
 

ISSN 2304-3415, Russian Open Medical Journal 1 of 7 

2021. Volume 10. Issue 4 (December). Article CID e0423 
DOI: 10.15275/rusomj.2021.0423 

Biomaterials 

 

[ 

© 2021, LLC Science and Innovations, Saratov, Russia www.romj.org 
 

Selected papers from the International Scientific and Practical Conference “Basic Science for Practical Medicine – 2021”,  
15–18 September 2021, Elbrus v., Russia, http://uniid.kbsu.ru/medicine2021 
 
Original article 

 
Hemocompatibility and cytotoxicity of small-diameter bioabsorbable tissue-engineered vascular 

grafts depending on anti-thrombogenic and antimicrobial coating 
  

Eugenia O. Krivkina, Elena A. Velikanova, Eugenia A. Senokosova, Maryam Yu. Khanova, Tatyana V. Glushkova, 
Larisa V. Antonova, Leonid S. Barbarash 

 
Research Institute for Complex Issues of Cardiovascular Diseases, Kemerovo, Russia 

 
Received 1 October 2021, Revised 26 November 2021, Accepted 10 December 2021 

 
© 2021, Russian Open Medical Journal 

 
Abstract: Anti-thrombogenic and antimicrobial coatings of polymer grafts constitute a promising approach to preventing infection and 
thrombosis of vascular grafts.  
The objective was to study the hemocompatibility and cytotoxicity of PHBV/PCL grafts with iloprost and amphiphilic coating.  
Material and Methods — Polymer matrices were manufactured by electrospinning a mixture of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) and poly(ε-caprolactone) (PCL) polymers. Several matrices were modified by complexation between 
polyvinylpyrrolidone (PVP) and cationic amphiphile and/or iloprost. The amphiphile was covalently cross-linked to the surface of other 
PHBV/PCL matrices. Unmodified PHBV/PCL matrices were used as the control group. Hemocompatibility and cytotoxicity of scaffolds 
before and after the modification were evaluated.  
Results — The hemocompatibility assessment revealed that hemolysis degree did not exceed normal values in all types of matrices. The 
PHBV/PCL/PVP matrices had increased platelet aggregation on the surface of the grafts. Subsequent addition of iloprost and amphiphile 
resulted in a sevenfold reduction of platelet aggregation. In PHBV/PCL/PVP matrices, the degree of platelet adhesion increased without 
changing the platelet deformation index values. Iloprost and amphiphilic coating of PHBV/PCL/PVP matrices diminished the number of 
adhered platelets and platelet deformation index by 1.5 times. The amphiphile, covalently cross-linked to PHBV/PCL matrices, caused a 
negative effect on the platelet adhesion, aggregation, and deformation index values. Evaluation of cytotoxicity of PHBV/PCL/PVP matrices, 
coated with iloprost and/or cationic amphiphile, demonstrated a slight decline in the rates of cell growth and proliferation after three days. 
Moreover, after three days, cell deaths and a sharp drop in the cell index values were noted in PHBV/PCL matrices with covalently cross-
linked amphiphile.  
Conclusion — Iloprost and amphiphilic coating of PHBV/PCL grafts has increased their hemocompatibility. Also, there were no signs of 
cytotoxicity while using the complexation technique. However, covalently cross-linked amphiphile caused an increase in the cytotoxicity of 
matrices, which may have been indicative of the negative effect observed in this type of surface modification. 
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Introduction  

Tissue engineering is among the most promising fields of 
vascular graft research that has the potential to create a vascular 
graft with a tubular matrix made of natural and/or synthetic 
bioabsorbable and biocompatible polymers. Such matrix is a 
scaffold that can be subsequently populated by autologous cells in 
vitro or in situ [1]. 

Despite widespread use of polymer grafts in cardiovascular 
surgery, the graft infection remains a serious problematic issue 
with severe complications and high mortality rates [2]. It is difficult 
to establish specific etiology of graft infections, since they are 

usually multifactorial [3]. Bacteria may originate from an 
exogenous or endogenous source (bacteremia) [4, 5]. Despite the 
sterile conditions in the course of implantation, about 20% of 
grafts become infected, increasing the percentage of subsequent 
occlusion to 27% [6]. Pathogenic bacteria are able to colonize the 
graft surface, forming a protective biofilm that increases their 
antibiotic resistance and host defense mechanisms, which may 
lead to a vascular graft replacement [7, 8]. The biofilm formation 
could be prevented by replacing the usual graft materials with 
antimicrobial and biocompatible polymers, or by an additional 
antimicrobial treatment [9, 10]. Taking into account the declining 
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effectiveness of antibacterial medicines due to the emergence of 
bacteria with multiple drug resistance, the development of 
vascular grafts with antimicrobial coatings that have a low chance 
of inducing antibiotic resistance becomes very relevant. 
Immobilizing the antibacterial preparation directly on the graft 
surface would solve the problem of local drug delivery, and ensure 
the proper effect on microorganisms prior to the biofilm 
formation. 

In the last decade, hydrogels have become widespread in 
cardiovascular surgery due to their ability to deliver 
pharmaceutical drugs and release them over long periods of time 
[11]. Hydrogels are represented by the three-dimensional polymer 
networks obtained from water-soluble or bioabsorbable 
natural/synthetic polymers with antibacterial agent bound to the 
polymer matrix by non-covalent interactions. 

Cationic amphiphiles are single or multiple positively charged 
molecules with lipophilic fragments which can potentially resolve 
the problem of drug resistance and help creating an effective 
antimicrobial coating [12, 13]. These compounds are synthetic 
analogs of natural cationic antimicrobial peptides. They can cause 
disruption of the transmembrane potential, cytoplasmic content 
leakage, and, ultimately, cell death [12]. Most of these compounds 
are highly effective against both gram-positive and gram-negative 
bacteria (including multidrug-resistant bacteria). The amphiphiles 
that destroy bacterial membranes and, simultaneously, other 
targets, can significantly reduce the likelihood of bacteria 
developing resistance to such compounds. High stability of these 
compounds, even in physiological fluids, in combination with their 
low cost, makes them the most promising candidates for the role 
of low molecular weight modifiers of polymer materials. 

An important issue in manufacturing the tissue-engineered 
vascular grafts is ensuring the porosity of the graft wall, since it is 
required to provide full migration of cells from the bloodstream 
and surrounding tissues, cell proliferation, and differentiation. 
However, such porous surface could lead to the thrombus 
formation. Consequently, additional modification to the surface of 
grafts with antiplatelet and anticoagulant agents could prevent the 
thrombus formation after graft implantation. 

Moreover, it is also necessary to take into account the 
cytotoxicity of drugs and binding agents used for antimicrobial and 
anti-thrombogenic coatings in the course of the manufacturing 
process. 

 

Material and Methods 

Manufacturing the vascular grafts 

Small-diameter vascular grafts (4 mm) were produced by 
emulsion electrospinning a mixture of 2% poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV, Sigma-Aldrich, USA) and 12% poly(ε-
caprolactone) (PCL, Sigma-Aldrich, USA); 1,1,1,3,3,3-hexafluoro-2-
propanol (Sigma-Aldrich, USA) was used as a solvent. 
Electrospinning was performed using a Nanon-01A nanofiber 
electrospinning system (MECC, Inc., Japan) at a voltage of 20 kV, a 
solution feed rate of 0.5 mL/h, a collector rotation speed of 1000 
rpm, a needle movement speed of 60 mm/s, and 150 mm distance 
from the needle to the collector. 

 

Anti-thrombogenic and antimicrobial coatings of vascular grafts 

Surface modification of the manufactured polymer scaffolds 
was performed in two different ways: some of the manufactured 

vascular grafts were modified sensu our own original technique of 
forming a polyvinylpyrrolidone (PVP) hydrogel coating on the inner 
surface. To achieve this, the grafts were placed in argon-filled glass 
test tubes, then sealed with parafilm and irradiated at a dosage of 
15 kGy using an ILU-10 accelerator with energy range up to 5 MeV 
and beam power of 50 kW (Budker Institute of Nuclear Physics at 
the Siberian Branch of Russian Academy of Sciences). Hence, 
sterilization of vascular grafts took place along with their 
modification. Consequently, all further manipulations were carried 
out under sterile conditions. Then, platelet antiaggregant, iloprost 
(Ilo), and/or cationic amphiphile, 1,5-bis-(4-tetradecyl-1,4-
diazoniabicyclo [2.2.2] octan-1-yl) pentane tetrabromide (A), with 
antimicrobial and antiviral properties were added to the PVP 
hydrogel coating via employing the complexation technique [14]. 

All other grafts were modified by covalent crosslinking, 
implemented via immobilization of the amphiphile on the surface 
of nonwoven matrix due to activation of carboxyl groups in the 
polymer by a water-soluble carbodiimide, followed by the 
treatment with a peptide solution. 

 

Hemocompatibility analysis 

Hemocompatibility of grafts was assessed via hemolysis 
analysis and platelet adhesion, aggregation, and deformation 
index. 

 

Hemolysis  

The assessment of the hemolysis degree after the contact with 
the surface of polymer samples was conducted sensu the ISO 
10993.4 standards: 3.8% sodium citrate was added to the fresh 
donor blood in the ratio of 1:9. Five samples of 25 cm2 each were 
placed in weighing cups containing 10 mL of physiological solution, 
and were incubated for 120 min at 37 °C. Saline and distilled water 
were used as positive and negative controls, respectively. After 
two hours of incubation, 200 μL of citrated blood was added to 
each cup for further incubation during 60 min at 37 °C. Then, the 
polymer samples were transferred from the cups into test tubes 
and centrifuged for 10 min at 2,800 rpm to precipitate the 
remaining cells. Optical density of obtained supernatants was 
measured using the GENESYS 6 spectrophotometer (Thermo 
Scientific, USA) at a wavelength of 545 nm. 

The percentage of hemolysis (H) was calculated via the 
following equation [15, 16]: 

 
where, Dt is the optical density of incubated sample; Dne is the 
optical density of the positive control; Dрe is the optical density of 
the sample with 100% hemolysis. 

Zero hemolysis value was defined as the mean optical density 
of saline-diluted blood (positive control); 100% hemolysis value 
was defined as the mean optical density of blood diluted with 
distilled water: Dpe=0.279 (negative control). 

 

Platelet aggregation 

The study was carried out in accordance with the ISO 10993.4 
standard procedures. To obtain platelet-rich plasma (PRP), citrated 
blood was centrifuged for 10 min at 1,000 rpm. Platelet-poor 
plasma (PPP) was obtained by repeated centrifugation of PRP for 
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20 min at 4,000 rpm. The centrifuge was properly calibrated. Intact 
PRP was used as a positive control. The measurements were 
performed in a spontaneous mode without aggregation inductors. 
CaCl2 (0.025 mol/L) was used to restore the level of Ca+2 in citrated 
blood. The reagent mixture contained 250 μL of PRP and 25 μL of 
CaCl2. The contact time of the test samples with PRP was 3 min, 
after which the measurements were made. The platelet maximum 
aggregation rate was measured by the semi-automated 4-channel 
platelet aggregometer APACT 4004 (LABiTec, Germany).  

 

Platelet adhesion and platelet deformation index 

Samples of polymer matrices (n=5), 0.5 cm2 each, were 
incubated for 2 hours at 37 °C in 300 μL of PRP obtained from 
fresh citrated donor blood by centrifugation for 10 min at 1,200 
rpm. Next, test samples were rinsed with phosphate-buffered 
saline (PBS, pH-7.4) in order to remove non-adherent plasma 
components. Then the samples were fixed in a 2% glutaraldehyde 
solution for 24 hours, rinsed with PBS and dehydrated in alcohols 
with concentrations ranging from 30% to 100% for 15 minutes 
each, followed by drying at a room temperature. Later on, samples 
were mounted on special tables by means of the carbon tape to 
form a conductive (Au/Pd) coating, using EM ACE200 vacuum 
coater (Leica Mikrosysteme GmbH, Austria). For analysis, we 
randomly selected 8 samples. The adhesion ability of their surfaces 
was assessed with by means of the platelet count (platelet per 1 
mm2), predominant platelet type on the surface, and also by 
platelet deformation index (PDI), calculated by the following 
formula [15-18]:  

PDI = (number of type I platelets × 1 + number of type II 
platelets × 2 + number of type III platelets × 3 + number of type IV 
platelets × 4 + number of type V platelets × 5) / total number of 
platelets. 

 

 

 
Figure 1. Surfaces of PHBV/PCL matrices after the contact with PRP 
(×2000 magnification). 

 

Table 1. Types of manufactured polymer samples used to evaluate hemocompatibility 

Sample type 

PHBV/PCL Unmodified matrix 
PHBV/PCL/PVP Matrix polymerized with polyvinylpyrrolidone 
PHBV/PCL/PVP/Ilo/A Matrix modified by complexation between polyvinylpyrrolidone and iloprost and amphiphile coating 
PHBV/PCL/A Matrix with covalently cross-linked cationic amphiphile 

 

Table 2. The degree of hemolysis and maximum aggregation in human blood platelets after their contact with modified and unmodified polymer matrices 

Sample type Maximum platelet aggregation, % Ме (25%-75%) The degree of hemolysis, % Ме (25%-75%) 

PHBV/PCL 87.23 (83.95-89.84) * 0.504 (0.0-1.01) 
PHBV/PCL/PVP 88.53 (86.59-89.37) * 0.2 (0.0-0.5) 
PHBV/PCL/PVP/Ilo/A 12.18 (11.15-12.24) * # 0.5 (0.0-0.5) 
PHBV/PCL/A 83.28 (83.21-84.86) 100 (100-100) 
Intact platelet-rich plasma (PRP) 74.65 (72.45-75.31) – 

* p<0.05 relative to intact PRP; # p<0.05 relative to unmodified PHBV/PCL matrices. 

 

Table 3. Platelet adhesion indicators after the contact with PHBV/PCL polymer matrices, depending on the coating type 

Sample type 
Platelet type, % 

Platelet count per mm2 Ме (25-75%) Platelet deformation index Ме (25-75%) 
I II III IV V 

PHBV/PCL 7.7 30.8 53.8 7.7 0.0 578.0 (0.0 -1349.0) 1.75 (0.0-2.9) 
PHBV/PCL/PVP 3.0 27.3 45.5 21.2 3.0 1156.0 (0.0-3082.0) * 1.91 (0.0-2.9) 
PHBV/PCL/PVP/Ilo/A 12.5 62.5 18.8 6.2 0.0 770.6 (0-1445.0) # 1.3 (0.0-2.4) # 
PHBV/PCL/A Platelet count was not possible due to presence of the monolayer of platelets and plasma proteins 

* р<0.05 relative to the values of the PHBV/PCL matrix indicators; # p<0.05 to the values of the PHBV/PCL/PVP indicators. 

 

Table 4. Types of polymer samples used for cytotoxicity analysis 

Sample type 

PHBV/PCL Unmodified matrix 
PHBV/PCL/PVP/Ilo Matrix polymerized with polyvinylpyrrolidone and iloprost 
PHBV/PCL/PVP/А Matrix polymerized with polyvinylpyrrolidone and amphiphile 
PHBV/PCL/PVP/Ilo/A Matrix polymerized with polyvinylpyrrolidone and iloprost with amphiphile 
PHBV/PCL/A Matrix with covalently cross-linked cationic amphiphile 
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Figure 2. Normalized cell index values of the control and tissue-engineered matrix groups. The point of maximum cell adhesion after seeding them into 
the wells is assumed to represent the normalization point. 

 

 

 
Figure 3. Сell culture doubling time vs. control and tissue-engineered matrix groups. 
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Platelet types depending on activation are as follows: 

I. Disc-shaped platelets without deformation; 

II. Large platelets with pseudopod-shaped protrusions;  

III. Large irregularly shaped platelets with pseudopods; they 
tend to aggregate in conglomerates; 

IV. Spreading platelets; their cytoplasm spreads and fills the 
spaces between pseudopods; 

V. Dense granules of platelets; pseudopods cannot be found 
due to the proliferation of the cytoplasm. 

Scanning electron microscopy (SEM) of PHBV/PCL matrices 
was performed after the contact with PRP. 

 

Assessment of cytotoxicity of tissue-engineered matrix 
samples with drug coatings 

The effect of test samples on cell vital activity was assessed via 
the cell index (CI), measured by the Agilent xCELLigence RTCA DP 
system (ACEA Biosciences, USA). CI was calculated automatically 
by the device according to the formula: (Rn-Rb)/t, where Rb is the 
initial resistance value in the well containing the culture medium 
without cells, Rn is the resistance value at any time t in the well 
containing the cells. The cells were seeded at the density of 20,000 
cells per well into an E-Plate 16 (ACEA Biosciences, USA). E-Plate 
Inserts (ACEA Biosciences, USA) were placed inside the plate wells 
with the matrix samples. The procedure was repeated at least 2 
times for each sample. The wells, containing only cells, were used 
as a control. The wells filled with culture medium were used as the 
baseline resistance values. 

Cells were incubated in standard DMEM/F12 medium 
supplemented with HAT, antibiotics/antimycotics in a CO2 
incubator at 37 °C and 5% CO2. 

CI was recorded as follows: every 15 min over the first 2 hours 
after cell seeding; every 30 sec within 2 hours after the 
introduction of the tested samples; then, every 15 min until the 
end of the experiment. The total time of the experiment was 74 
hours. The cell index and the cell culture doubling time were 
calculated on the device automatically, and the data were 
presented as M±SD. 

 

Statistical analysis 

The obtained data were processed using the GraphPad Prism 
7.0 Software (GraphPad, USA). The sample distribution was 
evaluated using the Kolmogorov–Smirnov test. The results are 
presented as medians and interquartile ranges (Мe; Q1-Q3). 
Statistically significant differences between two independent 
groups were assessed via the Mann-Whitney U test. At p<0.05, the 
differences were considered statistically significant. 

 

Results 

Hemocompatibility of modified polymer matrix 

We used the matrices presented in Table 1 to analyze the 
hemocompatibility of grafts. 

 

Hemolysis  

Hemolysis values did not exceed the norm of 2% (Table 2). 
There were no significant differences between the sample groups, 

with the exception of the surface of PHBV/PCL/A matrices, since 
the hemolysis there reached 100%. 

 

Platelet aggregation 

Polymerization of the matrix surface with PVP by ionizing 
radiation increased platelet aggregation by 1.2 times (Table 1). 
However, subsequent complexation between polymerized PVP, 
and iloprost and amphiphile, resulted in sevenfold reduction in 
platelet aggregation (p=0.012), compared with intact PRP (Table 
2). Such significant decrease in platelet aggregation was 
apparently associated with iloprost action, since platelet 
aggregation on PHBV/PCL matrices with covalently cross-linked 
amphiphile alone did not lead to any aggregation reduction of 
comparable scale. 

 

Platelet adhesion and platelet deformation index 

PHBV/PCL, matrices polymerized with PVP, demonstrated 
twofold increase in the platelet adhesion degree (p=0.0087) (Table 
3, Figure 1), with a slight increase in the number of type IV 
platelets. Simultaneously, PDI after polymerization with PVP did 
not change much. The anti-thrombogenic and antimicrobial Ilo/A 
coating of PHBV/PCL/PVP matrices induced a 1.5-fold decrease 
(p=0.0007) in the number of adhered platelets, along with a 
twofold decrease in the number of type III platelets. Therefore, 
type I and II platelets became the prevalent types on the surface of 
the PHBV/PCL/PVP/Ilo/A matrices, ultimately causing a 1.5-fold 
reduction of PDI value (p=0.0006). 

PHBV/PCL matrices with covalently cross-linked amphiphile 
exhibited a negative effect on platelet adhesion indicators. It was 
not possible to count the platelets and calculate the deformation 
index after the contact of PHBV/PCL/A matrices with PRP, due to 
the presence of a monolayer of platelets and plasma proteins on 
the surface of these matrices. 

 

Cytotoxicity of polymer matrices with drug coatings 

The results of hemocompatibility analysis accentuated the 
need to evaluate the effect of iloprost and amphiphile on growth 
and proliferation of cells. For this purpose, additional groups of 
polymer matrices with various compositions were manufactured 
for comparative assessment of cytotoxicity with the Ea.hy 926 
control group (Table 4). Iloprost and cationic amphiphile were 
used either in combination or separately, making it possible to 
assess the cytotoxicity of each medicamentous coating 
individually. 

The results of evaluating an impact of the studied samples on 
cell vital activity yielded the standard cell culture growth curve in 
control wells (Ea.hy 926). At the early stages of cultivation, the cell 
growth index was comparable to the control group in the 
experimental wells containing inserts of different polymer 
matrices. However, after the first day of cultivation, a decline in 
the slope of the curve was noted, indicating a slight decrease in 
the rate of cell growth and proliferation (Figure 2). 

However, we did not observe the cytotoxic effect in any 
matrices – either unmodified, or modified by polymerization 
between PVP, and iloprost and/or cationic amphiphile. 

PHBV/PCL/A matrices, modified by covalent crosslinking, 
significantly differed from other groups. In this group, on the first 
day of cell cultivation on PHBV/PCL/A matrices, a significant 
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reduction in the growth rate of the cell culture was noted. 
Subsequently, cell deaths and a sharp drop in the cell index value 
were noted by the end of the study. 

This trend was confirmed by the analysis of the cell culture 
doubling time (Figure 3). The lowest value was observed in the 
Ea.hy 926 control group: 31.589±0.5648 hrs. Most experimental 
samples were characterized by a slightly higher value of doubling 
time, ranging from 36.1129±0.8352 hrs. (PHBV/PCL/PVP/A) to 
46.6378±1.1842 hrs. (PHBV/PCL/PVP/Ilo). The negative value of 
cell culture doubling time (-10.0602±0.8438 hrs.), signifying the 
death of the entire cell culture, was noted in the PHBV/PCL/A 
group, modified with covalent crosslinking. 

 

Discussion 

The bioabsorbable vascular graft with prolonged reabsorption, 
the polymers of which can be replaced by the patient’s own cells 
and tissues, subsequently forming a new vessel in its place, may 
serve an excellent replacement for the autologous arteries and 
veins [1, 19]. However, highly porous wall of such grafts induces 
thrombus formation and infection after the implantation [20]. 
Therefore, an antimicrobial and anti-thrombogenic coating applied 
to the graft surface should be capable of preventing such 
complications. 

The polymerization of PHBV/PCL matrices performed in our 
study with PVP by an ionizing radiation at a dosage of 15 kGy made 
it possible to develop a hydrogel substrate for the medicines, and 
to fill the pores of a vascular graft, thereby reducing the risk of 
thrombus formation, and simultaneously sterilizing the samples by 
radiation. However, our results implied that this procedure led to 
twofold increase in platelet aggregation and platelet adhesion 
degree, without increasing PDI and hemolysis values. Further 
complexation of iloprost and cationic amphiphile helps eliminating 
the negative effect of PVP crosslinking, reducing the degree of 
platelets aggregation and adhesion to the baseline values. 
Modification of the surface by covalently cross-linked amphiphile 
resulted in 100% hemolysis, along with immense platelet 
aggregation and adhesion, making it impossible to estimate the 
platelet count. The negative effect of the covalent crosslinking 
technique has been confirmed by the cytotoxicity analysis of these 
matrices. At the same time, iloprost and cationic amphiphile were 
not cytotoxic. Furthermore, cell culture death can be explained by 
the presence of organic matter residues left after the covalent 
crosslinking. 

 

Conclusion 

Hence, we have demonstrated that iloprost and/or amphiphile 
coating improve hemocompatibility of polymer grafts without 
showing any cytotoxic effects. However, cytotoxicity per se could 
be neutralized by utilizing the complexation technique. The 
cytotoxicity analysis has revealed that organic substances used in 
the amphiphile covalent crosslinking usually had negative effects. 
In conclusion, complexation with polyvinylpyrrolidone as a binding 
agent can be considered the most suitable procedure for 
modifying the surfaces of small-diameter bioabsorbable vascular 
grafts. 
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