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Abstract

A reliable and cost-effective scaffold for tissue-engineered vascular graft that would not only support cell prolif-
eration and growth but also maintain cell phenotype has been a long-term challenge. In this study, we propose a
biodegradable and biomimetic copolymer of gelatin with vinyl acetate synthesized via a graft copolymerization
technique to generate tubular scaffolds for vascular tissue engineering. Two fabrication techniques, freeze drying
and electrospinning, were used to generate the differing architectures for the scaffolds and characterized. The
electrospun scaffolds were found to have a faster rate of mass loss in physiological saline of 81.72% within 4
months compared with 60% mass loss for the freeze-dried samples, though the materials were more crystalline.
Vascular (v) smooth muscle cells (SMCs) were seeded on these tubes, which were then subjected to dynamic pul-
satile stimulation on a vascular bioreactor for a week. Gross examination of the tissue-engineered constructs
revealed that the cells secreted extensive extracellular matrix, with the dynamically conditioned samples exhibit-
ing well-orientated SMCs and collagenous fibers in comparison with growth in static conditions. In addition, the
alignment of cells in the direction of strain was greater in the electrospun constructs. The electrospun scaffolds
maintained the characteristic contractile phenotype of SMCs, which was confirmed by higher gene expression
rates of contractile protein markers like SM22a and calponin. A significant increase in the total matrix components
(collagen and elastin) in the electrospun constructs compared with the freeze-dried samples was confirmed by
biochemical analysis. The results of this study indicate that a combination approach involving a biomimetic scaf-
fold with the nanofibrillar architecture and good mechanical strength conducive to the growth of SMCs and the
use of the pulsatile forces to modulate the cell morphology and phenotypic plasticity of vSMCs helps in the suc-
cessful engineering of a medial layer of blood vessel.
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Introduction

The overwhelming increase of cardiovascular diseases
worldwide is creating a demand for more effective

therapeutic approaches. Tissue engineering may serve as a re-
generation therapy in this capacity, especially for small
diameter vascular grafts. This treatment option would be an al-
ternative to the use of autologous vessels from the body, which
becomes limited after repeated surgeries. This option may also
provide a better alternative to synthetic grafts like Dacron and
expanded polytetrafluoroethylene (ePTFE), which have had
limited success as small diameter vessel grafts.1

To successfully engineer a vascular graft, scaffold proper-
ties should closely mimic the extracellular environment.

Since the first attempt by Weinberg and Bell in 1986 using col-
lagen scaffolds, several scaffold materials, both natural and
synthetic, and their modifications have been explored.2,3

Although synthetic scaffolds like polyglycolic acid (PGA)
and polylactic acid (PLA) and its copolymers are easy to pro-
cess and possess good mechanical strength, achieving the
necessary cell proliferation and matrix synthesis is still a chal-
lenge. In addition, polymer degradation products can alter
the local cellular environment and thus cell function, prevent-
ing the development of a proper vascular construct. Of the
natural materials, collagen-based scaffolds have been favored
for preparing tissue-engineered constructs. However, the
huge cost and their poor mechanical properties, along with
the problem of antigenicity, have limited their use as

Division of Tissue Engineering and Regeneration Technologies, Biomedical Technology Wing, Sree Chitra Tirunal Institute for Medical
Sciences and Technology, Trivandrum, Kerala, India.

BioResearch Open Access
Volume 2, Number 3, June 2013
ª Mary Ann Liebert, Inc.
DOI: 10.1089/biores.2013.0003

227



scaffolds. We selected gelatin–vinyl acetate copolymer as the
scaffold material in this study because gelatin is less immuno-
genic and more cost effective compared with collagen; fur-
ther, the copolymerization of vinyl acetate moieties as grafts
imparts mechanical stability to the polymer.

Various fabrication techniques for the scaffold fabrication
have been reported,4 and the major challenge is in replicating
the native in vivo environment of the cells as closely as possi-
ble. In natural tissues, cells are surrounded by extracellular
matrix (ECM), which has nanofibrillar structural features
ranging from the nanometer scale to the micrometer scale.
With recent development in electrospinning, both synthetic
and natural polymers can be produced as nanofibers that
have controlled morphology and function, with diameters
ranging from tens to hundreds of nanometers.5 In this article
we report the influence of the nanofibrillar structure of scaf-
folds produced by the technique of electrospinning on the
smooth muscle cell (SMC) proliferation and phenotype in
comparison with a conventionally fabricated scaffold via
the process of freeze drying.

Vascular SMCs (vSMCs) in vivo typically reside in mechan-
ically dynamic environments, align in a specific direction, and
exist in a contractile, differentiated phenotype, which is criti-
cal for contractile functions of vascular smooth muscle. Vas-
cular smooth muscle tissues engineered in vitro using
conventional tissue-engineering techniques usually does not
lead to cell alignment and does not revert from a synthetic,
nondifferentiated phenotype to a contractile, differentiated
phenotype. However, both phenotypes are needed for tissue
engineering in which the shift at the appropriate develop-
mental stage would provide an appropriate functional vascu-
lar media. Several studies have shown that mechanical
stimulation significantly regulates the phenotype of vSMCs
in three-dimensional culture systems.6

This study investigates the effect of the scaffold architecture
on the mechanical and biological properties of engineered vas-
cular constructs based on a biodegradable synthetic polymer, a
copolymer of natural biodegradable gelatin with vinyl acetate
(GeVAc). vSMCs were cultured in the scaffolds in a bioreactor
providing pulsatile distentions, and the resultant constructs
were analyzed to determine their protein synthesis and content
as well as their various mechanical properties, including suture
retention strength. Ultimately, we demonstrated that a combi-
nation approach involving a biomimetic scaffold with the ap-
propriate mechanical strength conducive to the growth of
SMCs and the use of the pulsatile forces to modulate the cell
morphology and phenotype would help in the successful engi-
neering of a medial layer of blood vessel.

Materials and methods

Synthesis of GeVAc copolymer

GeVAc copolymer was synthesized as described in our ear-
lier study.7 Briefly, gelatin type A Bloom * 300 (Sigma Life
Sciences, St. Louis, MO) was dissolved in de-ionized water
and copolymerized with vinyl acetate (Merck, Hohenbrunn,
Germany) via a free radical mechanism in the weight ratio
of 71.5:28.5 using AIBN (N,N¢-azobis isobutyronitrile; Spec-
trochem Pvt. Ltd, Mumbai, India; 0.1 % w/w) as the initiator.
The reaction was carried to completion at 60�C for 4 h in an
inert atmosphere of nitrogen. The copolymer (GeVAc) was
then precipitated out using acetone and dried overnight.

Fabrication of scaffolds

Freeze drying. The fabrication protocol according to pre-
viously published method used a tubular mold with an annu-
lar metal rod.7 A 0.1 g/mL concentration of GeVAc was
prepared in distilled water and subjected to high speed stir-
ring at 1500 rpm using a Eurostar Power Basic Mechanical
Stirrer (IKA, Staufen, Germany) with a three-blade propellor
stirrer (stirrer diameter, 55 mm). The slurry was poured into
polypropylene vials, which were placed in a freeze-dryer
(VirTis Co., Warminster, PA). The temperature was then low-
ered at a constant cooling rate of 1�C/min to the final freeze-
drying temperature of �80�C, which was held for 24 h before
lyophilizing to produce porous scaffolds. The tubes were then
cross-linked using 1-ethyl-3-[3-dimethylaminopropyl] carbo-
diimide hydrochloride and washed several times with
water to remove traces of unreacted compounds. These
tubes were vacuum dried and sterilized using ethylene
oxide gas. The porosity and pore sizes of the freeze-dried
GeVAc copolymer scaffold was evaluated using the liquid ex-
trusion porosimetry.

Electrospinning. The electrospinning apparatus consisted
of a high-voltage power supply that can provide as much as
40 kV, with two electrodes, a syringe pump, and a collector
(Rotating mandrel of diameter 3 mm at 500 rpm speed (Hol-
marc, India)). One of the two electrodes was attached to the
needle of the syringe, and the other was attached to the collec-
tor. In the initial experiments the flow rate was varied from
0.3 to 3 mL/h, and the strength of the electric field was varied
from 8 to 14 kV so as to produce uniform fibers deposited on
aluminum foil (Fig. 1). For electrospinning of GeVAc to ob-
tain nanofibrillar architectures, we used HFIP (1,1,1,3,3,3-hex-
afluoro isopropanol) as the solvent; solution concentration of
0.075 g/mL was optimal to give uniform fibers. The other op-
timum conditions for obtaining uniform fibrous scaffolds for
tissue engineering included use of a 21-G needle, a voltage
supply of 14 kV, flow rate of 2 mL/h, a tip-to-collector dis-
tance of 14 cm, and a mandrel speed of 500 rpm using an
IKA Eurostar Power Basic Mechanical Stirrer with a three-
blade propellor stirrer (stirrer diameter, 5 mm). After electro-
spinning, the GeVAc copolymer fibers were cross-linked in
glutaraldehyde (50%) vapor for 3 h at 25�C. It is believed
that cross-linking by this method could minimize the toxicity
of the cross-linked materials by limiting unreacted or incom-
pletely reacted chemical species. Liquid extrusion porosime-
try measurements were difficult for the electrospun sample
because the pores of electrospun scaffolds are not solid like
those of hydrogels or ceramics; instead they expand due to
fiber flexibility on liquid extrusion. Further, the liquid used

FIG. 1. Fabrication route for obtaining electrospun tubular
scaffold structure.

228 THOMAS AND NAIR



often cannot enter pores smaller than 4 lm without pressures
that can cause the scaffold to collapse, thereby potentially
causing an underestimate of scaffold porosity. Hence the po-
rosity of the electrospun copolymer was estimated by mea-
suring the apparent density of the electrospun scaffold
using the density bottle method. An average of three mea-
surements was taken for each sample. The porosity of electro-
spinning nanofibrous scaffold was calculated by using the
following equation:

porosity (%) = (1� q=q0) · 100

where r is the density of the electrospun scaffold and r0 is the
density of the bulk polymer.

Biodegradation assay

An in vitro degradation profile of the materials was deter-
mined by immersing the samples in phosphate-buffered sa-
line (PBS) and measuring mass loss with respect to time.
The GeVAc copolymer samples were incubated in PBS at
37�C for 1–4 months. Four samples were incubated for all
the monthly studies. The respective samples after each
week were removed, frozen, and lyophilized. The mass loss
was calculated by comparing the initial mass (W0) with that
at a given time point (Wt). The results were presented as
means – standard deviation.

mass loss (%) = [(W0�Wt)=W0] · 100

Media uptake ability

The ability of the scaffold to absorb the medium was stud-
ied to understand the diffusion of medium and nutrients into
the scaffold, which are essential for cell viability. Previously
weighed scaffolds were immersed in PBS pH 7.4 in pre-
weighed containers for known intervals of time. The medium
was carefully withdrawn at intervals and wet weight mea-
sured. Percentage swelling was calculated using the follow-
ing formula:

% medium uptake ability =
final weight� initial weight

initial weight
· 100

Bioreactor culture

SMCs obtained from rat aorta was cultured in Dulbecco’s
modified Eagle’s medium (Sigma) supplemented with 10%
(v/v) fetal bovine serum 1% antibiotic solution. Nine scaf-
folds (4-mm-diameter tubular scaffolds of 30-mm length)
were placed into polypropylene seeding tubes containing a
vented cap. Seeding solution was added to each tube to
yield a seeding density of approximately 1 · 108 cells/scaf-
fold. The seeding efficiency was found to be approximately
85% for both the scaffold structures. The tubes were then
placed on slotted racks in an incubator operating at 37�C
and 5% CO2 for a period of 7 days in static culture. For dy-
namic conditioning, the scaffolds were cultured for 2 days
in static culture, and for the subsequent 5 days mechanical
conditioning was done in a bioreactor, during which the cul-
ture medium was changed every day.

The bioreactor system imparted precise and repeatable
strains of 10% strain, mimicking the rate experienced by the
cardiac wall at pulsatile frequencies close to 1 Hz (i.e., with

every heart beat). We used a silicon sleeve to impart the strain
to the construct. A pressure of *155 kPa (22.5 p.s.i.) was
pulsed to the system in a repeatable fashion of 1 Hz to obtain
a uniform distention of 10% strain. The application of
mechanical strain to tubular GeVAc constructs was achieved
using this system (Fig. 2).

Cell proliferation assay by DNA quantification

Assessment of cell number in constructs and their prolifer-
ation after the culture period was performed using a fluoro-
metric dye assay. The nonadherent or dead cells were
washed off before the constructs were digested in the extrac-
tion medium. For analysis, samples were lyophilized for 4–
8 h and then digested in Proteinase K (Sigma Chemical Co.)
lysis buffer. Hoechst 33258 dye (Sigma Chemical Co.) solu-
tion was added to each well, and fluorescence was measured
on a plate reader (HIDEX Chameleon Plate Reader, Turku,
Finland). DNA standards were used to calculate the DNA
concentration in the initial samples. Actual cell counts were
then calculated on the basis of 7.6 pg DNA/cell.8

Biochemical analysis of constructs

Collagen and elastin were assayed by techniques adapted
from Brown et al.9 For each assay, samples were weighed (av-
erage wet weight 0.03 g) prior to extraction. Following the ex-
traction steps, the collagen and elastin were assayed
according to the guidelines provided with the Sircol and Fas-
tin assay kits, respectively (Biocolor Ltd., Newtownabbey,
Ireland) using a plate reader (ASYS UVM 340, ASYS Hitech
GmBH, Eugendorf, Austria). The unseeded GeVAc con-
structs were used as the control.

Gene expression study

Total RNA was isolated from cells that were seeded and
cultured on scaffolds for the study. Total cellular RNA was
extracted from the scaffold using Trizol-reagent kit and quan-
tified using spectrophotometry. cDNA was prepared using
2 lL of RNA, 1 lL of oligo-T (dT15; 100 lM) primer, 0.5 lL
of RNase Inhibitor (40 U/lL; Fermentas International Inc.,

FIG. 2. Bioreactor setup showing the electrospun gelatin
with vinyl acetate (GeVAc) construct retrieved after mechan-
ical stimulation.
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Burlington, Canada), 2 lL of dNTP mix (10 mM; Fermentas
International Inc.), and 1 lL of reverse transcriptase enzyme
(200 U/lL) at 42�C for 60 min, followed by enzyme inactiva-
tion at 70�C for 10 min. The molecules probed as part of this
study were GAPDH, collagen type I, tropoelastin, a–smooth
muscle actin, SM-22a, and calponin. The codon sequences
for the primers are provided in Supplementary Table S1.

For quantitative determination, real-time polymerase
chain reaction (PCR) was performed using a DNA Engine
Opticon System (Bio-Rad Laboratories, Inc., Hercules, CA).
For each gene, the quality and specificity were assessed by
examining PCR melt curves after real-time PCR. The results
were normalized by being expressed relative to the amount
of GAPDH mRNA determined in each sample. The results of
real-time PCR were represented as fold increase or decrease
of gene expression with respect to control rat aorta SMCs at
1 week of culture.

Histological analysis of the constructs

In order to evaluate the cell distribution and eventual cell/
matrix alignment, histology was performed. Appropriate
samples were cut from the construct, carefully rinsed with
PBS, fixed in 3.7% formaldehyde for 72 h, embedded in paraf-
fin, and then sliced into 4-lm-thick sections that were stained
with either hematoxylin and eosin or Verhoeff’s elastic stain
for elastin.

Scanning electron microscopy imaging of the constructs

For ultrastructural analysis, unseeded and seeded scaf-
fold samples were processed for characterization by scan-
ning electron microscopy (SEM). After culture, samples
were fixed with 3% glutaraldehyde for 2 h. After thorough
washing with water, the specimens were dehydrated using
graded ethanol changes, critical point dried (Hitachi HCP-
2, Hitachi, Koki Co., Ltd., Tokyo, Japan), gold sputtered in
a vacuum (Hitachi E101), and examined by means of sec-
ondary imaging under a 15-kV scanning electron micro-
scope (Hitachi S 2400) for observation of cell and surface
morphology.

Mechanical studies on ring samples

Mechanical properties of the samples were assessed
through uniaxial tensile testing apparatus. Tubular constructs
were cut into 3-mm rings. The rings were then loaded to fail-
ure at 1 mm/s, while force and displacement data were
recorded simultaneously through load cell signal acquisition.
To calculate stress from the measured force, the area of force
application was approximated as two rectangles with sides
equal to the width and wall thickness of the ring. Each sample
was run in triplicate and the stress–strain data were used to
obtain the tensile strength and percentage of elongation at
break. The estimated burst pressure (BP) was calculated
from ultimate tensile strength (UTS) measurements by rear-
ranging the law of Laplace for a pressurized thin-walled hol-
low cylinder:10

BP (estimated) = 2 ·
UTS · t

ID

where t is the thickness and ID is the unpressurized internal
diameter of the vascular constructs.

Suture retention strength

For suture retention strength testing, 3-0 polypropylene
sutures (Ethicon Inc., Bridgewater, NJ) were placed in four
quadrants of the vessel wall (n = 4) at 1 mm from the vessel
edge. A constant elongation (1 mm/min) was applied along
the longitudinal axis of the vessel until the suture was torn
through the vessel edge, and the maximum suture retention
strength was recorded.

Statistical analysis

For all experiments, statistical significance of differences
between groups was determined using t-test for two treat-
ments and one-way ANOVA for more than two treatments
with the Tukey post hoc test. Data were expressed as a mean –
SD. Any reference to a difference implies statistical signifi-
cance at the level p < 0.05 unless otherwise mentioned.

Results

Synthesis of GeVAc copolymer

Vinyl acetate was grafted onto gelatin to improve the
strength and stability of native gelatin via a free radical mech-
anism, and the grafting efficiency was found to be
50.37 – 9.39% with a grafting ratio of 0.5. A weight ratio of
71.5:28.5 (gelatin to vinyl acetate) was used for the synthesis
for which only about 50% grafting efficiency was seen to take
place. This ratio was optimized based on the easy solubility of
this sample in water, which aided in the further fabrication of
tubular samples.

Fabrication of scaffolds

The GeVAc polymer could be easily fabricated to form micro-
porous structures. The range of pore sizes and the distribution
attained for the freeze-dried GeVAc scaffolds with a porosity
percentage of 75.7% and an average pore size of 90.2 lm were
found to be optimal for the growth of cells, which was con-
firmed in culture studies (Supplementary Fig. S1).

For electrospinning of GeVAc to obtain nanofibrillar architec-
tures, we used HFIP as the solvent. Variables accounted for in
the determination of spinning conditions were concentration
of polymer solutions, voltage, flow rate, and distance of tip
and collector. The diameter of the fibers was measured using
the ImageJ software, and it was observed that by decreasing
the concentration of gelatin in the solvent HFIP from 10% to
2%, the average size of gelatin fibers was reduced from
1.47 – 0.507 to 0.141 – 0.021lm ( p < 0.01). Although the reduc-
tion in GeVAc concentration reduced the fiber size to 100 nm,
this reduction was accompanied by a significant formation of
beads. More uniform distribution of fibers was obtained for
the GeVAc solution of concentration 0.075 g/mL, which
showed an optimum fiber diameter of 1.004 – 0.171 lm while
maintaining an optimum pore size between the fibers. Next,
the effect of process variables was studied for the 7.5% concen-
tration at different voltage conditions to see if any change in the
fiber diameter was attained. With an increase in the voltage
from 8 to 14 kV the fiber diameter decreased significantly
from 1.76 – 0.76lm to 0.68 – 0.19lm ( p < 0.01; Fig. 3). We then
systematically varied the delivery rates of the protein solutions
between 0.3 and 3 mL/h in order to optimize the conditions that
yield bead-free and uniform fibers (Fig. 4). Increasing the deliv-
ery rate from 0.3 to 3 mL/h yielded a significant increase
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( p < 0.01) in fiber diameter from 0.93 – 0.80 lm to 2.19 – 0.54lm.
Flow rate at 0.3 mL/h showed beaded fibers. Flow rate at 2 mL/
h showed uniform fiber formation, with a fiber diameter of
0.77 – 0.25 lm. The effect of tip-to-collector distance was also
studied, and as the tip-to-collector distance increased from 8
to 14 cm, the fiber diameter decreased significantly from
3.65 – 2.14 lm to an optimum range of 0.67 – 0.21lm ( p < 0.01;
Fig. 4).

The optimum fiber diameter obtained on standardization
was found to be in the range of 600–1000 lm. The atomic
force microscopy (AFM) images as well as the SEM images
supported our findings, and good open fibrous structures
were obtained as evident in the AFM images (Fig. 3). The
porosity measurement results showed a porosity of 73.5% in-
dicating that the fibers were porous, with the percentage of
porosity similar to that of the freeze-dried samples, which
was beneficial for the adherence and proliferation of the cells.

Biodegradation assay

The percentage weight loss of the freeze-dried gelatin co-
polymer after the nonenzymatic degradation study in PBS
was found to be almost 60% after 4 months of incubation in
PBS at 37�C (Fig. 5a). The degradation was found to increase
significantly after the third month. However, a significantly
greater increase in the mass loss was observed for the electro-
spun samples, which showed a mass loss of about 81.72%
after 4 months’ incubation.

Media uptake ability

The percentage swelling of GeVAc scaffolds as a function
of time is represented in Figure 5b. The freeze-dried scaffold
was seen to swell within the first 5 min to 300%. The swelling
equilibrated at 1150% after 2 h, which was indicative of good
medium uptake ability. Similar results were obtained for
the electropsun GeVAc, which was seen to equilibriate at
approximately 1000% at 5 h. No further swelling was
observed up to 48 h.

Mechanical stimulation studies in vascular bioreactor

The SMC-seeded scaffolds placed on silicon sleeves were
cultured for a total period of 7 days and given mechanical
stimulation of 10% strain at 1 Hz for 5 days. A glossy tubular
structure was obtained for all the scaffolds after the culture
period as shown in Figure 6. All scaffolds maintained their
lumen diameter of 4 mm. The electrospun scaffolds, however,
showed denser tissue growth when compared with the
freeze-dried samples.

Cell proliferation assay

After 7 days of culture, the degradable constructs exposed
to physiological pulsatile flow conditioning were analyzed
for their proliferation rates and compared with constructs cul-
tured under static conditions (Fig. 6d). The cellularity in the
electrospun GeVAc dynamic constructs was significantly
higher than that in the static constructs ( p < 0.01), indicating
that pulsatile conditioning enhanced cell survival and prolif-
eration. The freeze-dried GeVAc construct, however, showed
no significant change in the proliferation rate on providing
mechanical stimulation.

Biochemical analysis of constructs

Collagen was quantitatively measured in the engineered
vessel wall after it was subjected to static and dynamic cul-
ture. As shown in Fig. 7a, collagen content in the dynamic cul-
tured GeVAc freeze-dried sample was 2.87 – 0.10 lg/mg of
wet weight of scaffold, which was found to be significantly
higher than the amount of total collagen quantified in the
static cultured constructs (0.77 – 0.02 lg/mg of wet weight
of scaffold, p < 0.05). The electrospun GeVAc samples also
showed a significant increase in the total collagen content in
the mechanically stimulated samples (5.66 – 1.33 lg/mg of
wet weight of scaffold) when compared with the static cul-
tured electrospun samples (1.2 – 0.39 lg/mg of wet weight
of scaffold; p < 0.05). It was also observed that the total colla-
gen content of the mechanically stimulated GeVAc electro-
spun scaffolds after 7 days of culture reached about 75% of
the values that were obtained for the 3-cm segment of native
rat abdominal aorta (7.392 – 0.506 lg/mg of wet weight).

FIG. 3. Representative scanning electron microscopy (SEM)
images of the electrospun GeVAc using different voltage con-
ditions: (a) 8 kV, (b) 10 kV, (c) 12 kV, and (d) 14 kV. (e) Non-
contact atomic force microscopy image of the optimized
GeVAc electrospun fibers showing height data and three-
dimensional image showing the interconnectivities and
pore structures on the scaffold.
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Quantification of elastin revealed a significant increase in
the elastin deposition in the dynamic constructs when com-
pared with the static constructs of GeVAc in both the
freeze-dried and electrospun fabricated forms (Fig. 7b). The
elastin content in the 7-day static culture for the freeze-
dried GeVAc was found to be 0.68 – 0.07 lg/mg of wet scaf-
fold, which is significantly lower than that of the dynamic
constructs of 3.66 – 1.29 lg/mg of wet scaffold ( p < 0.05).
The elastin content for the electrospun GeVAc in static culture
was also found to be significantly lower ( p < 0.05) compared
with the electrospun GeVAc constructs that underwent me-
chanical stimulation (static culture = 1.18 – 0.18 lg/mg of
wet scaffold; dynamic culture = 3.65 – 0.004 lg/mg of wet
scaffold). These values were compared with native 30-mm

segments of rat abdominal aortae, which showed a value of
4.567 – 0.18 lg/mg of elastin per wet weight of tissue. These
results showed that our findings for 7-day culture for the
GeVAc scaffolds was almost reaching 80% of the values as
shown by the native vessel. The tropoelastin gene expression
was also confirmed by the real-time PCR data.

SEM imaging of constructs

To study the growth of SMCs on the tubular constructs
SEM was performed on dry specimen samples. The retrieved
GeVAc freeze-dried scaffolds subjected to static and dynamic
culturing were evaluated, and on mechanical stimulation the
cells were seen to align themselves in the direction of pulsatile

FIG. 4. Representative
SEM images of the electro-
spun GeVAc using differ-
ent flow rate conditions: (a)
0.3 mL/h, (b) 1 mL/h, (c)
2 mL/h, and (d) 3 mL/h, and
at different tip-to-collector
distances: (e) 8 cm, (f) 10 cm,
and (g) 14 cm.
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strain.7 The cells were also seen to create a sheath or canopy of
ECM and cells on the surface covering up the pores of the
construct. The scanning electron micrographs of the GeVAc
electrospun (Fig. 8) scaffolds revealed that greater alignment
of cells in the circumferential direction occurred on the scaf-

folds with mechanical stimulation compared with the static
cultured scaffolds.

Histological analysis of constructs

Micrographs of sections stained with hematoxylin and
eosin show that, while cells were dispersed throughout the
entire thickness of the constructs, a large concentration of
cells migrated to or proliferated on the outer wall in the
freeze-dried GeVAc samples. However, the electrospun sam-
ples showed an even distribution of cells on the scaffold
(Fig. 9). The cell alignment on application of mechanical stim-
ulation was also evident with the staining.

The Verhoeff’s elastic stain was used to detect the deposi-
tion of collagen and elastin ECM components. In walls of
both the static and dynamic cultured constructs, collagen de-
position was observed within the freeze-dried scaffolds. The
electrospun samples were seen to have more even deposition
of collagen throughout the structure. However, the elastin
fiber formation was observed in the peripheral region of the
GeVAc freeze-dried constructs in both static and dynamic
conditioning. The elastin fibers were also evident in the elec-
trospun GeVAc scaffolds where the elastin fragments
appeared as dark, geometric particles throughout the walls
of the constructs.

Gene expression studies

Real-time PCR analysis revealed a significant increase in
the rate of collagen and elastin expression in all the groups
in a comparison of the static culture with the dynamic culture
(Fig. 10). Based on a comparison of the nanofibrillar and
freeze-dried GeVAc scaffolds in dynamic culture, there was
a significant increase of *2-fold in the collagen gene expres-
sion for the nanofibrillar GeVAc; however, no pronounced
fold increase in tropoelastin gene expression was observed
between the two scaffolds.

The expression data for a-SMA indicated a significant fold
increase in gene expression of cells in constructs harvested
after mechanical stimulation or dynamic culture. However,
the cells seeded on the electrospun GeVAc was found to
show a fold decrease in the expression of SMA ( p < 0.01)
when compared with the freeze-dried samples.

FIG. 5. (a) Biodegradation study of electrospun and freeze dried GeVAc in phosphate-buffered saline (PBS, pH 7.4) for a
period of 4 months (n = 6); *p < 0.01). (b) Media uptake ability of the freeze dried and electrospun GeVAc.

FIG. 6. (a) Bioreactor set up used for the study. (b) Freeze-
dried GeVAc construct retrieved after mechanical stimulation.
(c) Electrospun GeVAc construct retrieved after mechanical
stimulation. (d) DNA proliferation assay of scaffolds in static
and dynamic culture. *p < 0.05.
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The cells in the electrospun scaffolds undergoing dy-
namic culture were found to have a higher fold increase
in SM22a expression and calponin expression, the late inter-
mediate marker for contractile phenotype, when compared
with the same scaffolds fabricated in the freeze-dried form.
The nanofibrillar nature of the scaffolds and the application
of mechanical stimulation were also seen to influence the
modulation of cell phenotype to a contractile nature,
which is a prerequisite for the successful regeneration of
the medial layer.

Mechanical testing of the constructs

Biomechanical testing of ring samples taken from the
constructs was done to ascertain the strength and elasticity
of the vessels after the 7-day culture (Table 1). It was found
that all the constructs showed an increase in the tensile
strength following mechanical stimulation. The tensile
strength of the GeVAc freeze-dried samples showed a
slight increase from 34.99 – 3.86 kPa to 39.28 – 4.32 kPa.
The electrospun GeVAc cell-seeded constructs showed

FIG. 7. (a) Collagen and (b) elastin content of cell–polymer constructs in static and dynamic culture. Values represent the
mean and standard deviation; n = 3, *p < 0.05.

FIG. 8. SEM analysis of the
electrospun GeVAc con-
structs. (a, b) Electrospun
constructs in static culture.
(c) Electrospun GeVAc tube.
(d) Alignment of rat aorta
smooth muscle cells in electro-
spun constructs after dynamic
culture.
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the highest tensile strength among the samples (static =
119.99 – 45.83 kPa and dynamic culture = 149.82 – 37.07 kPa).
The percentage of elongation at break was also performed,
and the results indicated that there was no significant differ-
ence for the elongation characteristics for the freeze-dried
GeVAc scaffolds in static and dynamic culture. However, the
electrospun GeVAc was found to have a decrease in the elon-
gation for the constructs grown in dynamic culture ( p < 0.05;
static = 215.65 – 11.82% and dynamic = 144.87 – 53.29%). The
estimated burst pressure values were significantly higher for
the GeVAc electrospun samples, with a burst pressure value

of 1123.72 – 178.03 mm Hg in the dynamic cultured samples
(Fig. 11d).

Suture retention test

The suture-holding retention strength was examined for all
the scaffolds in both static and dynamic culture. It was ob-
served that the suture retention strength of the dynamic
group in all the scaffolds was significantly higher compared
with the static groups (Table 1). The suture retention strength
of the nanofibrillar GeVAc under mechanical stimulation for

FIG. 9. Distribution and alignment of cells and collagen and elastin deposition on static and dynamic conditioning of freeze
dried and electrospun GeVAc constructs. (a–d) Hematoxylin and eosin staining done on static and dynamic samples (arrow
depicts the cell alignment). (e–h) Verhoeff’s elastic stain to show the elastin fibrils formed. Arrows point to the elastin fibers.

FIG. 10. Real-time PCR analysis of the expression of (a) collagen type 1a1 and tropoelastin gene and (b) contractile phenotype
marker expression. The results are represented as fold increase of constructs with respect to the two-dimensional cultured rat
aorta smooth muscle cells (n = 3).
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7 days was 1.21 – 0.24 N, which was significantly higher
than the strength obtained for the freeze-dried GeVAc
(0.86 – 0.05 N; p < 0.05; Fig. 11c).

Discussion

Tissue engineering of a blood vessel construct basically calls
for a biodegradable scaffold that can maintain the vasoactivity
of the native vessel and the chemistry and structure that sup-
port cell adhesion and growth while creating and maintaining
a space for tissue development. Natural ECM molecules pos-
sess ligands, which are recognizable by living cells, that aid
their adherence and proliferation and are therefore more appro-
priate than synthetic surfaces that lack natural binding sites.

In this study our aim was to generate a copolymer based on
the natural polymer gelatin. Gelatin is proangiogenic and
nonimmunogenic, exhibits low levels of cytotoxicity, and is
approved by the U.S. Food and Drug Administration. Vinyl
acetate was successfully grafted onto, or copolymerized
with, gelatin for enhancing mechanical properties of native
gelatin, thereby increasing its stability and permitting its pep-
tide sequences to be used for better adhesion of cells as in nat-
ural ECM, thereby creating ideal smart materials for
cardiovascular tissue regeneration.

The synthesized scaffold could be tailored via the process of
freeze drying and electrospinning to get porous foamed struc-
tures. The pore structure of three-dimensional scaffolds used in
tissue engineering has been observed to significantly affect cell

Table 1. Mechanical Properties of the Cultured Tubular Constructs

Sample name Tensile strength (kPa) Elongation at break (%) Suture retention strength (N)

GeVAc freeze-dried without cells 25.03 – 10.70 6.79 – 2.7 0.0063 – 0.0002
GeVAc electrospun without cells 67.15 – 6.14 219.13 – 15 0.034 – 0.001
GeVAc static culture 34.99 – 3.86 174.28 – 48.97 0.11 – 0.08
GeVAc dynamic culture 39.28 – 4.32 188.80 – 91.00 0.86 – 0.05
GeVAc electrospun static culture 119.99 – 45.83 215.65 – 11.82 0.11 – 0.01
GeVAc electrospun dynamic culture 149.82 – 37.07 144.87 – 53.29 1.21 – 0.24

FIG. 11. Graph depicting the (a) Tensile strength (kPa), (b) % elongation at break, (c) suture retention strength (N), and (d)
estimated burst pressure (mm Hg) values for the freeze-dried and electrospun samples in static and dynamic culture. n = 3;
*p < 0.01; **p < 0.05; n.s., non significant.
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binding and migration in vitro and to influence the rate and
depth of cellular in-growth in vitro and in vivo.11,12 Impor-
tantly, appropriate pore size provides structural advantages
to allow cells to spread into the pores through ‘‘bridges’’
from adjacent cells, and there is an optimum size range for sup-
porting cell in-growth. Zeltinger et al.13 found that vSMCs
showed equal cell proliferation and ECM formation for pore
sizes in the 38- to 150-lm range. Studies have also shown
that nanometer-sized elements can also affect cellular behav-
ior.14 Given that fiber diameter can affect cell attachment, pro-
liferation, migration, and cytoskeletal organization, it is likely
that optimal conditions will need to be determined for each ap-
plication.15 Since the fibrous meshes that were electrospun
were not joined at the fiber junctions, pore size determination
was not relevant, and it may be hypothesized that each fiber of
the scaffold may exist in a dynamic nature that is free to move
by means of external force (amoeboid movement of the living
cell). This dynamic architecture may provide the cells an op-
portunity to optimally adjust the pore diameter and grow
into the scaffold.

Since the sample has more carboxyl, hydroxyl, and amido
groups on account of it being a biological natural polymer,
the sample may be expected to undergo hydrolytic or enzy-
matic degradation. Higher degradation rates were also ob-
served for the electrospun GeVAc, which may be attributed
to the highly ordered crystalline structures with higher sur-
face area where the hydrolytic cleavage is much easier and di-
rected. The higher rate of mass loss is expected to release
more peptide fragments, which could increase cell prolifera-
tion rate. The higher rate of neotissue formation that took
place in the study supports this hypothesis.

All the scaffolds retained their structural stability after me-
chanical stimulation in culture. Researchers in recent years
have shown that electrospun scaffold materials made from nat-
ural materials have demonstrated promising results as blood
conduits, but SMC response has been suboptimal, with poor
infiltration and limited study of SMC phenotype and func-
tional capacity.16,17 In this study, following mechanical stimu-
lation, the proliferation of SMCs on the GeVAc electrospun
scaffolds increased, suggesting that these scaffolds present a
feasible surface with cell signaling cues and the ECM-like ar-
chitecture favoring cell adhesion and growth. However,
there was no pronounced increase in the proliferation rate
for the freeze-dried sample in dynamic culture when com-
pared with the static control. This can be attributed to the
lower surface area of the freeze-dried scaffold in comparison
with the electrospun scaffolds. The decreased proliferation
rate might have resulted from cells becoming overgrown all
through the pore area and the ECM produced by the cells cov-
ering the pores and hence limiting the diffusion of nutrients.
Thus even upon application of strain, cells were not able to in-
filtrate through the pores that were covered with ECM. This is
also evident from the SEM images that showed that the pores
were completely covered by the ECM secreted by the cells.
Consequently the strain induced on these scaffolds produced
little effect on the proliferation because there was limited
surface area for growth. However, the electrospun constructs
presented a higher surface area owing to the electrospun
ECM-like fiber surface where the cells had a higher surface
area to proliferate. The SEM images showed the greater align-
ment of cells in the electrospun samples that underwent pulsa-
tile distention, which mimicked the native ECM-like structure.

This was also confirmed from the histology analysis. Mills
et al.18 reported that SMCs exposed to a high strain (7%–
24%) demonstrated alignment perpendicular to the strain gra-
dient, whereas SMCs subjected to lower strain (0%–7%)
remained randomly aligned. In our study perpendicular align-
ment was observed on application of 10% strain.

Elastin is a critical structural and regulatory matrix protein
that plays a dominant role in conferring elasticity to the vessel
wall.19–21 Only a few scaffolds are reported to have been able
to promote elastin biosynthesis. Tranquillo et al.22 studied the
elastogenesis on collagen and fibrin gel scaffolds and found
that more elastin was secreted on fibrin gels than on collagen
gels. Another study was done by Ramamurthi and Vesely,23

who studied hyaluron gels cross-linked with divinyl sulfone
as scaffolds for culturing neonatal rat aortic SMCs and their
ability to promote elastogenesis and found increasing
amounts of elastin on these scaffolds, which were organized
into smooth fenestrated sheets composed of fibers visible at
the sheet edges. The SMCs cultured on GeVAc scaffolds in
both the freeze-dried and electrospun forms also shows
promising results with increased elastin production after me-
chanical stimulation.

Collagens type I and III are the major fibrillar collagens in
blood vessels where they represent 60% and 30% of vascular
collagens, respectively. Our study on collagen type I gene ex-
pression and quantification of total collagen using the Sircol
assay showed that maximum collagen deposition is found
in 1 week for the GeVAc electrospun samples. These results
can also be correlated with the scaffold chemistry and struc-
ture. It has been shown by Peyton et al.24 that SMCs attached
to RGD-bearing polyethylene glycol (PEG)–based hydrogels
express markers of a contractile phenotype. Beamish et al.25

also proved that RGD-bearing hydrogels with highly specific
cell–matrix interactions can support a robust, quantitative re-
expression of contractile marker mRNA and proteins. There-
fore, our GeVAc construct with a structural chemistry that
contained RGD sequences was seen to support the prolifera-
tion and secretion of ECM components of SMCs maintaining
the contractile nature.

Synthetic SMCs do not possess vasoactivity, and their con-
tinued proliferation in the implanted graft causes vessel wall
thickening and narrowing of the vessel lumen. Hence SMCs
should modulate between the synthetic phenotype and con-
tractile phenotype for the regeneration of the vessel tissue.
Expression of the early intermediate contractile marker
SM22a and the late intermediate contractile marker calponin
is also indicative of the electrospun GeVAc favoring the phe-
notypic modulation of cells under mechanical stimulation. It
has been reported that cyclic mechanical strain applied to cul-
tured SMCs induces increased production of growth factors,
cell proliferation, ECM production, and contractile protein ex-
pression.26 Mooney and coworkers27 used collagen Type I
sponge as scaffolds and found more elastin and more contrac-
tile SMCs in constructs subjected to cyclic strain than in con-
trol tissue (no strain) in which SMCs appear to be of a
synthetic phenotype. Stegemann and Nerum28 showed that
4 days of exposure to periodic mechanical strain at a rate sim-
ilar to in vivo (*10% strain at 1-Hz frequency) could increase
rat aortic SMC proliferation.

In order for the cyclic strain to effectively promote tissue
formation and organization, the tissue-engineered vascular
graft scaffold must exhibit elastic characteristics that allow
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mechanotransduction of SMCs seeded inside the scaffold. A
previous report by Girton et al.29 showed that glycated me-
dial collagen equivalents cultured for 13 weeks with low pas-
sage adult rat aortic SMCs had a circumferential tensile
strength of only 14.6 – 1 kPa. Cummings et al.30 evaluated a
6-day period dynamic culture and found that the UTS of a
pure collagen construct was 36.1 kPa and that of pure fibrin
was 15.6 kPa. Seliktar et al.31 also found that 8 weeks of me-
chanical stimulation increased the strength of three-
dimensional SMC-seeded collagen gels, with ultimate stress
and material modulus of 58 and 142 kPa, respectively. Our
1-week dynamic culture results for the GeVAc electrospun
scaffold showed that the tensile strength of the constructs
had values similar to those obtained by Seliktar et al.31 in
an 8-week culture period. Hence we propose GeVAc as an op-
timum matrix that would support the growth of cells and
maintain the mechanical integrity of the tissue and therefore
aid in the formation of the neotissue.

The percentage of elongation at break was also found to in-
crease on mechanical conditioning. The values for tensile
strength for the nanofibrillar GeVAc reached almost 96% of
the native rat abdominal aorta in a 1-week culture period
(400 – 10 kPa). According to the ANSI/AAMI VP20-1994
standards for vascular graft prosthesis, an arterial construct
must possess mechanical properties at least comparable to
the saphenous vein, that is, able to withstand a normal phys-
iological pressure in the 80–120 mm Hg range and must have
burst strength of 1680 mm Hg and suture retention strength
of 3 N. The nanofibrillar GeVAc presented suture retention
strength values that were significantly higher when com-
pared to the values obtained for the native rat abdominal
aorta (0.25 – 0.16 N), although not as high as the ANSI stan-
dards requirement. However, the burst pressure values for
the GeVAc electrospun samples were nearly in agreement
with the standard requirement. Moreover, the tensile strength
of many of the synthetic polymers (e.g., polyglycolic acid–
polyhydroxyalkanoate [PGA-PHA] blends, polyglycolic
acid–poly-4-hydroxybutyrate [PGA-P4HB] blends) represent
values that are much higher than those of the GeVAc scaf-
folds. But most of these synthetic polymers have not shown
the presence of ECM components, especially elastin, which
is responsible for the mechanical integrity and elastic nature
of the scaffold. Further, the effective modulation of smooth
muscle phenotype has not been studied. According to
Owens,32 in vivo, vSMC phenotype is regulated by a complex
set of signals that include cell–cell interactions, ECM compo-
nents, humoral factors, local chemical conditions, and me-
chanical forces. The maintenance of the synthetic phenotype
of cells is taken advantage of while seeding cells onto the
scaffolds on which cell proliferation and secretion of ECM
components take place. After the appropriate level of tissue
formation is acquired the shift is reversed to a more nonpro-
liferative phenotype to maintain the contractility of the ves-
sels before transplantation. All these factors in combination
with mechanical conditioning would help in the regenera-
tion of the neotissue with cell contractility modulation and
growth.

Conclusion

We have been able to show that for the successful regener-
ation of the medial layer not only is the local chemical condi-

tions an important factor, but the architecture also plays a
major role. Hence a combination approach involving a biomi-
metic scaffold with the appropriate mechanical strength con-
ducive to the growth of SMCs and the use of the pulsatile
forces to modulate the cell morphology and phenotype
helps in the successful engineering of a medial layer of
blood vessel. A more complete understanding of SMC pheno-
type and its control is also warranted, which will lead to im-
portant insights into the development of fully functional
tissue engineered vascular graft by providing a biological
model to study the phenotype shifts in the three-layered tis-
sue construct.
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