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Objective: to develop a method for modifying composite small-diameter porous tubular biopolymer scaffolds based 
on bacterial copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and gelatin modified with a double-layered 
bioactive coating based on heparin (Hp) and platelet lysate (PL) that promote adhesion and proliferation of cell 
cultures. Materials and methods. Composite porous tubular biopolymer scaffolds with 4 mm internal diameter 
were made by electrospinning from a 1 : 2 (by volume) mixture of a 10% solution of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) copolymer, commonly known as PHBV, and a 10% solution of gelatin, respectively, in 
hexafluoro-2-propanol. The structure of the scaffolds was stabilized with glutaraldehyde vapor. The scaffolds were 
modified with a bioactive Hp + PL-based coating. The surface morphology of the samples was analyzed using 
scanning electron microscopy. Biological safety of the modified scaffolds in vitro (hemolysis, cytotoxicity) was 
evaluated based on the GOST ISO 10993 standard. Interaction with cultures of human endothelial cell line (EA.
hy926) and human adipose-derived mesenchymal stem cells (hADMSCs) was studied using vital dyes. Results. 
We developed a method for modifying small-diameter composite porous tubular biopolymer scaffolds obtained 
by electrospinning from a mixture of PHBV and gelatin modified with double-layered bioactive coating based 
on covalently immobilized Hp and human PL. The modified scaffold was shown to have no cytotoxicity and 
hemolytic activity in vitro. It was also demonstrated that the developed coating promotes hADMSC adhesion 
and proliferation on the external surface and EA.hy926 on the internal surface of the composite porous tubular 
biopolymer scaffolds in vitro. Conclusion. The developed coating can be used for the formation of in vivo tissue-
engineered small-diameter vascular grafts.
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inTrOducTiOn
Minimization of thrombosis and intimal hyperplasia 

processes is one of the key tasks for successful develop-
ment and application of small-diameter vascular grafts 
(sdVGs) [1–3]. Endothelialization is considered the most 
preferable option for optimization of the internal surface 
of vascular grafts [4–6]. The monolayer of functionally 
active endothelium, similar to that present in native blood 
vessels, increases thromboresistance and long-term pa-
tency of the prosthesis due to ability of endothelial cells 
to synthesize a wide range of bioactive factors preventing 
platelet aggregation, regulating excessive proliferation, 
migration and contractile activity of smooth muscle cells, 
homeostasis, and inflammation [7–9].

In order to increase the specificity of interaction with 
endothelial cells (ECs), endothelial progenitor cells 
(EPCs) and other cell types responsible for blood vessel 
regeneration, as well as to achieve rapid endothelization, 
various approaches for modifying sdVGs surface are 

used [10–15]. A widely used modification method is the 
use of coatings based on extracellular matrix proteins, 
such as collagen, its partially hydrolyzed form gelatin, 
elastin, fibronectin [12, 14, 16] or immobilization on the 
surface of peptides simulating adhesion sites. The best 
known of the family of such synthesized compounds is 
RGD peptide (Arg-Gly-Asp), which repeats the adhesive 
fragment of the fibronectin molecule [8, 17, 18]. Incor-
poration of bioactive compounds, such as antibodies or 
growth factors, into the structure of sdVGs can help to 
attract EPCs and mature ECs in situ. CD34 and vascular 
endothelial growth factor receptor 2 (VEGFR-2, CD309) 
are present on the surface of circulating EPCs. CD31 
and VEGFR-2 antibodies are used to bind ECs [11, 18]. 
Factors such as stromal cell-derived factor-1 (SDF-1) 
and granulocyte colony-stimulating factor (G-CSF) have 
been found to enhance EPC mobilization from bone mar-
row [11, 18–21]. Basic fibroblast growth factor (bFGF) 
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can stimulate resting ECs, causing their proliferation and 
organization into tubular structures [11, 22].

The most frequently used vascular endothelial growth 
factor (VEGF) is a cytokine that is highly specific to 
ECs and EPCs, activating and supporting their migration 
and proliferation [22–24]. One of the significant disad-
vantages of using growth factors, particularly VEGF, is 
the rapid loss of biological activity and high cost [22]. 
Immobilization of growth factors such as bFGF, trans-
forming growth factor beta 2 (TGF-β2) or VEGF through 
the heparin-binding domain has been shown to increase 
resistance to denaturation and enzymatic cleavage under 
physiological conditions, prolonging their bioactivity 
[18, 25].

Heparin (HP), a glycosaminoglycan with well-studied 
and characterized anticoagulant properties, is also often 
used to functionalize biomaterials and matrices intended 
for contact with blood in order to increase their throm-
boresistance [26]. HP also plays an important role in 
endothelial cell adhesion and homeostasis, it improves 
attachment to the matrix, providing trophic and differ-
entiation cell signaling, while inhibiting the proliferative 
activity of smooth muscle cells [1]. Joint immobilization 
of heparin and angiogenic growth factors can simultane-
ously suppress thrombosis and stimulate endothelization 
[2] At the same time, platelet lysate (PL) obtained from
platelet-rich plasma (PRP) can serve as a promising,
accessible, and inexpensive source of growth factors
(bFGF, TGF-β2, VEGF) [27–30]. PL can become an
alternative to the widely used recombinant growth fac-
tors, which lead to a significant increase in the cost of the
resulting products and can also provoke immunogenic
reactions [29].

We have previously developed composite small-
diameter porous tubular biopolymer scaffolds based 
on bacterial copolymer poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) and gelatin with adjustable 
resorption rate, possessing the necessary complex of 
physical and mechanical properties characteristic of na-
tive small-diameter blood vessels [31]. However, stabi-
lization of the scaffold structure using glutaraldehyde 
vapor resulted in increased cytotoxicity. Taking into 
account both the properties of HP and the rich set of 
growth factors, including VEGF and bFGF contained in 
PL, we made an assumption that biofunctionalization of 
the surface of the tubular scaffolds we developed earlier 
by immobilizing HP in combination with a PL-based 
bioactive coating may help to eliminate cytotoxicity and 
impart adhesion to the scaffold both high hemocompat-
ibility, including thromboresistance, and specific affinity 
for endothelial cell.

The aim of this work was to develop a method for 
modifying PHBV- and gelatin-based small-diameter 
composite porous tubular biopolymer scaffolds with a 
two-layer bioactive heparin and platelet lysate coating 
that promotes surface endothelization.

maTerialS and meThOdS
fabrication of composite porous tubular 
biopolymer scaffolds

Composite porous tubular biopolymer scaffolds 
(CPTB scaffolds) with 4 mm internal diameter were 
made by electrospinning from a 1:2 (by volume) mix-
ture of 10% PHBV copolymer solution (PHBV, Sig-
ma-Aldrich, USA) and a 10% acidic gelatin solution 
(Gelatin from porcine skin Type A, Sigma-Aldrich, 
USA) respectively in 1,1,1,3,3,3-hexafluoro-2-propanol 
(HFIP, P&M-Invest, Russia) on electrospinning machine 
NANON-01A (MECC CO, Japan) at 25 kV voltage be-
tween electrodes, 2 mL/h solution feed rate, 100 mm 
distance to the collector, 1000 rpm rotation speed of the 
substrate rod, using a 27G needle. After the end of the 
solution application process, the sample scaffolds were 
dried in the thermostat at 37 °C for 2 hours followed by 
vacuuming at 10–20 mmHg residual pressure and 37 °C 
temperature for 24 hours.

Stabilization of cPTB scaffold structure
The structure of CPTB scaffolds was stabilized with 

glutaraldehyde (GA) vapor in a closed container with-
out direct contact of the samples with 25% GA solu-
tion at room temperature for 48 hours. After the fixation 
process, the samples were washed thoroughly in three 
changes of distilled water and dried for 24 hours at room 
temperature.

application of the bioactive coating
Immobilization of heparin (HP) (Sigma-Aldrich, 

USA) was performed by incubating the CPTB scaffold 
samples in an aqueous anticoagulant solution with 1 mg/
ml (150–200 units/ml) concentration for 2 hours at room 
temperature, resulting in covalent binding of HP amino 
groups to unreacted GA aldehyde groups. The unbound 
HP was removed by washing three times in distilled 
water. The resulting heparinized scaffolds were sterilized 
by gamma-irradiation at 1.5 MiRad dose.

The required volume of human platelet lysate solu-
tion (hPL, Renam, Russia) was obtained by diluting dry 
(lyophilized) hPL in a 1:9 ratio with Hanks’ solution 
containing no Ca2+ and Mg2+ ions (HBSS, Gibco® by Life 
Technologies™, UK). The lysate solution was sterilized 
by filtration through a 0.22 μm membrane filter, 0.22 μm 
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pore size. Sterile heparinized samples were treated with 
hPL solution under aseptic conditions for 1 hour at 37 °C 
immediately before the experiment. Binding of positive-
ly charged growth factors contained in hPL to negatively 
charged HP was polyionic.

Surface morphology of cPTB scaffolds
The surface structure of the modified CPTB scaffold 

samples was analyzed using a JSM-6360LA scanning 
electron microscope (SEM) (JEOL, Japan) at 5 kV ac-
celerating voltage and 100×–1000× magnification. Gold 
was sputtered to create a conductive coating.

cell cultures
Cultures of mouse embryonic fibroblast cell 

line NIH/3T3 cells (ATCC®CRL-1658™) and hu-
man umbilical vein endothelial cell line EA.hy926 
ATCC®CRL-2922™) from the ATCC (American Type 
Culture Collection) were stored in liquid nitrogen at 
–196 °C before use. After thawing, NIH/3T3 fibroblasts
and EA.hy926 ECs were seeded into 25 cm2 or 75 cm2

standard culture vials (CELLSTAR® Greiner Bio-One,
Germany) and cultured in appropriate complete growth
medium DMEM, high glucose (4.5 g/L, DMEM high
glucose with HEPES, PanEco, Russia) supplemented
with 10% calf serum (CS, Biosera, Germany) or fetal calf
serum (FCS, HyClone, USA), respectively, antibiotic and
antimycotic Anti-Anti (Gibco® by Life Technologies™,
UK) and 2 mM alanyl-glutamine (PanEco, Russia) in a
CO2 incubator under standard conditions: 37 °C, in a
humid atmosphere containing (5 ± 1) % CO2. Before
the experiment, cells were removed from the surface
of the culture plate using TrypLE™ Express Enzyme
dissociation reagent (Gibco® by Life Technologies™,
UK) and a suspension with the required concentration
of cells was prepared.

A culture of human adipose-derived mesenchymal 
stem cells (hADMSCs) was obtained at the department 
of biomedical technologies and tissue engineering, Shu-
makov National Medical Research Center of Transplan-
tology and Artificial Organs, Moscow according to the 
previously developed technique [32]. Prior to use, MSCs 
were stored in liquid nitrogen at –196 °C. After thaw-
ing, the hADMSCs were seeded into 75 cm2 standard 
culture vials (CELLSTAR® Greiner Bio-One, Germany) 
and cultured in DMEM/F12 complete growth medium 
(CGM) (PanEco, Russia) with 10% fetal calf serum 
added (FCS, HyClone, USA), 10 μg/ml human basic fi-
broblast growth factor (FGF-2, Peprotech, AF-100-18B, 
USA), antibiotic and antimycotic Anti-Anti (Gibco® by 
Life Technologies™, UK), 1 mM HEPES (Gibco® by 

Life Technologies™, UK) and 2 mM alanyl-glutamine 
(PanEco, Russia) in CO2 incubator under standard con-
ditions: 37 °C, in a humid atmosphere containing (5 ± 
1) % CO2. Before the experiment, cells were removed
from the surface of the culture plate using TrypLE™
Express Enzyme dissociating reagent (Gibco® by Life
Technologies™, UK) and a suspension with the required
concentration of cells was prepared. Cells of passages
V–VI were used in the experiments. Various authors have
shown that hADMSCs are used as an independent cel-
lular component in the development of tissue-engineered
small-diameter vascular grafts [33, 34]; also, hADMSCs
maintain viability of ECs and promote vascularization
of tissue-engineered small-diameter vascular constructs
in vivo [35], which was the reason for using this cell
culture in our work.

The initial number of cells in the suspension was 
determined on an automated cell counter (TC20™ Au-
tomated Cell Counter, BIORAD, Singapore) with simul-
taneous viability analysis by trypan blue dye exclusion 
(BIORAD, #145-0013, Singapore).

hemolysis
The hemolytic action of the modified CPTB scaf-

folds was investigated on extracts from samples using 
rabbit red blood cell mass according to interstate stan-
dard GOST ISO 10993-4-2011 [36]. The extracts were 
prepared according to GOST ISO 10993-1-2011 guide-
lines [37]. A 0.9% sodium chloride solution was used as 
the extractant (model medium), the extraction time was 
72 hours at 37 °C. The negative control sample was 0.9% 
sodium chloride solution, the positive control sample 
causing 100% hemolysis was distilled water. Blood from 
three rabbits was used to evaluate the hemolytic effect 
of one sample.

Blood containing 3.8% sodium citrate (1:9 ratio) ob-
tained from chinchilla rabbits in compliance with the 
bioethical principles of animal handling approved by the 
European Convention for the Protection of Vertebrate 
Animals used for Experimental and other Scientific Pur-
poses (2005) and in accordance with the Rules of Labo-
ratory Practice, approved by Order #708 of the Russian 
Ministry of Health on 23 August 2010 on experimental 
animals, centrifuged at 900 rpm for 10 minutes to obtain 
erythrocytic mass. A 10% suspension of erythrocytes, ob-
tained by dilution of the washed red blood cell mass three 
times (1:9 with 0.9% sodium chloride solution), was 
added to the test extracts from the modified CPTB scaf-
fold samples, as well as to the negative control sample 
and positive control sample and incubated for 1 hour at 
(37 ± 2) °C, then centrifuged for 20 minutes at 2000 rpm. 
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The supernatant was separated, and the optical density 
was measured using a Stat Fax 4500 spectrophotometer 
(Awareness Technology, USA) at 540 nm wavelength. 
The percentage of hemolysis was calculated using for-
mula (1):

, (1)

where Еop is the optical density of the test sample, Еc is 
the optical density of negative control sample, Е100 is 
the optical density of the sample with 100% hemolysis.

Hemolysis in all blood samples should be less than 
2%.

cytotoxicity
The cytotoxicity of the fragments of modified CPTB 

in vitro was assessed according to the GOST ISO 10993-
5-2011 interstate standard on NIH/3T3 mouse fibroblast
cell line by direct contact method [38]. The surface of
a culture plate (CP, CELLSTAR® Greiner Bio-One,
Germany) served as a negative control sample, while a
single-element aqueous zinc standard 10 mg/ml (Sigma-
Aldrich, USA) served as the positive control sample. All
procedures were performed under aseptic conditions.

To study the cytotoxic effect, fibroblasts were seed-
ed in 24-well flat-bottom culture plates (CELLSTAR® 
Greiner Bio-One, Germany) at a concentration of 7–12 × 
104 cells per well and incubated for 24 hours at 37 °C 
in a humid atmosphere containing (5 ± 1)% СО2, until 
the formation of (80 ± 10)% monolayer, after which the 
studied fragments of matrices were placed directly on 
the fibroblast monolayer surface. The culture was visu-
ally assessed using a binocular fluorescence inverted 
microscope Nikon Eclipse TS100 (Japan).

The metabolic activity of fibroblasts after contact 
with matrix fragments was assessed after 24 hours us-
ing PrestoBlue™ HS Cell Viability Reagent (Invitro-
gen™ by Thermo Fisher Scientific, USA) according to 
the protocol recommended by the manufacturer. 10% 
PrestoBlue™ Viability Reagent was added to the wells 
containing the test samples, negative control and posi-
tive control samples, after which the plate was incubated 
for 3 hours at 37 °C in a humid atmosphere containing 
(5 ± 1) % CO2. PrestoBlue™ is a vital dye containing 
redox indicator resazurin. Viable proliferating cells re-
duce resazurin with the participation of mitochondrial 
dehydrogenases, cytochromes and dehydrogenases lo-
cated in the cell cytoplasm to resafurin [39], resulting in 
a color change from indigo to pink. Changes in medium 
absorbance were recorded using a Spark 10M microplate 
reader (Tecan, Austria) with Spark Control™ Magellan 
V1.2.20 software at 570 nm and 600 nm wavelengths. 

The percentage of reduced PrestoBlue™ characterizes 
the metabolic activity of the cells. The relative percent-
age difference between the metabolic activity of cells in 
the negative control sample and after contact with the test 
samples characterizes the cytotoxicity of the test sample 
and is calculated by formula (2):

, (2)

where 117.216 and 80.586 are molar extinction coef-
ficients for the oxidized form of PrestoBlue™ Vital Re-
agent at 600 nm and 570 nm wavelengths, respectively; 
A570 Samp. and А600 Samp. are absorbance of the test sample 
at 570 nm and 600 nm wavelengths, respectively; А0

570 
and А0

600 are absorbance of the negative control sample 
at 570 nm and 600 nm wavelengths, respectively.

The results were analyzed using a grading scale of the 
degree of cell response after direct contact with the sam-
ples according to GOST ISO 10993-5-2011 (Table 1).

Table 1
Cell response rate

Cytotoxicity grading scale Interpretation of result
0 No cytotoxicity
1 Mild cytotoxicity
2 Moderate cytotoxicity
3 Severe cytotoxicity

The negative control sample should correspond to 
response grade 0 (no cytotoxicity), while the positive 
control sample should correspond to response grade 
3 (severe cytotoxicity, almost completely destroyed 
monolayer). The degree of response of the test speci-
men should correspond to response grade 0.

cultivation of ea.hy926 and hadmScs on the 
surface of cPTB scaffolds

Sterile samples of modified CPTB scaffolds were pre-
cut lengthwise, straightened out, placed on the bottom of 
a flat-bottom 24-well culture plate (CELLSTAR® Greiner 
Bio-One, Germany) with the appropriate side (inner or 
outer), and fixed with sterile silicone rings. EA.hy926 
and hADMSCs were seeded under aseptic conditions on 
the inner and outer sides of the samples, respectively. The 
initial seeding density on the test samples and controls 
was 4 × 104 kL/cm2 for EA.hy926 culture and 3 × 104 kL/
cm2 for hADMSCs culture. Since the test samples were 
obtained by electrospinning and are three-dimensional, it 
would be incorrect to use a two-dimensional CP surface 
as a control sample. In these experiments, the CP surface 
was used to control the morphology and adequate growth 
of the cell cultures under study. After seeding, 24-well 
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plates with the samples were cultured in a CO2 incubator 
under standard conditions for 24 hours and 96 hours or 
24 hours, 96 hours, and 168 hours, after which appropri-
ate studies were performed.

viability assessment
The Live/Dead® Viability/Cytotoxicity Kit (Mo-

lecular Probes® by Life Technologies™, USA) was 
used to assess the viability and visualize the number 
of EA.hy926 and hADMSCs on the surface of modi-
fied CPTB scaffolds according to the protocol recom-
mended by the manufacturer. The method consists of 
double immunofluorescence staining, with simultaneous 
determination of live and dead cells by binding dyes: 
ethidium bromide homodimer (EthD-1) and calcein ace-
toxymethyl (calcein AM). EthD-1 is a marker of dead 
cells, penetrating the damaged plasma membrane and 
binding to nucleic acids, giving a bright red fluorescent 
glow (excitation/emission ~495 nm/~635 nm). Calcein 
AM penetrating into viable cells is exposed to intracel-
lular esterases, transforming into calcein, which gives a 
bright green homogeneous fluorescent glow (excitation/
emission ~495 nm/~515 nm). Dulbecco’s phosphate-

buffered saline containing 2 μM calcein AM and 4 μM 
EthD-1 was added to the test wells, and after 15 minutes, 
the staining results were visualized using a Nikon Eclipse 
TS100 binocular inverted fluorescence microscope (Ja-
pan) equipped with a Digital Sight DS-Vil (Nikon, Ja-
pan). Photographs of the test and control samples dur-
ing cultivation of EA.hy926 and hADMSCs were taken 
24 hours and 96 hours after seeding.

assessment of metabolic activity 
and cell count

The metabolic activity of EA.hy926 and hADMSCs 
on the surface of matrix samples was assessed after 24, 
96 and 168 hours using PrestoBlue™ HS Cell Viabil-
ity Reagent (Invitrogen™ by Thermo Fisher Scientific, 
USA) according to the protocol recommended by the 
manufacturer. 10% of PrestoBlue™ viability reagent 
was added to wells containing the test samples and a 
cell-free control sample (CGM containing no cells), after 
which the plate was incubated for hours at 37 °C in a 
humid atmosphere containing (5 ± 1) % CO2. Changes 
in media absorbance were recorded using a microplate 
reader as previously, described at 570 nm and 600 nm 

Fig. 1. Structure of CPTB scaffold modified with double-layered coating, d = 4 mm; a, cross-section (100× magnification, Bar 
100 μm); b, inner surface (1000× magnification, Bar 10 μm); c, outer surface (1000× magnification, Bar 10 μm)

a

b c
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Sample 24 h 96 h

CP

HP

HP + hPL

Fig. 2. hADMSCs сulture (passage 6) on the outer surface of modified CPTB scaffolds; a, b, culture plate, 24 h and 96 h, 
respectively; c, d, scaffolds with modifying covalently immobilized HP coating, 24 h and 96 h, respectively; e, f, scaffolds 
with modifying human platelet lysate coating, 24 h and 96 h, respectively. Live/Dead® Viability/Cytotoxicity Kit staining. 10× 
magnification, Bar 100 μm

а b

c

e

d

f

100 μm

100 μm

100 μm
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Table 2
Percentage of viable NIH/3T3 fibroblast cell line relative to a negative control sample after contact 

with the modified samples of CPTB scaffolds
Sample % of viable cells relative to negative 

control sample
Cell response rate

Modified (HP) 95.55 ± 2.06 0
Modified (double-layer bioactive coating HP + hPL) 97.83 ± 1.67 0
Positive control sample 9.87 ± 0.73 3
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wavelengths. The percentage of reduced PrestoBlue™ 
characterizes the metabolic activity of cells and is cal-
culated by formula (3):

 , (3)

where 117.216 and 80.586 are molar extinction coef-
ficients for the oxidized form of PrestoBlue™ Vital Re-
agent at 600 nm and 570 nm wavelengths, respectively; 
155.677 and 14.652 are molar extinction coefficients 
for the reduced form of PrestoBlue™ Vital Reagent at 
570 nm and 600 nm wavelengths, respectively; A570 Samp. 
and А600 Samp. are absorbance of the test sample at 570 nm 
and 600 nm wavelengths, respectively; А'

570 and А'
600 are 

absorbance of the cell-free control sample at 570 nm and 
600 nm wavelengths, respectively.

The number of EA.hy926 and hADMSCs on the sur-
face of scaffold samples was estimated using calibration 
curves, linear in semi-logarithmic coordinates to a 0.8 × 
105 cell concentration in the case of EA.hy926 and 1 × 
105 in the case of hADMSCs (VI passage). To construct 
a calibration curve, the selected cell type was seeded 
into flat-bottomed 24-well culture plates (CELLSTAR® 
Greiner Bio-One, Germany) at a seeding density of 
1–20 × 104 kL/cm2. After 24 hours, PrestoBlue™ vital 
reagent was added to the wells containing the required 
number of cells and a cell-free control sample, the plate 
was incubated for 3 hours at 37 °C in a humid atmosphere 
containing (5 ± 1) % CO2 and changes in medium uptake 
were recorded. The percentage of reduced PrestoBlue™ 
determined by formula (3) was plotted on the graph on 
the Y axis, and the corresponding number of cells was 
plotted on the X axis.

Statistical processing
Quantitative and statistical processing of the obtained 

data was done using Microsoft Excel 2007. All results 
were presented as mean ± standard deviation. Differenc-
es were considered reliable at p < 0.05 with the number 
of samples (n) from 3 to 5.

reSulTS and diScuSSiOn
Fig. 1 shows the structure of the CPTB scaffold. 

The cross section (Fig. 1, a) shows a pronounced highly 
porous structure. The wall thickness is ~500 μm. The 
inner and outer layers of the scaffold (see Figs. 2, b, c) 
are similarly organized from disordered fibers with pre-
dominantly 0.8 to 2.0 μm thickness, 10–25 μm pore size.

Data from the performed hemolytic activity study 
allow us to conclude that the tested samples of modified 
bioactive HP and hPL coating for CPTB scaffolds have 
no hemolytic effect (hemolysis percentage 0.07%) and 

correspond to acceptable values (hemolysis percentage 
less than 2%), satisfying the requirements for medical 
products according to the GOST ISO 10993-4-2011 
standard.

Table 2 shows the values characterizing the metabolic 
activity of the NIH-3T3 mouse fibroblasts after direct 
contact with samples of the modified CPTB scaffold 
relative to the negative (non-cytotoxic) control sample 
(CP). The sample has no cytotoxic effect if the meta-
bolic activity of the fibroblasts relative to the negative 
control sample remains above 90%. As can be seen from 
Table 3, after cells come into contact with samples modi-
fied with HP or HP + hPL, the relative metabolic activity 
of fibroblasts is above 90%, indicating the absence of 
cytotoxic action. We have previously shown that PHBV- 
and gelatin-based CPTB scaffolds stabilized in GA vapor 
without additional treatment exhibit significant cytotox-
icity (response rate 3) [31].

Fig. 2 shows photographs of hADMSC culture (pas-
sage VI) on the surface of CP and the outer surface of the 
modified CPTB scaffolds 24 and 96 hours after seeding.

After 24 hours, comparable numbers of adhered and 
melted hADMSCs were observed on the surface of all 
modified CPTB scaffolds. After 96 hours of cultivation, 
hADMSCs form a monolayer on the CP surface. On 
the test samples, the number of hADMSCs increases 
markedly, but does not reach the monolayer; all cells 
are viable and fused, which also confirms the previously 
obtained data that the modified samples have no cytotox-
icity. Fig. 3 shows the results of hADMSCs proliferation 
on the outer surface of the modified CPTB scaffolds. 
After 24 hours, the number of hADMSCs on the outer 
surface of HP-modified and HP + hPL-coated samples 
differed only slightly (11.8 ± 0.6 × 103 kL and 15.1 ± 

Fig. 3. hADMSCs proliferation (passage 6) on the outer sur-
face of CPTB scaffolds modified with covalently immobi-
lized heparin and heparin with human platelet lysate coatings
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Sample 24 h 96 h

CP

HP

HP + hPL

Fig. 4. EA.hy926 culture on the inner surface of modified CPTB scaffolds; a, b, culture plate, 24 h and 96 h, respectively; c, 
d, scaffolds with modifying covalently immobilized HP coating, 24 h and 96 h, respectively; e, f, scaffolds with modifying 
heparin and human platelet lysate coating, 24 h and 96 h, respectively. Live/Dead® Viability/Cytotoxicity Kit staining. 10× 
magnification, Bar 100 μm
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100 μm

100 μm

100 μm

1.3 × 103 kL, respectively). By the end of the cultivation 
period, after 168 hours, the number of hADMSCs on the 
external surface of the test samples with the modifying 
HP + hPL-based coating increases 3-fold (42.5 ± 2.8 × 
103 kL), while the number of hADMSCs on the external 
surface of heparinized matrices increases only 1.3-fold 
(16.5 ± 0.7 × 103 kL). Thus, the modifying platelet lysate-

based coating promotes adhesion and proliferation of 
hADMSCs on the external surface of CPTB scaffolds. A 
modifying coating based on covalently immobilized HP 
alone in relation to the culture of hADMSCs promotes 
adhesion rather than proliferation of this cell type.

Figs. 4 and 5 show the results of the interaction of 
the modified inner surface of CPTB scaffolds with a 



110

RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXIII   № 4–2021

culture of human endothelial cell line EA.hy926 24 and 
96 hours after seeding. After 24 hours, a greater number 
of adherent and molten endothelial cells were observed 
on the surface of HP + hPL-modified scaffolds compared 
to samples modified with HP alone. After 96 hours of 
cultivation, no proliferation and a significant number 
of nonviable cells were observed in the HP-modified 
sample. At the same time, a monolayer of viable cells 
was formed on the samples modified with a two-layer 
coating. Note that a similar effect is observed for the CP. 
Fig. 5 shows that the modifying bioactive coating based 
on immobilized HP and hPL promotes adhesion, spread-
ing and stimulates proliferation of EA.hy926 in vitro on 
the inner surface of CPTB scaffolds, due to a fairly high 
content of growth factors contained in platelet lysate, 
including VEGF: the number of ECs after 168 hours 
increases 2.4-fold. Our results are indirectly confirmed 
by data available in the literature. SM Oliveira et al. 
showed that PL-based nanocoating activates endothelial 
cells and promotes angiogenesis (microtubule formation) 
in the presence of sulfated polysaccharides in a three-
dimensional matrix [29].

Probably, surface heparinization, under the conditions 
of this experiment, does not contribute to endothelializa-
tion in vitro. This, in our opinion, is due to the fact that 
although heparin is able to bind growth factors present in 
the serum component of the medium, their concentration 
is clearly insufficient to support endothelial cell prolifer-
ation. Despite the fact that HP plays an important role in 
endothelial cell adhesion and homeostasis [1], RJ Smith 
Jr et al. showed that when implanting cell-free prosthetic 
blood vessels modified with HP and with HP + VEGF 
into murine aorta, the samples although were completely 
endothelialized after 4 weeks of implantation, the com-
position of the prosthetic wall for samples with different 
coating differed significantly [40]. In the grafts modified 

only by HP, the endothelial and smooth muscle cell layers 
were not pronounced and were not formed typically for 
native vessels. But in the HP + VEGF-modified samples, 
there were clearly separated inner and middle layers, 
similar in structure to native vessels. and there was also 
a functioning endothelium. It means that modifying the 
prosthesis with HP alone is not sufficient to obtain an 
adequately functioning tissue-engineered graft.

cOncluSiOn
So, for the surface of small-diameter CPTB scaffolds 

obtained by electrospinning from a PHBV and gelatin 
mixture, we developed a method of modification involv-
ing a two-layer bioactive coating based on covalently 
immobilized HP and hPL, whose components form poly-
ionic complexes with HP. The modified CPTB scaffold 
samples were shown to have no cytotoxicity and he-
molytic activity in vitro. It was also demonstrated that 
the developed bioactive coating promotes adhesion and 
proliferation of human adipose-derived mesenchymal 
stem cells on the outer surface of CPTB scaffolds and 
human umbilical vein endothelial cell on the inner sur-
face of CPTB scaffolds in vitro.

The results obtained show that the developed coating 
can be used to form in vivo tissue-engineered constructs 
of small-diameter vascular grafts.

The authors declare no conflict of interest.
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