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Effects of EDC-PEI heparinization on allogeneic
vascular antigens and inflammation levels via a
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Abstract. The objective of this study was to investigate the
possibility of increasing the remote patency rate of allogeneic
vessel transplantation through studying the effects of N-ethyl-N-
(3-dimethylaminopropyl)-carbodiimide and polyethyleneimine
(EDC-PEI) heparinization on allogeneic vascular antigens and
inflammation levels. Forty rats were randomly divided into the
control group, the EDC group, the PEI group and the EDC-PEI
group. The rat abdominal aorta was used as the object of study,
and the transplanted blood vessels were pretreated with EDC
as the water-soluble cross-linking agent and PEI as the heparin-
coated carrier. A rat abdominal aorta allogeneic transplantation
model was established. Ultrasonic examination was used for
observation of patency of proximal and distal anastomosis
in each group. The tissue repair after abdominal aorta
transplantation in each group was examined by H&E staining.
The biomechanics, denaturation temperature and blasting
strength of each group were compared. The levels of IL-1,
IL-6 and TNF-a in serum of rats were measured by ELISA
method, and the expression of MHC-II and a-GAL antigens in
blood vessels were detected by immunohistochemistry. There
were different degrees of thickening and inflammatory cell
aggregation in the abdominal aorta of rats in the control, EDC
and PEI groups, but there was no obvious lesion in the EDC-PEI
group. Compared with the four groups, the mechanical
characteristics of the EDC group decreased significantly, and
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the stenosis rate of anastomotic stoma in the EDC group was
higher than that in the EDC-PEI and PEI groups (P<0.05). The
denaturation temperature of the PEI group was lower than that
of the EDC and EDC-PEI groups (P<0.05). The mechanical
property and vascular bursting strength in the EDC-PEI group
were similar to those in the control group. At the same time,
it has more significant advantages than the other three groups
in removing the vascular antigens MHC-II and a-GAL and
reducing the level of inflammatory reaction, thus increasing
the remote patency rate of allogeneic vascular transplantation.
The inflammatory response and vascular antigenicity after
transplantation are effectively reduced via the rat abdominal
aorta transplantation model treated with allogeneic EDC-PEI
heparinization, which has a higher remote patency rate.

Introduction

Vascular bypass grafting is a major means of clinical treatment
of atherosclerotic vascular disease in vascular surgery, but the
remote patency rate of patients after vascular transplantation
is relatively low (1-3). The main factor affecting the remote
patency rate is the vascular restenosis after transplantation,
and it is mainly manifested as intimal hyperplasia and vascular
remodeling, both of which are closely related to vascular
inflammatory response and immunological rejection (4,5). In
this study, the transplanted blood vessels were pretreated with
N-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC) as
the water-soluble cross-linking agent and polyethyleneimine
(PEI) as the heparin-coated carrier (6), so as to investigate
the effects of EDC-PEI heparinization on allogeneic vascular
antigens and inflammation levels, and discuss the possibility
of increasing the remote patency rate of allogeneic vascular
transplantation.

Materials and methods

Objects of study. A total of 40 inbred-line male Wister rats
aged 3-4 months weighing 250-350 g were purchased from
the Laboratory Animal Center of the First Affiliated Hospital
of Xi'an Jiaotong University (Xi'an, China). All animals were
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provided with health certificate from the supplier before
purchase and they were housed in cages under specific
pathogen-free (SPF) conditions at a constant room tempera-
ture of 22-24°C with a 12-h light/dark cycle (lights on: 8 a.m.,
off: 8 p.m.) and provided ad libitum access to food and water.
Rats used in this study were housed in a facility with animal
care and use programs accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care.
The study was approved by the Ethics Committee of the First
Affiliated Hospital of Xi'an Jiaotong University.

Animal grouping. The rats were randomly divided into the
control group (n=10), the EDC group (n=10), the PEI group
(n=10) and the EDC-PEI group (n=10). The control group only
received the routine transplantation without special treatment
of blood vessels. The EDC group was treated with EDC cross-
linking treatment after decellularization in abdominal aorta. The
PEI group was directly treated with PEI-loaded heparin without
cross-linking treatment. The EDC-PEI group was treated with
EDC cross-linking treatment first, and then PEI-loaded heparin.

Establishment of rat abdominal aorta allogeneic transplanta-
tion model

Donor operation. The rats were weighed, anaesthetized via
intraperitoneal injection of pentobarbital sodium (50 mg/kg)
and fixed. A median incision was made on the abdomen to
expose the inferior vena cava and abdominal aorta, and
5 mg/kg heparin saline was injected intraperitoneally. The
abdominal aorta renal artery opening was dissociated till the
iliac vascular bifurcation, the proximal and distal ends were
clamped using the spring hemostatic clips, and the abdominal
aorta from the renal arterial branch to the iliac arterial branch
was cut and taken. The dissociated abdominal aorta was
quickly rinsed and trimmed in the ice salt water.

EDC-PEI heparinization treatment of transplanted blood
vessels in the experimental group

Decellularization in abdominal aorta. Abdominal aorta was
soaked in phosphate-buffered saline (PBS) at -80°C for 4 h,
bathed in water at 37°C for 30 min, and repeatedly frozen and
thawed 3 times. Then, it was rinsed with PBS for 24 h, and the
solution was replaced once every 6 h, and vibrated at 4°C. It
was vibrated in 0.25% Triton X-100 and 0.25% DOC PBS at
37°C for 48 h. Then, it was rinsed with PBS again for 24 h in
the same steps as before.

Cross-linking treatment of abdominal aorta after decellu-
larization. The abdominal aorta after decellularization was
immersed in 0.05 M MES buffer (pH 5.4) for more than 30 min,
removed and placed in 215 ml 0.05 M methyl ester sulfonate
(MES) solution containing 1.73 g EDC and 0.43 Ig NHS. The
solution was vibrated slightly at room temperature for reaction
for 4 h. The substrate was washed with 0.1 M Na,HPO, for 2 h
(Na,HPO, solution was replaced once every 0.5 h) and with
distilled water for 2 h (distilled water was replaced once every
0.5 h); after freeze drying, it was stored at 20°C.

EDC-PEI-loaded heparin. The abdominal aorta after cross-
linking treatment was immersed in 10 ml 0.15 M NaCl
aqueous solution containing 1 mg/ml PEI for 30 min, washed
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with PBS 3 times, placed in 10 ml PBS solution containing
0.5 mg/ml heparin for 30 min, and washed twice with PBS.
The procedure was repeated 15 times to overlay heparin on the
specimen layer upon layer.

Biomechanical property detection. The blood vessel in each
group was cut along the direction into 0.2x0.4 cm pieces. The
uniaxial breaking test was performed for each group using
the EnduraTEC ELF3200 biomechanical material dynamic
testing system. The vascular thickness was measured using a
micrometer caliper. The blood vessels were pulled at a speed
of 10 mm/min till vascular tear, and the vascular tension and
deformation value were recorded.

Denaturation temperature measurement. The blood vessel
in each group was cut into pieces and the denaturation
temperature in each group was measured using the differential
scanning calorimetry. The heating rate was set at 2°C/min.

Vascular bursting strength measurement. The wet abdominal
aorta specimens were perfused with normal saline and
connected to a pressure pump, and the arterial pressure (set as
bursting pressure) after leakage from the vascular wall rupture
was recorded.

Recipient operation. Wister rats were weighed and anesthe-
tized, and the abdomen was opened. After resection of the
abdominal aorta between two hemostatic clips, approximately
3 mm-long abdominal aorta stump needed to be retained
outside the hemostatic clip on each side. The arterial cavities
of upper and lower stumps were washed with heparin saline,
and the ophthalmic scissors were used to repair the vascular
adventitia to 0.5 mm from the edge of arterial opening. The
abdominal aortic vessels of donor were trimmed using the
same method, and the donor vessels were placed within the
operative region, followed by anastomosis, during which
the lumen was washed with heparin water. The anastomotic
exudation was detected after operation, the lower hemostatic
clip was released, and the leakage was checked. Then the
upper hemostatic clip was also released. The vascular filling,
instant patency rate and iliac artery pulse were detected. The
abdomen was sutured layer by layer after no active bleeding.

Observation indexes. Blood specimens of recipient rats were
retained before operation and at sacrifice, and centrifuged
at 670.8 x g at room temperature for 10 min. The serum
was numbered and stored separately at -20°C for standby
application. Before execution, transplanted vascular patency
was detected via HP Sonos 4500 ultrasound. The recipient
rats were executed, 1 cm-long abdominal aorta transplanted
vessels were taken, and 5 gm-thick sections were frozen.

Detection of interleukin-1 (IL-1), IL-6 and tumor necrosis
factor-a (TNF-a). IL-1, IL-6 and TNF-a were detected via
enzyme-linked immunosorbent assay (ELISA) according to
the instructions of kits.

Detection of vascular antigens. Major histocompatibility
complex (MHC)-II antigen detection: The frozen sections
of transplanted abdominal aorta were fixed with acetone for
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Figure 1. Comparison of pathological characteristics in each group. Control
group: vascular media thickening, inflammatory cell infiltration. EDC group:
thickening of vascular mesenchymal cells. PEI group: partially elastic fiber
glass-like denaturation. EDC-PEI group: no significant lesion of vascular
endothelial cells.

Table I. Comparisons of distal anastomosis peak flow and
stenosis rate in each group.

Peak flow Stenosis
Groups (n=24) (cm/sec) rate (%)
Control 169.8+21.6 333
EDC 148.2+23.2 8.3°
PEI 128.3+20.2* 0°
EDC-PEI 127.2+18.8* 0°

"P<0.05; °P<0.01.

10 min, and soaked in 3% hydrogen peroxide methanol solution
for 10 min according to the instructions of the kit, followed by
semi-quantitative analysis of MHC-II antigen level.

o-GAL antigen detection: i) Immunohistochemical
method: The glass slide was treated with hexyltriethoxysilane,
baked in an oven at 58-60°C for 60 min, and stored at 4°C
for standby application. After antigen retrieval via microwave,
the Bandeiraea simplicifolia isolectin-B4 (BSI-B4) was added
dropwise to soak and incubate the antigen at 37°C for 20 min;
then the antigen was washed with 0.01 M PBS and added with
streptavidin-biotin complex (SABC) for incubation at 37°C
for 20 min, and washed again with PBS, followed by color
development via diaminobenzidine (DAB), washing with
distilled water, dehydration, transparency, sealing and micro-
scopic examination. Brown yellow particles under microscope
indicated positive (+), while no staining indicated negative (-).
ii) ELISA: First the reagents, standard materials and samples
required were prepared. The sample was diluted, and then the
standard solution was prepared. Diluent (100 ul) was added
into each well, then added with 50 pl standard solution and
sample and covered with the tape provided in the package,
followed by incubation at room temperature for 2 h. Then each
well was sucked and rinsed 4 times, the cleaning fluid was
sucked dry, and the plate was placed upside down on a clean
paper towel. a-GAL conjugate (200 pl) was added into each
well covered with the tape, followed by incubation at room
temperature for 2 h. The above sucking and rinsing steps were
repeated again. Then 200 pl substrate solution was added into
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Figure 2. Comparison of vascular bursting strength in each group. "P<0.01
compared with the control group. “P>0.05 compared with the control group.
EDC, N-ethyl-N-(3-dimethylaminopropyl)-carbodiimide; PEI, polyethyl-
eneimine.

each well for incubation in a dark place at room temperature
for 30 min, and 50 ul stop buffer was added. Finally, the optical
density (OD) value was measured and recorded.

Statistical analysis. Statistical Product and Service Solutions
(SPSS) 20.0 software package (IBM Corp., Armonk, NY,
USA) was used for the statistical analysis of all data. Data were
presented as mean =+ standard deviation. The inspection level
a=0.05. ANOVA was used for comparison between multiple
groups and the post hoc test was Tukey's test. P<0.05 indicated
that the difference was statistically significant.

Results

Comparison of pathological characteristics in each group. In
the control group, the thickness of the aorta was thickened, the
lumen was narrow, and a large number of inflammatory cells
were accumulated in the middle membrane. There was partial
thickening of vascular mesenchymal cells in the EDC group. In
the PEI group, there were partial elastic fiber glass degenera-
tion and some foam cells in abdominal aorta endothelial cells.
In the EDC-PEI group, the structure of vascular smooth muscle
cells, elastic fibers and collagen fibers were normal. EDC-PEI
treatment can significantly protect the abdominal aorta tissue
morphology, indicating that EDC-PEI treatment can signifi-
cantly protect the abdominal aorta tissue morphology (Fig. 1).

Comparison of vascular ultrasound results in each group.
The ultrasound examinations in the PEI and EDC-PEI groups
showed that the proximal and distal vascular anastomoses
were smooth without changes in blood flow rate. The peak
flow rates of distal abdominal aorta anastomoses in the EDC
and control groups were significantly higher than those in the
PEI and EDC-PEI groups. The stenosis rates (stenosis >50%)
of distal vascular anastomoses in the EDC and control groups
were 8.3% and 33.3%, respectively (Table I).

Comparison of mechanical property in each group. Compared
with those in the control group, the maximum load and
maximum tensile strength in the EDC, PEI and EDC-PEI
groups were all decreased, and the differences were statistically
significant. The elastic modulus in the EDC, PEI and EDC-PEI
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Table II. Comparison of mechanical property in each group.
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Elastic modulus Maximum tensile Maximum Stretch

Groups (n=24) (MPa) strength (MPa) load (N) rate (%)
Control 45.23+2.45 10.26x1.55 42.51+2.58 34.56+2.62
EDC 28.67£3 47 6.23+1.19° 16.62+1.422 33.63+3.29
PEI 30.09+1.83* 5.15+0.64° 25.56x1.77* 35.35+2.67
EDC-PEI 35.23+3.05° 7.16+0.32* 27.14+2.01* 37.43+2.72
P<0.05.

o Table III. IL-1, IL-6 and TNF-a in each group.

< 90 * *

E 80 4 Groups (n=24) IL-1 (pg/ml)  IL-6 (pg/ml) TNF-a (pg/ml)
= 70

E" 60 Control 152.51£20.05 68.36+15.55 48.46+12.45
g ig EDC 118.28+16.85" 47.63+12.79° 34.14+14 35
g 30 PEI 132.63+22.65* 76.65+17.74* 54.67+14.50°
°§ 20 EDC-PEI 72.52+15.21*° 36.12+14.05° 28.26+10.42%°
210

2 0 “P<0.05 vs. the control group. "P>0.05, vs. the EDC group.

s Control EDC PEI EDC-PRI

Figure 3. Comparison of denaturation temperature in each group. ‘P<0.05 com-
pared with the control group. “P>0.05 compared with the control group. EDC,
N-ethyl-N-(3-dimethylaminopropyl)-carbodiimide; PEI, polyethyleneimine.

groups significantly declined, indicating that the extracellular
matrix is damaged seriously after treatment with EDC, PEI and
EDC-PEI heparinization. The mechanical property in EDC-PEI
group was the optimal among three groups (Table II).

Comparison of vascular bursting strength in each group.
The bursting pressure was 3.33+0.30 atm in the control,
3.41+0.25 atm in the EDC, 2.35+0.22 atm in the PEI, and
3.36+0.31 atm in the EDC-PEI groups, suggesting that the
vascular mechanical strength in the PEI group was weakened
by decellularization (P<0.01), while the vascular mechanical
properties in the EDC and EDC-PEI groups after EDC cross-
linking treatment had no statistically significant differences
compared with that in the control group (Fig. 2).

Comparison of denaturation temperature in each group.
The denaturation temperature was 61.2+0.4°C in the control,
80.7+0.5°C in the EDC, 61.1+0.5°C in the PEI and 80.6+0.6°C
in the EDC-PEI groups, respectively. The denaturation
temperature in the EDC and EDC-PEI groups had statistically
significant differences compared with that in the control group
(P<0.05), indicating that EDC cross-linking treatment can
improve the thermal stability of collagen (Fig. 3).

Levels of serum inflammatory factors (IL-1, IL-6 and TNF-a)
in each group. The changes in serum inflammatory factor
levels in rat abdominal aorta allogeneic transplantation model
are shown in Table III. The serum inflammatory factor levels
in the control group receiving conventional treatment were
significantly increased after transplantation, but the increases
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Figure 4. MHC-II antigen level (immunohistochemistry). (A) Control group
(vascular endothelial cell MHC-II is stained brown). (B) EDC group (vas-
cular endothelial cell MHC-II is stained negatively). (C) PEI group (vascular

endothelial cell MHC-II is stained negatively). (D) EDC-PEI group (vascular
endothelial cell MHC-II is stained negatively).

in inflammation levels in the EDC, PEI and EDC-PEI groups
were less than that in the control group, and the differences
were statistically significant.

Comparisons of vascular antigen (MHC-II and a-GAL) levels
in each group. Immunohistochemical results showed that the
vascular endothelial cells in the control group were stained
brown, and a large number of brown yellow particle sediments
could be seen, but smooth muscle cells, elastic fibers and
collagen fibers were not stained. After treatment with EDC,
PEI or EDC-PEI, vascular endothelial cells, smooth muscle
cells, elastic fibers and collagen fibers were not stained (Fig. 4).
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Table I'V. Comparison of MHC-II and a-GAL antigen levels in
each group (ELISA).

Groups (n=24) MHC-II a-GAL (U/mg)
Control 0.2875+0.0245 1.26+0.55
EDC 0.2163+0.0123" 0.23+0.19°
PEI 0.2354+0.0212* 0.15+0.14°
EDC-PEI 0.2272+0.0078* 0.16+0.15°

P<0.05; "P<0.01.

ELISA revealed that the levels of MHC-II and a-GAL in
the EDC, PEI and EDC-PEI groups were significantly lower
than those in the control group (P<0.05 or P<0.01) (Table I'V).

Discussion

Vascular disease is one of the human diseases with the highest
incidence rate, in which the atherosclerotic lesions, func-
tional changes and inflammatory lesions, can occur in blood
vessels (7-10). The treatment methods of vascular disease include
bypass grafting, percutaneous transluminal angioplasty or stent
implantation, gene therapy and drug therapy (11). Vascular
bypass grafting is an important means of treatment of vascular
disease, and the vascular graft materials in clinical application
include the autologous blood vessels, allogeneic blood vessels
and artificial materials (12). Treatment with autologous vascular
tissue is ideal, but it is at the expense of health, and its source is
very limited. Moreover, due to the immunological rejection of
allogeneic or xenogeneic blood vessels, its application is limited,
and the immune reaction and inflammatory responses often lead
to the arteriosclerosis and thrombosis of transplanted vessels,
affecting the treatment effect. The ideal allogeneic vascular
transplantation has three conditions (13). First, no antigenicity;
secondly, maintain the vascular structure and vascular physical
property; thirdly, better histocompatibility. At present, in order
to reduce the immunogenicity of allogeneic or xenogeneic blood
vessels, the cell components are first removed and then cross-
linked with the structural proteins; the cells, cell debris and lipid
in allogeneic or xenogeneic vessels are removed using a variety
of methods, that is, removing the substances that cause tissue
antigenicity, and preserving the extracellular matrix-based
components, and maintaining the original mechanical pro-
perty and forming of blood vessels (14).

Previous studies have shown that the long-term high
vascular patency rate after bypass grafting is closely related to
the physical property of blood vessels. If the allogeneic blood
vessels have poor physical properties, it will directly affect the
host's hemodynamics and the pressure wave propagation rate,
cause wave reflection and form the eddy at the junction, leading
to blood coagulation, thrombosis and vascular endothelial
cell proliferation (15). Due to the different expansion rates of
vascular diameter, the anastomotic stress is increased, resulting
in shear stress and fibrous tissue hyperplasia (4). In this study,
allogeneic rat abdominal aorta was selected for vessel study, and
the vascular surface was modified to improve its blood compat-
ibility, reduce thrombosis and prevent vascular occlusion.
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Inflammatory response will occur after vascular trans-
plantation. Multiple inflammatory factors are involved in the
occurrence of inflammatory response after vascular transplan-
tation, which affect the function and number of endothelial
progenitor cells through different signaling pathways, thus
affecting the vascular repair; and the B lymphocytes, T lympho-
cytes and mononuclear-macrophages are activated, resulting in
a large amount of IL and TNF-a (16,17). In the early stage of
inflammatory response, inflammatory cells and inflammatory
factors can stimulate the mobilization and homing of endothe-
lial progenitor cells, which is conducive to damage repair (18).
However, the long-term inflammatory stimuli and high-level
inflammatory factors can reduce the number of endothelial
progenitor cells in circulation, accelerate the apoptosis of
endothelial progenitor cells, and inhibit the adhesion and
proliferation of endothelial progenitor cells, thus harming the
damage repair and leading to the occurrence and development
of vascular injury after transplantation (19-21). In this study,
the aorta was thickened, the lumen was narrow, and a large
number of inflammatory cells were accumulated in the middle
membrane in the control group. There was partial thickening
of vascular mesenchymal cells in the EDC group. In the PEI
group, there were partial elastic fiber glass degeneration and
some foam cells in abdominal aorta endothelial cells. In the
EDC-PEI group, the structure of vascular smooth muscle
cells, elastic fibers and collagen fibers were normal. EDC-PEI
treatment can significantly protect the abdominal aorta tissue
morphology. Further detection of serum inflammatory factors
found that IL-1, IL-6 and TNF-a in the control group were
constantly increased, leading to vascular anastomotic stenosis
later. However, in the EDC-PEI group, inflammatory factors
were secreted early after operation, but returned to normal
levels rapidly without causing further damage to vascular
endothelium, so vascular anastomotic stenosis did not occur.
These results indicated that EDC-PEI treatment can signifi-
cantly protect the abdominal aorta tissue morphology.

MHC antigens of endothelial cells belong to the impor-
tant immunogens and target antigens of allogeneic vascular
transplantation immunity (22). To reduce the antigenicity of
allogeneic blood vessels, the researchers have tried various
methods,including formaldehyde, glycerol and ethanol soaking,
or polyepoxy compound, glutaraldehyde cross-linking treat-
ment of allogeneic blood vessels. However, the remote patency
rate after transplantation is relatively low (23-25). Studies
have found that EDC cross-linking treatment and surface
modification, heparin loading can block part of the MHC
antigenic determinants, so as to better preserve the vascular
structure; besides, the spatial conformation of protein can be
changed to reduce the expression level of MHC antigen, thus
effectively reducing the vascular antigenicity and ultimately
preventing thrombosis. The results of this study revealed that
the expression of MHC antigen in the experimental group was
significantly lower than that in the control group, so it had
superior histocompatibility and remote patency rate of blood
vessels.

In conclusion, the inflammatory response and vascular
antigenicity after transplantation are effectively reduced via
the rat abdominal aorta transplantation model treated with
allogeneic EDC-PEI heparinization, which has a higher
remote patency rate.
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