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Abstract
Human aortic endothelial (HAEC) and human coronary artery smooth muscle cell (HCASMC) responses on electrospun silk fibroin scaffolds
were studied to evaluate potential for vascular tissue engineering. Cell proliferation studies supported the utility of this biomaterial matrix by
both HAECs and HCASMCs. Alignment and elongation of HCASMCs on random non-woven nanofibrous silk scaffolds was observed within 5
days after seeding based on SEM and confocal microscopy. Short cord-like structures formed from HAECs on the scaffolds by day 4, and a com-
plex interconnecting network of capillary tubes with identifiable lumens was demonstrated by day 7. The preservation of cell phenotype on the
silk fibroin scaffolds was confirmed by the presence of cell-specific markers, including CD146, VE-cadherin, PECAM-1 and vWF for HAECs,
and SM-MHC2 and SM-actin for HCASMCs at both protein and transcription levels using immunocytochemistry and real-time RT-PCR, respec-
tively. Formation of ECM was also demonstrated for the HCASMCs, based on the quantification of collagen type I expression at protein and
transcription levels. The results indicate a favorable interaction between vascular cells and electrospun silk fibroin scaffolds. When these results
are factored into the useful mechanical properties and slow degradability of this protein biomaterial matrix, potential utility in tissue-engineered
blood vessels can be envisioned.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Acute thrombogenicity, anastomotic intimal hyperplasia,
aneurysm formation, infection, and progression of atheroscle-
rotic disease result in low patency of small-diameter (<6 mm)
prosthetic vascular grafts after surgical operations [1]. To
address these needs, different design criteria are required
than for larger diameter systems. Tissue engineering offers
an alternative approach to address the need for small-diameter
vascular grafts through the design of non-thrombogenic inter-
faces, such as endothelial monolayers [2]. However, only
a few systems have achieved promising clinical results.
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A blood vessel substitute with the required functional charac-
teristics of a normal blood vessel, including non-thrombo-
genic, vasoactivity and appropriate mechanical properties to
match native vessels, remains to be demonstrated [3].

Biodegradable synthetic polymer scaffolds from polyglycolic
acid (PGA) [4], poly-L-lactic acid [4], polyhydroxyalkanoates
[5] such as poly-4-hydroxybutyrate [6], polycaprolactone-co-
polylactic acid [7], and polyethylene glycol [8] have been
explored with this goal in mind. However, premature loss of
mechanical strength because of the failure of cells to produce
requisite ECM before polymer degradation would be a potential
risk. Success with a hybrid scaffold consisting of a PGA sheet
and a polycaprolactone-co-polylactic acid copolymer was
achieved clinically, but only in relatively low-pressure pulmo-
nary circulation (z20e30 mm Hg during systole) [7], a less
demanding flow environment than the higher-pressure coronary
artery (z100e140 mm Hg during systole) [9]. Natural
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polymers such as collagen and fibrin have also been utilized to
construct biological vascular grafts, populated and compacted
by smooth muscle cells, and exhibiting high tensile strength
and flexibility [10]. However, even with reinforcement by
a Dacron mesh, the burst strength of these constructs was
lower than the burst strength of human saphenous veins
(1680� 307 mm Hg), the gold standard for bypass grafts.

To address challenging mechanical environments, while
fostering slow degradation and remodeling into native tissue,
we have been exploring silk fibroin-based biomaterials for
a number of tissue needs [11,12]. Silks offer unique mechanical
properties in different material formats, excellent biocompati-
bility, controlled degradability, and versatile processability,
thus offering potential for tissue engineering applications.
Moreover, the ability to process silk into different structural
formats using an all-aqueous process render it useful for the de-
livery of bioactive components via this biomaterial matrix, as
well as avoiding concerns for residual organic solvents in
the devices. Along these lines, we recently fabricated small-
diameter silk fibroin tubular scaffolds by electrospinning
[13]. These scaffolds demonstrated structural integrity and
the ability to withstand arterial pressures in a similar mode to
native vessels.

In the present study, electrospun silk fibroin scaffolds
(ESFS) were studied for vascular cell responses in vitro. Elec-
trospinning produces a network of nanofibers to partly mimic
the structure of the ECM. The aim of the present study was to
characterize the potential of these nanofiber silk matrices to
support vascular smooth muscle cell and endothelial cell func-
tions. A good vascular scaffold for grafting would promote
cellescaffold interactions and maintain cell phenotype during
the culture period. Human coronary artery smooth muscle
cells (HCASMCs) and human aortic endothelial cells
(HAECs) were studied for changes in cell morphology, viabil-
ity, proliferation and phenotype. The ECM production of
smooth muscle cells was also examined at both genetic and
protein expression levels. The results support the utility of
these silk fibroin nanofiber matrices as potential scaffolds for
vascular tissue engineering needs.

2. Experimental
2.1. Materials
Cocoons of Bombyx mori silkworm were kindly supplied by Tajima Shoji

Co. (Yokohama, Japan). Poly (ethylene oxide) (PEO) with an average molec-

ular weight of 900,000, Triton X-100 and 10% neutral buffered formalin

solution were purchased from SigmaeAldrich (St. Louis, MO). Fetal bovine

serum (FBS), Dulbecco’s phosphate buffered saline (D-PBS) without calcium

or magnesium and trypsin were from Gibco (Carlsbad, CA). Smooth muscle

cell medium (SMCM) with growth supplement was from ScienCell Research

Laboratories (Carlsbad, CA). Endothelial growth medium-2 (EGM-2) was

from Lonza (Walkersville, ML). All other substances were of analytical or

pharmaceutical grade and obtained from SigmaeAldrich.
2.2. Preparation of regenerated B. mori silk fibroin solutions
B. mori silk fibroin solutions were prepared as previously described [14].

Briefly, cocoons of B. mori were boiled for 30 min in an aqueous solution
of 0.02 M Na2CO3, and then rinsed thoroughly with distilled water to extract

the glue-like sericin proteins. The extracted silk fibroin was then dissolved

in 9.3 M LiBr solution at 60 �C for 4 h, yielding a 20% (w/v) solution. This

solution was dialyzed against distilled water using a Slide-a-Lyzer dialysis

cassette (MWCO 3500, Pierce) at room temperature for 48 h to remove the

salts. The dialysate was centrifuged for 20 min at 5 �C twice to remove

impurities and aggregates that formed during dialysis. The final concentration

of silk fibroin aqueous solution was approximately 8% (w/v). This concentra-

tion was determined by weighing the residual solid of a known volume of

solution after drying at 60 �C for 24 h.
2.3. Preparation of spinning solution
Silk/PEO blends in water were prepared by adding 5.0% (w/v) PEO

(900,000 g/mol) into 8.0% (w/v) silk fibroin aqueous solution with a volume ra-

tio of 1:4, which generated 7.5% (w/v) silk/PEO solutions. Homogeneous PEO

solutions of 5% (w/v) were obtained by adding PEO to distilled water and stir-

ring for 2 days at room temperature. The silk/PEO mixing solutions were stirred

gently to avoid the premature formation of b-sheet structure during blending.
2.4. Electrospinning
Electrospinning was performed with a steel capillary tube with a 1.5 mm

inside diameter tip mounted on an adjustable, electrically insulated stand as

described earlier [15]. The capillary tube was maintained at a high electric po-

tential for electrospinning and mounted in the parallel plate geometry. The

capillary tube was connected to a syringe filled with a silk/PEO blend solution.

A constant volume flow rate was maintained using a syringe pump. The elec-

tric potential, solution flow rate and the distance between the capillary tip and

the collection plate were adjusted so that a stable jet was obtained without

dripping. The electrospun fibers were collected on a collection plate covered

with aluminum foil. The electrospun non-woven mats were treated with

100% methanol for 10 min to induce a b-sheet conformational transition,

which results in insolubility in water. The PEO was removed from the mats

by leaching in distilled water at room temperature for 72 h.
2.5. In vitro culture of vascular cells on ESFS
The HAECs (Clonetics, Walkersville, ML) at passage 5 and immortalized

HCASMCs at passage 13 (24 years old donor, female, no vascular disease),

(Tufts-New England Medical Center, Boston, MA) were used to evaluate

the capability of electrospun silk fibroin scaffold for supporting vascular cells

and maintaining phenotype. The HAECs and HCASMCs were cultured in en-

dothelial growth medium-2 (EGM-2, Lonza, Walkersville, ML) supplemented

with 10% fetal bovine serum (FBS), and smooth muscle cell medium (SMCM,

ScienCell Research Laboratories, Carlsbad, CA) with 10% FBS, 1% smooth

muscle cell growth supplement (SMCGS) and 1% penicillin/streptomycin

solution (P/S), respectively. The medium was replaced every 2 days and the

cultures were maintained in a humidified incubator at 37 �C and 5% CO2.

Electrospun silk fibroin scaffolds were punched into small discs with a di-

ameter of 1.43 cm (9/16 inch) to fit 24-well cell culture plates and sterilized by

immersion in 70% ethanol for 30 min. The scaffolds were washed 3 times with

sterile PBS and transferred to 24-well non-treated cell culture plates (BD

Biosciences, San Jose, CA) to increase cellematrix interactions and to reduce

cell attachment on the plates. The scaffolds were incubated in 1 ml of cell

culture medium at 37 �C overnight before cell seeding to saturate the scaffold

with growth medium and improve cell attachment. The cells were seeded at

the density of 7.5� 104 cells/cm2 for HAECs and 2.5� 105 cells/cm2 for

HCASMCs in EGM-2 and SMCM on the pre-wetted electrospun scaffolds,

respectively. One milliliter of culture medium was used for each well and

the medium was changed every 2 days over 14 days for the HAECs and 36

days for the HCASMCs, respectively.
2.6. Scanning electron microscopy (SEM)
SEM was used to study cell morphology on the ESFS. Following harvest,

the seeded silk scaffolds were washed with PBS 3 times and fixed in 10%
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neutral buffered formalin solution (SigmaeAldrich, St. Louis, MO) at 4 �C.

Fixed samples were dehydrated through exposure to a gradient of alcohol

(25, 50, 75, 85, 95 and 100%) followed by air drying in a fume hood. Speci-

mens were examined using a LEO Gemini 982 Field Emission Gun SEM

(Thornwood, NY).
2.7. DNA content assay
To study cell proliferation on the nanofibrous scaffolds, viable cells were

determined by Pico green� DNA content assay (Molecular Probes, Carlsbad,

CA). Briefly, the scaffolds (n¼ 3) were rinsed 3 times with PBS and collected

in 1.5 ml Eppendorf tubes and stored at �80 �C. Frozen scaffolds were cut into

small pieces and lysed in 200 mL 0.2% (v/v) Triton X-100 and 5 mM MgCl2 for

30 min to release the DNA into the solution. After centrifugation at

12,000 rpm for 10 min, 4 �C, the supernatants were collected for assay.

DNA content was determined fluorometrically at excitation wavelength of

480 nm and emission wavelength 528 nm using a Fluoroskan Ascent FL spec-

trofluorometer (Thermo Life Sciences, Basingstoke, UK). The amount of DNA

was calculated by interpolation from a standard curve prepared using lambda

DNA in 10 mM TriseHCl (pH 7.4), 5 mM NaCl, 0.1 mM EDTA over a range of

concentrations.
2.8. Cell viability and metabolism activity assay
The viability of the HAECs and HCASMCs on the scaffolds was examined

by live/dead assay (Molecular Probes, Eugene, OR). Briefly, scaffolds seeded

with cells were washed with PBS, incubated in 2 mM calcein AM (staining live

cells) and 4 mM EthD-1 (staining dead cells) in PBS for 30 min at room

temperature. The cells were then washed again with PBS before imaging using

a Leica DMIRE2 confocal microscope with a TCS SP2 scanner (Leica Micro-

systems, Manheim/Wetzlar, Germany) at excitation of 495 nm and emission of

515 nm. The metabolic activity of the cultured cells on scaffolds was assessed

by monitoring alamarBlue� (Invitrogen Corporation, Carlsbad, CA) reduction

at the end of the incubation period. Briefly, the scaffolds were washed with

PBS and transferred to a 12-well cell culture plate. A volume of 1 ml fresh

medium and 100 mL alamarBlue� were added to each well and incubated

for 2 h at 37 �C and 5% CO2. Triplicate 100-mL aliquots of culture medium

were taken from each culture scaffold and transferred to a 96-well assay plate.

Fluorescence was measured using a fluorometer with excitation and emission

filters at 540 and 590 nm, respectively.
2.9. Immunocytochemisty analyses
Immediately after harvest, the scaffolds were washed in PBS and fixed in

10% neutral buffered formalin before immunohistochemical analysis. The

fixed samples were rinsed 3 times in PBS and incubated with 0.1% (v/v) Triton

X-100 in PBS for 15 min at room temperature. The samples were then washed

3 times in PBS and incubated with horse serum (Vector Laboratories, Burlin-

game, CA) for 20 min at room temperature to block non-specific binding.

Afterwards, scaffolds seeded with HAECs and HCASMCs were incubated

with different primary antibodies (Table 1) at 4 �C overnight in a humidified

chamber, respectively. After washing 3 times with PBS, the samples were re-

acted with secondary antibody Alexa Fluor� 488 goat anti-mouse IgG (Hþ L)
Table 1

Antibodies for immunocytochemistry assay

Cell type Antibody Dilution Company

HCASMCs SM-MHC2 1:250 Abcam, Cambridge, MA

SM-actin 1:100 Chemicon, Temecula, CA

COL I 1:100 Chemicon, Temecula, CA

Elastin 1:100 Chemicon, Temecula, CA

HAECs CD146 1:500 Chemicon, Temecula, CA

VE-C 1:10 Chemicon, Temecula, CA

PECAM-1 1:50 Chemicon, Temecula, CA
(1:250 dilution, Invitrogen Corporation, Carlsbad, CA) for 1 h at room temper-

ature. Then the samples were washed 3 times with PBS and observed under

a confocal laser scanning microscope (TCS SP2, Leica Microsystems,

Germany). Controls included leaving out the primary antibody to confirm

non-specific binding.
2.10. Real-time RT-PCR analysis
Total RNA was extracted from cells using an RNeasy Mini Kit (Qiagen,

Valencia, CA, USA) following the supplier’s instructions. Briefly, electrospun

scaffolds (n¼ 3) were harvested and washed in PBS, transferred into 2-ml

Eppendorf tubes and kept in RNA later solution at �20 �C. After thawing,

the tubes were centrifuged at 12,000g for 10 min to pellet the cells and scaf-

folds. The supernatants were removed and the scaffolds were cut into small

pieces before being lysed in 350 mL buffer RLT (Qiagen, Valencia, CA)

with 1% b-mercaptoethanol (b-ME). The supernatants of the lysates after cen-

trifugation were collected and homogenized with a QIAshredder spin column

(Qiagen, Valencia, CA) and then 350 mL of 70% ethanol (v/v) was added to

the supernatant and applied to an RNeasy mini spin column (Qiagen, Valencia,

CA) to wash and elute RNA. The total concentration of RNA extracted was

determined using Ultraviolet spectroscopy (UV) at OD¼ 260 nm and reverse

transcription reactions were performed with 50 ng total RNA using high-

capacity cDNA archive kit (Applied Biosystems, Foster City, CA) following

the supplier’s instructions.

Customized probe-based Taqman gene expression (Applied Biosystems,

Foster City, CA) was used for the real-time RT-PCR reactions and the reac-

tions were conducted with an ABI 7000 Sequence Detection System (Applied

Biosystems, Foster City, CA) at 50 �C for 2 min, 95 �C for 10 min, followed

by 50 cycles of amplifications, consisting of a denaturation step at 95 �C for

15 s, and extension step at 60 �C for 1 min. The expression level of the target

genes was normalized to the housekeeping gene, glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) using the 2DCt formula. The genes of CD146, vWF,

VE-cadherin for HAECs and collagen type I and elastin for HCASMCs were

selected and each sample was analyzed in triplicate.
2.11. Statistical analysis
Values (at least triplicate) were averaged and expressed as mean� stan-

dard deviation (SD). Statistical differences were determined by Student’s

two-tailed t test. Differences were considered statistically significant at

p< 0.05.
3. Results and discussions
3.1. Morphology of silk electrospun nanofibrous scaffold
The silk electrospun nanofibrous scaffolds were prepared as
previously reported [16] to generate solid nanofibers free of
beading. PEO was used to aid the electrospinning process by
increasing the viscosity and surface tension of the electrospin-
ning solution, which was also used for electrospinning of other
proteins such as collagen [16], elastin [17] and gelatin [18].
Methanol treatment was employed after spinning to induce
b-sheet structure to provide insolubility of the silk scaffolds
in aqueous solution. The morphology and diameters of the
electrospun fibers before and after PEO extraction were exam-
ined by SEM (Fig. 1). The fibrous scaffolds consisted of ran-
domly oriented fibers with diameters ranging from 170 to
890 nm. The distribution of the fiber diameters was deter-
mined with an average of about 377� 70 nm (Fig. 2). The
SEM micrographs showed that the nanofibers had a solid sur-
face with interconnected voids among the fibers, presenting



Fig. 1. SEM micrographs of electrospun silk fibroin scaffolds: (A) PEO non-extracted scaffold; (B) PEO extracted scaffold. Scale bars are 2 mm.
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a porous network. The extraction of PEO did not significantly
affect the morphology or diameter of the fibers.
3.2. Cell proliferation, metabolic activity
and viability on ESFS
Good retention of vascular cells on seeded grafts is a critical
issue for clinical transplantation [19,20]. The assessment of
the retention of endothelial and smooth muscle cells on
ESFS in vitro can provide initial confirmation of the utility
of this new system. The growth and metabolic behavior of
both HCASMCs and HAECs on the ESFS was characterized
by Pico green� DNA content and alamarBlue� assays, re-
spectively. To observe cell growth on the ESFS, high cell seed-
ing density was used for the HCASMCs (2.5� 105 cells/cm2)
and DNA content and metabolic activity was determined at
days 1, 5, 10, 15, 21, 25, 32 and 36. A significant increase
in DNA content was observed at day 5 compared to day 1,
and steady growth was observed after day 5 (Fig. 3A). The
metabolic activity profile of HCASMCs was different than
the cell proliferation profile (Fig. 3B). An increase in cell ac-
tivity was observed after day 1 and maximum metabolism was
reached over 10 days. Activity ended at 66% of initial level on
day 36. The viability of HCASMCs was examined by confocal
microscopy after live/dead staining, and high viability over the
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Fig. 2. Histograms of electrospun silk fibroin scaffolds fiber diameters after

PEO extracted.
36-day culture was demonstrated, with metabolic activity
decreasing toward the end of the culture period (Fig. 4).

For the HAECs, metabolic activity and viability at day 1, 4,
7 and 14 was assessed. Increasing DNA content was observed
from day 1 to day 7, with no subsequent significant growth,
representing confluence reached around day 7 (Fig. 5A).
Similar metabolic activity of HAECs was maintained when
the cells were proliferating during the first week (Fig. 5B),
while more than a 2-fold increase was observed on day 14,
compared to day 7, although the DNA content was fairly
constant after day 7. Viability of the HAECs was maintained
over the 14-day culture period as exhibited by confocal
microscopy (Fig. 6).
3.3. Cell morphology on ESFS
The morphology of cells on the ESFS was characterized by
SEM and confocal microscopy. Significant cell morphology
changes with time in culture were observed for both cell types.
The HCASMCs demonstrated random orientation with a more
spread and stellate state after 1 day in culture (Fig. 4A) and
started to change to spindle-shape with parallel alignment
when the cells were cultured for 5 days (Fig. 4B). On day
10, the trend toward elongation was more significant and the
cell surface contact area became larger (Fig. 4CeF). Single
cell morphology was difficult to discern due to the cell conflu-
ence on the scaffolds, the elongation and spreading of the
HCASMCs was still revealed by the difference in the cell mor-
phology by SEM micrographs (Fig. 7). However, alignment
became less significant after 32 days in culture (Fig. 4G,H).
Many studies have shown cell alignment (including smooth
muscle cells) on the electrospun scaffolds with aligned pat-
terns, compared to randomly oriented scaffolds [21e23].
However, in the present study, alignment of HCASMCs was
observed on a randomly oriented non-woven fibrous scaffold.
This could be a characteristic ‘‘hill and valley’’ distribution of
smooth muscle cells, usually self-organized as soon as they
become confluent. However, the differences in cell orientation
and morphology between the top and bottom layers revealed
the importance of cellematrix interactions for cell alignment.
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Fig. 3. Human coronary artery smooth muscle cell (HCASMC) proliferation and metabolic activity on electrospun silk fibroin scaffolds. (A) DNA quantification by

Pico green� DNA content assay. A significant increase of DNA content was observed on day 5 (**p< 0.01). (B) HCASMC metabolic activity using alamarBlue�
and normalized by DNA content. A significant increase was observed during the first 10 days (**p< 0.01) and decreased after day 15 (*p< 0.05). Error bars

represent mean� standard deviation with n¼ 3.
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The morphology of the HAECs was regular with cobble-
stone shapes 1 day after cell seeding on the scaffolds
(Figs. 6 and 8). Multiple protrusions and the first sign of small
aggregates of aligned cells forming short cord-like structures
without identifiable lumen were observed at day 4 (Fig. 6B).
Over time from day 7 to day 14, a complex interconnecting
network of capillary tubes with lumens formed, identified by
both SEM and confocal microscopy (Figs. 6C,D and 8C,D).
These tubule-like structures has been shown in many in vitro
angiogenesis assay studies, which involve the migration and
differentiation of endothelial cells in angiogenic pathways,
usually achieved by culture of endothelial cells in gel scaffolds
of matrix proteins such as collagen [24,25], fibrin [26,27],
Fig. 4. The viability of HCASMCs on electrospun silk fibroin scaffolds using live/d

viability was maintained and cell alignment was observed from day 5 (B). Scale b
fibronectin [28], or Matrigel [29]. The process usually takes
several days to weeks depending on the matrix protein and
experimental conditions [30,31]. In the present study, we
observed similar network formation of capillary-like tubes
but on ESFS these network structures were discernible by
day 7 (Figs. 6C and 8C).
3.4. Cell phenotypes and ECM production on ESFS
In order to determine if the HCASMCs and HAECs still
retain their phenotypes when cultured on the ESFS, character-
istic protein markers were studied by immunocytochemistry.
Confocal microscopy showed that the HCASMCs on the
ead assay with confocal microscopy on day 1, 5, 10, 15, 21, 25, 32, 36. High

ars are 50 mm.
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Fig. 5. Human arotic endothelial cell (HAEC) proliferation and metabolic activity on electrospun silk fibroin scaffolds. (A) DNA quantification of HAECs using

Pico green� DNA content assay. No significant increase in DNA content was observed. (B) HAEC metabolic activity using alamarBlue� and normalized by DNA

content. A significant increase was observed on day 14 (***p< 0.001). Error bars represent mean� standard deviation with n¼ 3.
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scaffolds stained positive for SM a-actin and SM-MHC2 (a
contractile phenotypic marker of SMCs), characteristic
proteins for smooth muscle cells (Fig. 9AeH), however, the
intensity of the fluorescence diminished after 15 days in cul-
ture (data not shown). Generally, smooth muscle cells dediffer-
entiate from a contractile phenotype to a synthetic phenotype
when they are cultured in vitro and lose their phenotype with
decreased expression of SM-actin. The ESFS supported
smooth muscle cell contractile phenotype. Collagen type I
and elastin, important for functional vascular grafts, were
assessed by immunocytochemistry. The expression of collagen
type I on the silk fibroin scaffolds was aligned, likely reflect-
ing the alignment of the HCASMCs (Fig. 9IeL). This was
consistent with what was observed for bladder tissue where
the natural alignment of the collagen network reflected the
orientation of the smooth muscle cell bundles. The production
of elastin was less than the expression of collagen type I (data
not shown), however, positively staining for this ECM marker
was found.

For HAECs, the expression of the universal EC markers
such as CD146, VE-cadherin and PECAM-1 were studied by
immunocytochemistry to examine the differentiation status of
endothelial cells (Fig. 10). HAECs stained positively for all 3
markers compared to controls, indicating the preservation of
EC characteristic phenotype. The interconnecting network of
Fig. 6. The viability of HAECs on the electrospun silk fibroin scaffolds using liv

maintained and short cord-like structures were observed at day 4 (B), and a com

demonstrated from day 7 (C,D). Scale bars are 50 mm.
capillary tubes was also observed from the immunostained
micrographs and the cellecell and cellematrix interactions
were much more distinct on day 14, compared to the first week.
3.5. Cell-characteristics and ECM gene expression
The expression of EC-specific markers at the mRNA level
was examined for HAECs cultured on the scaffolds using real-
time RT-PCR (Fig. 11). Transcript expression of CD146, vWF
and VE-cadherin did not change significantly during the first
week in culture, while significant upregulation for all 3 tran-
scripts was observed at day 14, with 1.7, 1.6 and 2.1-fold in-
creases for CD146, vWF and VE-cadherin, respectively,
(compared to day 1 levels). The production of collagen type
I and elastin for HCASMCs on the scaffolds was also analyzed
at transcript levels. Stable levels were found for collagen type
I after 21 days and elastin for 15 days in culture, respectively
(Fig. 12). Significant downregulation of expression was ob-
served for both ECM-related transcripts following the constant
expressions over time.

4. Conclusions

The feasibility of utilizing electrospun silk fibroin scaffolds
for vascular tissue engineering was assessed. The electrospun
e/dead assay with confocal microscopy on day 1, 4, 7, 14 (A). Viability was

plex interconnecting network of capillary tubes with identifiable lumens was



Fig. 7. SEM micrographs of HCASMCs grown on electrospun silk fibroin scaffolds at day 1 (A, B), day 5 (C, D), day 15 (E, F), day 25 (G, H) and day 32 (I, J).

Scale bars are: (A, C, E, G, I) 50 mm; (B, D, F, H, J) 5 mm.
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Fig. 8. SEM micrographs of HAECs grown on the electrospun silk fibroin scaffolds at day 1, 4, 7 and 14 (AeD). Scale bars are: (A, B) 50 mm; (C, D) 100 mm.

Fig. 9. Immunocytochemistry staining of HCASMCs on electrospun silk fibroin scaffolds at day 1, 5, 10 and 15. Scale bars are 50 mm. Abbreviations: SM-actin:

smooth muscle actin; SM-MHC2: smooth muscle myosin heavy chain 2; COL I: collagen type I.

2224 X. Zhang et al. / Biomaterials 29 (2008) 2217e2227



Fig. 10. Immunocytochemistry staining of HAECs on electrospun silk fibroin scaffolds at day 1, 4, 7 and 14. Scale bars are 50 mm. Abbreviations: VE-C: vascular

endothelial cadherin.
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silk fibroin scaffolds supported the growth and expansion of
human aortic endothelial cells and human coronary artery
smooth muscle cells based on cell proliferation, morphology
and phenotype studies in vitro. The results suggest the potential
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of these scaffolds for exploration of tissue-engineered vascular
grafts, since they support vascular cell viability, maintain cell
phenotype and promote cell reorganization. We have previously
shown that these electrospun silk systems can be formed into
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tubular materials with sufficient mechanical integrity to support
vascular pressures. Thus future studies are aimed at functional
tissue-engineered small-diameter blood vessels by building on
the results in the present study.
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