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Introduction

Stent stenosis is related to a number of different factors
(patient, stent design, and technology). The factors hav-
ing to do with the design of the stent include the material
the stent is made of, its structure, different polishing tech-
niques, surface modifications, and its coating.' Differences
in stent manufacturing (materials, designs, and coatings)
modify their mechanical and surface properties, as well
as their biocompatability.>* Modifying the surface of the
stent improves biocompatibility, alternating the biologi-
cal response and lessening re-estenosis.* Despite the fact
that techniques to modify the surface of stents have been
reported,* there is a paucity of comparative studies of the
various chemical modifications.> Nitinol is a metallic alloy
that has ideal shape memory to manufacture self-expanding
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stents. Earlier studies have examined the thrombogenic
potential of stents in vitro in a Chandler loop flow model,
thereby making possible to analyse the special properties
of human blood.>>¢ We investigated the effects of different
modifications of a nitinol stent on thrombogenicity by deter-
mining platelet determination and the amount of thrombin
generated by quantifying thrombin antithrombin complexes
(TAT).

Material and methods

Eighty-three nitinol stents were used that had first been sub-
ject to ultrasound (US) cavitation to remove the impurities
accumulated during the manufacturing process. They were
submerged in 80ml of sonication liquid (deionised water
and a cleaning solution [CS]). Sonication was performed at
35kHz and at 70°C for 5 min. The stents underwent chemical
surface modifications (M): passivation with nitric acid -M1
(they were submerged in a 3% solution of HNO; with Ampuwa
for 5min, after which they were cleaned with and Ampuwa
for 1h at 37°C); autoclave-M2 (stents were treated and
autoclaved at a temperature of 134 °C for 10 min, then dried
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Table 1  Test groups.

Test Abbreviation No. of stents
Baseline Baseline

Control Control

1 S+US+M3+IS 15
2 S+US-SL1+IS 5
3 S+US-SL2 +1S 15
4 SL1+IS

5 S+US-SL2 + M1 +1S 10
6 S+US-SL2 + M2 + IS 10
7 S+US-SL2 + M3 + IS 5
8 S+US-SL2-xEt +IS 5
9 S+US-SL2 + 3S(Falcon) + 1S 6
10 S+US-SL2 + M1 + 3S(Falcon) + IS 6
11 S+US-SL2 + M4 + 3S(Falcon) + IS 6

wEt: no ethanol; 3S: storage for 3 weeks; IS: incubated in
blood; M: modification; M1: HNO3; M2: autoclave; M3: boiling in
Ampuwa; M4: Hy0,; S: nitinol stent; CS: cleaning solution; SL1:
3% Deconex HAT 1169; SL2: 1% TICKOPUR TR 13; US: ultrasound
cavitation.

at a temperature <120°C for 15 min); boiling in Ampuwa-M3
(the stents were boiled in Ampuwa for 60 min, then cleaned
with Ampuwa for 1 h at 37°C), for passivation and hydrogen
peroxide-M4 (the stents were immersed in a solution of 10%
H202 and Ampuwa for 5 min, then cleaned with Ampuwa for
1h at 37°C).

Next, the stents were rinsed with tap water and Ampuwa
in a beaker for 5 min to remove surface contamination, then
cleaned by sprinkling with 70% ethanol, blow dried with com-
pressed air, and placed in a hybridisation oven at 45°C for
30 min to dry completely. Some stents were stored in Falcon
tubes for a period of 3 weeks.

Blood was drawn from healthy volunteers who signed an
informed consent form. 60ml of blood were drawn from
each participant and sodium heparin (1.5 Ul/ml) was added.
A total of 124 blood draws were performed.

The following exclusion criteria were strictly applied for
blood donors: under the age of 18 years, smokers, and having
taken medication in the two weeks prior to blood collection.

A total of 13 test groups were assembled with varying
combinations of chemical surface modification (Table 1).
They included a baseline group (blood that was analysed
immediately after being drawn) and a control group (sam-
ples incubated in a PVC tube in the in vitro model without
touching nitinol stents). Group 4 consisted of blood samples
incubated in blood (IS) with 10 ul of 3% Deconex HAT 1169
without nitinol stents.

Next, they underwent blood incubation (BI). The mod-
ified stents were placed in contact with human blood for
60 min using an in vitro model that simulates conditions sim-
ilar to those in the human body (Chandler loop model).*>7
The tests were performed in accordance with 1SO 10993—4.
Vinyl tubing (inner diameter 3 mm, outer diameter 4.2 mm,
length 33 cm) was used and the open ends were connected
using a short sleeve of larger tubing (inner diameter 4 mm,
outer diameter 6.8 mm) to form a loop having a diameter of
10.5 cm. Modified nitinol stents were inserted and filled with
12 ml of heparinised blood from the volunteer donors and

subsequently immersed in a water bath at 37°C. A constant
spin speed of 30 rpm was set for 60 min time.

Afterwards, platelet counts were obtained directly from
the blood samples by flow cytometry (ABX MICROS 60 anal-
yser [Axon Lab AG, Reichenbach an der Fils, Germany]); in
order to determine TAT complexes as a marker of thrombo-
genicity, the blood samples were centrifuged (ROTANTA 460R
centrifuge [Andreas Hettich GmbH & Co, Tuttlingen, Ger-
many]), frozen with liquid nitrogen, and stored in a freezer
(FRYKA [Esslingen, Germany]), after which they were anal-
ysed using the ELISA technique (Dade Behring, Marburg,
Germany).

Statistical analysis

The data regarding the variables were recorded in a table
(mean and standard deviation). The test for homogeneity of
variances or Levene’s test was carried out. Statistical testing
was then undertaken to establish the existence of differ-
ences between the tests: 1)differences were studied by
means of analysis of variance (ANOVA) in variables exhibit-
ing homogeneity of variances (p > 0.05); 2) differences were
examined using the Kruskal-Wallis non-parametric test for
independent samples (H test) for variables displaying no
homogeneity of variances (p<0.05), and 3)in the variable
in which statistically significant differences were identi-
fied, post hoc comparison tests with Dunnett’s control were
applied to establish which test groups presented statistically
significant differences with respect to the baseline group.
A level of p <0.05 was deemed statistically significant. Data
were collected and analysed using IBM SPSS Statistics version
26.

Results

Analysis of platelet count differences: ANOVA, F=0.73
statistic (p=0.72); TAT complexes: Kruskal-Wallis non-
parametric test for independent samples: H=83.02 statistic
(p=0.00).

The number of samples for the determinations made
following IS in the in vitro model in the different groups
(mean £ DE) are summarised in Table 2.

Discussion

The US of nitinol stents has been proposed as a means by
which to remove impurities accumulated on the surface of
the metal during the manufacturing process with the abil-
ity to improve thrombogenicity.® Surface modifications to
stents are part of stent manufacturing to lower the rates of
restenosis by modifying thrombogenicity in the initial stages
after stent deployment.*> IS utilising the Chandler loop is
a model that has been both proposed and validated and
that makes it possible to assess thrombogenicity in vitro by
measuring parameters in blood samples that have been in
contact with nitinol stents.?>7°

This study sought to evaluate thrombogenicity follow-
ing the Chandler loop model in nitinol stents subjected to
different surface modifications, with the expectation that
different degrees of thrombogenicity would be detected.
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Table 2  Group measurements following incubation in blood (IS).

Differences Platelets (x10%/ul) p=0.722

TAC (ng/l) p=0.00°

Group n Mean + SD n Mean £+ SD
Baseline 18 221+42 18 16 +23
Control 16 197 £ 51 18 21+23
1 15 192 + 61 15 101 £ 87¢
2 5 175+ 64 5 204 +131¢
3 15 186 + 54 15 217 £115¢
4 5 167 £ 612 5 38+39
5 10 201 +49 10 110+ 51¢
6 10 190+35 10 109+ 71
7 5 197 +42 5 212 + 86°
8 5 204+79 5 222 +127¢
9 6 205+50 6 145 £ 200°
10 6 217 £57 6 47 +£37
11 6 211+45 6 42420

a Significance as per ANOVA.

b Significance as per Kruskal-Wallis non-parametric test for independent samples.
¢ Indicates significant differences (p<0.05) in the group compared to the baseline group as determined by post hoc testing using

Dunnetts comparison test with control.

Analysis of the platelet count results yielded no sig-
nificant differences between the baseline group and the
other groups (p=0.72). The platelet count ranged from
221442 x 103/ul (baseline group) to 167 +62 x 103/l
(group 4).

In contrast, the TAT complex count revealed significant
differences between the baseline and test groups (p =0.00).
The TAT complex numbers ranged from 16 +23 pg/l (base-
line group) to 2224127 ng/l (group8). Post hoc tests
performed with Dunnett’s test of comparison indicated
significant differences between the baseline group and
some groups, yet exhibited no significant differences
between the baseline group (16 £23ug/l) and the con-
trol group (21 £ 23 pg/l) (p =1.00); no significant differences
were found between the baseline group (16 +£23 ng/l) and
group4 (38 +39pg/l), which had not been in contact
with nitinol stent (p=1. 000), group6 (109471 pg/l)
(p=0.048), group 10 (47 =37 ng/l) (p=0.996), and group 11
(42 +£20 pg/l) (p=0.999).

The smaller increase in TAT complex counts in groups
10 and 11 that underwent ultrasonic cavitation with TICK-
OPUR TR 13 and passivation (HNO; and H,0,, respectively)
and storage in a centrifuge tube for 3weeks points to
these surface modifications leading to a lower thrombogenic
potential.

While the impact of stent design (ring size, distance
between rings, stent width and thickness, and coronary
radius) is not analysed, we do note that small variations in
the combinations of surface modifications can make a def-
inite difference in the thrombogenicity of a stent. It may
be of interest to complete the study by determining mark-
ers associated with platelet activation (B-thromboglobulin
and selectinP) and that have to do with the activation of
the complement system (SC5b-9), as well as visual anal-
ysis methods with scanning electron microscopy or after
fibrin derivative staining to quantify the amount of fibrin
and platelets that are adhered to the stent.®>%'0 However,

because of industry secrecy in stent manufacturing, there
are no standardized protocols that address surface modifi-
cations of nitinol stents. This work may help to establish
a series of combinations of surface modifications to lessen
stent thrombogenicity.

Conclusions

The absence of significant differences in platelet analysis as
a parameter when examining the thrombogenicity of blood
that comes into contact with nitinol stents between the
baseline, control, and test groups of nitinol stents subjected
to different surface modifications suggests that it is insuffi-
cient as a means of investigating thrombogenicity.

Analysis of thrombogenicity by means of TAT complex
testing reveals that certain combinations of chemical sur-
face modifications of nitinol stents are less thrombogenic
than others.

The high degree of standardisation of Chandler loop
model tests enables the thrombogenicity of new stent
designs to be examined, thereby making it possible to com-
pare different parameters of human blood in direct contact
with different types of stents.
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