These grafts also recruited significantly more SMCs and showed superior patency 

compared to control unmodified ones [155]. Higher expression of integrin molecules in dWJ 

matrix treated group might be co-related with improved cell migration [381]. In addition, we 

speculate that the presence of bioactive growth factors in dWJ matrix, including VEGF, FGF might 

be responsible for such effects [380, 381]. Although, the presence of these peptide growth factors 

in dWJ matrix needs to be investigated to validate the former outcome. 

The initial success of cell-free graft relies on faster endothelialization and decorating the 

graft with NO-producing molecules [58, 367, 371]. Rapid cellular migration in the presence of 

dWJ matrix in vitro is a positive attribute towards graft remodeling, ensuring the functionality of 

endothelial cells is also a crucial aspect for long-term graft success. In vitro data suggested that 

dWJ matrix treatment does not significantly alter the proliferation of ECs. However, interestingly, 

a drastic improvement in ECs' functionality in terms of NO production and expression of 
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functional markers (CD31, eNOS, and VE-Cadherin) substantiates the usefulness of dWJ matrix. 

Our observation is in co-relation with a prior study reporting the presence of an array of angiogenic 

factors in WJMSCs secretome (e.g., VEGF, WNT5A, AKT1, CD248, SPON2 etc.), which we 

assume to be present in the dWJ matrix [387]. Notably, the upregulation of endothelial functional 

genes, faster cell migration and increased NO production in the dWJ treatment group validate that 

our modified decellularization protocol preserves the bioactivity of dWJ matrix. In view of prior 

reports and our current investigation, it can be established that dWJ matrix is a reservoir of various 

angiogenic and immunomodulatory factors, which is an encouraging sign towards its application 

for cell-free vascular grafts. 

Another aspect of TEVG remodeling is the degradation rate of implanted material. As of 

now, there is no general agreement about how fast the material should ideally degrade. Both slow 

and fast degrading materials have shown the TEVG remodeling and formed mature neo-vessels in 

animal models [352, 365]. The takeaway point is that the implanted graft should provide enough 

mechanical stability to allow the formation of neo-vessel without failing. In vitro degradation 

profile of silk scaffolds in the presence of protease enzyme revealed a faster degradation rate of 

BAW scaffolds than other controls. Such behavior could result from the availability of a higher 

number of enzyme cutting sites in BAW scaffolds due to intervening dWJ matrix in silk. Notably, 

none of our implanted silk TEVGs failed due to fast degradation and rupture. Qualitative 

assessment of the histological cross-sections of explanted TEVGs showed the presence of lesser 

scaffold struts and dense native tissue comparatively. Therefore, it can be argued that a relatively 

faster degradation rate of BAW TEVGs concurrently allowed faster neo-tissue formation and 

remodeling. The former observation is also supported by consistent endothelium and a dense 

medial layer found in BAW explants. It shows that dWJ functionalized TEVGs could recruit host 

vascular cells and maintain the vascular tone by providing a functional endothelium layer at the 

blood-graft interface. In addition, elevated levels of cellular infiltration, be it macrophages or 

vascular cells, resulted in the production of a higher amount of ECM proteins (collagen and elastin) 

in dWJ functionalized grafts, which could be correlated with BAW graft mechanical stability in 

rabbit jugular vein despite a considerably faster degradation rate. Histological images revealed 

organized collagen deposition on the outside of all silk TEVGs, which might indicate foreign body 

response leading to fibrous capsule formation [182].  Previous studies suggest that cell infiltration 

and neo-tissue formation starts in the lumen and ablumen sides of the implanted TEVGs, which 
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traverses through the scaffold walls eventually over time [397]. Dense unorganized collagen 

deposition observed in the scaffold wall (BAW) suggests the superior chances of these grafts to 

follow the constructive remodeling pathway, pending future long-term investigation. On the other 

hand, the exponential increment of the stress-strain curve of BAW explants is also suggestive of 

constructive graft remodeling. Comparing biomechanical properties of explanted silk TEVGs with 

previously reported values for native blood vessels (hSV and pIMA)[337] revealed a comparable 

strain failure but lower stress failure. In addition, while BM and BA explants showed lower 

modulus (both low and high), the linear modulus of BAW explants was comparable to pIMA. The 

biomechanical properties of TEVG rely on neo-tissue formation [5]. We envisage that a long-term 

in vivo implantation (~6 months) of silk TEVGs would facilitate superior mechanical properties. 

This study establishes the role of a novel dWJ functionalized silk TEVG towards improved 

remodeling in a pre-clinical animal model. One of the challenges is to ascertain if the embedded 

bioactive components of the dWJ matrix vary between donors, which would crucially determine 

the clinical translation of this technology. Some of the future prospects of the present work might 

include a detailed proteomic analysis of dWJ matrix to identify the presence of additional 

cytokines and growth factors participating in the graft remodeling process to understand the 

underlying mechanism. The rationale behind the adverse effect of higher dWJ concentration 

(>1mg/mL) on vascular cells may be investigated. Future studies should explore alternate methods 

(temperature-induced water vapor annealing [143], protein self-assembly [398]) of β-sheet 

transformation in silk scaffolds avoiding the use of organic solvents. Adoption of these all-aqueous 

approaches is envisaged to preserve the bioactivity of intrinsic dWJ factors with better efficacy. In 

this study, a small in vivo sample size (n=3 each group) was investigated for a shorter time (2 

months). A long-term in vivo analysis of silk TEVGs with a higher sample size would be required 

for precluding the possibility of intimal hyperplasia, tracking the graft degradation and complete 

neo-vessel formation over time. A few recent studies showed evidence that outcomes of implanted 

TEVGs differ based on their implantation site [399], which would be another interesting aspect to 

investigate. 
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5.5 Significant findings 

 

1. This chapter describes the developement of a novel cell-free TEVG comprising of silk and 

dWJ matrix.  

2. The Wharton's jelly matrix was decellularized, adopting a modified method to preserve 

intrinsic bioactive moieties.  

3. In addition to angiogenic factors, dWJ is also a reservoir of immunomodulatory cytokines 

(IL-6, IL-8, IL-4, IL-10, and TNF-α).  

4. In vitro exposure of dWJ matrix led to the upregulation of endothelial cell functional genes 

and promoted NO production, which helps in maintaining vascular tone. dWJ treatment 

also assisted in the faster migration of vascular cells.  

5. Downregulation of M1-associated markers and upregulation of M2-associated markers 

validated the immunomodulatory aspect of dWJ matrix towards the pro-remodeling state, 

which further assisted in the constructive remodeling of vascular grafts in rabbit jugular 

vein.  

6. The dWJ functionalized TEVGs exhibit 100% patency after two months, show no sign of 

calcification, and recruit more host cells (both inflammatory and vascular). BAW grafts 

also showed consistent endothelium and a dense medial layer comprising smooth muscle 

cells.  

7. Moreover, elevated levels of collagen and elastin indicate constructive graft remodeling.  

8. Biomechanical properties of explanted TEVGs were comparable with native human 

vessels. 

9. These findings suggest that our composite TEVGs undergo superior remodeling and 

integrate with the native vessel by modulating the host immune response. 

10. Further build-up on this proof of concept study may provide a readily available and 

clinically viable tissue-engineered vascular graft. 
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Acellular silk lyogel conduits impregnated with bioactive 

polymeric microparticles as potential substitutes for vascular 

tissue engineering applications 

 

This chapter demonstrates the fabrication of a cell-free tissue-engineered vascular graft (TEVG) 

capable of delivering any requisite biological payload to induce remodeling. The acellular nature 

of this technology potentially reduces risk, increases reproducibility, and results in a more cost-

effective graft when compared to cell-based options. These grafts are aimed to endow ready 

availability, minimize regulatory hurdles and improve off-the-shelf clinical feasibility. 
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ABSTRACT 

 

This study outlines the development of a silk-based tissue-engineered vascular graft (TEVG) for 

use in arterial bypass or replacement surgery. It is believed that cell-free polymeric grafts have a 

better chance of clinical translation than their cell-seeded counterparts; however, their limited 

bioactivity challenges the overall idea. In this work, we propose a novel customized bi-layered 

lyogel silk scaffold that is combined with polymeric microparticles (MPs) capable of delivering a 

myriad of bioactive cargos/drug molecules to improve graft performance. The porosity of MP-

loaded scaffolds was comparable to control scaffolds (53 ± 30 μm), sufficient to allow cell 

infiltration. Biodegradation analysis revealed a similar pattern for both scaffold types (LG and 

LGMP), wherein ~80% mass loss was recorded after 1 month in the presence of protease enzyme. 

MPs were stably integrated with scaffold wall struts, and insignificant dislodging was observed 

under physiological pulsatile flow. Fluorescent microscopic images showed FITC dye-loaded MPs 

in the scaffold cross-sections substantiating their loading efficacy. Moreover, MPs loaded 

scaffolds (LGMP) supported the growth of stromal vascular fraction (SVF) cells over 15 days 

without any detrimental impact. Lyogel scaffolds developed herein could potentially deliver any 

bioactive cargo molecule enabling a cell-free grafting strategy. This technology's acellular nature 

potentially reduces risk, increases reproducibility, and results in a more cost-effective graft 

compared to cell-based options. 
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6.1 Introduction 

The success of a TEVG depends on the selection of a suitable scaffold and its bioactivity [400, 

401]. Silk is a natural protein biomaterial, which has remarkable properties from a regenerative 

medicine perspective. The non-toxic nature of its degradation byproducts makes it a promising 

scaffolding material for vascular tissue engineering applications [140]. Much of our previous work 

has been on developing a TEVG using patient-derived stem or progenitor cells rapidly seeded into 

biodegradable tubular scaffolds. In vivo studies with cellularized TEVGs have demonstrated 

increased graft patency and more constructive remodeling over acellular scaffolds. It is 

hypothesized that the seeded cells play initial anti-thrombogenic and signaling roles, thereby 

preventing acute thrombosis and attracting host cells into the scaffold to remodel and repopulate 

the graft as the initially seeded cells evacuate [345, 402, 403]. While the cellular component 

provides positive effects for TEVG acceptance and remodeling, it is also a limiting factor in 

clinical translation due to exposure of the cells to animal-sourced cell culture materials, batch to 

batch variation, and high monetary costs to produce cell-based TEVGs.  

A potential means of addressing these challenges is through the development of a cell-free 

TEVG that mimics the acute secretory effect of the seeded cells via the controlled delivery of 

selected factors. In our previous study (described in Chapter 5), we hypothesized that bioactive 

factors secreted by Wharton’s Jelly stem cells were preserved in the extracellular matrix. Silk 

TEVGs functionalized with dWJ matrix showed superior patency and remodeling. Mechanistic 

investigation further revealed the presence of immunomodulatory cytokines in the dWJ matrix, 

which crucially regulated the overall tissue remodeling and neo-tissue formation. Although the 

study provides a cell-free bioactive vascular scaffold, identification of specific factors rendering 

the regenerative effects is of prodigious importance aiming clinical translation. While the litany of 

secreted factors and cell-to-cell signaling provided by seeded cells cannot be exactly mimicked, 

identification and utilization of selected key factors may be sufficient. For example, Hibino, et al., 

has shown that seeded cells promote macrophage recruitment into the implanted graft, contributing 

to the remodeling process [404]. A need, therefore, exists for a vascular scaffold system capable 

of delivering a customizable payload following implantation. 

 This study developed a silk-based vascular scaffold with integral cell-mimicking 

microparticles capable of releasing bioactive cargo via burst release. While incorporating the 

microparticles, we leveraged our previously established silk-based, cross-linker free gelation 
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technique, wherein combining silk fibroin isolated from different silk varieties (referred to as 

lyogel mixture) forms a stable hydrogel [233, 332, 405]. Mixing polymeric microparticles carrying 

a bioactive payload with the lyogel mixture in the pre-gelation state allows for entrapment of the 

microparticles in the vascular scaffolds capable of delivering bioactive cargo facilitating 

constructive graft remodeling. 

  

6.2 Materials and methods 

6.2.1 PLGA microparticle fabrication 

PLGA microparticles were fabricated using a water-oil-water double emulsion procedure as 

previously described [406]. Briefly, 28 μg of FITC and 15 mM NaCl in 200 μL of 1% w/v bovine 

serum albumin solution formed the aqueous solution. PLGA (Sigma-Aldrich, USA) was dissolved 

in 4 mL of dichloromethane to develop the oil solution. High-intensity pulses of sonication were 

used to form small PLGA droplets in a larger aqueous phase. This solution was stirred for several 

hours resulting in hardened MPs [406]. 

 

6.2.2 Fabrication of bi-layered silk lyogel scaffolds 

The aqueous silk fibroin (SF) solutions were obtained from cocoons of Bombyx mori (BM) silk 

and glands of matured fifth instar larvae of Antheraea assama (AA) silk following previously 

published protocols [233, 332]. In brief, small pieces of BM silk cocoons were degummed and 

dissolved in 9.3M LiBr followed by dialysis against distilled water for 48h with a frequent water 

change. The SF extracted from AA silk glands was dissolved in 1% (w/v) sodium dodecyl sulfate 

(SDS) and dialyzed at 4°C against milli-Q water for 4h. A 12 kDa MWCO dialysis membrane was 

used for both SF proteins, and protein concentration was calculated following the conventional 

gravimetric method.  

The bi-layered silk tissue-engineered vascular grafts (TEVG) were fabricated using a 

custom-designed 3D printed mold per our previous study (described in Chapter 4). For fabricating 

the inner porous layer, we took advantage of silk hydrogel formation as a result of mixing BM and 

AA silk at physiological temperature (37°C) [233, 332, 405]. A 1:1 (v/v) ratio of BM (6%, w/v) 

and AA (2%, w/v) was mixed to obtain a homogenous solution. The SF mixture was poured in the 

mold using a syringe and incubated at 37°C for 15 min to allow the hydrogel formation. The central 

stainless steel rod and mold cap were removed, leaving behind a void lumen. It was further frozen 
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at -20°C for overnight and lyophilized for 24h. The porous tubular silk scaffold, referred as lyogel 

hereafter, was pushed out from the mold and treated with 80% ethanol for 15 min. The outer 

electrospun layer was coated, as reported in Chapter 4. The electrospinning solution consisted of 

a mixture of 10% (w/v) polycaprolactone (Sigma-Aldrich, USA) and 10% (w/v) BM silk in 

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, Sigma-Aldrich, USA) at 1:1 ratio. The electrospinning 

parameters were as follows: tip-collector distance = 10 cm, flow rate = 100 μL/min, translational 

speed = 50 mm/sec, rotational speed = 200 rpm and temperature ~25°C. For preparing PLGA 

microparticle loaded silk lyogel scaffolds, 3 mg of microparticles were homogeneously blended 

with 1 mL of BM/AA silk mixture before injecting the solution into mold and hydrogel formation. 

The precaution was taken to avoid any bubble formation during the injection. Similar remaining 

steps were followed to obtain bi-layered silk TEVG. Hereafter silk lyogel scaffolds are designated 

as: (1) LG core- Inner porous layer (+), outer electrospun layer (-), PLGA microparticles (-); (2) 

LG-  Inner porous layer (+), outer electrospun layer (+), PLGA microparticles (-); (3) LGMP core- 

Inner porous layer (+), outer electrospun layer (-), PLGA microparticles (+); (4) LGMP- Inner 

porous layer (+), outer electrospun layer (+), PLGA microparticles (+). 

 

6.2.3 Scanning electron microscopy and micro-CT analysis 

The cross-sections of bi-layered silk lyogel TEVG were assessed for their surface morphology and 

porosity. Dehydrated scaffold sections were gold coated using Sputter Coater (108 auto, 

Cressington Scientific Instruments, Cranberry Township, PA). The resulting samples were imaged 

using a scanning electron microscope (SEM, JEOL JSM-6510LV/LGS). The acquired images 

were processed using NIH ImageJ software to manually calculate the lumen diameter, outer 

diameter, and thickness of inner and outer scaffold layers. For each quantification, n=3 individual 

scaffolds were processed with at least n=15 measurements per sample. The scaffold porosity, pore 

size, and strut thickness of inner scaffold layers were further quantified by subjecting them to a 

Scanco microCT 50 (Scanco Medical, Bassersdorf, Switzerland) scanner following similar 

methodology described in Chapter 4.  
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6.2.4 Mechanical characterization 

6.2.4.1 Uniaxial tensile test 

The silk lyogel TEVGs were analyzed for their uniaxial and dynamic mechanical properties as 

described in Chapter 4. A 3 cm long tubular scaffolds were fabricated, and mechanical testing was 

performed with phosphate-buffered saline (PBS) soaked hydrated scaffolds. Uniaxial tensile 

properties were measured both in longitudinal (long) and circumferential (circ) directions (n=6 

each). Scaffold minor dimensions i.e., wall thickness, inner and outer diameter, were calculated 

by processing the SEM images using NIH ImageJ software. Silk lyogel TEVGs were cut open 

through their lumen longitudinally, and both ends were fixed in between the pneumatic clamps of 

the universal testing machine (UTM, Instron, model 5543A). The load-displacement curves for 

longitudinal tensile testing were obtained at a crosshead speed of 2 mm/min until sample failure. 

For circumferential tensile properties, 2 mm scaffold rings were fitted along the lumen in a 

stainless steel hook attached to pneumatic grips. Load-displacement curves were obtained at the 

crosshead speed of 1 mm/min until failure. Stress-strain curves for both longitudinal and 

circumferential tensile testing were obtained to calculate the scaffold modulus in low and high-

stress regions. Maximum stress at the failure point and the corresponding strain is also reported. 

 

6.2.4.2 Suture retention strength 

The suture retention strength of silk lyogel TEVG (n=6) was calculated following American 

national standard institute-association for the advancement of medical instruments (ANSI/AAMI) 

VP20 standards. A single loop of 7-0 polypropylene suture was created at a distance of 2mm from 

one end of the scaffold while the other end was secured in the pneumatic grip of UTM. The two 

ends were pulled apart at the crosshead speed of 2 mm/min and the maximum load at the failure 

point is reported as suture retention strength. The resultant value obtained by dividing the suture 

retention force at failure by scaffold wall thickness is reported as suture retention tension.  

 

6.2.4.3 Dynamic compliance 

The dynamic mechanical properties of silk lyogel TEVGs (LG and LGMP) were assessed at the 

physiological pressure conditions (120/80 mmHg) using our custom-made perfusion system. The 

scaffolds (n=6) were mounted in the testing chamber, and the pulsatile flow loop was initiated, 

maintaining physiological conditions using DI water at 37°C. The outer scaffold diameter and 
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intraluminal pressure were recorded until 7h. Dynamic compliance and β-stiffness were calculated 

per previous report [337]. 

 

6.2.4.4 Burst strength 

The burst strength of lyogel silk TEVGs (n=6) was calculated manually by mounting the scaffold 

in a testing chamber and creating a closed loop. One end was connected to a digital manometer 

(Weiss), and the other was connected to a syringe pump. Saline was injected into the loop at a rate 

of 100 mL/min, and the maximum pressure before scaffold failure is reported as scaffold burst 

strength. 

 

6.2.5 In vitro enzymatic degradation  

The stability of silk lyogel TEVGs was investigated in the presence of a proteolytic enzyme 

(protease XIV, Sigma-Aldrich, USA) following the previously described protocol in Chapter 4. 

Briefly, the dry weight of LG and LGMP scaffolds (n=6) was recorded, followed by incubation in 

enzymatic solution (2 U/mL protease in PBS) at 37°C. The enzyme solution was replenished every 

3 days to ensure adequate enzymatic activity throughout the experimental period. In a parallel 

control setup, both of the scaffold variants were incubated in PBS without protease enzyme. At 

predefined time points, the dry weight of the scaffolds was recorded and scaffold degradation is 

reported as the percentage of mass loss over time. We also subjected the scaffolds to SEM analysis 

at different time points for a closer observation of the degradation patterns. 

 

6.2.6 Scaffold pulsatile perfusion and analysis of microparticle retention 

Fluorescein isothiocyanate (FITC) loaded PLGA microparticles were used during LGMP silk 

lyogel scaffold fabrication to visualize the microparticles post perfusion. The LGMP scaffolds 

(n=4) were mounted in the testing chamber of our perfusion setup and subjected to physiological 

intraluminal pulsatile pressure (80/120 mmHg) for 1h using DI water at 37°C. Post perfusion, 10 

μm scaffold sections were obtained using cryomicrotome, and fluorescent microscopic images 

were captured by Nikon 90i fully automated upright microscope. At least four different sections 

along the length of the scaffold were imaged for an individual scaffold. Scaffolds without perfusion 

were considered as control. Microparticle retention post perfusion was quantified by image 

processing using particle count plugin of Fiji-ImageJ (National Institute of Health, USA) software 
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implementing thresholding limit per microparticle size. We also validated the microparticle 

retention by imaging the scaffold lumen and wall using SEM.  

 

6.2.7 Biocompatibility of silk lyogel TEVGs 

The biocompatibility of bare and PLGA microparticle loaded silk lyogel scaffolds was assessed 

with stromal vascular fraction (SVF) cells obtained from human adipose tissue following 

previously published protocol [338]. Silk lyogel (LG core and LGMP core) circular discs 

(thickness 2 mm, diameter 8 mm, n=4) were seeded with 105 cells and cell viability was quantified 

by measuring the cell metabolic activity using AlamarBlue assay (Thermo Fisher Scientific, USA) 

at predefined time points following manufacturer instructions. The results were plotted as 

normalized values compared to day 1. In addition, cell attachment on to silk lyogel discs was 

validated by staining the cell nucleus with DAPI (Sigma-Aldrich, USA) followed by fluorescent 

microscopic imaging using Nikon 90i fully automated upright microscope. 

 

6.2.8 Statistical analysis 

Significant difference among different experimental groups was analyzed using one-way analysis 

of variance (ANOVA) following post hoc Tukey’s test. The experimental values are represented 

as mean ± standard deviation (SD) for at least n=3 unless otherwise noted. p-value less than 0.05 

is considered as significantly different. 

 

6.3 Results 

6.3.1 Morphological analysis of silk lyogel TEVGs 

The bi-layered tubular silk lyogel TEVGs were obtained with high efficacy and reproducibility. 

The overall macroscopic inspection suggested a smoother TEVG surface without any sign of layer 

delamination for both LG and LGMP scaffolds (Figure 6.1A), which is in agreement with SEM 

micrographs. The cross-section analysis of scaffolds was suggestive of two distinct layers 

representing the inner porous lyophilized layer supported by an outer fibrous electrospun layer 

(Figure 6.1B). No significant difference was observed in the major scaffold dimensions among 

LG and LGMP types. The diameter of the PLGA microparticles was 10 ± 2 μm. The total wall 

thickness of bi-layered scaffolds was 580 ± 118 μm (490 ± 120 μm thick inner porous layer and 
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128 ± 18 μm thick outer electrospun layer). The inner and outer diameter of scaffolds were 1040 

± 82 μm and 2194 ± 230 μm, respectively.  

The higher magnification images of LGMP showed uniform entrapment of PLGA 

microparticles in scaffold struts. The adequate pore-interconnectivity was also observed for both 

silk scaffold variants. The pore size distribution and overall scaffold porosity were quantified using 

micro-CT analysis by analyzing 3D scaffold images (Figure 6.1C). The micro-CT data obtained 

was in agreement with SEM images suggesting bi-layered scaffold morphology without any 

delamination between layers. A heterogeneous pore size distribution was observed for the inner 

layer of scaffolds (53 ± 30 μm and 43 ± 24 μm for LG and LGMP, respectively). LGMP scaffolds 

pore size spectra showed a broader peak, whereas a comparatively narrow peak was obtained for 

LG scaffolds. Overall porosity of inner layers of LG and LGMP scaffolds was 91.63 ± 1.56 % and 

87.83 ± 2.12 %, respectively. Strut thickness for both scaffold types was in the range of 5 ± 2 μm 

(Figure 6.1D-E). 

 

Figure 6.1. Morphological analysis of silk lyogel scaffolds. (A) Gross appearance of silk lyogel 

scaffolds. (B) SEM analysis of silk scaffolds representing porosity and pore interconnectivity. (C) 

Micro-CT acquired 3D images of scaffolds. Quantification analysis of (D) pore size and (E) strut 

thickness of LG and LGMP scaffolds.  
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6.3.2 Mechanical properties 

Lyogel silk scaffolds were mechanically tested in longitudinal (long) and circumferential (circ) 

directions. In general, the long stress-strain curves showed a higher slope than the circ ones 

(Figure 6.2A-D). For all scaffolds, the modulus in the low-stress region (low modulus) was 

significantly higher than the high-stress region (high modulus) (p<0.05). As reflected by the stress-

strain curves, a higher modulus value was obtained in longitudinal direction than the 

circumferential modulus. No significant difference was observed in the mechanical properties of 

lyogel silk scaffolds after incorporation of PLGA microparticles (LG core vs. LGMP core and LG 

vs. LGMP, p>0.05). The low modulus values were significantly high for long vs. circ direction 

(3.65 ± 0.54 MPa vs. 0.07 ± 0.01 MPa for LG, 1.35 ± 0.16 MPa vs. 0.47 ± 0.09 MPa for LG core, 

1.96 ± 0.4 MPa vs. 0.12 ± 0.06 MPa for LGMP, and 1.03 ± 0.34 MPa vs. 0.16 ± 0.07 MPa for 

LGMP core) respectively (p<0.01). Moreover, the coating of the inner lyogel layer with the outer 

electrospun layer improved the low modulus in the long direction (p<0.01) (Figure 6.2E). A 

similar trend was observed for high modulus of lyogel scaffolds with an electrospun layer for long 

vs. circ (0.37 ± 0.02 MPa vs. 0.24 ± 0.05 MPa for LG and 0.37 ± 0.02 MPa vs. 0.2 ± 0.06 MPa for 

LGMP) respectively (p<0.01). On the contrary, no significant difference was observed between 

long vs. circ values for LG core (p=0.96) and LGMP core (p=0.12) scaffolds. The effect of the 

electrospun layer was also characterized by an increment in high modulus in the long direction 

(p<0.01) (Figure 6.2F). Stress values at failure did not show any significant difference between 

long and circ directions (p>0.01), but a higher strain was recorded in circ direction for all scaffold 

types (p<0.05) (Figure 6.2G-H).  

 
Figure 6.2. Uniaxial tensile test of silk lyogel TEVGs. Representative average stress-strain curves 

of (A) LG, (B) LG core, (C) LGMP, and (D) LGMP core silk scaffolds in longitudinal (long) and 
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circumferential (circ) directions. Graphs are representing scaffold modulus in (E) low-stress 

region (low modulus) and (F) high-stress region (high modulus). Graphs representing (G) stress 

and (H) strain at the scaffold failure points. (#p<0.05, ##p<0.01, n.s.=not significant) 

 

A comparative analysis of bi-layered silk lyogel scaffolds suggested no significant 

difference in suture retention force between LG (0.26 ± 0.04 N) and LGMP (0.25 ± 0.10 N) 

scaffolds (p=0.80) (Figure 6.3A). Suture retention tension (458.49 ± 78.91 N/m for LG vs. 438.26 

± 175.78 N/m for LGMP) also showed a similar trend (p=0.80) (Figure 6.3B). A comparison of 

dynamic mechanical properties of scaffolds at 1h (initial) and 7h (final) suggested no significant 

difference between LG and LGMP scaffolds at different time points. Under physiological pulsatile 

pressure, β-stiffness (200.97 ± 12.69 vs. 180.05 ± 10.04 at initial and 292.77 ± 70.19 vs. 280.65 ± 

109.52 at the final time point for LG vs. LGMP respectively) and dynamic compliance (1.07 ± 

0.15×10-4 mmHg-1 vs. 1.62 ± 0.69×10-4 mmHg-1 at initial and 0.8 ± 0.27×10-4 mmHg-1 vs. 0.99 ± 

0.3×10-4 mmHg-1 at the final time point for LG vs. LGMP respectively) did not vary over time 

(p>0.05) (Figure 6.3C-D). In addition, the scaffold diameter remained stable over time as 

characterized by creep analysis (Figure 6.3E). The burst strength of the silk scaffolds ranged 

948.10 ± 58.29 mmHg for LG and 1029 ± 107.65 mmHg for LGMP scaffolds with no significant 

difference between groups (p=0.22) (Figure 6.3F). 

 

Figure 6.3. Mechanical properties of silk lyogel TEVGs. Comparison of approximate (A) suture 

retention force, (B) suture retention tension, (C) β-stiffness, (D) dynamic compliance, (E) creep 

and (L) burst strength of bi-layered (LG vs. LGMP) lyogel silk scaffolds. (n.s.=not significant) 
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6.3.3 Biodegradation of lyogel silk scaffolds 

The qualitative and quantitative degradation of silk scaffolds was analyzed in the presence of 

protease XIV enzyme. No structural difference was observed for both scaffold variants kept in 

PBS (without enzyme) over time. However, we observed structural deformation of the inner 

porous layer for the scaffolds kept in protease enzyme (LG/PRT and LGMP/PRT). High resolution 

scanning electron micrographs suggested degradation of scaffold struts (Figure 6.4A). Owing to 

structural deformation and mechanical delamination of the outer electrospun layer, we could not 

capture SEM images of scaffold cross-sections after 15 days. The degradation of silk scaffolds was 

further quantified by recording the mass loss over time. No significant difference was observed 

after 4 days between any scaffold group (p>0.05). Both silk scaffolds showed minimal degradation 

in PBS, having 76.25 ± 10.5 and 65.89 ± 8.65 percent remaining mass for LG and LGMP, 

respectively. On the contrary, scaffolds kept in protease solution degraded at a faster rate with only 

27.08 ± 5.83 (LG) and 15.4 ± 2.51 (LGMP) percent remaining mass after 30 days, significantly 

less than PBS merged scaffolds (p<0.01) (Figure 6.4B). 

 

Figure 6.4. Degradation of silk lyogel scaffolds. (A) Representative scanning electron 

micrographic images showing the cross-section of silk lyogel scaffolds in the presence of protease 

XIV enzyme over 15 days. High-resolution images on the right show the degradation pattern of 

scaffold struts after 15 days of protease treatment. (B) Quantitative analysis of scaffold 

degradation over time in the presence of protease enzyme. Control group (samples kept in PBS 

without enzyme: LG/PBS and LGMP/PBS). Experimental group (samples kept in protease enzyme: 

LG/PRT and LGMP/PRT). (##p<0.01) 
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6.3.4 Microparticle retention after perfusion 

Silk lyogel scaffolds were mounted in the testing chamber (Figure 6.5A) and perfused with 

physiologically relevant pulsatile pressure for 1h (Figure 6.5B) to analyze the microparticle 

retention over time. Fluorescent microscopic images of scaffold cross-sections validated the 

presence of microparticles post perfusion. The bright green particles entrapped in the scaffold 

struts represent the FITC tagged microparticles in the fluorescent images (Figure 6.5C). The 

scanning electron micrographs of scaffold cross-sections corroborated the fluorescent microscopic 

data and suggested the presence of intact microparticles embedded in the scaffold struts in both 

control and perfusion groups (Figure 6.5D). High magnification SEM micrographs showed the 

presence of microparticles along the lumen of the lyogel scaffolds (LGMES) (Figure 6.5E). The 

fluorescent microscopic images were further processed to quantify the microparticles present in 

scaffolds before and after perfusion (n=6). The data suggested an insignificant difference between 

control and perfusion groups (p>0.05), confirming that scaffold perfusion does not wash off the 

microparticles embedded in lyogel silk scaffolds (Figure 6.5F).    
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Figure 6.5. Microparticle retention in silk lyogel scaffolds after physiologically relevant pulsatile 

perfusion. (A) Representative image showing silk scaffold mounted on a testing chamber of 

pulsatile flow setup. (B) The representative curve is showing the intraluminal pulsatile pressure 

over time. (C) Fluorescent microscopic images are showing microparticle retention after 1h of 

pulsatile perfusion. Microparticles were tagged with FITC fluorescent dye (green color particles 

are visible in the high-resolution images on the right). Scaffolds without perfusion represent the 

control group. Scanning electron microscopic images showing microparticle retention after 1h 

perfusion in (D) cross-section and (E) lumen of scaffolds. (F) Graph showing the quantitative 

analysis of microparticle retention obtained by processing the fluorescent microscopic images. 

(n.s.=not significant)   

  

6.3.5 Biocompatibility assessment of silk lyogel scaffolds 

The ability of LG core and LGMP core (with blank microparticles) scaffolds to support SVF cell 

growth, proliferation was assessed by AlamarBlue assay, and results are reported as normalized 

values as compared to day 1. The cells were seeded on lyogel discs of 6 x 2 mm (Figure 6.6A). 

As shown in Figure 6.6B, both scaffolds supported SVF proliferation throughout the experimental 

time, and no significant difference was recorded between the two experimental groups (p>0.01). 

Cells started proliferation after seeding on silk scaffolds from day one onwards. A significant 

increment was observed at each successive time point with approximately a 1.4-fold increase in 

cell population on day 15 (p<0.01). DAPI stained images of SVF cells cultured on silk lyogel discs 

are shown in Figure 6.6C. 

 

Figure 6.6. Biocompatibility of silk lyogel scaffolds. (A) Representative image showing lyogel silk 

scaffold discs used for biocompatibility analysis. (B) Quantification of SVF cell proliferation over 
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time cultured on silk lyogel discs using AlamarBlue assay. The values are normalized with day 1 

data. (C) DAPI stained (blue color nucleus) fluorescent microscopic images showing adhesion of 

SVF cells onto lyogel silk scaffolds. (##p<0.01) 

  

6.4 Discussion 

Readily available, bioactive, cell-free grafts have remarkable potential for clinical translation. 

Much of prior literature has shown encouraging effects of MSCs seeding on TEVGs’ in vivo 

performance [44, 342, 407]; however, they are reported to act in a paracrine fashion and leave the 

implanted graft after a particular time [44]. Considering the aforementioned fact, researchers are 

now investing their efforts in identifying the stem cell-secreted factors that prevent acute 

thrombosis and assist in overall graft remodeling. CCL2/MCP1 is one of the identified factors that 

is now believed to involve the former process and enact by recruiting macrophages onto the 

remodeling site. Such information can be capitalized to fabricate cell-free grafts having similar 

bioactivity as cell-seeding.  

In this study, we successfully developed a novel, silk-based, bi-layered vascular scaffold 

that is intrinsically capable of delivering bioactive cargo via loaded MPs. The scaffold is designed 

to match the dimensions of in vivo model of a rat aorta [408], along with having appropriate 

mechanical properties (Table 6.1) and pore characteristics that encourage cellular infiltration of 

host cells in vivo [409-411]. Graft success crucially depends on a delicate balance between 

degradation of scaffold biomaterial and rate of neo-tissue formation. In vitro degradation analysis 

of silk lyogel scaffolds revealed that MP incorporation does not significantly alter the TEVG 

degradation rate compared to control scaffolds (LG). Moreover, qualitative analysis of scaffolds 

degradation pattern revealed local degradation of struts without compromising the overall 

mechanical stability. These outcomes suggest the suitability of lyogel scaffolds for in vivo 

implantation and are envisaged to allow neo-tissue formation.  

The dynamic microenvironment of blood vessels resulting from pulsatile blood flow 

through the lumen renders diverse mechanical forces onto scaffold walls, including radial tension 

and shear stress [412]. In order to ensure the stable integration of MPs in the lyogel scaffolds, they 

were further characterized using a custom-designed pulsatile flow set up under the influence of 

physiologically relevant pressure and flow. Qualitative and quantitative analysis suggested MPs' 

stability in the scaffold walls, substantiated by no significant dislodging. FITC loaded MPs were 

shown to be embedded in the scaffolds, corroborating their cargo loading efficiency. The lyogel 
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scaffolds were compatible with SVF cells and supported their growth in vitro without any 

detrimental impact. This observation suggests the suitability of MP loaded lyogel TEVG system 

for the growth and maturation of host cells post-implantation. 

This study demonstrates the fabrication of a cell-free tissue-engineered vascular graft 

capable of delivering any requisite biological payload to induce remodeling. With the advent of 

technological advancements, it is imperative to identify a set of MSC secreted factors facilitating 

the favorable outcomes in terms of neo-tissue formation.  This technology's acellular nature 

potentially reduces risk, increases reproducibility, and results in a cost-effective graft compared to 

cell-based options. These grafts are aimed to endow ready availability, minimize regulatory 

hurdles and improve off-the-shelf clinical feasibility.  

 

Table 6.1. Mechanical properties of silk scaffolds compared with hSV and pIMA. 

 

 LG Scaffold LGMP Scaffold hSV 

[337] 

pIMA 

[337]  

Circumferential 

stress at failure 

(MPa) 

0.42 ± 0.18 0.4 ± 0.17 3.7 ±  2.0 10.4 ± 7.1 

Circumferential 

strain at failure 

2.41 ± 0.81 2.49 ± 0.80 1.7 ± 0.7 1.5 ± 0.2 

Circumferential 

Modulus (MPa) 

Low: 0.07 ± 0.01 

High: 0.24 ± 0.05 

Low: 0.12 ± 0.06 

High: 0.20  ±  0.06 

2.5 ± 1.0 0.4 ± 0.2 

β Stiffness 

 

Initial: 200.97 ± 12.69 

Final: 292.77 ± 70.19 

Initial: 180.05 ± 10.04 

Final: 280.65  ±  

109.52 

40  ± 10 15 ± 10 

Dynamic 

compliance 

(mmHg-1)*10-4 

Initial: 1.07 ± 0.15 

Final: 0.80 ± 0.27 

Initial: 1.62 ± 0.69 

Final: 0.99 ± 0.30 

3.4 ± 2.0 11.2  ±  6.0 

Suture retention 

tension 

(N/m)*103 

0.45 ± 0.07 0.43 ± 0.17 6.0 ± 2.2 4.0 ± 2.0 

Suture retention 

force (N) 

0.26 ± 0.04 0.25 ± 0.10 2.5 ± 0.8 1.0 ± 0.8 

Burst pressure 

(mmHg) 

948.10 ± 58.29 1029 ± 107.65 1000.0 ± 

400 

2300 ± 100 
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6.5 Significant findings 

 

1. The microparticle-loaded silk lyogel TEVG system developed herein provides a clinically 

relevant means of delivering required bioactive cargos to emulate the effect of cell seeding. 

2. Adequate scaffold porosity of lyogel silk scaffolds was observed, which is envisaged to 

encourage host cell infiltration post-implantation. 

3. Mechanical properties (static and dynamic) of developed silk scaffolds were comparable 

to the native human blood vessel. 

4. Stable integration of PLGA microparticles in the struts of lyogel silk scaffolds was 

validated by exposing them to the physiologically relevant pulsatile flow. 

5. The developed lyogel TEVG scaffolds were biodegradable, and the loading of 

microparticles did not affect the degradation rate. 

6. Scaffold discs simulating the inner layer of bi-layered lyogel scaffold supported the growth 

and proliferation of SVF cells. 

7. Microparticles were successfully loaded with a fluorescent dye (FITC), substantiating their 

loading efficiency. 

 

 

 

Note: The lyogel scaffolds described in this chapter were further investigated for their in vivo 

performance in collaboration with Prof. David A. Vorp, University of Pittsburgh, PA, USA, which 

is not a part of this thesis work, hence not presented. Microparticles were loaded with 

CCL2/MCP1, which significantly improved the acute patency (100%) of grafts implanted in the 

abdominal rat aorta. In vivo results partially validate the hypothesis of creating readily available 

cell-free TEVGs loaded with cell-mimicking microparticles.  
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SUMMARY AND FUTURE PERSPECTIVES 

 

Blood vessel-related diseases remain a pressing human health concern. Currently available clinical 

options rely on the availability of a healthy autologous vessel to replace the diseased counterpart. 

Such treatment modalities are prevalently limited due to donor site morbidity and shortage of 

healthy vessels. This thesis aims to orchestrate alternate engineered solutions that can effectively 

replace the diseased portion of blood vessels to restore the adequate blood supply to the target 

organ. The overall concept of tissue-engineered vascular grafts (TEVGs) essentially involves the 

following steps: 1) graft fabrication, 2) implantation, 3) remodelling (infiltration of host cells and 

balanced degradation of graft biomaterial), 4) neo-tissue formation, 5) complete removal of 

biomaterial recapitulating a native-like remodelled tissue with growth potential. Herein, we have 

progressively hypothesized and validated multiple approaches to designing small-diameter 

TEVGs using various silk biomaterials. The implication of non-mulberry silk for vascular 

regeneration is one of the novel highlights of this work. 

 We first identified crucial parameters required to improve the clinical feasibility of TEVGs 

as follows: 1) bioactivity/biocompatibility, 2) anti-thrombogenicity, 3) biodegradability, 4) 

mechanical properties, 5) immune compatibility, 6) affordability, 7) minimizing fabrication time 

and 8) minimizing regulatory hurdles. A comprehensive analysis of cell-biomaterial interaction 

revealed the biocompatibility of silk with vascular cells. The non-mulberry silk variety (Antheraea 

assama) showed superior outcomes in terms of cell proliferation, migration, mechanics and 

biodegradation. Micropatterned engineered surfaces could recapitulate the native-like cellular 

alignment, which was further capitalized to fabricate multi-layered cellular conduits comprised of 

autologous vascular cells (described in Chapter 3). While this approach provides a patient-specific 

solution, a higher fabrication time (over a month) is a potential setback towards clinical translation. 

A novel bi-layered scaffold is further designed consisting of an inner porous lyophilized layer 

coated with an outer electrospun nanofibrous layer (described in Chapter 4). Human SVF cells 

(seeded in the inner layer) assisted in graft remodelling by preventing the blood clotting and 

recruitment of host cells via paracrine signalling after implantation in rat aorta via end-to-end 

anastomosis. SVF seeding of vascular scaffolds brought down the fabrication time from months 

to a couple of days. 
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Clinical feasibility of the silk-based TEVGs was further improved by developing 

acellular/cell-free approaches aiming to confer ready availability (described in Chapter 5&6), 

while contemporaneously minimizing the regulatory hurdles. We hypothesized the preservation of 

Wharton’s jelly MSCs secreted factors in the surrounding matrix. Capitalizing on this concept, 

dWJ functionalized grafts were developed containing a plethora of MSC secreted bioactive factors, 

including immunomodulatory cytokines. The functional assessment revealed faster in situ 

remodelling and neo-tissue formation after implantation in rabbit jugular vein. The mechanistic 

analysis reflected the immunomodulation-assisted remodelling. This approach provides a ready 

available bioactive TEVG. While dWJ functionalization enables superior remodelling, it is 

believed that apparently, the whole MSCs secretome is not crucial; a fraction of bioactive factors 

may provide comparable remodelling outcomes. In addition, the ambiguous presence of yet 

unknown factors in dWJ matrix is envisaged to be a roadblock towards clinical ‘off the shelf’ 

translation. Hence, in the follow-up endeavour, we designed a TEVG system capable of delivering 

a specific bioactive cargo (CCL2) by incorporating cell-mimicking PLGA microparticles in the 

bi-layered scaffolds. Overall, the work presented in this thesis disclosed a new bi-layered design 

of vascular scaffold, minimized the TEVG fabrication time by ensuring their ready availability 

and conferred superior chances of regulatory clearances. 

 

Future perspectives of this thesis work are enumerated in the following sections: 

 

1) Identification of specific MSCs secreted bioactive factors, which are essentially involved 

in the in situ graft remodelling while conferring adequate bioactivity. 

2) Recruitment of host cells in the implanted scaffold may follow either of the following three 

mechanisms: transanastomotic ingrowth, transmural capillary formation, and fall out 

process. The remodelling process would crucially depend on graft length. Herein, nearly 

1cm long TEVGs were investigated in small animal models (rats/rabbits). Analysis of 

overall remodelling of longer grafts in larger animal models (sheep/porcine) would further 

ascertain their pre-clinical efficacy.   

3) Aged people are prone to cardiovascular diseases. The effect of patient age on graft 

remodelling and neo-tissue formation would provide clinically relevant data based on 

target patient demographics. 

TH-2670_156106029



Summary and Future Perspectives  

 

221 
 

4) Implementation of induced pluripotent stem cells (iPSCs) may provide an option for 

patient-specific precision medicine. 

5) Fabrication immune-informed TEVGs may improve their performance by targeting key 

players of the immune system involved in the remodelling process. 

6) Emerging technologies can now develop advanced computational models, predicting graft 

remodelling and neo-tissue formation more accurately. Implementation of these models 

would assist in identifying the ideal parameters (rate of degradation, pore size, porosity, 

graft mechanics, surface topography, rate of ECM formation, etc.) to predict the required 

outcomes. 

7) Further validation through various phases of human clinical trials could enable technology 

transfer. 
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