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Creation of vascular grafts with atrombogenic and antimicrobial coating is a very important area. Objective: to
evaluate the biocompatibility and antimicrobial properties of biodegradable vascular grafts of various polymer
compositions with atrombogenic and antimicrobial drug coating. Materials and methods. Modification of the
surface of the biodegradable vascular grafts was performed through complexation with polyvinylpyrrolidone, which
was polymerized with polymer scaffold surface by means of ionizing radiation at 10 and 15 kGy. Physical and
mechanical properties, as well as hemocompatibility were evaluated. Bacteriological studies were carried out using
test strains of gram-negative and gram-positive microorganisms: Klebsiella pneumoniae spp. ozaena No. 5055,
Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25923, Proteus mirabillis ATCC3177, Pseudomonas
aeruginosa. Results. There was no influence of modifying manipulations with ionizing radiation on the physical
and mechanical characteristics of biodegradable prostheses. Vascular grafts with atrombogenic and antimicrobial
coatings exhibited atrombogenic properties upon contact with blood, reducing platelet aggregation by 5—7 times
(p < 0.05). Also decrease in adhesion and platelets deformation index was found on the surface of drug-eluting
scaffolds (for PCL-based prostheses, the latter decreased by 1.9 times relative to unmodified counterparts (p <
0.05), for PHBV/PCL-based prostheses — by 1.3 times relative to unmodified counterparts and 1.5 times relative
to scaffolds with polyvinylpyrrolidone (p < 0.05). Bacteriological studies revealed a local inhibitory effect in the
place where scaffolds with cationic amphiphile were applied on agar. No growth retardation zones were identified.
Polymeric composition of the scaffolds and the used dose of ionizing radiation did not lead to a difference in the
bacteriostatic properties of the scaffolds with amphiphile. Conclusion. A full cycle of surface modification of
biodegradable polymer prostheses based on both PCL and PHBV/PCL composition resulted in significant increase
in the atrombogenic and antimicrobial properties of prostheses and did not worsen the physical-mechanical and
biocompatible properties of the structures being developed.
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INTRODUCTION

Vascular tissue engineering is one of the promising
modern areas involved in the development of effective
blood vessel prostheses [1]. There are various approaches
to tissue engineering of blood vessels, but all of them are

Widespread use of vascular grafts in medicine has
intensified the need for polymeric materials with anti-
bacterial properties. It is difficult to establish the exact
etiology of prosthetic vascular graft infection, since in
most cases it is multifactorial [2]. Microbial contamina-

aimed at creating a functional vascular implant with a
structure similar to the organization of native artery tissu-
es and demonstrating patency in the long-term postopera-
tive period. The basis of such vascular grafts is artificial
tubular matrix, most often made of biodegradable natural
and/or synthetic polymers with high biocompatibility.
The matrix is a scaffold that is populated by autologous
cells in vitro or in situ.

tion of the prosthetic vascular graft can occur either exo-
genously or endogenously (bacteremia) [3, 4]. Despite
the placement of a sterile prosthetic vascular graft in an
uninfected field, about 20% of them become infected,
increasing the percentage of subsequent graft occlusi-
on to 27% [5]. These circumstances require additional
antimicrobial and anti-thrombogenic protection of the
vascular graft surface.
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Pathogenic microbial adhesion to the surfaces with
subsequent cell growth and colonization leads to biofilm
formation with high resistance to antibiotics and host
defense mechanisms [6, 7], which in clinical practice
leads to the need for prosthesis replacement. This crea-
tes inconvenience and increases the risk for the patient.
The most effective way to prevent biofilm formation on
the surface of the prosthetic material is to prevent the
adhesion of bacterial cells at the initial stage of infection
of the prosthetic material. This can be achieved by repla-
cing conventional prosthetic materials with antimicrobial
biocompatible polymers [8, 9].

In combination with the general problems of decrea-
sing effectiveness of antibacterial drugs due to the emer-
gence of multidrug-resistant bacteria, the development of
a prosthetic vascular graft with high antibacterial activity
and low probability of inducing drug resistance becomes
extremely urgent. A way out of this situation can be the
approach of introducing an antibacterial drug directly
into the prosthesis structure. On one hand, this approach
solves the problem of local drug delivery and, on the
other hand, ensures the effect of the drug on microorga-
nisms before they form biofilms.

Over the past decade, hydrogels, three-dimensional
polymeric networks obtained from water-soluble or bio-
degradable natural or synthetic polymers in which the an-
tibacterial agent is bound to the polymer matrix through
non-covalent interactions, have been widely used for
drug delivery and prolonged release of drugs [10].

The most attractive compounds with antimicrobial ac-
tivity to which microorganisms do not develop resistance
are cationic amphiphiles (CAms) — molecules with one or
more positively charged groups and lipophilic fragments
[11, 12]. These compounds are synthetic analogues of
naturally occurring cationic antimicrobials: they can also
disrupt transmembrane potential, cause leakage of cyto-
plasmic contents and, ultimately, cell death [13]. Most
of these compounds are highly effective against both
Gram-positive and Gram-negative bacteria (including
antibiotic-resistant strains), along with good selectivity
in respect of mammalian cells. The possibility of obtai-
ning amphiphiles that destroy bacterial membranes and,
at the same time, have other bacterial targets significantly
reduces the likelihood of resistance to such compounds.
The high stability of these compounds, including in phy-
siological fluids, combined with the low cost of their
synthesis, makes these compounds the most promising
candidates for the role of low molecular weight modifiers
of polymeric materials with antibacterial properties.

The creation of a tissue-engineered vascular graft
with a highly porous wall is extremely important for the
full migration of cells into the prosthesis wall from the
bloodstream and surrounding tissues and subsequent cell
proliferation and differentiation in the vascular direction.
However, a prosthetic graft with such surface architecto-
nics is certainly capable of provoking thrombus formati-

on. Therefore, additional modification of the surface of
tissue-engineered highly porous small-diameter vascular
grafts with drugs with antiaggregant and anticoagulant
activity can prevent the initiation of thrombosis after
implantation of such prostheses into the vascular bed.
The aim of the study was to evaluate the biocompa-
tibility and antimicrobial properties of biodegradable
vascular grafts of various polymer compositions with
anti-thrombogenic and antimicrobial drug coating.

MATERIALS AND METHODS

Fabrication of biodegradable vascular grafts

Two varieties of 4 mm diameter polymeric tubular
scaffolds were made by electrospinning: from 12%
poly(e-caprolactone) solution, (PCL; Sigma-Aldrich,
USA) and from a polymer composition of 2% poly(3-hy-
droxybutyrate-co-3-hydroxyvalerate) solution, (PHBYV,
Sigma-Aldrich) and 12% poly(e-caprolactone) solution,
(PCL, Sigma-Aldrich) at 1:2 ratio. 1,1,1,3,3,3-hexaflu-
oro-2-propanol (Sigma-Aldrich, USA) was used as a
solvent. Electrospinning was performed on a Nanon-
01A device (MECC, Japan). The following mode was
selected for PCL-based graft fabrication: needle voltage
22 kV, polymer solution feed rate 0.5 mL/h, manifold ro-
tation speed 1000 rpm, needle movement speed 60 mm/s,
distance from the needle to the winding manifold 15 cm.
For PHBV/PCL-based prosthetic grafts, the following
mode was used: needle voltage 20 kV, polymer solution
feed rate 0.5 mL/h, manifold rotation speed 1000 rpm,
needle movement speed 60 mm/s, distance from needle
to winding manifold 15 cm.

Formation of an anti-thrombogenic coating
on the surface of biodegradable vascular
graft

Additional modification of the surface of PCL- and
PHBV/PCL-based grafts to increase thromboresistance
was carried out according to our own original tech-
nique [14]. Hydrogel coating on the inner surface of
the polymer graft was formed using radiation-induced
graft polymerization. For this purpose, 4 mm-diameter
PCL- and PHBV/PCL-based grafts were immersed for
30 minutes in a 5% solution of polyvinylpyrrolidone
(PVP, K 90; PanReac AppliChem, Germany) in ethyl
alcohol with complete filling of the graft inner channel.
Next, the grafts were removed from the solution and
dried horizontally for 24 hours in air at room tempe-
rature. For PVP-based grafting to the graft surface, the
products were placed in glass tubes that were filled with
inert argon gas, sealed with paraphilm, and irradiated
with ionizing radiation in two different modes (with a
total absorbed dose of 10 and 15 kGy) using a pulsed
linear gas pedal ILU-10 with 5 MeV 50 kW beam energy
(Budker Institute of Nuclear Physics, Russia). Thus, the
vascular grafts were sterilized simultaneously with the
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modification; therefore, further manipulations to form
the drug coating were carried out under sterile condi-
tions. Non-grafted polymer was washed with injection
water for 60 minutes. The grafting quality was evaluated
by attenuated total reflectance spectroscopy of the inner
surface of the modified grafts on a Bruker Vertex 80v
(Germany) instrument with an ATR attachment (Germa-
ny) in 4000-500 cm™' spectral range.

To create a drug coating, two substances were cho-
sen — iloprost and cationic amphiphile 1,5-bis-(4-tet-
radecyl-1,4-diazoniabicyclo[2.2.2]octan-1-yl)pentane
tetrabromide without additional reactive groups.

Illoprost (Ilo, Bayer, Germany) is a drug registered in
the Russian Federation and approved for medical use.
It is a synthetic analog of prostacyclin, inhibits plate-
let aggregation, adhesion and release reaction; restores
impaired microcirculation by induction of vasodilation,
inhibition of platelet activation, activation of fibrinolysis,
endothelial repair and protection; inhibits adhesion and
migration of white blood cells after endothelial damage.

Cationic amphiphiles (A) in general, and 1,5-bis-(4-
tetradecyl-1,4-diazoniabicyclo[2.2.2]octan-1-yl)penta-
ne tetrabromide (Nano Tech-C, Russia) in particular,
possess ribonuclease activity and, consequently, high
antibacterial and antiviral activity [15—-17]. An additional
argument in favor of choosing this compound is the fact
that it has passed all the necessary tests and is used in
veterinary medicine as antiviral drug Triviject (Trionis-
Vet LLC, Russia) in the form of an injection solution.

Cationic amphiphile, 1,5-bis-(4-tetradecyl-1,4-dia-
zoniabicyclo[2.2.2]octan-1-yl)pentane tetrabromide wi-
thout additional reactive groups (compound 3, Fig. 1),
was synthesized as described earlier [16]. The nuclear
magnetic resonance (1H NMR) spectrum of the obtained
compound (3) is consistent with the literature data [16].

Addition of iloprost and cationic amphiphile 1,5-bis-
(4-tetradecyl-1,4-diazoniabicyclo[2.2.2]octan-1-yl)pen-
tane tetrabromide to the hydrogel coating was performed
by complexation. A sterile modifying solution containing
cationic amphiphile (A) at 0.25 mg/mL concentration

was prepared. For this purpose, 0.025 g of amphiphile
1,5-bis-(4-tetradecyl-1,4-diazoniabicyclo[2.2.2]octan-
1-yl)pentane tetrabromide was dissolved in 1 to 2 mL
of methanol. The resulting solution was slowly added
to a flask with sterile water for injection while stirring
and the volume was brought to 98 mL. After that, 2 mL
of iloprost (Ilo) was added to the solution at 20 ug per
100 mL (0.2 pg/mL). To attach the drugs to the PVP coa-
ting, the vascular grafts were incubated in the modifying
solution containing the drugs for 30 minutes. Then, the
finished PCL/PVP/Ilo/A and PHBV/PCL/PVP/Ilo/A va-
scular grafts were air-dried under sterile conditions and
placed in sterile storage containers.

PCL and PHBV/PCL samples were unmodified con-
trols; PCL/PVP and PHBV/PCL/PVP samples exposed
to 10 kGy and 15 kGy of ionizing radiation were used
as comparison groups. All work was carried out inside a
sterile box. The list of experimental and control groups
is presented in Table 1.

Table 1
Types of polymer samples

Name of samples
PHBV/PCL
PHBV/PCL/PVP-10 kGy
PHBV/PCL/PVP-15 kGy
PHBV/PCL/PVP/llo/A-10 kGy
PHBV/PCL/PVP/llo/A-15 kGy

PCL
PCL/PVP-10 kGy
PCL/PVP-15 kGy

PCL/PVP/llo/A-10 kGy
PCL/PVP/Ilo/A-15 kGy

Assessment of physical and mechanical
properties

The mechanical properties of the biodegradable vas-
cular grafts before and after additional anti-thrombogenic
drug coating were evaluated under uniaxial tension on a
Z-series universal testing machine (Zwick/Roell) using
a transducer with 50 N nominal force. The crosshead
movement speed during the test was 50 mm/min. The
ultimate tensile strength of the material was estimated as
the maximum tensile stress (MPa) prior to failure. The
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Fig. 1. Synthesis scheme for 1,5-bis-(4-tetradecyl-1,4-diazoniabicyclo[2.2.2]octan-1-yl)pentane tetrabromide
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stress-strain properties of the material were evaluated by
the relative elongation before failure (%) and Young’s
modulus (MPa), which was determined in the physio-
logical pressure range (80 to 120 mmHg). Intact sheep
carotid artery was used as the control.

Hemocompatibility assessment
Erythrocyte hemolysis

Hemolysis of erythrocytes after contact with the
surface of polymeric samples was studied according to
the ISO 10993.4 standard. Fresh donor blood was used,
to which sodium citrate 3.8% was added in a 1:9 ratio
(citrate:blood). 25 cm® polymer samples of 5 pieces for
each type of material were placed in weighing bottles
containing 10 mL of saline. The weighing bottles were
incubated in the thermostat at 37 °C for 120 minutes.
Saline and distilled water were used as positive and ne-
gative controls, respectively. Two hours after incubation,
200 pL of citrate blood was added to each weighing
bottle and placed again in the thermostat for 60 min at
37 °C. After incubation, polymer samples were removed
from the weighing bottles into appropriate tubes and
centrifuged for 10 minutes at 2800 rpm to precipitate
erythrocytes. The optical density of the obtained solu-
tions was measured on a GENESY'S 6 spectrophotometer
(Thermo SCIENTIFIC, USA) at 545 nm.

The degree of hemolysis (H) in % was calculated
using the formula [18, 19]:

H (%) =22 100%
Dpe - Dne ’

where, D, is the optical density of the sample incubated

with the test material, D, is the optical density of positive

control, and D, is the optical density of the sample after

100% hemolysis.

The mean optical density when measuring saline with
blood (positive control), equal to 0, was taken as com-
plete absence of hemolysis. The mean optical density of
the device when measuring distilled water with blood
(negative control), which was 0.279, was taken as 100%
hemolysis.

Platelet aggregation

The study was performed according to the ISO
10993.4 standard. Fresh donor blood was used, to
which sodium citrate 3.8% was added in a 1:9 ratio
(citrate:blood). To obtain platelet-rich plasma (PRP),
blood was centrifuged for 10 minutes at 1000 rpm.
Platelet-poor plasma (PPP) was obtained by repeated
centrifugation of PRP for 20 minutes at 4000 rpm. The
PPP was used to calibrate the instrument. Intact PRP
served as a positive control. Measurements were taken
spontaneously without aggregation inducers. Ca™ ion
level was restored in citrated blood using CaCl, solution
with 0.025 M molecular mass, after which the measure-

ments were taken. The sample/reagent ratio was 250 pLL
of PRP + 25 puL of CaCl,. The time of contact of the
tested samples with PRP was 3 minutes. Measurement
of maximum platelet aggregation was performed on a
semi-automatic platelet aggregation analyzer “APAST
4004” (LABiTec, Germany).

Platelet adhesion

Samples of 0.5 cm” polymer matrices (n = 2) were
incubated for 2 hours at 37 °C in 300 pL of PRP obtained
from fresh citrated donor blood when centrifuged for
10 minutes at 1200 rpm. The samples were then washed
with phosphate-buffered saline (PBS) (pH — 7.4) to re-
move non-adherent plasma components. The samples
were then fixed in a 2% glutaraldehyde solution for
24 hours, washed with PBS, and dehydrated in a series of
alcohols of ascending concentration from 30% to 100%
for 15 minutes each, followed by drying at room tempe-
rature. The samples were then mounted on special tables
using carbon tape and a conductive (Au/Pd) coating was
formed on their surface using an EM ACE200 vacuum
unit (Leica Mikrosysteme GmbH, Austria). We used the
8 most characteristic fields selected at random for the
analysis. The adhesive ability of the material surface
was evaluated by the number of platelets per 1 mm’, by
the predominance of platelet type on the surface, and by
their deformation index (DI), which was calculated using
the formula [18-20]:

DI = (Type I count x 1 + Type Il count % 2 + Type III
count x 3 + Type IV count x 4 + Type V count x 5) /
total platelet count

Types of platelets depending on activation:

I Disc-shaped platelet, no deformity;

I Platelet is enlarged with the rudiments of pseudopodia
in the form of protrusions;

111 Platelet significantly enlarged, irregularly shaped,
with pronounced pseudopodia, platelets tend to ac-
cumulate into larger conglomerates;

IV Proliferated platelet, cytoplasm proliferating between
the pseudopodia;

V Platelet in the form of a stain with granules, due to
proliferation of cytoplasm, the pseudopodia cannot
be identified.

Bacteriological examinations

The following microbial strains were used for bacte-
riological examination: Klebsiella pneumonia spp. ozae-
na 5055, Escherichia coli ATCC 25922, Staphylococcus
aureus ATCC 25923, Proteus mirabillis ATCC3177,
Pseudomonas aeruginosa ATCC27853. These microor-
ganisms were chosen for the experiment because they are
the most common in infectious complications in cardiac
surgery. Sensitivity of control microbial strains to the
polymer matrices under study was measured using a
disk-diffusion method to assess the sensitivity of bacteria
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to cationic amphiphile (A) introduced into the matrix by
complexation with PVP at 0.25 mg/mL concentration.
Microbial suspension was prepared by direct suspension
of the colonies in sterile isotonic solution to a 0.5 den-
sity according to the McFarland turbidity standards. No
later than 60 minutes later, the bacterial suspension was
applied to agar plates by stroking in three directions over
the entire agar surface so that the strokes could adhere
tightly to each other. The polymer matrix discs were
spread no later than 15 minutes after inoculation of the
plates. The plates were incubated in the thermostat at
35-36 °C for 24-48 hours.

Statistical analysis

Data were statistically processed using the Prism 7
software (GraphPad, USA). The nature of distribution in
the samples was assessed using the Kolmogorov—Smir-
nov test. Data were presented as median and percentiles
(Me, 25-75%). Kruskal-Wallis H test with FDR cor-
rection was used for multiple comparisons; differences
were considered significant at significance level p <0.05.

RESULTS

Results of graft polymerization
of polyvinylpyrrolidone

In the IR spectra of PVP-modified and unmodified
PHBV/PCL matrices, there were bands of C=0O (ether
carbonyl) stretching vibrations at 1724 cm™', C-O stretch
bands were observed at 1278 and 1054 ¢cm™', (Fig. 2),
[21]. In the spectra of all samples under study, we also
observed low intensity bands at 2942 cm™ and 2865 cm™
!, corresponding to asymmetric vibrations of the methy-
lene-oxygen group (CH,—O) and symmetric vibrations of
the methylene group (CH,-), respectively, (Fig. 2) [22].
In contrast to unmodified samples, the spectra of PVP-
modified matrices contained a 1654 cm™' band related

1.4
— PHBV/PCL + PVP

PHBV/PCL

(= (= — —_
(o)} (o] (=] [\

Absorbance, a.u.

<
~

0.2

N '}

to the carbonyl amide group of the pyrrolidine ring [23],
indicating grafting of the polymer to the surface of the
vascular graft (Fig. 2). The absence of changes in the po-
sition and intensity of characteristic bands in the infrared
spectrum of PHBV/PCL indicates an insignificant effect
of modification conditions, in particular, ionizing radi-
ation on the structure of the material. A similar picture
was obtained in the study of PCL-based polymer vessels.

Physical and mechanical properties

Assessment of the long-term permeability of the de-
veloped prosthetic vascular grafts under is planned to be
performed on a sheep model. Therefore, in the process
of studying the physical and mechanical properties of
the prostheses, the sheep carotid artery was chosen as
an additional comparison group.

The procedure of polymerization of intermediate PVP
polymer with PCL-based matrix surface using ionizing
radiation at 10 and 15 kGy decreased the strength limit
by 1.6 times (p <0.05) and slightly increased the Young’s
modulus of these matrices (Table 2).

Meanwhile, modification of PHBV/PCL matrices by
PVP had no effect on their strength properties but resul-
ted in a 1.9-fold increase in Young’s modulus (p <0.05).
Subsequent modification with amphiphile and iloprost
by complexation did not affect the strength index of the
PVP-modified PCL matrices, but decreased the stiffness
of the PHBV/PCL matrices acquired during polymeriza-
tion with PVP. Thus, the procedure for forming a drug
coating on the surface of PHBV/PCL and PCL vascular
grafts involving ionizing radiation did not result in a
significant change in the physical and mechanical cha-
racteristics of the grafts.
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Fig. 2. IR spectra of PVP-modified and unmodified inner surface of a polymer vascular graft using PHBV/PCL as an example
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Hemocompatible properties

The study of platelet aggregation activity revealed
that there are statistically significant differences between
intact PRP and all the matrix groups studied (Table 3).

When comparing the two types of unmodified ma-
trices PHBV/PCL and PCL, no significant differences
were found. Polymerization of the matrix surface with
PVP under 15 kGy ionizing radiation slightly increa-
sed platelet aggregation to the matrix surface (Table 3).
However, subsequent complexation of polymerized PVP
with iloprost and amphiphile decreased platelet aggrega-
tion 6- to 7-fold compared with the results of intact PRP
(Table 3; p < 0.05). This significant decrease in platelet
aggregation appears to be related to the action of iloprost.
The presence of amphiphile at a 0.25 mg/mL dose did
not result in significant increase in platelet aggregation.

Hemolysis of erythrocytes did not exceed the permis-
sible 2% when erythrocytes came into contact with the

surface of all matrix varieties (Table 3). There were no
significant differences between the groups either.

Platelet adhesion

After contact of unmodified matrices PHBV/PCL and
PCL with intact PRP, platelet count on the surface of
PCL matrices was 3 times higher than on the PHBV/PCL
surface (Table 4, Fig. 3, Fig. 4). Type II and III platelets
predominated on unmodified matrices. However, plate-
let DI after contact with the PCL surface was 1.4 times
higher (p < 0.05) than that of platelets contacting the
surface of PHBV/PCL matrices (Table 4).

After polymerization of the surface of PCL-based
matrixes with PVP at radiation dose of 10 and 15 kGy,
no significant changes in the degree of platelet adhesi-
on relative to unmodified PCL matrices were observed
(Table 4, Fig. 3). However, the increase in the proportion
of type IV platelets using 15 kGy radiation is noteworthy.

Table 2

Mechanical properties of polymer tubular scaffolds before and after modification in comparison
with sheep carotid artery

Sample type n Tension, MPa Relative extension, % Young’s modulus, MPa
Sheep carotid artery 14 1.2 (1.06-1.9) 158.5 (126.0-169.5) 0.49 (0.39-0.66)
PHBV/PCL 7 3.99 (3.71-4.23)° 1438.0 (1403.0-1510.0)° 11.52 (10.66-12.21)"
PCL 7 5.84 (5.56-6.13)° 1391.0 (1350.0-1413.0)° 9.33 (9.23-9.55)°
PHBV/PCL/PVP-10 kGy 7 3.74 (3.5-3.83)° 1302.0 (1234.0-1360.0)* * 22.39 (21.59-23.71)*°
PHBV/PCL/PVP-15 kGy 7 3.61 (3.23-4.01)* 1202.0 (1120.0-1298.0)* * 19.8 (18.23-20.9)**
PCL/PVP-10 kGy 7 3.56 (3.51-3.7)*° 1297.0 (1258.0-1342.0)* * 10.66 (10.37-11.01)**
PCL/PVP-15 kGy 7 | 3.75(3.484.01)** 1183.0 (1157.0-1215.0)*° 12.86 (11.86-14.06)* *
PHBV/PCL/PVP/Ilo/A-10 kGy 7 3.57 (3.28-3.93)° 1258.0 (1200.0-1392.0)* * 15.24 (14.78-15.84)* °
PHBV/PCL/PVP/llo/A-15 kGy 7 3.89 (3.88-3.99)° 1364.0 (1343.0-1393.0)* * 14.55 (13.22-15.24)**
PCL/PVP/1lo/A-10 kGy 7 | 3.77 (3.66-3.87)*° 1421.0 (1380.0-1467.0)" * 9.54 (9.43-9.76)° *
PCL/PVP/llo/A-15 kGy 7 4.02 (3.8-4.18)** 1454.0 (1433.0-1458.0)*** | 10.15 (9.82-10.57)***

* —p < 0.05 relative to PHBV/PCL or PCL; * — p < 0.05 relative to the sheep carotid artery; * — p < 0.05 relative to 15 kGy
PHBV/PCL-PVP radiation or 15 kGy PCL-PVP radiation.

Table 3
Maximum aggregation of human blood platelets after contact with modified and unmodified polymer
matrices
Sample type Maximum platelet aggregation, % Degree of red blood cell hemolysis, %
Me (25%—75%) Me (25%—75%)
PHBV/PCL 87.23 (83.95-89.84)* 0.504 (0.0-1.01)

PCL

87.23 (83.27-89.35)*

0.504 (0.0-1.01)

PHBV/PCL/PVP-10 kGy

85.8 (84.37-89.03)*

0.704 (0.5-1.01)

PHBV/PCL/PVP-15 kGy 88.53 (86.59-89.37)* 0.2 (0.0-0.5)
PCL/PVP-10 kGy 83.51 (82.68-86.60)* 0.2 (0.0-0.5)
PCL/PVP-15 kGy 90.12 (82.57-90.60)* 0.704 (0.5-1.01)
PHBV/PCL/PVP/Ilo/A-10 kGy 12.1 (11.05-12.78)* ** 0.2 (0.0-0.5)
PHBV/PCL/PVP/Ilo/A-15 kGy 12.18 (11.15-12.24)% ** 0.5 (0.0-0.5)

PCL/PVP/llo/A-10 kGy

10.86 (9.04—11.39)* **

0.504 (0.0-1.01)

PCL/PVP/Ilo/A-15 kGy

10.7 (10.38-17.23)% **

0.404 (0.0-1.01)

Intact platelet-rich plasma (PRP)

74.65 (72.45-75.31)

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

106



REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

Grafting of PVP to the surface of PHBV/PCL ma-
trices increased the degree of platelet adhesion almost
2-fold regardless of the radiation dose used (Table 4,
Fig. 4) with some increase in type [V platelet count when
15 kGy radiation dose was used. However, platelet DI
after polymerization of the matrix surface with PVP did
not undergo significant changes.

Analysis of PCL/PVP/Ilo/A-10 kGy matrix surface
after contact with intact PRP revealed significant decrea-
se in both adhered platelet count and platelets DI relative
to the PCL/PVP-10 kGy matrices — 1.5-fold and 1.7-fold,
respectively (p <0.05). At contact with the surface of the
PCL/PVP/llo/A-15 kGy matrix, the studied parameters
decreased 1.3- and 1.5-fold, respectively.

Formation of an anti-thrombogenic and antimicrobial
drug coating Ilo/A on the surface of PHBV/PCL/PVP-
15 kGy matrices reduced the count of adhered platelets
by 1.5 times and the count of type 111 platelets by 2 times
with prevalence of type I and II platelets on the surface
of PHBV/PCL/PVP/llo/A-10 kGy and PHBV/PCL/PVP/
Ilo/A-15 kGy matrices of type I and Il platelets, which
resulted in a 1.5-fold decrease in platelet DI (p < 0.05).

Results of bacteriological examination

Figs. 5 and 6 present the photos obtained when evalu-
ating the bacteriostatic properties of matrices with diffe-

rent polymer composition, containing cationic amphiphi-
le at a 0.25 mg/mL concentration at radiation doses of 10
and 15 kGy. The bacteriostatic properties of unmodified
matrices were studied in a comparative aspect. It was
found that in all samples containing cationic amphiphi-
le, suppression of the growth of Klebsiella pneumonia
spp. ozaena No. 5055, Escherichia coli ATCC 25922,
Staphylococcus aureus ATCC 25923, Proteus mirabillis
ATCC3177, Pseudomonas aeruginosa ATCC27853 had
local inhibitory effect on the site of matrix application on
agar. No growth retardation zones were detected (Figs. 5
and 6). The polymer composition of the matrices and
the ionizing radiation dose used did not lead to a diffe-
rence in the bacteriostatic properties of the amphiphilic
matrices.

The unmodified matrices had no bacteriostatic effect:
colonies continued to grow at the site where the matrices
were applied (Fig. 5, 6).

In order to check the ability of the matrices to induce
hemolysis of erythrocytes, Mueller—Hinton blood agar
was used (Fig. 7). K. pneumonia does not have hemolytic
properties, so this particular microorganism was chosen.
As aresult, there was no hemolysis both around the ma-
trices and in the area of its location (Fig. 7).

Table 4

Platelet adhesion indicators after contact with polymer matrices PHBV/PCL and PCL depending
on the surface modification variant

Sample type Platelet type, % Platelet count per 1 mm? Strain index
T | m | v ]V Me (25-75%) Me (25-75%)

PHBV/PCL 7.7 | 308 | 538 | 7.7 | 00 (0'05_712'29.0) (o})°_725.9)
PCL 47 | 465 | 419 | 47 | 23 (36,0, 3170.0)" Lo
PHBV/PCL/PVP-10 kGy 490 | 1.0 | 480 | 20 | 00 a. 0_92563{;; oy (0})'5‘; 0
PHBV/PCL/PVP-15 kGy 30 | 273 | 455 | 212 | 3.0 (0.01_2%%30)* (o,})°_921.9)
PCL/PVP-10 kGy 81 | 649 | 162 | 108 | 00 © oy - (0.52;22. 5
PCL/PVP-15 kGy 125 | 255 | 125 | 500 | 00 (84 6.1417—2?>8628.0)“ o o .
PHBV/PCL/PVP/IIo/A-10kGy | 25.0 | 50.0 | 21.6 | 34 | 00 (0_716386'2,0) (0,0—1;’6)**
PHBV/PCL/PVP/IIo/A-15kGy | 12.5 | 62.5 | 188 | 62 | 00 (077113'56' or o o oy
PCL/PVP/llo/A-10 kGy 37 | 560 | 314 | 89 o ety o o N oy
PCL/PVP/Ilo/A-15 kGy 47 | 63 | 71.8 | 172 (0'33;29&2.0) (0.01.23.8)#"

* —p <0.05 relative to the parameters of the PHBV/PCL scaffold; ** — p < 0.05 relative to the parameters of the PHBV/PCL/
PVP-10 kGy matrix; ° — p < 0.05 relative to the parameters of the PHBV/PCL/PVP-15 kGy matrix; * — p < 0.05 relative to the
parameters of the PCL scaffold; “ — p < 0.05 relative to the parameters of the PCL/PVP-10 kGy matrix; * — p < 0.05 relative to

the parameters of the PCL/PVP-15 kGy matrix.
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DISCUSSION not only of binding drugs as a result of complexation,

Surface modification of PCL- and PHBV/PCL-based but also of temporarily (until its complete resorption) oc-

) . ) cupying the pore cavity, which significantly reduces the
biodegradable vascular grafts is done by forminga PVP gk of platelet adhesion to the surface of the graft after

hydrogel coating on their inner surface, which is capable  its implantation into the vascular bed. In addition, the

PCL PCL/PVP-10 kGy

PCL/PVP-15 kGy PCL/PVP/llo/A-10 kGy

Fig. 3. Surface of PCL matrices after contact with platelet-rich plasma, 2000% magnification. Arrows and circles indicate
platelets
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known hydrophilicity of PVP contributes to the reduction  the high rate of desorption of protein molecules, which
of the degree of adhesion of protein molecules and blood  enhances the anti-thrombogenic potential of PVP [24].

cells, in particular, platelets, as well as prevention of con- PVP was sewn onto the surface of biodegradable
formational changes in protein structures. The mobility  grafts using the radiation-induced graft polymerization
of macromolecular chains in hydrogels also determines = method using total absorbed doses of 10 and 15 kGy. At

PHBV/PCL PHBV/PCL/PVP-10 kGy

PHBV/PCL/PVP-15 kGy PHBV/PCL/PVP/llo/A-10 kGy

PHBV/PCL/PVP/Ilo/A-15 kGy

Fig. 4. Surface of PHBV/PCL matrices after contact with platelet-rich plasma, magnification 2000%. Arrows and circles indi-
cate platelets

109



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXIII N¢ 2-2021

the same time, the 15 kGy dose was used to sterilize the
products. However, ionizing radiation can affect biocom-
patibility properties. The use of 15 kGy total absorbed
dose has been shown not to significantly increase platelet
adhesion and deformation, with no significant change

in the physical and mechanical properties of the grafts.
Nevertheless, the subsequent stages of washing and drug
adhesion by complexation neutralized these negative
aspects of ionizing radiation with respect to the increase
in platelet adhesion and deformation. Consequently, the

PCL PCL/PVP (10 or 15 kGy) PCL/PVP/Ilo/A (10 or 15 kGy)
Kl. pneumoniae Kl pneumomae Kl. pneumoniae

oo

'I
1

E coll E. coli E. coli

wn) wn [72]
2l Pr mirabilis = 2, Pr. mirabilis = 2, Pr. mirabilis 2
3 bt 3 : ° 5 ©
o i 2 = v A ) i 2
Ko 2 5 g} '1 2 < ' T ) ,L;
> . = 5 = : s = A =
= _ = . =
Ps. aerugmosa Ps. aeruginosa Ps. aeruginosa
S aureus S aureus S. aureus -
Fig. 5. Bacteriostatic properties of PCL scaffolds before and after modification with cationic amphiphile and iloprost
PHBV/PC PHBV/PC/PVP (10 or 15 kGy) PHBV/PC/PVP/llo/A (10 or 15 kGy)
Kl. pneumoniae K. pneumoniae Kl. pneumoniae
I !..x O
E. colt
@ Pr. mirabilis & @ & » Pr. mirabilis &
< 3 = 3 = Gt
8 Y 1) 8 1) 8 2]
X kS = g 2 : 3
£ = £ A = <]
, . =~ =~ =
= - g = g = —a- =
Ps. aeruginosa = Ps aeruginosa = Ps. aeruginosa =
S. aureus S aureus S. aureus

Fig. 6. Bacteriostatic properties of PHBV/PCL scaffolds before and after modification with cationic amphiphile and iloprost
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subsequent choice of a 15 kGy radiation dose would be
preferable, since, without adversely affecting the bio-
compatibility of the final product, it allows to simultane-
ously polymerize polyvinylpyrrolidone with the surface
of biodegradable grafts and sterilize the grafts.

Based on PVP ability to form complexes, attachment
of drugs to the free reactive groups of the PVP-based
hydrogel is done by complexation. This method of drug
incorporation, unlike covalent binding, allows for ma-
ximum preservation of the biological activity of drugs
without creating steric hindrances and without blocking
the molecule binding centers with blood clotting factors.
The efficacy of iloprost and 1,5-bis-(4-tetradecyl-1,4-
diazoniabicyclo[2.2.2]octan-1-yl)pentane tetrabromide
after complexation with PVP has been proven both in
hemocompatibility tests and in bacteriological examina-
tions. A significant decrease in platelet adhesion to the
surface of drug-eluting grafts compared to the unmodi-
fied counterparts and matrices with polymerized PVP
was revealed. Cationic amphiphilic polymer matrices
exhibited convincing bacteriostatic properties at the site
where the matrices were applied on the agar without
causing hemolysis.

CONCLUSION

A full cycle of surface modification of PCL- and
PHV/PCL-based biodegradable polymer grafts resulted
in a significant increase in the anti-thrombogenic and
antimicrobial properties of prosthetic grafts and did not
worsen the stress-strain and biocompatible properties of
the developed constructs.

The study was carried out with financial support from
the Russian Science Foundation (grant No. 20-15-00075
“Development of a biodegradable small-diameter vas-
cular graft with an anti-thrombogenic and antimicrobial
coating”).

The authors declare no conflict of interest.

REFERENCES

1. Taggart DP. Current status of arterial grafts for co-
ronary artery bypass grafting. Ann. Cardiothorac
Surg. 2013; 2 (4): 427-430. doi: 10.3978/j.issn.2225-
319X.2013.07.21. PMID: 23977618.

2. Altun G, Pulathan Z, Hemsinli D. Obturator bypass in
the treatment of prosthetic graft infection: Classic but
still effective. Turk Gogus Kalp Damar Cerrahisi Derg.

Control cups

No hemolysis

| \

With hemolysis

Experimental cups after removing the test matrices from agar

PCL

PHBV/PCL

2 3 4 5
6 7 8 9 10

Fig. 7. Delayed growth of K. pneumonia and absence of hemolysis at the location of polymer scaffolds: 1 — PCL; 2 — PCL/
PVP-10 kGy; 3 — PCL/PVP-15 kGy; 4 — PCL/PVP/1lo/A-10 kGy; 5 — PCL/PVP/Ilo/A-15 kGy; 6 — PHBV/PCL; 7 — PHBV/
PCL/PVP-10 kGy; 8 — PHBV/PCL/PVP-15 kGy; 9 — PHBV/PCL/PVP/Ilo/A-10 kGy; 10 — PHBV/PCL/PVP/Ilo/A-15 kGy



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXIII N¢ 2-2021

10.

I1.

12.

13.

14.

2018; 26 (3): 480-483. doi: 1010.5606/tgkdc.dergi-
s1.2018.15744. PMID: 32082784.

Gentili A, Di Pumpo M, La Milia DI, Vallone D, Vangi G,
Corbo MI et al. A Six-Year Point Prevalence Survey of
Healthcare-Associated Infections in an Italian Teaching
Acute Care Hospital. Int J Environ Res Public Health.
2020; 17 (21): 7724. doi: 10.3390/ijerph17217724.
PMID: 33105772.

Welborn MB, Valentine RJ. Vascular infection. In Vas-
cular Medicine; 2006. p. 859-879. Elsevier Inc. doi:
10.1016/B978-0-7216-0284-4.50067-1.

Sousa JV, Antunes L, Mendes C, Marinho A, Gon-
calves A, Gongalves O et al. Prosthetic vascular graft
infections: a center experience. Angiologia e Cirurgia
Vascular. 2014; 10 (2): 52-57. doi.org/10.1016/S1646-
706X(14)70050-3.

Aslam S, Darouiche RO. Role of antibiofilm-antimicro-
bial agents in controlling device-related infections. Int
J Artif Organs. 2011; 34 (9): 752-758. doi: 10.5301/
1ja0.5000024. PMID: 22094553.

Geipel U. Pathogenic organisms in hip joint infections.
Int J Med Sci. 2009; 6 (5): 234-240. doi: 10.7150/
ijms.6.234. PMID: 19834588.

Staneviciute E, Na’amnih W, Kavaliauskas P, Praka-
paite R, Ridziauskas M, Kevlicius L et al. New in vitro
model evaluating antiseptics’ efficacy in biofilm-asso-
ciated Staphylococcus aureus prosthetic vascular graft
infection. J Med Microbiol. 2019; 68 (3): 432-439. doi:
10.1099/jmm.0.000939. PMID: 30735113.

Zhao G, Hochwalt PC, Usui ML, Underwood RA,
Singh PK, James GA et al. Delayed wound healing in di-
abetic (db/db) mice with Pseudomonas aeruginosa bio-
film challenge: a model for the study of chronic wounds.
Wound Repair Regen. 2010; 18 (5): 467—477. doi:
10.1111/5.1524-475X.2010.00608.x. PMID: 20731798.
Ng VW, Chan JM, Sardon H, Ono RJ, Garcia JM,
Yang YY et al. Antimicrobial hydrogels: a new weapon
in the arsenal against multidrug-resistant infections.
Adv Drug Deliv Rev. 2014; 78: 46-62. doi: 10.1016/].
addr.2014.10.028. PMID: 25450263.

Ghosh C, Haldar J. Membrane-Active Small Molecu-
les: Designs Inspired by Antimicrobial Peptides. Chem
Med Chem. 2015; 10 (10): 1606-1624. doi: 10.1002/
cmdc.201500299. PMID: 26386345.

Molchanova N, Hansen PR, Franzyk H. Advances in De-
velopment of Antimicrobial Peptidomimetics as Potenti-
al Drugs. Molecules. 2017; 22 (9): 1430. doi: 10.3390/
molecules22091430. PMID: 28850098.

Ghosh C, Haldar J. Membrane-Active Small Molecu-
les: Designs Inspired by Antimicrobial Peptides. Chem-
MedChem. 2015; 10 (10): 1606-1624. doi: 10.1002/
cmdc.201500299. PMID: 26386345.

Antonova LV, Sevostyanova VV, Rezvova MA et al.
Technology of producing functionally active biode-
gradable small-diameter vascular prostheses with drug
coating: patent # 2702239. Proprietor: Federalnoe go-
sudarstvennoe byudzhetnoe nauchnoe uchrezhdenie
“Nauchno-issledovatelskij institut kompleksnykh prob-

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

112

lem serdechno-sosudistykh zabolevanij” (NII KPSSZ)
(RU); Ne 2019119912; effective date for property rights:
25.06.2019; registration date: 07.10.2019, Bull. Ne 28.
[In Russ].

Fedorova AA, Azzami K, Ryabchikova EI, Spitsyna YE,
Silnikov VN, Ritter W et al. Inactivation of a non-enve-
loped RNA virus by artificial ribonucleases: honey bees
and acute bee paralysis virus as a new experimental
model for in vivo antiviral activity assessment. Antivi-
ral Res. 2011; 91 (3): 267-277. doi: 10.1016/j.antivi-
ral.2011.06.011. PMID: 21722669.

Yarinich LA, Burakova EA, Zakharov BA, Boldyreva EV,
Babkina IN, Tikunova NV et al. Synthesis and structure-
activity relationship of novel 1,4-diazabicyclo[2.2.2]
octane derivatives as potent antimicrobial agents. Eur
J Med Chem. 2015; 95: 563-573. doi: 10.1016/j.¢j-
mech.2015.03.033. PMID: 25867737.

Burakova EA, Saranina 1V, Tikunova NV, Nazarkinaa ZK,
Laktionova PP, Karpinskaya LA et al. Biological evalu-
ation of tetracationic compounds based on two 1,4-di-
azabicyclo[2.2.2]octane moieties connected by different
linkers. Bioorg Med Chem. 2016; 24 (22): 6012-6020.
doi: 10.1016/j.bmc.2016.09.064. PMID: 27720324.
Ye X, Wang Z, Zhang X, Zhou M, Cai L. Hemocompati-
bility research on the micro-structure surface of a bionic
heart valve. Biomed Mater Eng. 2014; 24 (6): 2361-
2369. doi: 10.3233/BME-141049. PMID: 25226936.
Shen X, Su F, Dong J, Fan Z, Duan Y, Li S. In vitro
biocompatibility evaluation of bioresorbable copoly-
mers prepared from L-lactide, 1, 3-trimethylene car-
bonate, and glycolide for cardiovascular applications.
J Biomater Sci Polym Ed. 2015; 26 (8): 497-514. doi:
10.1080/09205063.2015.1030992. PMID: 25783945.
Jung F, Braune S, Lendlein A. Haemocompatibili-
ty testing of biomaterials using human platelets. Clin
Hemorheol Microcirc. 2013; 53 (1-2): 97-115. doi:
10.3233/CH-2012-1579. PMID: 22954639.

Bai J, Dai J, Li G. Electrospun composites of PHBV/
pearl powder for bone repairing. Progress in Natural
Science: Materials International. 2015; 25 (4): 327-333.
doi: 10.1016/j.pnsc.2015.07.004.

Lyu JS, Lee JS, Han J. Development of a biodegrada-
ble polycaprolactone film incorporated with an antimi-
crobial agent via an extrusion process. Sci Rep. 2019;
9 (1): 20236. doi: 10.1038/s41598-019-56757-5. PMID:
31882928.

Mireles LK, Wu MR, Saadeh N, Yahia H, Sacher E. Physi-
cochemical Characterization of Polyvinyl Pyrrolidone: A
Tale of Two Polyvinyl Pyrrolidones. ACS Omega. 2020;
5 (47): 30461-30467. doi: 10.1021/acsomega.0c04010.
PMID: 33283094.

Killrot M, Edlund U, Albertsson AC. Surface functio-
nalization of degradable polymers by covalent grafting.
Biomaterials. 2006; 27 (9): 1788-1796. doi: 10.1016/j.
biomaterials.2005.10.010. PMID: 16257444.

The article was submitted to the journal on 12.04.2021



