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Scaffold and Tissue Engineered Scaffold and Tissue Engineered 
Blood VesselBlood Vessel

Scaffold
9 Months
Static Culture
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Current Prosthetic Vascular GraftsCurrent Prosthetic Vascular Grafts

< 6 mm small diameter< 6 mm small diameter
Post surgical implantation leads to low Post surgical implantation leads to low 
patencypatency
–– Acute Acute thrombogenicitythrombogenicity
–– AnastomoticAnastomotic intimalintimal hyperplasiahyperplasia
–– Aneurysm formationAneurysm formation
–– InfectionInfection
–– Progression of atherosclerotic disease Progression of atherosclerotic disease 



Blood Vessel EngineeringBlood Vessel Engineering
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New Design Method: Tissue New Design Method: Tissue 
EngineeringEngineering

NonNon--thrombogenicthrombogenic
interfacesinterfaces

VasoactivityVasoactivity

Mechanical Mechanical 
PropertiesProperties



Current Tissue Engineering Current Tissue Engineering 
Vascular Scaffold ResultsVascular Scaffold Results

Synthetic polymer tissue engineering scaffolds (Ex. PGA, Synthetic polymer tissue engineering scaffolds (Ex. PGA, 
PLLA)PLLA)
–– Loss of mechanical strength before Loss of mechanical strength before extracellularextracellular matrix (ECM) matrix (ECM) 

produced due to degradable nature of polymersproduced due to degradable nature of polymers

Hybrid synthetic scaffold (PGA/PCL and PLA)Hybrid synthetic scaffold (PGA/PCL and PLA)
–– Worked under relatively low mechanical blood pressures Worked under relatively low mechanical blood pressures ≈≈2020––

3030 mm Hg during systole; needs to work at mm Hg during systole; needs to work at ≈≈100100––140140 mm Hg mm Hg 
during systole during systole 

Natural polymer tissue engineering scaffolds (Ex. Natural polymer tissue engineering scaffolds (Ex. 
collagen, fibrin)collagen, fibrin)
–– ECM produced, high mechanical strength and flexibilityECM produced, high mechanical strength and flexibility
–– Even with Dacron mesh reinforcement, the burst strength of Even with Dacron mesh reinforcement, the burst strength of 

these constructs was lower than the burst strength of human these constructs was lower than the burst strength of human 
saphenoussaphenous veins (1680veins (1680 ±± 307307 mm Hg) taken from the legmm Hg) taken from the leg



Another Possible Natural Polymer: Another Possible Natural Polymer: 
Silk FibroinSilk Fibroin

Unique mechanical properties in various Unique mechanical properties in various 
structural alignmentsstructural alignments
BiocompatibilityBiocompatibility
Controlled degradabilityControlled degradability
Versatile Versatile processabilityprocessability
Electrospun silk fibroin tubular scaffolds Electrospun silk fibroin tubular scaffolds 
have mechanical properties similar to have mechanical properties similar to 
native blood vessels native blood vessels 



Purpose of ArticlePurpose of Article
Characterize the potential of these Characterize the potential of these nanofibernanofiber
silk matricessilk matrices
–– Support vascular smooth muscle cell functionsSupport vascular smooth muscle cell functions

Proliferate human coronary artery smooth muscle cells Proliferate human coronary artery smooth muscle cells 
((HCASMCsHCASMCs) ) 

–– Support endothelial cell functions Support endothelial cell functions 
Proliferate human aortic endothelial cells (Proliferate human aortic endothelial cells (HAECsHAECs))

Look for changes in Look for changes in 
HCASMCsHCASMCs and and HAECsHAECs
–– Cell morphologyCell morphology
–– ViabilityViability
–– ProliferationProliferation
–– PhenotypePhenotype



BombyxBombyx Mori Silkworm CocoonMori Silkworm Cocoon
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Silk Preparation Before Silk Preparation Before 
ElectrospinningElectrospinning

Silkworm Cocoon

4.24g Na 2CO 3

5g cocoon pieces

30 minutes

Heater

2L boiling water

1L Milli -Q water

20 minutes20 minutes20 minutes

2nd3rd3rd
Drying 

in hume hood 1st

Tufts University Department of Biomedical Engineering



Silk Preparation Before Silk Preparation Before 
ElectrospinningElectrospinning

Department of Biomedical Engineering
Science and Technology Center 

9.3 M LiBr solution 28mL

7g of dried cocoon

60°C, 4 h

12mL of fibroin LiBr sol.

20 mL syringe

Stirrer
Stirrer bar

Dialysis cassette

Dialysis, 48 h

Centrifuge

9,000 rpm
20 minutes
2 times

Dissolving in LiBr solution

Tufts University Department of Biomedical Engineering



ElectrospinningElectrospinning NanofiberNanofiber Matrices Matrices 
to Mimic the ECMto Mimic the ECM



ElectrospinningElectrospinning
Silk/PEO solution prepared in HSilk/PEO solution prepared in H22O for increased viscosity and O for increased viscosity and 
surface tension (no organic solvents!)surface tension (no organic solvents!)

Electrospun coElectrospun co--polymer was treated with 100% methanol to polymer was treated with 100% methanol to 
form form ββ--sheets sheets --> water insoluble> water insoluble

PEO removed with distilled HPEO removed with distilled H22O to provide a pure silk matrixO to provide a pure silk matrix



Cells for Seeding Cells for Seeding 
HAECsHAECs and and HCASMCsHCASMCs

–– Donated from 24 year old w/ no vascular diseaseDonated from 24 year old w/ no vascular disease

–– Cultured in endothelial growth mediumCultured in endothelial growth medium--2 (EGM2 (EGM--2) 2) 
supplemented with 10% fetal bovine serum (FBS) supplemented with 10% fetal bovine serum (FBS) 
and 1 % smooth muscle cell medium (SMCM) with a and 1 % smooth muscle cell medium (SMCM) with a 
10% FBS and 1% SMCM and 1% 10% FBS and 1% SMCM and 1% 
penicillin/streptomycin supplementspenicillin/streptomycin supplements

–– Medium replaced every 2 daysMedium replaced every 2 days

–– Cells in incubator at 37Cells in incubator at 37°° C and 5% COC and 5% CO22



In Vitro Culture of Vascular CellsIn Vitro Culture of Vascular Cells
Electrospun

Scaffold

1.43 cm 
diameter

X 24

http://www.glass-bottomdishes.com/24well1-1.JPGHCASMCs

Density = 

7.5 x 104

cells/cm2

Culture

Medium

HAECs

Density =

2.5 x 105
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Tests PerformedTests Performed
Scanning electron microscopy (SEM)Scanning electron microscopy (SEM)
–– Cell morphologyCell morphology

DNA content assayDNA content assay
–– Cell proliferationCell proliferation

Cell viability and metabolism activity assayCell viability and metabolism activity assay
–– Cell viabilityCell viability

ImmunocytochemistryImmunocytochemistry assayassay
–– Cell differentiationCell differentiation

RealReal--time RTtime RT--PCR PCR anaysisanaysis
–– Genotype analyses from RNAGenotype analyses from RNA

Statistical analysisStatistical analysis
–– TwoTwo--tailed t test; statistically significant if p < 0.05tailed t test; statistically significant if p < 0.05



SEM ResultsSEM Results

Electrospun Silk/PEO Electrospun Silk after PEO extracted

Morphology and diameter of electrospun fibers were not 
significantly affected once PEO was extracted.



DNA Content and Metabolism Activity DNA Content and Metabolism Activity 
Assay Results for Assay Results for HCASMCsHCASMCs

•• Significant increase of DNA content was observed on day 5 (*p<0.Significant increase of DNA content was observed on day 5 (*p<0.01)01)

•• Significant increase of metabolic activity was observed during tSignificant increase of metabolic activity was observed during the first he first 
10 days (**p<0.01) 10 days (**p<0.01) 

•• Significant decrease of metabolic activity was observed after daSignificant decrease of metabolic activity was observed after day 15 y 15 
(*p<0.05)(*p<0.05)



DNA Content and Metabolism Activity DNA Content and Metabolism Activity 
Assay Results for Assay Results for HAECsHAECs

•• No Significant increase in DNA observedNo Significant increase in DNA observed

•• Significant increase of metabolic activity was observed on Significant increase of metabolic activity was observed on 
day 14 (***p<0.001)day 14 (***p<0.001)



HCASMCsHCASMCs Viability AssayViability Assay
Day 1

Day 36Day 32Day 25Day 21

Day 15Day 10Day 5

•• High viability and cell alignment of High viability and cell alignment of HCASMCsHCASMCs observedobserved



HAECsHAECs Viability AssayViability Assay

Day 1 Day 4 Day 7 Day 14

•• High viability of High viability of HAECsHAECs

•• Short cordShort cord--like structures at Day 4like structures at Day 4

•• Interconnecting network of capillary tubes at Day 7Interconnecting network of capillary tubes at Day 7



SEM Micrographs SEM Micrographs 
of of HCASMCs

Day 32Day 32

Day 25Day 25

Day 15Day 15

Day 5Day 5

Day 1Day 1

50 µm 5 µm

HCASMCs
Day 1 – random orientation, cells are 
spread

Day 5 – spindle shaped cells with parallel 
alignment

Day 10 – significant cell elongation

These results indicate alignment on 
randomly oriented non-woven fibrous 
scaffolds. 

Characteristic of “hill and valley”
distribution of the smooth muscle cells

Self-organizing smooth muscle cells on 
the scaffolds-reveals the importance of 
cell-matrix interactions for cell alignment



SEM Micrographs of SEM Micrographs of HAECsHAECs

Day 7

Day 4Day 1

Day 14

Angiogenesis occurred – migration and differentiation of 
endothelial cells in angiogenic pathways

Day 7 – network formation of capillary-like tubes with lumen



ImmunocytochemistryImmunocytochemistry Assay for Assay for HCASMCsHCASMCs

Scaffold supported smooth muscle cell contractile phenotype. Stained 
protein markers denote smooth muscle actin, smooth muscle myosin 
heavy chain, and aligned collagen type I.



ImmunocytochemistryImmunocytochemistry Assay for Assay for HAECsHAECs

HAECs maintained characteristic endothelial cell phenotype on the scaffold. 
Stained protein markers for universal endothelial cells are shown.



RealReal--Time RTTime RT--PCR PCR AnaysisAnaysis for for HCASMCsHCASMCs

Collagen type I and elastin markers in mRNA showed statistically 
significant decreases over time.



RealReal--Time RTTime RT--PCR Analysis for PCR Analysis for HAECsHAECs

Endothelial cell markers examined in mRNA showed statistically significant 
increases at Day 14 for each of the 3 markers.



ConclusionsConclusions

HAECsHAECs and and HCASMCsHCASMCs seeded on electrospun silk seeded on electrospun silk 
fibroin scaffolds fibroin scaffolds 
–– Support Support vasularvasular cell viabilitycell viability
–– Maintain cell phenotypeMaintain cell phenotype
–– Promote cell growth, expansion, and reorganizationPromote cell growth, expansion, and reorganization

Silk scaffolds should be researched further as a Silk scaffolds should be researched further as a 
tissue engineered possibility for small diameter tissue engineered possibility for small diameter 
vascular grafts vascular grafts 
–– Studies have already indicated that silk can be spun Studies have already indicated that silk can be spun 

into vessel like tubes and support vascular pressuresinto vessel like tubes and support vascular pressures
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