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BIODEGRADABLE VASCULAR PATCHES: 
A COMPARATIVE DESCRIPTION 
OF PHYSICOMECHANICAL AND 
HEMOCOMPATIBLE PROPERTIES

RGD-modification is a promising approach to improve biocompatibility of biodegradable vascular patches, potentially suitable for arteriotomy. 
Vascular patches are electrospun from the blend of polycaprolactone and polyhydroxybutyrate/valerate and modified with RGDK, AhRGD and 
c[RGDFK] peptides using 1.6-hexamethylene diamine or 4.7.10-trioxa-1.13-tridecanediamine linkers. Their mechanical properties and hemocom-
patibility are assessed. As the benchmark samples we used human internal mammary artery and xenopericardial KemPeriplas-Neo patches that 
are routinely used for carotid endarterectomy. Tensile properties of both polymer and biological samples differ from that of native human internal 
mammary artery. Tensile strength and Fmax of KemPeriplas-Neo patches are 4- and 16.7-times higher (p <0.05). Both, RGD-modified and unmod-
ified PHBV/PCL, demonstrate results similar to human internal mammary artery. Young's modulus of KemPeriplas-Neo patches corresponds to that 
of native vessels, whereas in polymer patches it exceeds 9 times that of the last (p <0.05). RGD-modified PHBV/PCL patches and original PHBV/
PCL patches demonstrate few lysed red blood cells and mild platelet aggregation than KemPeriplas-Neo patches, indicating a high biocompatibility 
of polymers and modifying agents used to make vascular patches.
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Introduction. High prevalence of in-
ternal carotid artery atherosclerosis and 
advanced diagnosis have resulted in an 
increase in the number of carotid endar-
terectomy performed annually [10]. Ca-
rotid stenosis is commonly treated with 
medical therapy, carotid endarterectomy 
(CEA), and stenting [13]. Despite recent 
advances and emergence of minimally 
invasive techniques, CEA remains the 
preferred method for treating patients 
with carotid stenosis.

Randomized controlled trials on the ef-
fectiveness of PTFE, Dacron and bovine 
pericardial patches have shown a similar 
rate of complications in the long-term pe-
riod [3]. Thus, patches used in the routine 
clinical practice does not fully correspond 
to all needs of vascular surgery, that ne-
cessitates the development of new ma-
terials and approaches to the design of 
advanced vascular patches.

The emergence of regenerative medi-
cine has opened new horizons for tissue 
engineering approaches in the develop-

ment of bioresorbable materials activat-
ing the regenerative potential of the body 
to restore the damaged vessel walls [15]. 
Synthetic biodegradable polymers such 
as polylactic acid (PLA), polyglycolic acid 
(PGA), and polycaprolatone (PCL) are 
widely used for this purpose [2, 11].

Synthetic polymers may be combined 
with the natural ones to increase the 
biocompatibility of the resultant prod-
uct. Several studies reported the devel-
opment of tissue-engineered vascular 
patch made from PGA and coated with 
poly-4-hydroxybutyrate (poly-4-hydroxy-
butyrate, P-4-HB). Tissue-engineered 
pulmonary artery augmentation patches 
derived from autologous circulating EPC 
and bone marrow–derived MSC func-
tioned in vivo for up to 6 weeks in the 
ovine model grossly resembled the struc-
ture of the native pulmonary artery [12].

Although cell seeding on a matrix in-
creases its in situ remodeling rate, this 
approach is generally considered as 
time-consuming and expensive. There-

fore, it seems relevant to develop a 
self-assembling biodegradable material 
able to independently populate cells in 
situ. Moreover, the rapid formation of en-
dothelial monolayers on the inner surface 
of the patches requires options for its 
stimulation. Both physical and chemical 
modifications of the tissue-engineered 
matrix surfaces are known. They produce 
proangiogenic effects and contribute 
to the endothelial cell seeding from the 
blood flow and surrounding tissues [1, 5, 
8]. Thus, new functional biocompatible 
patches ensuring the regeneration of the 
damaged vessel wall are of paramount 
importance.

The aim of our study was to develop 
biodegradable vascular patches mod-
ified by various RGD peptides, and to 
compare their mechanical properties and 
hemocompatibility with xenopericardi-
al patches, routinely used in the clinical 
practice. 

Material and Methods. Polymer ma-
trices were electrospun from a polymer 
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blend contained 5% w/v PHBV (Sigma, 
St. Louis, MO, USA) and 10% w/v PCL 
(Sigma) dissolved in trichloromethane 
using a Nanon-01A setup (MECC CO) at 
a voltage of 20 kV, a solution feeding rate 
of 0.5 ml/h, a collector rotation speed of 
200 rpm, and a tip-to-collector distance 
of 150 mm. A metal pin with a diameter 
of 8.0 mm was used as a collector. The 
matrix was cut lengthwise and peeled off 
when removing from the pin.

The surface of patches was prima-
ry modified with 1.6-hexamethylenedi-
amine (labelled Amin1, Sigma-Aldrich, 
USA), or 4.7.10-trioxa-1.13-tridecanedi-
amine (labelled Amin2, Sigma-Aldrich, 
USA) using the technique previously de-
scribed in [6].

PHBV/PCL patches were modified by 
the following RGD-containing peptides: 
linear peptide RGDK (alanine-glycine-as-
partic acid-lysine) referred as Pep1; 
linear peptide AhRGD (aminocaproic 
acid-alanine-glycine-aspartic acid) re-
ferred as Pep2; cyclic peptide c[RGDFK] 
(alanine-glycine-aspartic acid-phenylala-
nine-lysine) referred as Pep3. Modification 
and polymer bonding to the surface were 
evaluated as previously described in [6].

Mechanical properties of samples 
were evaluated under uniaxial tension 
with the universal testing machine series 
Z (Zwick/Roell, Germany) in accordance 
with the editorial rules of the ISO 270-
75. The tensile strength was measured 
with the maximum tensile stress (MPa) 
at break and the maximally applied 
force, which represented the breaking 
load (Fmax, N). Elastic deformation was 
estimated with the relative elongation 
adjusted to the elongation at break (%) 
and Young's modulus (MPa) determined 
in the range of physiological loading (80-
120 mmHg).

Commercially available xenopericar-
dial KemPeriplas-Neo patches (NeoCor, 
LLC, RU) were used as the reference 
sample, since they are routinely used for 
CEA. Unmodified PHBV/PCL patches as 
well as the segments of human internal 
mammary artery excised during coronary 
artery bypass grafting were used as the 
benchmark samples. All patients provid-
ed written informed consent prior to sur-
gery. Internal mammary artery samples 
were cut in the longitudinal axis. 

The proportion of lysed blood cells 
was measured using fresh citrated 
blood. Positive and negative controls 
were saline and distilled water, respec-
tively. The absorbance of the obtained 
supernatants was measured using the 
GENESYS 6 spectrophotometer (Ther-
mo, Waltham, MA, USA) at the wave-
length of 545 nm [9].

Platelet-rich plasma (PRP) was used 
to evaluate platelet aggregation. Plate-
let-poor plasma (PPP) was used for the 
calibration. Intact pure PRP was used as 
a positive control Samples were exposed 
to PRP for 3 min [4, 7, 14]. Spontaneous 
platelet activation was measured without 
any aggregation inducers. 0.025M CaCl2 
was added to 250 µL PRP to restore the 
level of Ca2+ in citrated blood. Platelet 
aggregation was assessed using platelet 
aggregation analyser APACT 4004 (LA-
BiTec, Germany). 

Platelet adhesion and their defor-
mation after contacting with polymeric 
patches as well as the surface struc-
ture was assessed using a S-3400N 
scanning electron microscope (Hitachi, 
Chiyoda, Japan) under high vacuum. 
“KemPeriplas-Neo” xenopericardial pat-
ches were assessed as the benchmark 
samples. Samples were produced ac-
cording to the methodology previously 
described in [6]. Platelet adhesion was 
calculated using the platelet deforma-
tion index [7, 14]:

Deformation index = (number of type I 
platelets × 1 + number of type II platelets 
× 2 + number of type III platelets × 3 + 
number of type IV platelets × 4 + num-
ber of type V platelets × 5)/total platelet 
count. Types of platelets were assigned 
according to description presented in 
Table 1. 

The normal distribution was estimated 
using the Kolmogorov–Smirnov test. The 
data are presented as a median and in-
terquartile range [25th and 75th percen-
tiles]. The Kruskal-Wallis test (ANNOVA) 
was used to compare three or more inde-
pendent groups. A p value of <0.05 was 
considered statistically significant.

Results and Discussion. The pres-
ence of peptides on the polymer surface 
was confirmed using the Sakaguchi test 
[17, 18]. Сovalent bonded RGD peptides 
were shown in light-yellow color even af-
ter the PHBV/PCL +RGD samples were 
washed. Light-yellow color of unmodified 
PHBV/PCL samples disappeared upon 
washing. Obtained data proved the effi-

ciency of RGD peptide modification of of 
PHBV/PCL patches.

Scanning electron microscopy images 
confirmed the absence of the endothelial 
lining on the serosal surface of KemPeri-
plas-Neo patches. Though, native archi-
tectonics was preserved, including orig-
inal relief with closely located tortuous 
collagen fibers resulting in the absence 
of pores (Fig. 1).

PHBV/PCL patches had highly porous 
structure with randomly arranged poly-
mer fibers with a diameter of 350 nm to 
4.0 μm. Pores of 5.1 up to 27.6 μm were 
formed due to fibers’ chaotic interweav-
ing (Fig. 1). The modification did not af-
fect the architectonics of the PHBV/PCL 
+ RGD patches that was similar to the 
original polymer patches (Fig. 1).

Biodegradable patches modified ei-
ther with amines (Amin1 or Amin2) or 
RGD-containing peptides (Pep1, Pep2 
or Pep3) demonstrated similar tensile 
properties. The differences were consid-
ered insignificant (р>0.05). Therefore, 
all patches modified with RGD peptides 
were assigned into the PHBCV /PCL + 
RGD group to compare them with the 
benchmark samples (xenopericardial 
patch, internal mammary artery, unmod-
ified polymer patches).

Biological patches differed from human 
internal mammary artery (IMA) in tensile 
strength (Table 2). Tensile strength of the 
KemPeriplas-Neo patch and Fmax ex-
ceeded IMA by 4 and 16.7 times, respec-
tively (p <0.05). However, RGD-modified 
patches and original PHBV/PCL patches 
demonstrated tensile strength and Fmax 
similar to human internal mammary ar-
tery (Table 2).

Young's modulus of KemPeriplas-Neo 
patches corresponded to that obtained 
for IMA, whereas polymer patches ex-
ceeded the last by 9 times (p <0.05). (Ta-
ble 2, Fig. 2).

RGD modification resulted in a 3.25-
fold decreased tensile strength and a 
2-fold decreased Fmax exposed to the 
samples with similar thickness (р<0.05). 
None of the differences were found 

Platelet Deformation

Type
I Disc-shaped (no deformation)
II Dendritic platelets with early pseudopodia sticking out

III Spread dendritic platelets with intermediate pseudopodia sticking out; congregating

IV Flat platelets with cytoplasm expanding among pseudopodia

V Cytoplasm fully spreads; the shape of Pseudopodia cannot be seen clearly

Table 1



4’ 2019 37

between the elongation at break and 
Young's Modulus (Table 2, Fig. 2). Thus, 
RGD-modification resulted in decreased 
tensile strength, while its elongation 
properties remain the same.

The proportion of lysed red blood 
cells after contact with modified (Amin1 
and Amin2) and unmodified PHBV/
PCL patches was 0.36%; 0.72% and 
0%, respectively (Table 3). Obtained 
data suggested high hemocompatibility 

of the study material [4]. 
Xenopericardial patches de-
monstrated a 2.12% red blood 
cell lysis that is generally 
considered acceptable [4]. 
However, the proportion the 
lysed RBCs was higher than that 
after the contact with modified 
patches (p <0.05). Significant 
differences were also observed 

between polymer patches modified 
with Amin1 and without modification. 
There were no statistically significant 
differences between patches modified 
with Amin2 and unmodified (p = 0.14). 
None significant differences were found 
between Amin1- and Amin2-modified 
PHBV/PCL patches (р=0.7).

The platelet aggregation maximum 
reliably increased after contacting with 
PHBV/PCL patches modified with Amin1 
or Amin2 as compared to intact PRP 
with platelet aggregation activity of 15.02 
(14.98; 17.72)%. (p <0.05). Unmodified 
patches and pure platelet-rich plasma 
demonstrated similar platelet aggregation 
(р=1.0), (Table 3).

KemPeriplas-Neo demonstrated the 
highest platelet aggregation (46.66% 
(21.06; 48.21), therewith a reliable 
increase in platelet aggregation was 
observed with respect to unmodified 
PHBV/PCL patches (p <0.05). Amin1- 
and Amin2-modified patches and 
xenopericardial patches did not differ in 
terms of platelet aggregation (p=0.05).

No doubt, RGD-modified PHBV/PCL 
and original PHBV/PCL patches had 
lower proportion of lysed red blood cells 
and superior platelet aggregation than 
KemPeriplas-Neo patches.

SEM images of nonwoven PHBV/
PCL matrices after contact with platelets 
reported the presence of fibrin on their 
surfaces. Its presence complicated the 
assessment of platelet deformation 
(Fig. 3). Amin1Pep2- and Amin1Pep3-
modified polymer patches had 1.2- and 
1.4-times higher platelet deformation 
index than that of original PHBV/PCL 
patches (р<0.05). These patches had 
a higher number of adherent platelets 
mainly of type III-IV as compared to the 
other samples (Fig. 3). Upon contact with 
blood or being the result of modification, 
the modified and unmodified polymer 
patches demonstrated rather massive 
accumulations of adhered blood 
proteins. Platelet deformation indices of 

Fig. 1. Typical scanning electron microscopy images of biodegradable patches before and after 
RGD-peptides modification compared with KemPeriplas-Neo patches, ×1000 magnification

Physical and mechanical properties of PHBV/PCL patches before and after RGD-
peptide modification as compared to KemPeriplas-Neo xenopericardial patches and 

internal mammary artery, М (25-75%)

Tensile 
Strength, 

MPa
Fmax, Н Elongation at Break, 

%
Young’s 

modulus, MPa
Sample 

thickness, 
mm

PHBV/PCL 3.9 
(2.88-4.5)

3.0 
(2.59-3.3) 102.7 (79.37-106.3)* 21.8 

(19.2-25.2)*●
0.4 

(0.35-0.5)*
PHBV/PCL 
+RGD

1.2 
(1.12-1.3)# ●

1.3 
(1.2-1.4) #●

102.6 
(80.38-144.1)*

21.8 
(20.15-23.9)*●

0.5 
(0.49-0.5)* 

Internal 
mammary 
artery

2.48 
(1.36-3.25)

0.92 
(0.59-1.72)

29.72 
(23.51-39.62)

2.42 
(1.87-3.19)

0.27 
(0.24-0.3)

KemPeriplas-
Neo

10.06 
(9.12-21.38)*

15.4 
(12.6-26.2)*

64.96 
(61.08-72.6)*

1.11 
(1.02-1.34)

0.69 
(0.63-0.7)*

* – р<0.05 compared to IMA
# – р<0.05 compared to unmodified grafts
● – р<0.05 compared to KemPeriplas-Neo

Table 2

Fig. 2. Stress-strain curve of the study samples
Platelet aggregation and platelet deformation after contacting with PHBV/PCL 

patches before and after RGD-modification in comparison with KemPeriplas-Neo 
xenopericardial patches

Sample
Proportion of lysed RBCs, 

%
Maximum Platelet 

Aggregation, %
М (25-75%) М (25-75%)

PHBV/PCL 0 (0-0) 17,06 (16,89-17,96) *
PHBV/PCL/Amin 1(RGD) 0,36 (0,36-0,36) * 23,74 (22,54-24,09)
PHBV/PCL/Amin 2(RGD) 0,72 (0-0,72) * 23,59 (21,44-24,35)
KemPeriplas-Neo 2,12 (0,9 -3,95) 46,66 (21,06-48,21)

* – р<0.05 compared to KemPeriplas-Neo

Table 3
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KemPeriplas-Neo and unmodified PHBV/
PCL patches were almost similar. Amin2- 
and Amin1Pep1-modified polymer 
patches did not also differ significantly 
from them.

Conclusion. Biodegradable vascular 
patches have a highly porous surface 
that seems to be beneficial for vascular 
neotissue formation. RGD-modification 
of PHBV/PCL patches reduces their 
strength without affecting elongation 
at break. Nevertheless, RGD-modified 
and unmodified PHBV/PCL patches 
demonstrated tensile strength and Fmax 
similar to human internal mammary 
artery. However, Young’s modulus of the 
polymer patches 9-times exceeded that 
of internal mammary artery.

RGD-modified and unmodified PHBV/
PCL patches had few lysed red blood 
cells and mild platelet aggregation 
as compared to Kemperiplas-Neo 
patches. Obtained data suggested 
their high biocompatibility. The platelet 
deformation index increased greatly if 
1.6-hexamethylenediamine was used 
for primary modification. Thus, the use 
of 4.7.10-trioxa-1.13-tridecanediamine 
as a linker for subsequent RGD-peptide 
modification of PHBV/PCL patches 

increased the biocompatibility of the 
implant.
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Fig. 3. Platelet adhesion on the surfaces of KemPeriplas-Neo patches and biodegradable PHBV/
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Platelet deformation index and the proportion of platelet types

Sample Platelet Deformation Index. М (25-75%)
PHBV/PCL 2.7 (1.0-3.0)

PHBV/PCL/Аmin1Рep1 2.5 (2.0-3.0)
PHBV/PCL/Аmin1Рep2 3.31 (3.0-3.7)*
PHBV/PCL/Аmin1Рep3 3.7 (3.4-4.5)*
PHBV/PCL/Аmin2Рep1 2.6 (1.0-3.7)
PHBV/PCL/Аmin2Рep2 1.3 (0.0-2.2)
PHBV/PCL/Аmin2Рep3 2.9 (2.5-4.0)

KemPeriplas-Neo 2.33 (2.04; 3.13)

* – p<0.05 compared to unmodified PHBV/PCL patches

Table 4
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Relevance. Primary hyperparathy-
roidism (PGPT) - primary pathology para-
thyroid glands, characterized by exces-
sive secretion of parathyroid hormone. 
Since the latter is a regulator of mineral 
exchange in the pathological process 
involved almost all organs and systems, 
in turn, generates the clinical picture di-
verse and difficulties in the differential 
diagnosis of the disease. With scant clin-
ical symptoms in the early stages and 

the presence of asymptomatic forms of 
the course, PGPT in most cases detect-
ed by chance, proving the importance of 
minimum endocrinological vigilance in 
respect of non-specific complaints of pa-
tients: to fatigue, weakness, depression, 
etc. With the development of studies and 
laboratory methods in routine practice 
introduction biochemical screening tests 
on blood ionized calcium levels as the 
primary marker of the disease, there is a 
jump increase PGPT initially diagnosed 
cases [1].

Today, surgery with the classic tradi-
tional access by Kocher is the "gold stan-
dard" treatment for patients with PGPT 
[2], which provides a full audit of all para-
thyroid glands.

Along with this, there are reports about 
the possibility of using a small access by 
removing adenomas parathyroid glands 
without revision others [3,4]. But among 
modern writers there are opponents who 
report high relapse rate.

Purpose. To evaluate the effective-
ness of surgical treatment PGPT based 

on the analysis results of the nearest and 
remotest from the standard and parathy-
roidectomy small accesses. 

Materials and methods. From 2009 
to 2017  Burdenko Clinic of Surgery №1  
based of the First Moscow State Medi-
cal University named after I.M. Seche-
nov. has been on the treatment of 418 
patients PGPT. The selection criteria in 
this paper is a must histological confirma-
tion of adenoma parathyroid glands. The 
current study included 370 patients with 
adenomas parathyroid glands. Patients 
with hyperplasia (n = 37) and parathyroid 
glands cancer (n = 11) were excluded.

The study consisted of a study of dis-
ease histories, history and primary ex-
amination data, laboratory-instrumental 
examination methods data, operation 
protocols and histological study results, 
and postoperative course data.

To study the long-term results of sur-
gical treatment, 370 patients with PGPT 
were divided into 2 groups:

- Group 1 (GR1) - Patients who re-
ceived surgical treatment until 2012, op-
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