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Abstract: Thrombosis is an initiating reaction to vascular
injury that follows the placement of vascular devices. Platelets
play a crucial role in this response. Their interaction with
endovascular devices is not solely a function of device proper-
ties, but a multifaceted response dependent on several biolog-
ical factors that interact in the context of a hemodynamic en-
vironment. We sought to investigate the role of local
environmental variations on determining indices of biocom-
patibility. Using a recently described in vitro flow apparatus,
we separately studied the platelet and coagulative component
responses to stainless steel endovascular stents with and with-
out gold coating. When allowed to interact, these biological

mediators of thrombosis enabled varied biocompatibility out-
comes in a manner that was dependent on flow. Using platelet
reactivity as an index, the stainless steel faired better under
some conditions, while under other conditions, gold was su-
perior. Considering such impacts of local environment on bio-
compatibility is important, both in the interpretation of exper-
imental findings, as well as the continued use and optimized
development of vascular devices. © 2004 Wiley Periodicals,
Inc. J Biomed Mater Res 70A: 186–193, 2004
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INTRODUCTION

Thrombosis is a complex process that initiates the
body’s response to vascular injury following place-
ment of an endovascular stent. In early clinical exam-
ination, thrombotic vessel occlusion occurred in nearly
20% of stent implantation procedures. While advances
in anti-thrombotic agents, stent design, and expansion
technique have reduced occlusive thrombosis rates to
less than 2%, there still remains a significant risk of
mortality associated with thrombotic vascular occlu-
sion.1–5 Moreover, silent mural thrombosis is an ap-
parently ubiquitous process that promotes subsequent
repair and remodeling events, which may lead to
pathological restenosis in 20–50% of cases.6–8 Accord-
ingly, elucidation and control of the local thrombotic
process is important for the continued use and opti-
mized development of vascular implants.

Platelets play a central role in the thrombotic reac-
tion to endovascular devices.3,9 Their activation, ad-
hesion, and aggregation to sites of vascular injury
serve both as a mechanism of primary hemostasis as
well as a method of localizing and supporting the
coagulation reactions in flow.10–15 Constituents of the
enzymatic coagulation cascade further modulate the
growing platelet plug through feedback signaling and
the generation of a stabilizing fibrin meshwork.15

Given the host of biological and physical interactions
that take place in the vicinity of the implant, we hy-
pothesized that variations in local environmental fac-
tors may play a critical role in determining measures
of stent biocompatibility. Specifically, we considered
the influence of flow and coagulation on determining
the relative platelet reactivity of stainless steel endo-
vascular stents with and without gold coating.

METHODS

System overview

A recently described flow system was utilized whose ba-
sic components include fluid loops, rotor-stages, a driving
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motor, a motion controller, a measurement system, and an
incubator.16 The fluid loops were made from a 24.0-cm-
long length of silicone tubing (3.2 mm ID/4.8 mm OD). By
controlling the angular loop accelerations, a wide variety
of pulsatile flows can be maintained in a geometrically
relevant setting while minimizing background distur-
bances (i.e., circuit platelet activation, flow disruptions).16

For the current work, two rotating axes were used to
accommodate two simultaneous flow profiles (Fig. 1). A
high flow, coronary-like pattern was approximated with a
peak flow of 200 mL/min along with a low flow pattern
with a peak of 40 mL/min (100 and 20 mL/min mean flow
rates, respectively; Fig. 2). Although the flows produced
were bidirectional in nature, physiological shear rates
could be matched on a beat-to-beat basis as discussed
elsewhere.16

Blood components were derived from whole blood ob-
tained from healthy volunteers drawn via a 20-gauge needle
into a 1/10 dilution of acid-citrate-dextrose anticoagulant
(ACD, a calcium chelating agent; 85 mM trisodium cirate, 69
mM citric acid, 111 mM glucose, pH 4.6). The whole blood

was spun at 200g for 15 min and the top platelet-rich plasma
(PRP; 1.5–2 � 108 platelets/mL) was collected. For trials
requiring platelet-poor plasma (PPP), the platelets were re-
moved by additional centrifugation at 1500g for 15 min. The
platelet-depleted supernatant was recentrifuged at 2500g for
20 min to ensure PPP (as verified through loss of CD61
detection on flow cytometry).

Stainless steel stents (7-cell NIR�, Medinol, Jerusalem,
Israel) left intact or coated with a 7 � 2 �m layer of gold
[surface roughness, Ra, of 48.4 � 2.2 and 154.6 � 5.4 nm,
respectively, as determined through atomic force micros-
copy (Topometrix Explorer)] were examined as a relevant
clinical comparison.17–21 These geometrically identical
stents18 were all 9 mm in length and were expanded within
the tube circuit to a 3.5-mm post-inflation diameter under 12
atm of pressure via a balloon catheter (Maxxum™ 3.5
Scimed� balloon catheter, Boston Scientific Corporation).
After stent expansion, the tubes were closed into their loop
format (Fig. 1), filled with the specified blood components,
and rotated through the desired motion profile at 37°C.16

The flow was continuously monitored and motion of the

Figure 1. General two-axis system schematic and fluid loop design. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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loops could be stopped at any time to assess specific biolog-
ical markers.

Measuring the endovascular stent platelet response

Platelet response was measured independently of coagu-
lation using anticoagulated PRP. To suppress the coagula-
tion reactions, we did not rely on the use of ACD given
possible effects of calcium chelation on platelet interac-
tions.22 Rather, 80 ug/mL Corn Trypsin Inhibitor (CTI; FXIIa
inhibitor) and 5 U/mL hirudin (thrombin inhibitor) were
added. These agents blocked the initiation of the intrinsic
coagulation pathway and the positive feedback effects of
thrombin, respectively.22 Activated partial thromboplastin
times (APTT; data not shown) and electron microscopy
studies of post-run stent surfaces (Fig. 3) indicated the ef-
fectiveness of this method in eliminating coagulative func-
tion.

The CTI/hirudin anticoagulated PRP was recalcified prior
to testing (13 mM; thus overwhelming ACD chelation) and
injected into the pre-stented fluid loops. Twelve stents with
and without gold coating and 4 nonstented controls were
run in total under the high flow conditions. Four groups of
3 gold, 3 stainless steel, and 1 nonstented loop were consid-
ered in turn, thus allowing inter-stent comparisons despite
inter-run variability. Each run was stopped after 1 h and the
loops were quickly emptied and flushed with Hank’s Bal-
anced Salt Solution (HBSS) supplemented with 2 mmol
CaCl2 (pH 7.4). The tube surfaces and emptied volumes
were then assessed for indices of platelet reactivity.

To measure volumetric platelet activation, 100 �L of each
post-run PRP sample was suspended in 1 mL of 1% para-
formaldehyde/PBS fixing solution and stored at 4°C for 24
hours. Fifty microliters of the fixed sample was incubated
for 20 min with 20 �L of CD61-FITC (anti-gpIIIa) and
CD62p-PE (Beckton Dickinson) (anti-p-Selectin) as constitu-
tive and activation dependent platelet markers, respectively.

Figure 2. Generated flow profiles showing a representative pulse at high and low flow, superimposed on a typical, left,
anterior, descending branch coronary profile.37

Figure 3. Electron microscopy or post-run stent surface with and without anticoagulant (80 mg/mL CTI, 5 U/mL hirudin).
Elimination of fibrin strand formation in the anticoagulated case indicates the effectiveness of this technique.
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The reaction mix was quenched with 1 mL 1% paraformal-
dehyde and assessed via flow cytometery (FAC scan™, Bec-
ton Dickinson) (FAC) by determining percentage of
CD62p� counts in the total CD61� population (% activa-
tion).

For an index of surface activation, a platelet extraction
protocol was developed. Briefly, the flushed tubes were
filled with 1% paraformaldehyde fixative and stored at 4°C
for 24 h. After fixing, the tubes were again flushed with
HBSS and closed. Each loop was filled with 0.05% trypsin
w/0.02% EDTA and spun in the flow setup under high shear
conditions (500 mL/min peak flow rate) for 2.5 h (25°C) to
extract adherent platelets. The loops were emptied into 200
�L trypsin inhibitor (60 mg/mL; Sigma). The platelets were
pelleted (2500g for 15 min; 4°C) and concentrated in 100 �L
PBS (pH 7.2). Following the antibody staining protocol, total
CD61� counts and counts expressing both CD61 and CD62p
were determined through FACs analysis as measures of
surface adherent and activated platelets, respectively. Fixa-
tion and trypsinization procedures were found not to alter
CD61 or CD62p labeling.

Measuring the endovascular stent coagulation
response

To assess the coagulation response independently of
platelet function, 320 �g/mL phosphatidylethanolamine
was added to the PPP. This served as an activated phospho-
lipid source essential in catalyzing the coagulative reactions.
Without this added source, typically provided by activated
platelet membrane,23 stented loops remained unoccluded
for �2.5-h trial runs, whereas in its presence (320 �g/mL),
occlusion occurred within 90 minutes (unpublished data,
2001).

The plasma was recalcified (13 mM) and injected into the
respective fluid loops. Six stents of each type and 4 stentless
controls were run in total under the high flow conditions (2
runs of 3 gold-coated, 3 stainless steel, and 2 non-stented
loops). After one hour (pre-occlusion), the tubes were
stopped and the plasma was assessed for PT1 � 2 fragment
levels by ELISA (Bering-Dade) as an index of the coagula-
tion response.

Influences of coagulation and flow on the
endovascular stent platelet response

To evaluate the effects of coagulation on platelet reactiv-
ity, varying levels of CTI anticoagulant (40, 20, 4, 0 �g/mL)
were added to recalcified PRP. Stainless steel stents were
run under the high flow conditions until a reduction in the
flow recordings could be detected under any of the CTI
conditions. All loops were subsequently stopped and ana-
lyzed for surface and volumetric platelet response as de-
scribed above. This procedure was repeated for a total of
four runs.

The interactive influence of coagulation and flow on de-
termining the relative platelet reactivity of the biomaterial
surfaces was considered by performing four 1-h runs of 4

steel and 4 gold stents using recalcified PRP supplemented
with 20 �g/mL CTI anticoagulant. In each run, 2 of each
stent type were run under the high-flow and 2 under the
low-flow conditions. Platelet response was measured as de-
scribed above. Four similar runs were performed at a lower,
4 �g/mL CTI condition. In each of these trials, an additional
20 �g/mL CTI, high flow, stainless steel case was tested to
allow relative scaling between the 4 and 20 �g/mL antico-
agulant conditions.

Statistical analysis

To account for inter-run variability, all values are given
after normalization with the most highly anticoagulated,
stainless steel values for the given run. The results are ex-
pressed as normalized mean � SEM. A one- or two-way
ANOVA was performed to evaluate global statistical signif-
icance, followed by post hoc, two-tailed (unless otherwise
indicated) Student’s t-tests for comparison between specific
groups. Statistical significance was accepted at a value of p �
0.05.

RESULTS

We have previously considered the applicability of
the in vitro flow system in studying stent thrombosis
and found that while stentless control loops remained
unoccluded for a 2.5-h trial duration, stainless steel
stented loops occluded after approximately 40 min.16

In the current investigation, we more closely assessed
such acute thrombotic events by considering individ-
ual components of the thrombotic process and their
impact on inter-stent comparisons.

The use of highly anticoagulated PRP (CTI � hiru-
din) allowed us to consider a platelet response rela-
tively independent of coagulative function. We found
significantly more normalized surface-bound, acti-
vated platelets (CD61�, CD62p�) in the gold stented
loops as compared to the stainless steel stented con-
figurations (Fig. 4; 1.45 � 0.10 vs. 1.00 � 0.08, p �
0.05). Of note, all surface-bound, CD61� cells co-ex-
pressed the CD62p activation marker. The increase in
platelet response was not well represented in the nor-
malized volumetric platelet activation measure (gold
1.21 � 0.16, steel 1.00 � 0.14, control 1.19 � 0.24).
Phosphatidylethanolamine-doped PPP allowed us to
consider the coagulation response independent of
platelet function. In contrast to the surface platelet
responses, we found that PPP exposed to the gold-
coated stents exhibited lower normalized PT1 � 2
levels than plasma exposed to uncoated, stainless steel
stents (Fig. 4; 0.50 � 0.07 vs. 1.00 � 0.13, p � 0.001).

We then tested the interactive effect of coagulation
on platelet reactivity by considering PRP with varying
levels of anticoagulant (0, 4, 20, 40 �g/mL CTI). Each
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run was immediately stopped when a drop in flow
was detected in any of the anticoagulant conditions.
This decrease was the result of a reduction in luminal
diameter that accompanied overt thrombus formation.
In each trial, the initial drop occurred in the 0 �g/mL
CTI case (33 � 3 min). We found that the surface-
bound, activated platelet number (CD61�, CD62p�
counts) rose significantly with decreasing levels of
anticoagulation (Fig. 5). A significant rise in volumet-
ric platelet activation only occurred under the actively
clotting 0 �g/mL CTI conditions.

To determine whether flow could influence mea-
sures of stent biocompatibility, gold and stainless steel
stents were run at high and low levels of CTI antico-
agulant (20, 4 �g/mL) under both high and low flow
conditions (200, 40 mL/min peak flow; Fig. 6). Platelet
reactivity indices were normalized within each run to

the 20 �g/mL CTI, 200 mL/min, stainless steel condi-
tion. Two-way ANOVA analysis indicated significant
effects on surface-bound, activated platelet measures
(CD61�, CD62p� counts) given changes in either
flow or CTI levels. Significant interaction effects be-
tween flow and CTI levels occurred in the gold-coated
stent group. In all conditions, volumetric platelet ac-
tivation levels did not significantly vary between
groups (data not shown). Table I summarizes specific
findings made at a particular flow rate or coagulation
strength given an increase in the other variable (coag-
ulation or flow, respectively).

Increasing coagulation tended to increase platelet
reactivity, while increasing flow only uniformly in-
creased platelet reactivity under conditions of low
coagulation. Considering the impact of these interac-
tive effects on inter-stent comparisons, we found that
under three test conditions (40 mL/min, 20 �g/mL
CTI; 40 mL/min, 4 �g/mL CTI; 200 mL/min, 20
�g/mL CTI; Fig. 6), gold tended to react more
strongly with platelets (first condition significant:
0.89 � 0.09 vs. 0.59 � 0.08; p � 0.05), while at low
levels of CTI and high flow, the stainless steel stent
reacted more strongly (2.13 � 0.03 vs. 1.44 � 0.12; p �
0.05 using a one-tailed Student t test to assess this
directional change).

DISCUSSION

Implanted devices are increasingly used to combat
diseases in a range of physiological environments.

Figure 4. Mean steel normalized discrete coagulation
(PT1 � 2) and platelet responses (activated surface bound
number, bulk percent activation) of control, stainless steel,
and gold stented loops. Significant comparison p values
indicated on chart.

Figure 5. 40 mg/mL normalized platelet reactivity (acti-
vated surface bound number, bulk percent activation) of
stainless steel stents with increasing coagulative function
(decreasing CTI anticoagulant levels) showing regions of
relatively low (surface) and high (volumetric) platelet acti-
vation. *Denoted points are significant as compared to
higher CTI values.

Figure 6. Parametric study of mean, high-flow, 20 mg/mL
CTI steel normalized platelet reactivity (activated surface
bound number) of stainless steel and gold-coated stents.
Significant comparison p values indicated on chart. *p value
evaluated using a one-sided test hypothesis to test for direc-
tional differences.
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Given the multiple interactions that take place at the
body/device interface, issues of biocompatibility must
encompass far more than a static surface reaction. In
the setting of endovascular stenting, platelets serve as
an important mediator of the biological response. The
platelet reaction is not only a function of device sur-
face composition, but a complex outcome dependent
on several physical and biological factors. We show
that varied independent responses (namely platelet
and coagulative function) may exist in vitro, and fur-
ther that it is a balance of these interactive components
in the context of a local flow environment that deter-
mines measures of device biocompatibility such as
stent-mediated platelet-reactivity.

Independent biological responses: platelets and
coagulation

It is recognized that devices of different surface
composition may stimulate different aspects of throm-
bosis to a variable degree.24–26 Currently, we consid-
ered stainless steel stents that were either polished in
standard fashion or coated with a radio-dense layer of
gold. We found that in the virtual absence of coagu-
lation (obtained through high levels of anticoagula-
tion), stainless steel stents exposed to PRP had re-
duced platelet reactivity as compared to gold stents.
However, in the absence of a platelet component (as
modeled with phosphatidylethanolamine-doped
plasma), the stainless steel surface exhibited a higher
coagulation response.

Such variability in material response can be ratio-
nalized by considering the unique quality of each
surface. While stainless steel forms a protective oxide
layer on its surface, gold does not.18 Materials that do
not support such oxidation have been shown to enable
strong surface protein interactions to highly abundant
plasma proteins such as fibrinogen, thus promoting
platelet reactivity.18,25,27 On less tightly binding, oxi-

dized surfaces, scarce proteins such as high molecular
weight kininogen (HMWK) and FXII may accumulate
over time, potentiating coagulative function.25–28 Sur-
face oxidation is one mechanism that may account for
the observed device differences. However, other as-
pects of surface quality may play a role as well. In-
deed, we found surface roughness to be greater on the
gold-coated as compared to the bare stainless steel
stents. While further investigations are required to
isolate and more directly analyze the impact of spe-
cific surface features on individual aspects of stent
thrombosis, the observation of varied, independent
device responses sets the stage for more complex,
integrative, biocompatibility outcomes.

Interactive biological and physical environments:
Coagulation and flow

As coagulation and platelets were allowed to inter-
act through decreasing levels of anticoagulant (cases A
and B, Table I; further evidence in Fig. 4), we found a
generalized increase in endovascular stent platelet re-
activity (trend for gold, case B). Additionally, as flow
was increased under high anticoagulant conditions
(case C), platelet reactivity also increased. These rises
can be anticipated given the positive role of coagula-
tive products and flow in facilitating platelet activa-
tion, adhesion, and aggregation.12,15,29–31

With the role of coagulation increased (case D), the
flow-dependent rise in platelet reactivity was no
longer uniformly evident (nonsignificant increase
with stainless steel; significant decrease with gold).
These contrasting findings may reflect the flow-depen-
dent balance of thrombotic products within the stent
vicinity (a phenomenon evidenced by the nature of
platelet-rich, high-flow arterial and fibrin-rich, low-
flow venous thrombi.32 Whereas the higher coagula-
tive potential of stainless steel may partly compensate

TABLE I
Summary of Endovascular Stent Flow and Coagulation Interactionsa

Condition Altered Variable Finding

A. Low flow
(40 mL/min peak flow)

Increasing coagulation
(20 3 4 �g/mL CTI)

Increased platelet reactivity:
(SS:0.59 � 0.08 vs. 1.77 � 0.20; p � 0.001)
(G:0.89 � 0.09 vs. 2.38 � 0.27; p � 0.001)

B. High flow
(200 mL/min peak flow)

Increasing coagulation
(20 3 4 �g/mL CTI)

Increased platelet reactivity:
(SS: 1.00 � 0.07 vs. 2.13 � 0.30; p � 0.01)
(G: 1.28 � 0.14 vs. 1.44 � 0.12; NS)

C. Low coagulation
(20 �g/mL CTI)

Increasing flow
(40 3 200 mL/min peak flow)

Increased platelet reactivity:
(SS: 0.59 � 0.08 vs. 1.00 � 0.07; p � 0.01)
(G: 0.89 � 0.09 vs. 1.28 � 0.14; p � 0.05)

D. High coagulation
(4 �g/mL CTI)

Increasing flow
(40 3 200 mL/min peak flow)

No common trend:
(SS: 1.77 � 0.20 vs. 2.13 � 0.30; NS)
(G: 2.38 � 0.27 vs. 1.44 � 0.12; p � 0.05)

aSS: stainless steel; G: gold.

ENVIRONMENTAL INFLUENCES ON STENT REACTIVITY 191



for high-flow clearance mechanisms, the lower poten-
tial of gold may not.

Variations in local environment and
biocompatibility: Stainless steel vs. gold

Computational models of thrombotic reactions have
predicted that flow and surface are key physical pa-
rameters that together may modulate the thrombotic
response to biomaterials.32,33 Here, we provide exper-
imental evidence for such interdependencies, showing
that relative device biocompatibility is not solely a
function of device properties. Under some conditions
(decreased flow, decreased coagulation), gold coating
supported more platelet adhesion than stainless steel
while under other circumstances (increased flow, in-
creased coagulation), stainless steel was more reactive.

There are several limitations to these observations
that must be addressed. Firstly, the findings were
made using an in vitro model of endovascular stent
thrombosis. Factors such as direct wall injury or the
added complexities of erythrocyte and leukocyte com-
ponents were not incorporated. Furthermore, al-
though the absolute flow profiles approximated typi-
cal coronary flow tracings on a beat-to-beat basis (Fig.
2), the oscillatory nature was a departure from the
predominately unidirectional physiological condi-
tion.16 Thus, while the phenomenological importance
of flow, surface, and coagulation levels in influencing
device platelet reactivity is shown, it is not certain
how these findings may quantitatively translate to
physiological settings.

Additionally, our assessment of surface platelet re-
activity as a measure of device biocompatibility is
limited. While platelet response is a critical aspect of
the body/device interaction, it is but a single compo-
nent of the composite response. Moreover, our surface
extraction assay yielded an indirect marker of platelet
reactivity. This measure was chosen given that more
standard volumetric activation measures (which also
are indirect indices of a surface response34–36 did not
appreciably change in our relatively short, pre-occlu-
sive trials (illustrated in Fig. 4). What remains impor-
tant for the scope of the current study was to have a
sensitive index on which the hypothesis of environ-
ment-dependent device response could be tested.

In this report, we show that the benefit of one stent
implant over another is not solely a function of the
device itself, but a multifaceted phenomenon depen-
dent on external conditions. The impact of external
influences on vascular device biocompatibility is im-
portant to recognize given the varied vascular envi-
ronments (in vivo and in vitro) that are regularly en-
countered.18–21,24 Devices suited for high-flow
conditions (arterial settings) may not be best suited for

low-flow conditions (impeded arterial/venous set-
tings). Alternatively, particular patient populations or
the use of specific anti-thrombotic agents could signif-
icantly affect biological factors and, hence, the relative
behavior of a given endovascular device. While we
did not specifically study the effects of population
variations on implant biocompatibility, the need to
normalize data within each run is suggestive that such
differences may exist.

Appreciating and understanding the role that local
environment plays on the body/device interaction is
important for the continued use and development of
interventional technologies. Such recognition may
lead to the tailored use of implants, materials, or con-
currently administered drug regimes to a given indi-
vidual or situation. These issues of local interactions
are further highlighted given the trends toward local
drug delivery and targeted therapies that offer meth-
ods of directly and specifically modulating the im-
plant environment.
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