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The aim of the investigation was to assess the effectiveness of using endothelial colony-forming cells (ECFCs) for populating polymer 
vascular grafts under the conditions of a pulsatile bioreactor.

Materials and Methods. Grafts were fabricated by electrospinning from mixture of poly(3-hydroxybutyrate-co-3-hydroxyvalerate), 
poly(ε-caprolactone), and type I collagen. To carry out the experiments, a commercial culture of the primary human coronary artery 
endothelial cells (HCAEC), a culture of the human umbilical vein endothelial cells (HUVEC), and ECFCs obtained from the peripheral 
blood of patients with IHD have been used. A suspension of the cells at a concentration of 700,000 per ml was introduced into the grafts, 
cultivated for 2 days under static conditions, then in the pulsatile reactor at shear stress of 1.27 dyn/cm2 for 1 day, and at 2.85 dyn/cm2 

for another 5 days. The graft luminal surface underwent immunofluorescent staining for detecting CD31, VEGFR-2, CD144, vWF, F-actin 
markers and type IV collagen, after that, cell density was also calculated on 1 mm2 of the graft surface.

Results. Changes signifying their adaptation to shear stress have been registered in all cell cultures during culturing under dynamic 
conditions. They manifested themselves in intensified expression of the specific markers (VEGFR-2), increased secretory activity with 
regard to vWF and type IV collagen, ordered F-actin filaments and orientation of the cells along the flow, stimulation of intercellular junction 
formation. However, inevitably, the cells were partially washed off from the graft surface. The analysis of cellular layer density after dynamic 
cultivation allowed us to conclude that ECFCs had the strongest adhesion to the polymer and resistance to washing away with a flow. 

Conclusion. ECFCs may be recognized to be the most promising culture for populating tissue-engineered vascular grafts owing to 
the possibility of being isolated from a readily available source (peripheral blood) and demonstrated good adaptation to the conditions of 
dynamic cultivation. However, significant reduction of cellular layer density caused by shear stress speaks of insufficient adhesion of the 
cells to the surface and requires further investigations to optimize a feeder layer covering the surface of a polymer scaffold. 
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Introduction

One of the aims of tissue engineering is to design 
a method for the reconstruction of the native vessel 
structure and to replace the damaged vessels with the 
obtained constructs [1]. The vessel wall is known to 

consist of the three functionally different layers. And a 
minimal requirement to the tissue-engineered vessel 
is formation of the internal endothelial layer which is 
expected to prevent graft thrombosing, a complication 
hindering the introduction of small-diameter tissue-
engineered vessels into clinical practice [2, 3].
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There are different approaches to the implementation 
of this task including implantation of the grafts into the 
bloodstream which are modified to attract endothelial 
cells (ECs) for growing a vessel in situ; different variants 
of graft implantation into the tissue (for example, under 
the skin) to grow a vessel in vivo, and preliminary 
cultivation in vitro till an adequate endothelial layer is 
formed on the graft surface ready for implantation into 
bloodstream [1, 4].

The advantage of the latter approach relative to 
the method of growing in situ is that the functional 
endothelial layer created on the graft surface is capable 
of performing anti-thrombogenic function directly since 
the time of its implantation [5, 6].

However, this approach places demands on the 
process of preliminary cell culturing on a graft. It is 
necessary to provide favorable physiological conditions 
to the possible extent for cell culturing using special 
flow bioreactors for further successful adaptation to the 
body conditions and preservation of the endothelial layer 
after the implantation. Selection of optimal biochemical 
and mechanical effects on the cells in the period of 
endothelial layer formation in vitro is one of the main 
tasks which is to be solved in the process of fabricating 
these grafts [7, 8].

Another equally important task is a selection of the 
optimal cell source for luminal surface population. 
Researchers have used a wide spectrum of cells of 
different origin. Mature autologous ECs from various 
sources and ECs from the human umbilical vein have 
been widely employed; endothelial progenitor cells 
which can be harvested from the peripheral and cord 
blood, bone marrow, resident stem cells of the tissues 
also attract attention of the investigators [9, 10].

One of the most promising candidates for using in 
tissue engineering is endothelial colony-forming cells 
(ECFCs) which can be isolated from patient’s peripheral 
blood and which combine the merits of different types 
of endothelial cells. The benefits of this type of cells are 
small invasiveness of their harvesting procedure and 
sufficient proliferating activity for creating an endothelial 
monolayer on the vascular graft surface under in vitro 
conditions. However, concern is caused by possible 
reduction of viability and proliferative activity in the 
obtained ECFCs in the culture due to advanced age of 
the patients in need of tissue-engineered vascular grafts 
or possible endothelial dysfunction [10].

The aim of our study was to assess the 
capabilities of using ECFCs to populate vascular grafts 
under pulsatile flow conditions by comparing their 
characteristics with other types of endothelial cells.

Materials and Methods
Fabrication of vascular grafts. Grafts were 

fabricated by electrospinning using Nanon-01A (MECC 
Co., Ltd., Japan) from poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (Sigma-Aldrich, USA) and poly(ε-

caprolactone) (Sigma-Aldrich) in the ratio of 1:2 
dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (Sigma-
Aldrich). Type I collagen (Gibco, USA) was introduced 
into the inner third of the graft wall by feeding separately 
mixture of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
with poly(ε-caprolactone) and a solution of collagen 
in 1,1,1,3,3,3-hexafluoro-2-propanol in two separate 
syringes with a 5 mg/ml final concentration. The diameter 
of the winding collector was 4 mm. A 27G needle was 
used to manufacture the inner third of the grafts, and a 
22G needle was employed for other two thirds. Voltage 
on the needle amounted to 23 kV, the speed of polymer 
solution feeding was 0.3 ml/h, collector rotation speed — 
200 rpm, needle-tip-to-collector distance — 15 cm.

Cell cultivation. This investigation was approved 
by the Ethical Committee of the Research Institute 
for Complex Issues of Cardiovascular Diseases 
(Kemerovo). Written informed consent to use the 
biological material for the scientific study was obtained 
from all patients.

A commercial culture of primary human coronary 
artery endothelial cells (HCAEC) (Cell Applications, 
USA), a culture of human umbilical vein endothelial cells 
(HUVEC), and endothelial colony-forming cells (ECFCs) 
obtained from peripheral blood of patients with IHD have 
been used for the experiments.

According to the manufacturer’s information, the 
primary human coronary artery endothelial cells were 
collected from the arteries of healthy donors using 
cryoconservation at the second passage (500,000 cells 
in the MesoEndo cell basal medium (Cell Applications), 
containing 10% fetal bovine serum and 10% dimethyl 
sulfoxide). The cells were defrosted and cultivated in 
compliance with the manufacturer’s guidelines in the 
MesoEndo cell growth medium (Cell Applications).

Endothelial cells from human umbilical vein were 
isolated in accordance with the protocol of Jaffe et al. 
[11], umbilical cords were collected from women with 
uncomplicated pregnancy after successful delivery. The 
cells were cultivated in the MCDB 131 medium (Gibco) 
with the addition of the microvascular growth supplement 
(Gibco).

Endothelial colony-forming cells were obtained 
according to the protocol offered by Kolbe et al. [12]. 
A mononuclear fraction of peripheral blood from patients 
with IHD was isolated using a density gradient medium 
Histopaque 1077 (Sigma-Aldrich).

The obtained cell suspension was resuspended in the 
EGM-2MV growth medium (Lonza, Sweden), populated 
into 25 cm2 culture flasks coated with bovine type I 
collagen (Thermo Fisher, USA), and cultivated for a week 
under the conditions of a CO2-incubator. The cells were 
then detached from the flask surface with the Accutase 
solution (Sigma-Aldrich), reseeded, and cultivated on 
the plates covered with human fibronectin (Sigma-
Aldrich). Further culture reseeding was performed when 
confluency reached 70–80%.

Cells of the 6–8th passages were used to populate the 
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grafts. All experiments with cells were carried out under 
sterile conditions and cultivated in the CO2-incubator at 
37°C, 5% CO2.

Preparation of the grafts and population in 
bioreactors. The polymer grafts were sterilized by 
soaking in 70% ethyl alcohol for 60 min. Then, in order 
to improve adhesive properties of the inner surface, they 
were placed for 12 h in the 10 μg/ml solution of human 
fibronectin (Sigma-Aldrich).

Cell suspension at a concentration of 700,000 per 
ml was introduced in the prepared grafts. In the first 8 h 
after the population, the grafts were turned over every 
30 min to provide uniform population of the cells over the 
surface. In a day, the culture medium was changed. The 
grafts were cultured under static conditions for 2 days. 
Thereafter the grafts were connected to the system of 
pulsatile bioreactor (Figure 1) and cultured at preliminary 
settings providing shear stress of 1.27 dyn/cm2 for 24 h. 
Then the stress was gradually increased to the values of 
the operating mode — 2.85 dyn/cm2. In this mode, the 
grafts were cultivated for another 5 days.

We continued to cultivate part of the grafts 
composing a control group under static conditions 
during the same period of time with the culture medium 
changed twice a day.

Analysis. After the experiment, the graft luminal 
surface underwent immunofluorescent staining. For this 
purpose, it was fixed in 4% formaldehyde solution for 
10 min, cut lengthwise, and fixed in the open position on 
the slides with their luminal surface turned upward. The 
cells on the luminal surface were stained for the markers 
of the endothelial cells: CD31, VEGFR-2, CD144, 
vWF, F-actin adhesion marker, and type IV collagen. 
Before staining for intracellular markers (vWF, F-actin) 
they were permeabilized with 0.1% solution of Triton 
X-100 (Sigma-Aldrich). F-actin marker was detected 
by staining with phalloidin conjugated to a fluorescent 
Alexa Fluor 568 dye (Thermo Fisher) in compliance 
with the manufacturer’s instruction. Primary antibodies 
were used for the rest of the markers: mouse anti-CD31 
(ab119339), rabbit anti-VEGFR-2 (ab2349), rabbit anti-
CD144 (ab33168), sheep anti-vWF — FITC (ab8822), 

rabbit anti-collagen IV (ab8866) (Abcam, Great Britain) 
and secondary antibodies: donkey anti-mouse IgG 
highly cross-adsorbed — AF555 (A-31570), donkey anti-
rabbit IgG highly cross-adsorbed — AF488 (A-21206) 
(Thermo Fisher). Incubation with primary antibodies was 
performed at 4°С for 16 h, with the secondary antibodies 
at room temperature for 1 h. 1% bovine serum albumin 
solution was used to block nonspecific binding. 
Specimens were counterstained with DAPI (Sigma-
Aldrich). The ready slides were placed in ProLong 
reagent (Life Technologies, USA) under the glass. 
Preparations were analyzed using a laser scanning LSM 
700 microscope (Carl Zeiss, Germany).

Additionally, population density on the graft surface 
was analyzed. A number of nuclei per field of view were 
counted on the DAPI-stained specimens, no less than 
20 randomly selected fields of view were analyzed using 
20× magnification. The results obtained were recounted 
per unit area and presented as unit/mm2.

Data processing. The results obtained were 
statistically processed using Statistica 6.0 program. 
Compliance of data with normal distribution was 
assessed using Kolmagorov–Smirnov test. Data were 
presented as the median and quartiles (Ме [25%; 75%]). 
Statistical significance of differences was evaluated 
using Mann–Whitney U-test with Bonferroni correction 
for multiple comparisons. Differences were considered 
significant at p<0.05.

Results
Evaluation of cell density on the graft surface. 

The microscopic analysis showed different tendency 
in populating the graft surface with the cells of various 
types. For the HCAEC culture it was characteristic 
to form local cell aggregates with tight intercellular 
junctions. The ECFCs were uniformly populated over the 
graft surface. The HUVEC culture demonstrated the most 
optimal population providing sufficiently full coverage of 
the surface with evident junctions between the cells.

Moderate population of the graft surface (161.35 
[110.93; 252.11]) was typical for the ECFC culture 
when it was cultivated for 7 days under static conditions 
(Figure 2). At the same time, when it was cultivated 
for the same period of time under dynamic load this 
parameter turned out to be statistically significantly higher 
(p<0.05) and amounted to 252.11 [201.69; 312.62].

The cells of the commercial HCAEC line also 
demonstrated moderate population of the graft surface 
and no difference was found between the cultivation 
under static or dynamic conditions: 211.77 [161.35; 
262.20] and 201.69 [141.18; 211.77], respectively. 
However, population density for HCAEC in dynamics 
was significantly lower (p<0.05) than for ECFCs under 
similar conditions (see Figure 2).

The greatest density of the surface coverage 
was obtained with the HUVEC culture under static 
conditions — 453.80 [383.21; 594.99] (p<0.05 in Figure 1. Schematic diagram of the flow bioreactor

Pump

Direction  
of fluid flow

Culture chamber Flask with culture medium

Graft
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comparison with ECFCs and HCAEC). But the obtained 
endothelial monolayer was not sufficiently resistant 
to shear stress: during cultivation in dynamics the cell 
density was equal to 216.82 [171.44; 252.11] (p<0.05 
relative to statics) being comparable with the data 
obtained for ECFCs and HCAEC.

Immunofluorescence. On the basis of the results 
of staining with specific antibodies, the effect of the 
pulsatile flow on the cell phenotype, intercellular 
junctions, functional activity, and adhesion of the cells to 
the surface has been analyzed. It was found that a high 
expression level of the markers specific for endothelial 
cells CD31, VEGFR-2, CD144 was characteristic for 
all types of the cells used in the experiment. The cell 

phenotype remained the same during cultivation under 
static or pulsatile flow conditions.

The ECFC culture very intensively expressed the 
markers of the endothelial cells CD31, CD144 both 
under static and dynamic conditions of cultivation 
(Figure 3). The cells synthetized vWF and type IV 
collagen. In statics, there was noted a moderate 
expression of VEGFR-2 which increased substantially 
under shear stress. In statics and dynamics, marked 
F-actin filaments were detected in the cells though their 
greater orderliness and a tendency to orientation along 
the flow direction were noted in case of cultivation under 
dynamic conditions.

The HUVEC culture has also demonstrated high 
expression of endothelial markers (СD31, CD144) in 
statics and dynamics (Figure 4). It showed the highest 
intensity of intercellular junction formation (according 
to the stain on CD144) among all examined cultures. 
Substantial increase of vWF synthesis was noted 
under dynamic culturing conditions. In statics, the cells 
were characterized by low VEGFR-2 expression which 
intensified significantly in dynamics. A very intensive 
synthesis of collagen IV and F-actin assembly in statics 
and dynamics were observed.

The tendency described above persisted in relation 
to the expression of the specific markers for the HCAEC 
culture (Figure 5). They featured a weak prominence 
of intercellular junctions due to low density of the cell 
layer. Moderate expression of VEGFR-2 was noted both 
in statics and dynamics. The pulsatile flow significantly 
intensified synthesis of collagen IV by the cells. During 
cultivation under static conditions, ordered filaments 
of F-actin were found, whereas under pulsatile flow 
conditions the cells became much less spread, the 
filament structure disarranged.

Figure 2. Number of cells on the graft luminal surface per 
unit area
* Statistically significant differences from the grafts cultured 
in statics, р<0.05; ** from the grafts populated with ECFCs, 
р<0.05
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Figure 3. Immunofluorescent staining of the graft luminal surface populated with ECFCs:
(а) specimens cultured in statics; (b) specimens cultured under pulsatile flow conditions. Arrows indicate flow direction; ×630; 
bar — 50 μm
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Figure 4. Immunofluorescent staining of the graft luminal surface populated with HUVEC:
(а) specimens cultured in statics; (b) specimens cultured under pulsatile flow conditions. Arrows indicate flow direction; ×630; 
bar — 50 μm

Figure 5. Immunofluorescent staining of the graft luminal surface populated with HCAEC:
(а) specimens cultured in statics; (b) specimens cultured under pulsatile flow conditions. Arrows indicate flow direction; ×630; 
bar — 50 μm

Collagen IV/DAPI

Discussion

Shear stress which affects endothelial cells lining a 
vascular wall plays a central role in regulation of their vital 
activity. The action of this factor stimulates cell orientation 
relative to each other and flow direction, promotes 
intercellular junction formation, regulates activation 

of mechanosensors, intracellular signaling pathways, 
specific transcription factors, and expression of genes 
and proteins [13, 14]. Therefore, to take into account this 
condition of cultivation is a key moment in creating cell-
populated tissue-engineered vascular grafts in vitro.

Endothelial cells in vivo are exposed to shear stress 
in the range of 5–20 dyn/cm2 [15]. And the investigators 
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use different values of this parameter to simulate the 
conditions for culturing tissue-engineered vascular 
grafts. It has been shown that it is necessary to increase 
gradually the level of shear stress for successful 
adaptation of the populated endothelial cells to the flow 
forces [16]. Good endothelization of the grafts in vitro at 
low values of shear stress has also been noted [17, 18]. 
Therefore, we used two different modes of operation in 
our work: adaptational, implying the exposure to shear 
stress of 1.27 dyn/cm2 for a day, and operating, with 
2.85 dyn/cm2 shear stress and cultivation for 5 days. 
These cultivation modes were chosen in order to adapt 
the cells to the flow and to provide better cell retention 
on the surface and these two modes meet these 
requirements.

The analysis of cell population density under static 
and dynamic conditions showed that the best adaptation 
to dynamic conditions was characteristic for the ECFCs. 
After cultivation under static conditions for a week, the 
grafts populated with the ECFCs demonstrated relatively 
low density of the cell layer comparable with that for 
HCAEC and 2.8 times lower than for HUVEC. However, 
this value was 1.5 times greater (p<0.05) on the grafts 
with ECFCs cultivated under pulsatile flow conditions 
than under static cultivation. Density of the cell layer on 
the HCAEC grafts after dynamic cultivation remained 
actually at the same level with statics (but significantly 
lower than on the grafts with ECFCs) whereas on the 
HUVEC grafts it decreased to the same level as on the 
grafts with ECFCs.

The obtained results showing the effect of the 
pulsatile flow on the cell physiology comply in whole with 
the data published in the literature [14]. The cultures of 
all selected cell lines (ECFC, HUVEC, HCAEC) have 
demonstrated the increase of synthetic activity and 
mechanotransduction during cultivation under dynamic 
conditions.

All cultures irrespective of the cultivation conditions 
maintained intensive expression of the endothelial 
cell marker CD31. For mature endothelial cells of the 
HCAEC culture, VEGFR-2 expression was characteristic 
both in statics and dynamics. The cells of ECFCs 
and HUVEC lines demonstrated low expression of 
this marker during static cultivation, but shear stress 
stimulated intensification of VEGFR-2 expression which 
is considered by some investigators as part of the 
mechanism promoting maintenance of endothelial cell 
viability in a blood vessel [19].

Active synthesis of vWF signifies functional activity of 
the endothelial cells. In our study, all types of the cells 
enhanced vWF synthesis under dynamic conditions 
relative to static conditions being a standard response of 
endothelial cells to shear stress [20].

It has been noted that fluid flow increases synthesis of 
type IV collagen which is a component of an extracellular 
matrix and vessel basal membrane. Its accumulation 
seems a necessary process for forming a stable 
endothelial layer.

Thus, changes signifying adaptation to fluid shear 
stress were registered in all cell cultures during their 
cultivation under dynamic conditions. But, inevitably, the 
cells were washed partially away from the graft surface. 
The data on cell layer density after dynamic cultivation 
give grounds to state that ECFCs display the best 
adhesion to the polymer and resistance to washing away 
by the flow. On the contrary, using HCAECs we failed to 
obtain an adequate layer even during static cultivation 
due to their relatively low proliferative potential and 
worse adhesion to the polymer. Considering the fact 
that collection of autologous mature endothelial cells is 
associated with high invasiveness and difficulties and 
that proliferative activity is not high in this type of cells, 
this culture may be recognized unsuitable for application 
in tissue engineering. The HUVEC culture showed good 
results in populating the grafts under static conditions, 
however, the obtained endothelial layer turned out to be 
not resistant enough to the flow forces. High proliferative 
capacity enabling a great bulk of cellular mass to be 
obtained is considered one of the HUVEC advantages. 
But this culture does not imply the possibility of allogenic 
application. In contrast, autologous ECFCs can be 
isolated from patient’s blood and possess a sufficient 
proliferative potential for creation of personified tissue-
engineered vascular grafts [21].

Conclusion
Availability of the source (peripheral blood) and good 

adaptation to dynamic cultivation allow ECFCs to be 
recognized as the most promising culture for tissue-
engineered vascular graft population. However, significant 
reduction of cellular layer density caused by flow shear 
stress speaks of insufficient adhesion of the cells to the 
surface and requires further investigations to optimize a 
feeder layer covering the surface of a polymer scaffold.
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