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Carotid endarterectomy (CEA) with patch angioplasty is the most effective treatment for carotid artery steno-
sis. However, the use of existing vascular patches is often associated with thrombosis, restenosis, calcification
and other complications. Objective: to develop biodegradable patches for arterial reconstruction, containing
vascular endothelial growth factor (VEGF) or arginyl-glycyl-aspartic acid (RGD), and comparatively evaluate
their biocompatibility and efficacy in in vitro experiments and during preclinical trials in large laboratory animal
models. Materials and methods. Biodegradable patches, made from a mixture of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate (PHBV) and poly(e-caprolactone) (PCL), were fabricated by electrospinning and modified with
VEGEF or the peptide sequence RGD in different configurations. In in vitro experiments, the surface structure,
physicomechanical and hemocompatibility properties were evaluated. In in vivo experiments, we evaluated the
effectiveness of the developed vascular patches for 6 months after implantation into the carotid artery of 12 sheep.
The quality of remodeling was assessed using histological and immunofluorescence studies of explanted speci-
mens. Results. The PHBV/PCL/VEGF patches had physicomechanical characteristics closer to those of native
vessels and their biofunctionalization method resulted in the smallest drop in strength characteristics compared
with their unmodified PHBV/PCL counterparts. Modification with RGD peptides reduced the strength of the
polymer patches by a factor of 2 without affecting their stress-strain behavior. Incorporation of VEGF into poly-
mer fibers reduced platelet aggregation upon contact with the surface of the PHBV/PCL/VEGF patches and did
not increase erythrocyte hemolysis. At month 6 of implantation into the carotid artery of sheep, the PHBV/PCL/
VEGF patches formed a complete newly formed vascular tissue without signs of associated inflammation and
calcification. This indicates the high efficiency of the VEGF incorporated into the patch. In contrast, the patches
modified with different configurations of RGD peptides combined the presence of neointimal hyperplasia and
chronic granulomatous inflammation present in the patch wall and developed during bioresorption of the polymer
scaffold. Conclusion. PHBV/PCL/VEGEF patches have better biocompatibility and are more suitable for vascular
wall reconstruction than PHBV/PCL/RGD patches.

Keywords: vascular patch, tissue engineering, poly(3-hydroxybutyrate-co-3-hydroxyvalerate,
poly(e-caprolactone), vascular endothelial growth factor, RGD peptides, biodegradable polymers,
endothelization.

INTRODUCTION

Cardiovascular diseases are the major cause of death
and disability globally. Atherosclerosis remains the lea-
ding cause, which results in the formation and enlarge-
ment of atheromatous plaque, disrupting blood flow to
the tissues. Atherosclerotic internal carotid artery (ICA),
leading to carotid stenosis, causes 10—15% of all stro-
kes [1].

CEA and carotid stenting are the main surgical treat-
ments for carotid stenosis [2]. In turn, CEA is the gold
standard for surgical treatment and prevention of acute
stroke, demonstrating significant advantage in asymp-

tomatic and symptomatic patients with high degree of
ICA stenosis [2]. However, the presence of prolonged
plaques makes it difficult to perform this procedure by
the standard and most frequently used method — eversion
carotid endarterectomy (eCEA). Therefore, surgeons are
forced to resort to closure of the arteriotomy access using
a patch [3, 4].

To date, a large number of papers with comparative
results of carotid artery reconstruction using biologi-
cal and synthetic patches have been published. Ren S.
and colleagues found no difference in mortality, stro-
ke and restenosis rates in CEA with venous patch versus
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synthetic patch material, or in CEA with Dacron patch ver-
sus polytetrafluoroethylene (PTFE) patch [5]. However,
mean operative time was significantly longer with PTFE
or Dacron patch due to prolonged hemostasis for suture
line bleeding, whereas in the case of carotid angioplasty
with biological material (xeno-pericardial), a significant
reduction in suture line bleeding was noted. At the same
time, the use of synthetic patches is associated with in-
fection and thrombosis, while xeno-pericardial patch is
associated with a high risk of calcification [5].

A recent meta-analysis of eight randomized control
trials assessing the effectiveness of PTFE, Dacron and
bovine pericardium patches, found no significant dif-
ferences in a wide range of complications, including
stenosis in the long-term period [6].

According to Russian authors, the incidence of pe-
rioperative strokes in the group with arterial plasty by
xenopericardium was 1.5%, and ischemic strokes in the
early postoperative period was 0.26%; these complica-
tions were not identified in the group with PTFE patches
[7]. In the long-term follow-up, the incidence of hemo-
dynamically significant ICA restenosis over 70% was
higher when PTFE patches were used (31.2%) than when
xeno-pericardial flaps were used (9.8%).

Tissue-engineered vascular patches can help avoid
the problems encountered with existing materials by
restoring the implant site’s own tissues. To achieve such
aresult, the biodegradable matrix should have high bio-
compatibility, ensure migration of cells into the thickness
of the material, their proliferation and differentiation. At
the same time, the need for rapid formation of endothelial
monolayer from autologous cells on the inner surface
of the patches required finding ways to stimulate this
process. A number of works have shown that VEGF has
a great potential in stimulating endothelialization and
vascular regeneration based on tissue-engineered mat-
rices [8, 9]. Being the main angiogenic growth factor,
VEGF stimulates migration and survival of endothelial
cells as well as recruitment of progenitor cells from the
bloodstream [10, 11].

Peptides with the RGD sequence are present in most
extracellular matrix proteins. The RGD sequence can be
considered a common integrin-binding motif [12]. Ne-
vertheless, the affinity for endothelial cells makes RGDs
ideal agents for modifying tissue-engineered constructs
contacting with blood and requiring early surface endo-
thelialization. Both peptide sequences obtained during
extraction from natural material and artificially synthe-
sized ones can be used for modification. The latter have
a number of advantages: the risk of immune response
and infection that can be associated with an insufficient
degree of purification of the natural material, is reduced.
When comparing the functional properties of natural
RGD-containing proteins and their artificial counterparts,
the latter proved to be more effective [13].
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Thus, the currently used patches cannot fully meet the
needs of vascular surgery, due to, among other reasons,
the lack of functional activity in terms of formation of
new vascular tissue on their base. Therefore, the issue
of selecting a patch that would meet all the requirements
necessary to reduce the risk of complications in the early
and late postoperative periods remains relevant.

The objective of the study is to develop biodegradab-
le patches for arterial reconstruction containing VEGF or
RGD, and comparatively evaluate their biocompatibility
and efficacy in in vitro experiments and in preclinical
trials in large laboratory animal models.

MATERIALS AND METHODS

1. Fabrication of biodegradable patches
with VEGF

Polymeric matrices were fabricated by emulsion
electrospinning on a Nanon-01A machine (MECC CO,
Japan) according to the protocol described earlier [14].
A mixture of 5% PHBYV (Sigma-Aldrich, USA) and 10%
PCL (Sigma-Aldrich, USA) in trichloromethane ina 1 : 2
ratio was prepared. Then, VEGF (Sigma-Aldrich, USA)
diluted in a saline solution to a 10 pg/mL concentration
was added to the polymer solution in a 20 : 1 ratio. Emul-
sion electrospinning was performed under the following
parameters: 20 kV voltage, 0.5 mL/h feed rate, 200 rpm
manifold rotation speed, 15 cm distance to the collector,
and 22G needle. A metal pin with a diameter of 8.0 mm
was used as the manifold. Before removal from the pin,
the matrix was cut lengthwise and removed with peeling
movements.

Unmodified patches, made by electrospinning from
PHBV/PCL polymer mixture in trichloromethane in a
1 : 2 ratio, were used as the control group. Used as the
comparison group was xeno-pericardial flap KemPeri-
plas-Neo (NeoCor, Russia), which is currently actively
used in the clinic as a vascular patch during carotid
endarterectomy.

2. Assessment of VEGF distribution during
incorporation into biodegradable PHBV/PCL
patches

To assess the expected distribution pattern of VEGF
injected into the polymer solution in a liquid phase, an
analog technique was used to incorporate fluorochrome-
labeled bovine serum albumin (BSA) into the PHBV/
PCL matrix. For this purpose, PHBV/PCL solution in
chloroform was mixed with a BSA-Texas Red” solution
(Invitrogen, USA) in phosphate-buftfered saline (10 pg/
mL) in a 20 : 1 ratio. Electrospinning was performed at
20 kV, a feed rate of 0.5 mL/h, and a microscopy slide
was used as the manifold. The obtained specimens were
examined on an Axio Imager A1 microscope (Carl Zeiss,
Germany) using a BP 546/12 — FT 580 — LP 590 light
filter.
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3. Fabrication of biodegradable patches
with RGD and detection of arginine-rich
peptides on the patch surface

Polymer matrices were fabricated by electrospinning
on a Nanon-01A machine (MECC CO, Japan) according
to the protocol described previously [15].

Before modification with RGD peptides, oil and dust
residues were removed from the surface of PHBV/PCL
matrices using a 1 : 1 mixture of 2-propanol and water
with further washing with deionized water. To activate
the polymer surfaces, the matrices were treated with
10% ethylenediamine (EDA) dissolved in 2-propanol
at 37 °C for 1 hour. The matrices were then washed
thoroughly with 0.3% Tween-20 solution in deionized
water and air dried.

Then, in accordance with the previously described
technique, primary modification of the patch surface
with amino groups was performed using 4,7,10-trioxa-
1,13-tridecanediamine (Sigma-Aldrich, USA) as a linker
group [16]. The PHBV/PCL patch surface was further
modified using RGD containing peptides produced
by NanoTech-S (Russia): RGDK (P1), AhRGD (P2),
¢[RGDFK] (P3) [16]. Thus, 3 varieties of RGD-modified
patches were obtained: PHBV/PCL/P1, PHBV/PCL/P2,
and PHBV/PCL/P3.

The method for determining the presence of arginine-
rich peptides was performed according to the Saccucci
method [17]. Arginine/aspartic acid solution (1 mg/mL
in deionized water) was used as the positive control.
The reference values were taken from Sedaghati et al.
[18]. Orange-red staining of the sample indicated the pre-
sence of the guanidinium group characteristic of arginine.

4. Assessment of the surface structure
of vascular patches before and after
implantation into the carotid artery of sheep

Before implantation, specimens of PHBV/PCL,
PHBV/PCL/VEGF, PHBV/PCL/RGD, and KemPeri-
plas-Neo patches 0.5 x 0.5 cm in size were subjected
to gold-palladium sputtering to obtain a 15 nm coating
using an EM ACE200 sputtering system (Leica Mikro-
systeme GmbH, Austria) and studied on a scanning elec-
tron microscope S-3400N (Hitachi, Japan) under high
vacuum conditions at an accelerating voltage of 10 kV.

5. Physical and mechanical testing
of vascular patches

Specimens of unmodified and modified patches (n =
6 in each group) were cut longitudinally. The mechanical
properties of the PHBV/PCL/VEGF and PHBV/PCL/
RGD vascular patches were evaluated under uniaxial ten-
sion conditions on a universal testing machine (Zwick/
Roell, Germany) according to the procedure described
earlier [14]. Strength and stress-strain properties were
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evaluated using a transducer with a nominal force of
50 N and a crosshead travel speed of 10 mm/min during
the test. The strength of the material was evaluated by the
maximum tensile stress (MPa). Elasticity and stiffness of
the material were evaluated by relative elongation cor-
rected for specimen fracture behavior (%) and Young’s
modulus (MPa). To measure the thickness of the spe-
cimens, a thickness gauge with a £0.01 mm error limit
(measuring force not more than 1.5 N) was used. The
carotid artery of a sheep and the human internal thoracic
artery (A. mammaria) were used as controls. Human
A. mammaria segments were taken during coronary arte-
ry bypass surgery from patients who signed an informed
consent for the material to be taken. Xeno-pericardial
flap KemPeriplas-Neo (NeoCor, Russia) and unmodified
PHBV/PCL specimens were used as comparison groups.
The specimens were cut out longitudinally.

6. Assessment of hemocompatibility
of the patches

To assess the hemocompatibility of the developed
patches, we studied erythrocyte hemolysis and platelet
aggregation after fresh citrate blood and platelet-rich
plasma had come in contact with the patch surfaces.
The studies were performed according to the methods
described in [19].

7. Implantation of biodegradable vascular
patches into the carotid artery of sheep

A series of experiments was carried out on Edilbay
sheep, weighing 42—45 kg. All the animals were non-
pregnant females. The animals were operated on sequen-
tially. When performing experimental studies, we were
guided by the requirements of order No. 1179 of the
USSR Ministry of Health, dated October 10, 1983, and
order No. 267 of the Russian Ministry of Health dated
June 19, 2003 “Rules for handling experimental ani-
mals”, principles of the European Convention (Strasburg,
1986) and the World Medical Association Declaration of
Helsinki about humane treatment of animals (1996). The
work was approved by the local ethics committee of the
Research Institute for Complex Issues of Cardiovascular
Diseases (protocol No. of September 11, 2018).

Biodegradable vascular patches PHBV/PCL/VEGF
(n = 3), PHBV/PCL/P1 (n = 3), PHBV/PCL/P2 (n =
3), and PHBV/PCL/P1 (n = 3) were implanted into the
carotid artery of sheep. Patch size was 40.0 x 4.0 mm.
Follow-up after implantation lasted for 6 months.

Anesthesia: Premedication: Xylazine (Xylanit) 0.05—
0.25 mL per 10 kg of animal weight + atropine 1 mg
IM. Induction anesthesia: 5—7 mg of propofol per 1 kg
of animal weight; within 90 seconds after that, atracu-
rium besylate (Ridelat) is administered at IV dose of
0.5-0.6 mg/kg. Tracheal intubation with a 9.0 endotra-
cheal tube. Anesthesia maintenance: Sevoran 2—4 vol%,
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Ridelat was administered by continuous infusion at a
rate of 0.3—0.6 mg/kg/h.

Monitoring: blood pressure (BP), heart rate (HR),
blood oxygen saturation (Sp0O,). Artificial ventilation:
Respiratory rate (RR) 12—15/min, PEEP 7-9 mbar, tidal
volume (TV) 6-8 ml/kg, FiO, — 40-60%.

Main stage: Carotid artery access; systemic hepari-
nization — 5000 IU 1V; carotid artery clamping, longitu-
dinal carotid incision 40 mm long, implantation of 40 x
4 mm vascular patches with separate knotty sutures using
Prolene 6/0 thread (Ethicon, USA). Standard protocol for
prevention of air embolism and triggering of blood flow;
wound closure with Vicril 2.0 suture (Ethicon, USA);
suture treatment with BF glue, enoxaparin sodium sub-
cutaneously 4000 anti-Ha IU/0.4 ml; extubation.

Intraoperative drug administration: infusion of 0.9%
NaCl 500 ml — IV drip; Axetine (cefuroxime) 1.5 g—IV
drip.

Postoperative medical management: antibiotic the-
rapy (Axetine (cefuroxime) 1.5 g — IM/m twice dai-
ly + enoxaparin sodium subcutaneously 4000 anti-Ha
1U/0.4 ml for 5 days. With proven vascular patency with
implanted patches: clopidogrel 75 mg orally once daily +
sodium heparin 5000 IU subcutaneously twice daily).

Postoperative ultrasound screening of the patched
vessels patency was performed after 1 and 5 days, then
once every 3 months up to the expected date of animal
withdrawal from experiment.

8. Histological study of explanted specimens
of biodegradable vascular patches

The explanted vascular patch specimens with sur-
rounding carotid artery sections were divided into
2 parts. One part was frozen at —140 °C for subsequent
immunofluorescence study. The second part was used for
histological study using H&E, Van Gieson and Alizarin
red S stains, which were described earlier [14].

After each type of staining, all specimens were ex-
amined by light microscopy using an AXIO Imager Al
microscope (Carl Zeiss, Germany) at 50x, 100%, and
200% magnifications.

9. Immunofluorescence study of explanted
specimens of biodegradable vascular
patches

From frozen sections of explanted vascular patches,
serial 8 um thick cryosections were made using a cryo-
tome (Thermo Scientific, USA). The preparations were
fixed in 4% paraformaldehyde solution for 10 minutes.
Before staining for intracellular markers, the sections
were permeabilized with Triton-X100 solution (Sigma-
Aldrich, USA) for 15 minutes. They were then stained
with primary antibodies in the following combinations:
rabbit anti-CD31 antibodies (Abcam, UK) and mouse
anti-alpha smooth muscle actin antibody (a-SMA, Ab-
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cam, UK); rabbit anti-von Willebrand factor (vWF, Ab-
cam, UK); rabbit anti-collagen type [V antibody (Abcam,
UK) and mouse anti-collagen type I antibody (Abcam,
UK); rabbit anti-collagen type III antibody (Novus Bio-
logicals, USA).

The sections were incubated with antibodies over-
night at 4 °C, then with goat secondary antibodies to
rabbit IgG conjugated with Alexa Fluor 488-conjugated
(Thermo Fisher, USA), and goat antibodies to mouse IgG
conjugated with Alexa Fluor 555-conjugated (Thermo
Fisher Scientific, USA) for 1 hour at room temperature.
At all stages of staining, phosphate-buffered saline with
the addition of 0.1% Tween (Sigma-Aldrich, USA) was
used for intermediate washing of the sections.

To remove autofluorescence, the sections were treated
with Autofluorescence Eliminator Reagent (Millipore,
USA) according to the manufacturer’s procedure. Nuclei
were contrasted using DAPI staining (10 pg/mL, Sigma-
Aldrich, USA) for 30 minutes. Stained preparations were
incubated under a coverslip using ProLong mounting
medium (Thermo Fisher, USA). The preparations were
analyzed using a scanning laser microscope LSM 700
confocal microscope (Carl Zeiss, Germany).

10. Statistical data processing

Data were analyzed using Prism (Graph Pad Soft-
ware). Normality of distribution was assessed by Kol-
mogorov—Smirnov test. Mann—Whitney U test was used
to compare two independent groups. When comparing
three or more independent groups, the nonparametric
Kruskal-Wallis H test was used; when the groups were
compared in pairs, the Dunn’s test was used. Differen-
ces were considered significant at significance level p <
0.05. Data are presented as median and 25th and 75th
percentiles of Me (25%; 75%).

RESULTS

To manufacture biodegradable vascular patches with
VEGF, emulsion electrospinning was used, which can
be used to introduce bioactive molecules into a poly-
mer fiber composition, which can then be controlled
and stably released from the matrix in the process of its
resorption [20-22].

To assess the expected distribution pattern of VEGF
injected into the polymer solution in a liquid phase, we
performed an analog experiment with BSA labeled with
Texas Red and incorporated into the PHBV/PCL matrix.
Fig. 1 (a, b) shows that aqueous domains with BSA-
Texas Red are evenly distributed in the thickness of po-
lymer fiber along its entire length. At the same time, the
fiber structure was not violated.

Modification of PHBV/PCL biodegradable patches
made by electrospinning with RGD peptides was perfor-
med to biofunctionalize the inner surface of patches in
order to attract and fully adhere mature and progenitor
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endothelial cells and form an endothelial monolayer. Tri-
peptide RGD was chosen as a modifying agent because
it is a cell adhesion site and is present in the structure of
most natural extracellular matrix proteins. Three confi-
gurations of RGD were obtained by chemical synthesis:
RGDK (linear configuration of the molecule, Arg-Gly-
Asp-Lys sequence), AhRGD (linear configuration of the
molecule, Ah-Arg-Gly-Asp sequence and c[RGDFK]
(cyclic configuration of the molecule, c[Arg-Gly-Asp-
Phe-Lys] sequence).

L-lysine, which contains two amino groups (-NH,)
and one carboxyl group (-COOH), and is used for sur-
face modification of various materials to improve their
adhesive properties and biocompatibility, was used in
synthesis of linear RGDK molecule [23]. During the syn-
thesis of linear molecule AhRGD, a synthetic analogue of
L-lysine, aminocaproic acid (Ah), was added to the basic
adhesive tripeptide RGD. Aminocaproic acid is used
in medical practice as an antifibrinolytic drug because
of'its ability to inhibit fibrinolysis. Cyclic configurations
of RGD with constant geometry of the molecule, accor-
ding to literature data, are able to demonstrate maximum
affinity to cellular receptors in comparison with their
linear analogues [24]. Therefore, the cyclic RGD peptide
c[RGDFK] was the third type of RGD used for surface
modification of vascular patches.

Previously, we proved that the linker length signi-
ficantly affects the availability of RGD peptides for

cellular receptors; therefore, in this work, extended
hydrophilic linker 4,7,10-trioxa-1,13-tridecanediamine
[16] was used for aminolysis of the PHBV/PCL matrix
surface. RGD peptide was injected using a cross-linking
reagent. The presence of peptides on the polymer surface
was confirmed using the Sakaguchi test for the presence
of arginine (Fig. 1, c) [17]. After covalent attachment of
RGD peptide, the light-yellow staining did not disappear
after washing the PHBV/PCL/RGD polymer patch spe-
cimens. The light-yellow staining of unmodified PHBV/
PCL patches that did not contain RGD on their surface
disappeared when washed (Fig. 1, ¢).

Structural features of patches

Scanning electron microscopy (SEM) of the sur-
face of biodegradable vascular patches was compared
with xeno-pericardial patch KemPeriplas-Neo (Neocor,
Kemerovo), which is actively used in the clinic during
endarterectomy of internal carotid arteries. The preser-
vation of the native architectonics of the xeno-pericardial
flap, which consisted in relief due to the tortuosity of
collagen fibers, was shown. High density of collagen
fibers caused the absence of pores.

SEM of polymer patch surface before implantation
into the vascular bed showed that all biodegradable spe-
cimens, both unmodified and those containing VEGF
or RGD, had a highly porous structure and consisted

RGD type

Scaffold - PHBV/PCL
Linker — 4,7,10-trioxa-1,13-tridecanediamine

RGDK

AhRGD

c[RGDFK]

PHBV/PCL without RGD I

Fig. 1. Test results confirming the incorporation/attachment of bioactive peptides into the structure/to the matrix surface. a, b,
incorporation of fluorescein-labeled BSA into the PHBV/PCL scaffold during emulsion electrospinning: a, light microscopy
(400x magnification); b, fluorescence microscopy (400x magnification); c, results of RGD peptide detection on the surface of

PHBV/PCL scaffold obtained using Sakaguchi test
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of micro-sized multidirectional fibers (Fig. 2).
The PHBV/PCL/VEGF fibers were 1.47 = 0.67 um in
diameter, which was 1.8-fold smaller than for PHBV/
PCL/RGD and unmodified PHBV/PCL (2.64 + 1.14 um;
p <0.05), which is associated with the use of emulsion
electrospinning to make patches with VEGF.

Additional modification using RGD did not change
the architectonics of the patch surface (Fig. 2).

KemPeriplas-Neo

Mechanical properties of patches

Mechanical test results demonstrate that the strength
of the PHBV/PCL/VEGF patches was 1.7-fold lower
than that of the PHBV/PCL patches that did not contain
VEGF (p < 0.05) (Table 1). However, the strength of
PHBV/PCL/VEGF patches was fully consistent with that
of the human internal thoracic artery and 1.9-fold greater
than that of sheep carotid artery. The force applied to the

PHBV/PCL

PHBV/PCL/P2

PHBV/PCL/VEGF

PHBV/PCL/P3

Fig. 2. Morphology of the inner surface of vascular patches PHBV/PCL, PHBV/PCL/VEGF, PHBV/PCL/RGD and xeno-
pericardial patch KemPeriplas-Neo. Scanning electron microscopy, 1000x magnification

Table 1

Physicomechanical properties of PHBV/PCL polymer patches before and after VEGF incorporation
or RGD modification in comparison with the KemPeriplas-Neo flap and a. mammaria.
Data are presented as Me (25-75%)

Voltage (MPa) FLax (N) Relative elongation | Young’s modulus Sample
(%) (MPa) thickness (mm)
3.9 3.0 102.7 2138 0.4
PHBV/PCL (2.88-4.5)y%x% | (2.59-3 3y | (79.37-106.3)%*** | (19.2-25.2y%*** | (0.35-0.5)*
225 1.97 81.83 16.9 0.43
PHBV/PCLIVEGE | 5 140 gpexm | (182223 | (77.0-103.4)%** | (15.5-17.5)%** | (0.4-0.5)*
12 13 102.6 218 0.5
PHBV/PCL /RGD (1.12-1.3)%* (12-1.47 | (80.38-144.1y%*** | (20.15-23.9y%*** | (0.49-0.5)*
Sheen carotid arte 12 1.01 158.5% 0.49% 0.25
P ry (1.06-1.9)* (0.88-1.42) (126.0-169.5) (0.39-0.66) (0.23-0.3)
uman 2. i 248 0.92 2972 2.42 027"
: (1.36-3.25)%* 059-1.72) | (23.51-39.62)** | (1.87-3.19)* (0.24-0.3)
KemPerinfas.Neo 10.06 154 64.96 111 0.69
P (9.12-21.38)%%" | (12.6-26.2)***" | (61.08-72.6)***" |  (1.02-1.34)" (0.63-0.7)*

* p < 0.05 versus A. mammaria; **, p < 0.05 versus sheep carotid artery; *, p < 0.05 versus PHBV/PCL; *, p < 0.05 versus

KemPeriplas-Neo.
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specimen before it began to break was 2.1-fold higher
in the PHBV/PCL/VEGF patches than in a. mamma-
ria, 1.9-fold higher than in the sheep carotid artery, and
1.5-fold lower than in the PHBV/PCL specimens (p <
0.05). The differences in performance between PHBV/
PCL/VEGF and PHBV/PCL may be related to the fact
that aqueous domains with the growth factor within the
fiber create additional points that are unable to withstand
load. These are points where polymer filament is more
likely to damage, leading to reduced strength and less
force required to break.

We also did not observe a significant change in re-
lative elongation in polymer patches after injection of
the growth factor compared to unmodified counterparts
(Table 1). Introduction of VEGF reduced the stiffness
of the polymer matrix by 1.3-fold (p < 0.05).

A preliminary study of the physical and mechani-
cal properties of biodegradable patches, whose surface
was modified with various RGD-containing peptides,
found no significant intergroup difterences. Therefore,
to further compare the physical and mechanical para-
meters of modified patches with unmodified ones, xeno-
pericardial flap and native human and sheep vessels, all
specimens of patches modified with RGD peptides were
combined into one group — PHBCV/PCL/RGD.

It was found that the strength of PHBV/PCL/RGD
was identical to that of sheep carotid, but was 2-fold lo-
wer than that of a. mammaria (p < 0.05). The force exer-
ted on the specimen before destruction in PHBV/PCL/
RGD patches did not differ from that of native vessels but
was 1.5-fold lower than in PHBV/PCL/VEGF patches
and 2.3-fold lower than in unmodified PHBV/PCL, (p <
0.05), (Table 1). The relative elongation of all biodegra-

Table 2

Degree of hemolysis and maximum aggregation
of human blood platelets after contact with
PHBV/PCL polymer patches before and after
VEGEF incorporation or RGD modification
in comparison with xeno-pericardial flap
KemPeriplas-Neo

Sample type Degree Maximum platelet
of RBC aggregation (%)
hemolysis (%)
Me (25-75%) Me (25-75%)
87.23 (83.95-
. L3
PHBV/PCL 0.5 (0-1.01) 89.84)*"
PHBV/PCL/VEGF | 0.5 (0-1.01)* 81;; (5811);,‘01_
PHBV/PCLRGD | 0.72(0-0.72)% | %0 g)zﬁ“‘
KemPeriplas-Neo |2.12 (0.9-3.95) | 93.32 (84.24-96.42)"
Intact platelet-rich B 74.65 (72.45-75.31)
plasma

* p <0.05 versus KemPeriplas-Neo flap; ®, p < 0.05 versus
intact platelet-rich plasma.
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dable patches did not differ among themselves but was,
on average, 3.2-fold higher than that of a. mammaria,
1.5-fold higher than that of xeno-pericardial patches,
and 1.7-fold lower than that of sheep carotid, (p <0.05).
The Young’s modulus of unmodified patches and PHBV/
PCL/RGD patches was 44-fold higher than that of sheep
carotid artery, 9-fold higher than that of a. mammaria,
19.6-fold higher than that of xeno-pericardial flap, and
1.3-fold higher than that of the PHBV/PCL/VEGF spe-
cimens (p < 0.05).

All biodegradable vascular patches, regardless of the
modification method, were significantly less strong and
stiffer than the xeno-pericardial flap, as indicated by
such indicators as stress, force and Young’s modulus
(Table 1). However, KemPeriplas-Neo differed signifi-
cantly in its physical and mechanical characteristics from
a. mammaria and sheep carotid artery as well (Table 1).
Thus, the stress and force applied to the specimen before
its destruction was 4-fold and 16.7-fold higher in xenope-
ricardium than in a. mammaria, and 8.4-fold and 15.2-
fold higher than in sheep carotid artery (p < 0.05). At the
same time, the Young’s modulus of KemPeriplas-Neo
was 2.6-fold lower than that of internal thoracic artery
and 2.3-fold lower than that of the sheep carotid artery,
although the xeno-pericardial flap was 2.6-fold thicker
than the wall thickness of the native vessels (p < 0.05).

Thus, the PHBV/PCL/VEGEF patches had physicome-
chanical characteristics closer to those of native vessels;
their biofunctionalization technique resulted in the least
drop in strength characteristics relative to the unmodified
PHBV/PCL counterparts. Modification of RGD reduced
the strength of polymer patches without affecting their
stress-strain behavior.

Outcomes of hemolysis

The degree of hemolysis after contact with the VEGF-,
RGD- modified patch, and unmodified PHBV/PCL pat-
ches was 0.5%, 0.72%, and 0.5%, respectively, without
statistically significant differences (Table 2), thus con-
firming them to be highly hemocompatible [25].

The level of hemolysis after contact with the surface
of the KemPeriplas-Neo flap was 3-fold higher than that
after contact of red blood cells with the surface of biode-
gradable patches, but did not go beyond the acceptable
values [25].

Outcomes of platelet aggregation

The results of the study showed that platelet aggrega-
tion activity upon contact with the surface of the PHBV/
PCL and PHBV/PCL/RGD patches was 1.2-fold grea-
ter than that of intact platelet-rich plasma (PRP), (p <
0.05), (Table 2). Maximum platelet aggregation after
contact with PHBV/PCL/VEGEF specimens was the lo-
west among all biodegradable specimens.
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The contact of platelets with the surface of the Kem-
Periplas-Neo flap revealed the most significant incre-
ase in the maximum aggregation up to 93.32 (84.24;
96.42) %, which was 1.3-fold higher than the maximum
aggregation of platelets from intact PRP, (p <0.05). The-
re was no significant difference between the xenogeneic
pericardial flap and PHBV/PCL patches before and after
VEGF or RGD modification (Table 2).

Therefore, the PHBV/PCL/VEGF and PHBV/PCL/
RGD polymer patches caused a lower degree of hemo-
lysis and platelet aggregation than the KemPeriplas-Neo
flap.

Outcomes of implantation of biodegradable
vascular patches into sheep carotid artery

We previously studied the biocompatibility and effi-
cacy of patches with VEGF and various RGD configu-
rations in a comparative aspect with unmodified PHBV/
PCL patches and KemPeriplas-Neo xeno-pericardial
flaps in a rat model [14, 16]. Biodegradable patches
demonstrated ease of implantation. Throughout the ex-
periment, no bleeding and or violation of the integri-
ty of the implants were noted. It was proved that after
12 months of implantation, vessels that were prosthe-
tized with PHBV/PCL/VEGF had 100% patency and no
neointimal hyperplasia. A mature endothelial monolayer
on the inner surface of PHBV/PCL/VEGF patches was
fully formed after 3 months, whereas on the unmodified
PHBV/PCL patches, only after 12 months. Remodeling
of the patches was accompanied by repopulation by cells
with the formation of an extracellular matrix.

With long-term implantation of PHBV/PCL/RGD
patches into the aorta of rats, it has been proven that
elements of new vascular tissue can be formed on their
basis: both migration of cellular elements into the thick-
ness of the patch and formation of neointimal lining with
an endothelial layer from the side of vessel lumen occur,
especially when patches are modified with peptides P3
and P1 [16].

PHBV/PCL polymer patches modified with VEGF
or RGD experienced slight calcinosis at 12 months of
implantation in rat aorta. At the same time, PHBV/PCL/
VEGF and PHBV/PCL/P1 patches demonstrated maxi-
mum resistance to calcification.

KemPeriplas-Neo xeno-pericardial flaps, on their
basis, were unable to support the development of new
vascular tissue and endothelial layer, and were prone
to calcification already after one month of implantati-
on into rat aorta. After 12 months of implantation of
KemPeriplas-Neo flaps, massive deposition of crystalline
calcium in 100% of the implanted flaps and delaminati-
on of their wall, which led to shape deformation, were
detected. Also after 12 months of implantation, 50% of
the xeno-pericardial flaps showed neointimal hyperpla-
sia, whose thickness was almost 3-fold greater than that
of rat aortic wall [14, 16].
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Tests on the rat model confirmed the low efficiency
and biocompatibility of xeno-pericardial flaps and insuf-
ficient ability of unmodified PHBV/PCL to form a new
vascular tissue on its base. Therefore, only PHBV/PCL/
VEGF, PHBV/PCL/P1, PHBV/PCL/P2, and PHBV/
PCL/P3 patches were included in the protocol of prec-
linical trials in sheep.

The sheep model was used to implant the developed
vascular patches, which is optimal for in vivo testing of
cardiovascular implants, as it is suitable for worst-case
modeling due to the increased tendency of their vessels to
calcification and blood to hypercoagulation. Therefore,
the use of the sheep model allows for the most rigorous
testing of vascular prostheses, including their degenera-
tion in vivo [26-30]. In addition, sheep are considered an
optimal animal model for assessment of growth, perme-
ability, endothelialization, thromboresistance and post-
implant imaging of products for cardiovascular surgery.

It is known that the high porosity of tissue-engineered
matrix and nanosized fibers in its structure can provide
cell migration inside the matrix and early endothelization
of'its surface due to the similarity of the surface structure
to that of natural extracellular matrix and a larger area of
interaction between cells and artificial matrix [31-33].
In its turn, effective infiltration of cells into the thickness
of the porous material promotes its better integration with
native tissues at the implantation site.

Two sheep (with implanted PHBV/PCL/P1 and
PHBV/PCL/P2 patches) did not survive to the expected
date of withdrawal from experiment, dying at 14 days
due to formation of massive paravasal hematomas around
the operated vessels. Most likely, this was due to micro-
damage in the patch wall in response to pulse wave after
implantation, since no bleeding from the suture areas was
detected immediately after implantation and hemostasis
was achieved within 2 minutes.

All sheep with implanted PHBV/PCL/VEGF and
PHBV/PCL/P3 patches survived to the expected with-
drawal date. During six months of follow-up, the ves-
sels with implanted patches maintained their patency.
No aneurysmal dilatation of the vessels in the implanted
patch site was detected. However, all vessels with RGD
patches showed increased blood flow velocity, which
may be an indirect reflection of vessel lumen narrowing.

According to the results of morphological examina-
tion (histological study and scanning electron micro-
scopy) of the patches with vascular endothelial growth
factor, we can see that after 6 months of implantation
into sheep carotid artery, a complete three-layer newly-
formed vascular tissue was formed on the basis of these
patches (Fig. 3).

Thin neointima, covered by a layer of endothelium-
like cells on the vessel lumen side, lined the entire inner
surface of the patches. The bulk of the neointima consis-
ted of smooth muscle cells. Next came the patch itself.
There were processes of visible biodegradation of the
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polymer matrix accompanied by disruption in its integ- ~ crophages, fibroblast-like and smooth muscle cells, few
rity, visible only by specimen microscopy. The PHBV/ foreign-body giant cells), permeated with bundles of
PCL/VEGF patch was filled with cellular elements (ma-  collagen fibers. There were vasa vasorum in the patch

PHBV/PCL/VEGF

R |

\ patch

carotid artery

- neointimal
‘\hype_rplasia

carotid artery
-___,_.'..---""" patch

Fig. 3. Results of histological examination of PHBV/PCL/VEGF and PHBV/PCL/RGD vascular patches at month 6 of im-
plantation into sheep carotid artery: a—d, H&E stain; e—h, Van Gieson’s stain; i—1, Alizarin Red S stain (i, k, light microscopy;
j, L, fluorescent microscopy); a, e, i, j, central part of the patch; b, f, k, 1, junction of the patch and carotid artery in the anas-
tomosis zone; ¢, e, inner and middle layer of the patch wall; d, h, middle and outer layer of the patch wall. a, b, e, f, i-1, 50x
magnification; ¢, d, g, h, 100x magnification
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thickness. External layer of the patches contained all
structural elements characteristic of natural adventitial
layer: collagen fibers, fibroblasts and fibrocytes, single
foreign-body giant cells, lymphoid follicles and vasa
vasorum. There were no signs of calcification (Fig. 3).

When studying the histological pattern of explanted
specimens of PHBV/PCL/RGD patches, we obtained a
similar picture — all the specimens had neointimal hyper-
plasia (Fig. 3). The neointima thickness corresponded to
the thickness of the wall of the patch itself. The neoin-
tima surface facing the vessel lumen was covered by a
cell monolayer. The walls of the patches were partially
resorbed and contained a moderate number of foreign-
body multinucleated giant cells. Macrophages, smooth
muscle and fibroblast-like cells, and bundles of collagen
fibers were also present in the patch walls; vasa vasorum
were formed (Fig. 3).

Histological examination (Alizarin Red S staining)
showed that there was no calcium deposition in the ex-
planted PHBV/PCL/RGD patches (Fig. 3).

The large extent of the implanted patches made it
possible to perform slices during immunofluorescence
study such that the carotid artery wall, into which the
patch was implanted, was opposite the patch (Fig. 4).
This arrangement led to better visualization of the simi-
larity of the new vascular tissue formed on the basis of

the patches within 6 months of their implantation with
the native sheep carotid artery. The neointima formed on
the inner surface of the PHBV/PCL/VEGF patches was
proved to consist of smooth muscle cells, as evidenced
by the presence of alpha actin in the cells (Fig. 4). On
the vessel lumen side, the neointima was lined by mature
CD31+ endothelial cells secreting von Willebrand fac-
tor vVWF+ throughout its entire length (Fig. 4). Type IV
collagen formed a basal membrane on which endothelial
cells were located and was detected in large numbers
both in the patch wall thickness and in the sheep carotid
artery wall. Type III collagen was formed throughout the
patch thickness with a predominant concentration at the
basal membrane and in the neointima (Fig. 4).

Thus, on the basis of the biodegradable VEGF patch,
after 6 months of its implantation into sheep carotid ar-
teries, a complete new vascular tissue was formed. The
exception was elastin, which was not detected either
after patch implantation into the rat aorta or after patch
implantation into sheep carotid arteries. Nevertheless,
incorporated VEGF promoted harmonization of tissue
formation processes in situ without signs of chronic gra-
nulomatous inflammation, neointimal hyperplasia, and
calcification.

Immunofluorescence study of the explanted PHBV/
PCL/RGD patches revealed the same structural ele-
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Fig. 4. Results of immunofluorescence study of explanted PHBV/PCL/VEGF and PHBV/PCL/RGD patches with surrounding
sections of the sheep carotid artery: CD31/alpha actin/Dapi panel: mature endothelial cells (green glow), smooth muscle and
other cells containing alpha actin (red glow); panel Coll I/Coll IV/Dapi: collagen type I (red glow), collagen type IV (green
glow); Coll III/Dapi panel: collagen type III (green glow); vWF/Dapi panel: von Willebrand factor (green glow). The nuclei
of all cells were stained with Dapi nuclear dye (blue glow). 100x magnification
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ments of the new vascular tissue as in the PHBV/PCL/
VEGF patches: endothelial monolayer consisting of
CD31+vWF+ mature endothelial cells; type I, III and
IV collagen (Figure 4). However, what draws attention
is the higher number of smooth muscle cells in the neoin-
tima and high total cellularity of the patch wall due to
the presence of chronic granulomatous inflammation, as
well as the lower number of type III collagen relative to
PHBV/PCL/VEGF patches (Fig. 4).

CONCLUSION

The efficacy of using pro-angiogenic growth factor
VEGF and various configurations of RGD peptides, as
well as different approaches to modifying the product,
was evaluated in a comparative aspect in vitro and in
preclinical tests on a sheep model.

The identified advantage of PHBV/PCL/VEGF bio-
degradable patches was that incorporation of VEGF into
the patch during manufacturing by emulsion electrospin-
ning and the absence of subsequent surface modification
manipulations with aggressive surfactants resulted in
preservation of physical and mechanical characteristics
of the patches, without reducing strength and or increa-
sing rigidity of the final product, as observed after mo-
difying the surface of the biodegradable patches with
RGD peptides. The hemocompatibility of PHBV/PCL/
VEGEF patches proved to be the highest even in compa-
rison with the xeno-pericardial flap that is actively used
in the clinic.

In the sheep model, patches with RGD, regardless of
the peptide configuration, promoted endothelialization,
but provoked neointimal hyperplasia and granulomatous
inflammation, whereas the PHBV/PCL/VEGF patches
in the sheep model demonstrated optimal ability to form
a healthy new vascular tissue on their basis, with the
formation of thin neointima lined with endothelium,
middle smooth muscle layer and adventitia containing
all the basic structural elements characteristic of this
layer: bundles of collagen fibers, fibroblast-like cells
and vasa vasorum. All this testifies to the high efficiency
of the vascular endothelial growth factor incorporated
into patches.

The research was carried out within the framework
of the fundamental theme No. 0419-2022-0001 of the
Research Institute for Complex Issues of Cardiovascu-
lar Diseases “Molecular, cellular and biomechanical
mechanisms of pathogenesis of cardiovascular diseases
in the development of new methods of treatment of car-
diovascular diseases based on personalized pharma-
cotherapy, introduction of minimally invasive medical
devices, biomaterials and tissue-engineered implants”.

The authors declare no conflict of interest.
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