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Background: Cytokine storm-related hypercoagulationmay be important in the pathogenesis of stent thrombosis
in patients with SARS-CoV-2. Whether stent polymers behave differently under such conditions has never been
explored.
Methods: Fluorinated polymer-nanocoated and uncoated COBRA stents (CeloNova), BioLinx-polymer-coated
Resolute Onyx stents (Medtronic), and Synergy stents (Boston Scientific), which are abluminally coated with a
bioabsorbable polymer, were exposed to human blood from healthy donors which was supplemented with
400 pg/mL IL-6 and 100 pg/mL TNF-α, similar to what is seen in cytokine storm caused by SARS-CoV-2. Platelet
adhesion and neutrophil activation, assessed by immunofluorescence,were compared under cytokine storm and
control conditions (untreated blood) (n= 4 experimental runs).
Results:Platelet adhesion values, defined as %platelet-covered area x staining intensity, were significantly
lower in coated and uncoated COBRA and in Resolute Onyx than in Synergy under control conditions
(1.28 × 107 ± 0.43 × 107 vs. 2.92 × 107 ± 0.49 × 107 vs. 3.57 × 107 ± 0.73 × 107 vs. 9.94 × 107 ±
0.99 × 107; p ≤0.0001). In cytokine storm, platelet adhesion values remained low in coated COBRA-PzF
(1.78 × 107 ± 0.38 × 107) compared to all other devices (uncoated COBRA: 5.92 × 107 ± 0.96 × 107;
Resolute Onyx: 7.27 × 107 ± 1.82 × 107; Synergy: 11.28 × 107 ± 1.08 × 107; p ≤ 0.0001). Although cyto-
kine storm conditions significantly increased neutrophil activation in all stents, it was significantly less
in coated and uncoated COBRA, and in Resolute Onyx than in Synergy.
Conclusions: Blood-biomaterials interactions may determine the thrombogenic potential of stents.
Under simulated cytokine storm conditions, fluoropolymer-coated stents showed the most favorable
anti-thrombogenic and anti-inflammatory properties.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic has resulted in considerable morbidity and mortality
throughout the world. 20%–30% of patients with this coronavirus
syndrome coronavirus 2; PCI,
; PzF, poly-bis(trifluoroethoxy)
TEMI, ST-elevation myocardial
r alpha; PBS, phosphate buffer

ociated coagulopathy; CoCr,
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urg,MD 20878, United States of

. This is an open access article under
disease 2019 (COVID-19) have evidence of cardiac injury defined as de-
cline in ejection fraction or troponin I elevation, which is associated
with an even higher mortality [1]. Severe SARS-CoV-2 infection is asso-
ciated with overproduction of cytokines (“cytokine storm”). Notably
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) surge
during the illness and decline during recovery [2]. Both IL-6 and TNF-
α have been implicated in promoting overexpression of tissue factor
in platelets and macrophages [3,4], establishing a procoagulant shift in
the hemostatic balance and promoting fibrin generation in severe
inflammatory states.

Cytokine storm associated with SARS-CoV-2 causes hypercoagulation
with excess risk of thrombotic events [5]. Patients presenting with ST-
segment elevation myocardial infarction (STEMI) and concurrent
COVID-19 infection had higher rates of multi-vessel thrombosis and
stent thrombosis (ST) versus non-infected patients [6,7]. Despite its
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Stent characteristics.

Coated COBRA-PzF Uncoated COBRA Resolute Onyx Synergy

Manufacturer CeloNova CeloNova Medtronic Boston Scientific
Stent material L-605 cobalt‑chromium CoCr alloy L-605

cobalt‑chromium CoCr
alloy

Platinum‑iridium alloy core and
cobalt‑chromium alloy shell

Platinum‑chromium PtCr alloy

Polymer coating Polyzene-F [poly-bis
(trifluoroethoxy) phosphazene]

None BioLinx® (C10, C19, and
polyvinyl-pyrrolidinone polymer blend)

Synchrony™ PLGA [poly
(DL-lactide-co-glycolide)]; abluminally only

Strut thickness 71 μm 71 μm 81 μm 79 μm
Polymer thickness 0.050 μm – 5.6 μm 4 μm
Drug component – – Zotarolimus Everolimus
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clinical relevance, the performance of different stent biomaterials has
never been explored in the setting of COVID-19 infection.

Here, we present cases from our stent database with and without
COVID-19 infection who underwent stent implantation for STEMI and
compare signs of inflammation and thrombosis in these stents. To eval-
uate which biomaterial has the least thrombogenicity and might be
more beneficial for stent implantation during COVID-19, we simulated
cytokine storm conditions in vitro and examined compared platelet
and neutrophil adhesion to stents of different biomaterials.

2. Material and methods

2.1. Data availability

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

2.2. Selection and histological processing of human stented coronary
arteries

Wesearched the CVPath human coronary stent database for patients
with and without confirmed COVID-19 infection who underwent stent
implantation within 48 h before death. Only stents of equal type were
included.

For histological staining, stented arteries were processed as de-
scribed previously [8]. Briefly, the stented artery segments were fixed
in formalin, dehydrated in a graded series of ethanol, and embedded
in methylmethacrylate polymer. Segments of 2- to 3 mm thickness
Fig. 1. Experimental setup. A) Each flow loop was assembled from silicone tubing. B) Whole
deployed in silicone tubes.
were sawed from each stent, and cross-sections of 4- to 6 μm thickness
were cut from each of the segments on a Leica RM2155 rotary micro-
tome equipped with a tungsten carbide blade, mounted on slides, and
stained with H&E and Movat pentachrome.

2.3. In vitro experiments

We tested the relative thromboresistance of stents coated with a
fluorinated polymer (i.e. polyzene-F in COBRA-PzF (CeloNova, Carlsbad,
CA)) versus the BioLinx polymer (i.e. C10, C19 and polyvinyl-
pyrrolidinone polymers in Resolute Onyx (Medtronic, Minneapolis,
MN)), and versus a bioabsorbable polymer (i.e. polylactic-co-glycolic
acid in Synergy (Boston Scientific, Marlborough, MA)) (Table 1).
Human blood was treated with TNF-α and IL-6 at levels consistent
with what is seen in severe COVID-19 infections. Untreated blood
served as control. The blood was circulated in a flow loop model, and
stents were examined using confocal microscopy.

2.4. Silicone tube flow loop and stent deployment

Flow loopswere assembled from silicone tubing (Cole-Palmer), con-
nected via hose barb connectors (Cole-Parmer) (Fig. 1). Coronary stents
were deployed within the tubing based on the manufacturer's sug-
gested nominal pressure to obtain a stent-to-tube ratio of 1.1:1.0.
Coated and uncoated COBRA stents were compared with Resolute
Onyx stents (n = 4 experimental runs) and with Synergy stents (n =
4 experimental runs). Each flow loop contained only one stent at a
time, so one experimental run comparing 3 different types of stents
blood was circulated for 60 min using a perfusion pump. C) Enlarged view on the stents

Image of Fig. 1
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(coated COBRA-PzF vs. uncoated COBRA vs. Resolute Onyx and coated
COBRA-PzF vs. uncoated COBRA vs. Synergy) comprised 6 flow loops
in a side-by-side experimental design (control vs. cytokine storm condi-
tions, for each stent).

2.5. Preparation of human whole blood

Ethical approval was obtained by the Institutional Review Board at
CVPath Institute. Whole blood (60 mL) was collected by venipuncture
from healthy volunteers, none of whom was on anti-platelet therapy
or other regular prescription. Blood was mixed with sodium citrate to
obtain a final concentration of 0.32%. To simulate cytokine storm condi-
tions, blood was supplemented with 400 pg/mL IL-6 (PeproTech) and
100 pg/mL TNF-α (Sigma Aldrich). Cytokine concentrations were cho-
sen in accordance with the highest blood levels of severe COVID-19
cases that have been published [9–11], rounded up to the nearest 100.
PRC

a)

)c)b

Fig. 2.Histopathology of drug-eluting stents, implanted for acutemyocardial infarction within 4
artery of an 81-year-oldmanwho presentedwith COVID-19 positivity and STEMI. Subject was
1 day after admission. Yellow lines indicate approximate levels of histologic sections; boxed ar
cells around the stent struts, which is unusually high compared with stents of similar type an
implanted in the proximal right coronary artery of a 32-year-old female who was diagnose
coronary artery. The patient became unresponsive during procedure and could not be resusc
C) 3.0 × 28 mm CoCr-EES stent, implanted in mid left anterior descending artery of a 76-yea
next two days with acute kidney injury and pulseless electric activity arrest. Sections show u
are practically absent. D) 3.0 × 27 mm CoCr-EES stent placed in the proximal right coronary a
plaque disruption and limitedmedial dissection but absence of inflammation. PLAD, proximal l
Each flow loop was filled with whole blood and connected to a perfu-
sion pump (ISMATEC). Blood was circulated at a flow rate of 35 mL/
min for 60 min at 37 °C, 5% CO2 (Fig. 1).

2.6. Sample fixation

Stented tubing pieces were washed in PBS and immersion-fixed in
Zamboni's fixative (American MasterTech Scientific, Inc.) for 20 min.
Stents were bisected longitudinally and placed in 15% sucrose in PBS
at 4 °C overnight.

2.7. Immunofluorescence staining

One half of each stent was immunostained for adherent platelets
using antibodies against CD42b (abcam) and CD61 (Immunotech).
Staining againstmyeloperoxidase (MPO), which is released by activated
PRC

)d

8 h before death. A) 3.0 × 34mmCoCr-EES stent implanted in the left anterior descending
provided withmechanical ventilator support but developed cardiogenic shock and expired
eas show fibrin-platelet thrombi around stent struts. Note the abundance of inflammatory
d implantation duration in patients without COVID-19 (B–D). B) 3.0 × 23 mm CoCr-EES,
d with acute inferior wall myocardial infarction due to dissection of the proximal right
itated. Note the absence of inflammation around struts most of which are well apposed.
r-old woman who presented with STEMI. The patient's condition deteriorated over the
ncovered struts and focal areas of plaque disruption, but thrombi and inflammatory cells
rtery of a 58-year-old male who died shortly after stenting procedure. The section shows
eft anterior descending; MLAD, mid left anterior descending; PRC, proximal right coronary.

Image of Fig. 2
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neutrophils [12], was performed in the other halves of each stent
(Dako). The antibodies were visualized by secondary antibodies conju-
gated to anAlexa Fluor®555fluorophore (both Invitrogen). Thenuclear
counterstain was DAPI (Invitrogen).

2.8. Image quantification

After immunostaining, stents were mounted ‘en face’ on glass slides
and coverslipped using aqueousmountingmedia. For platelet immuno-
fluorescence, the entire surface of the stent was scanned (10× objec-
tive) (Zeiss, LSM 880, Zen Black software, 2.3 SP1). Representative
Fig. 3. Platelet adhesion. Representative images of platelet adhesion, assessed by immunodete
storm conditions (B), derived from confocal microscopy (10× and 20× magnifications). A +
uncoated COBRA and Resolute Onyx than in Synergy. B + C) In cytokine storm, platelet adh
evaluated.
high-power images were taken of 3 randomly selected struts from the
proximal, mid, and distal part of each stent half using a 20× objective.
Exported representative 20× JPG images were imported into Nikon
NIS-Elements Advanced Research analysis software. To correct for pos-
sible photobleaching and other confocal error sources, image parame-
ters were normalized by correcting the maximum pixel intensity
value present to 255, and the average background value to 0. A stock
noise reduction filter was applied uniformly across all images. A general
analysis tool was created in NIS-Elements which applies a binary layer
to the red channel, to pixels in the intensity range 40 to 255. The general
analysis calculates the total pixel area with a red channel signal above
ction of surface antigens CD61 and CD42b (red channel) under control (A) and cytokine
C) Under control conditions, platelet adhesion was significantly lower in coated and

esion remained significantly lower in coated COBRA-PzF compared to all other devices

Image of Fig. 3
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40 and calculates the sum of the intensities-per-pixel of every pixel cov-
ered by that binary. Total strut areawas calculated, and the area fraction
Fig. 4. Comparison of neutrophil activation in coated and uncoated COBRA, Resolute Onyx
magnification). MPO deposition was very low in coated and uncoated COBRA, and lower
conditions (B). C) MPO quantification values were significantly higher in Synergy versus coa
under cytokine storm conditions. There was no difference in neutrophil activation between th
covered by platelets or neutrophils was calculated by dividing coverage
area by total strut area. This area fractionwasmultiplied by the summed
, and Synergy. A + B) Representative images derived from confocal microscopy (20×
in Resolute Onyx than in Synergy, both under control (A) and under cytokine storm
ted and uncoated COBRA, and versus Resolute Onyx, both under control conditions and
e coated and uncoated version of COBRA.

Image of Fig. 4
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Synergy
Control Condi�ons Cytokine Storm Condi�ons

Coated COBRA-PzF
Control Condi�ons Cytokine Storm Condi�ons

Uncoated COBRA
Control Condi�ons Cytokine Storm Condi�ons

Resolute Onyx
Control Condi�ons Cytokine Storm Condi�ons

C
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Image of Fig. 5
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intensity to generate an intensity per coverage area metric (Coverage
Area Fraction*SumRed Channel Intensity), referred to as “Platelet Adhe-
sion Value” and “MPO Quantification Value”. Representative images
with obvious and un-correctable imaging defects such as visible flaking,
photobleaching, or out-of-plane Z axis artifacts were excluded from
quantitation.

2.9. Statistical analysis

Data are expressed as means ± SEM. The data were statistically an-
alyzed using GraphPad Prism software (version 8.4.3). Shapiro-Wilk
test was used to check normality. Overall group means were compared
using one-way ANOVA, followed by Tukey's multiple comparisons test,
and differences between cytokine storm and control conditions in each
stent were compared using Student's t-test. A value of p ≤ 0.05 was con-
sidered statistically significant.

3. Results

3.1. Human autopsy cases of DES in COVID-19 and non-COVID-19 patients
who died shortly after implantation

We consulted our database for autopsy cases with and without
COVID-19 who underwent stent implantation for STEMI within 48 h be-
fore death and had patent stents at the time of death. Only stents of
equal type and similar implantation duration were included. Our search
yielded one 3.0 × 34 mm cobalt‑chromium (CoCr) everolimus-eluting
stent (EES) implanted for STEMI in a patient with severe COVID-19 infec-
tion and three CoCr-EES (3.0 × 23 mm, 3.0 × 28 mm, and 3.0 × 27 mm)
that were implanted in patients without COVID-19. While we observed
unusually high adhesion of inflammatory cells and platelets to the stent
struts, but no ST, in the patient with confirmed COVID-19 infection
(Fig. 2a), none of the patients without COVID-19 showed signs of platelet
accumulation or severe inflammation around the stent struts (Fig. 2b–c).
Although limited in number, these observations suggest COVID-19 infec-
tion may induce a pro-inflammatory and pro-thrombogenic environ-
ment. Prior reports suggested an increased risk of ST in COVID-19
patients presenting with STEMI [13–19], suggesting COVID-19may affect
vascular responses to stenting.

In order to explore this hypothesis, we evaluated the thrombogenic
and inflammatory potential of different types of stents during a simu-
lated cytokine storm induced by COVID-19 using a novel in vitro flow
loop. To simulate cytokine storm conditions, blood was supplemented
with 400 pg/mL IL-6 and 100 pg/mL TNF-α. These concentrations
were chosen in accordance with the highest blood levels seen in severe
COVID-19 cases that have been published [9–11]. Each flow loop was
filled with whole blood and connected to a perfusion pump (ISMATEC).
Blood was circulated at a flow rate of 35mL/min for 60min at 37 °C, 5%
CO2 (Fig. 1).We compared the relative thromboresistance of fluorinated
polymer-coated stents (COBRA-PzF) versus BioLinx polymer-coated
stents (Resolute Onyx) and versus an abluminally bioabsorbable
polymer-coated stent (Synergy) (Table 1).

3.2. Platelet adhesion assessment

First, platelet adhesion was analyzed under control vs. cytokine
storm conditions in each stent (Supplemental Table 1). While cytokine
storm conditions did not enhance platelet adhesion in coated
COBRA-PzF, we observed significantly greater platelet adhesion under
cytokine storm conditions compared with control in uncoated COBRA
Fig. 5. Representative scanning electron microscopy images (15×, 200×, and 600× magnificat
conditions, and cell adhesion was not enhanced in cytokine storm (B). C) While a comparatively
significantly enhanced cell adhesion (D). E) Resolute Onyx stents were covered with a layer of p
was not further enhanced under cytokine storm conditions (F). G) Cell adhesion to Synergy was
stents, and a trend towards higher platelet adhesion under cytokine
storm conditions in Resolute Onyx. Platelet adhesion in Synergy did
not differ from control under cytokine storm conditions and was higher
than for all other stent tested regardless of condition.

Next, we compared all four devices under control conditions and
under cytokine storm conditions, respectively (Fig. 3). Under control
conditions, platelet adhesion was significantly lower in coated COBRA-
PzF, uncoated COBRA, and Resolute Onyx than in Synergy. No differ-
ences were seen between Resolute Onyx and coated and uncoated
COBRA. Under cytokine storm conditions, platelet adhesion remained
low in coated COBRA-PzF, with significantly lower platelet adhesion
values than in all other stents tested. Platelet adhesion in cytokine
storm was similar in uncoated COBRA and Resolute Onyx, and – as op-
posed to control conditions - there was no difference between Resolute
Onyx and Synergy under cytokine storm conditions anymore.

3.3. Neutrophil activation assessment

We also evaluated neutrophil activation under control and cytokine
stormconditions by staining againstMPO (Supplemental Table 2). Cyto-
kine storm enhanced neutrophil activation in coated and uncoated
COBRA stents, and in Resolute Onyx, albeit to amodest level (compared
to its effect on Synergy). In Synergy, we observed tendencies towards
enhanced neutrophil activation under cytokine storm conditions com-
pared with control, but without statistical significance.

When directly comparing the devices, neutrophil activationwas sig-
nificantly higher in Synergy versus coated and uncoated COBRA stents,
and versus Resolute Onyx, both under control and under cytokine
storm conditions (Fig. 4). There was no difference between the coated
and uncoated version of COBRA. Enhanced cell adhesion to Synergy as
compared to coated and uncoated COBRA and Resolute Onyx stents
was confirmed by SEM imaging (Fig. 5).

4. Discussion

The purpose of this study was to assess acute thrombogenicity and
inflammatory potential of different stent biomaterials under control
and COVID-19-simulated cytokine storm conditions in an in vitro flow
loop using human whole blood.

4.1. Effect of cytokine storm on coagulation and thrombogenicity

Elevated cytokine levels have been found in patients with COVID-
19-associated pneumonia [20]. Cytokine storm was simulated by the
addition of IL-6 and TNF-α to human whole blood. To simulate a
worst-case scenario, the dosages of 400 pg/mL IL-6 and 100 pg/mL
TNF-α were chosen in accordance with the highest blood levels of
these cytokines in patients with COVID-19 that have been published
[9–11]. A study reporting data on 389 confirmed COVID-19 patients
from Wuhan, China, reported IL-6 levels up to 160 pg/mL and TNFα
levels up to 31 pg/mL even in patients with mild disease, while IL-6
rose to 300 pg/mL and TNFα went up to 41 pg/mL in patients with se-
vere disease [10]. Likewise, IL-6 levels ranged between 68 and 333
pg/mL in a single-center study reporting clinical features of the first 50
COVID-19 patients admitted to a German tertiary hospital [11]. Another
study reported serum IL-6 levels up to nearly 2000 pg/mL in 54 patients
with COVID-19 infection and macrophage activation syndrome or im-
mune dysregulation, while TNFα levels ranged between 8 and 37
pg/mL even in patients with only intermediate functional state of the
immune system [9].
ions). A) Only a moderate number of cells is attached to coated COBRA-PzF under control
low number of cells adhered to uncoated COBRA under control conditions, cytokine storm

lasma proteins, inflammatory cells, and platelets under control conditions, and cell adhesion
already high under control conditions and was not further enhanced by cytokine storm (H).
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SARS-CoV-2 infections are associated with coagulopathy (“COVID
19-associated coagulopathy”, CAC), presenting with elevation of D-
dimer and fibrin/fibrinogen-degradation products [21]. While the
virus itself does not appear to intrinsically trigger coagulation, CAC is
thought to derive from the profound inflammatory response [5] with
excess production of pro-inflammatory cytokines contributing to the
activation of coagulation [22]. Especially IL-6 and TNF-α are important
mediators as they upregulate tissue factor on the cell surface [3,4],
which initiates the extrinsic pathway of coagulation [23]. Furthermore,
TNF-α suppresses endogenous anticoagulant pathways [4]. Hence, IL-6
and TNF-α establish a procoagulant shift in the hemostatic balance.

4.2. Relationship between COVID-19 and myocardial infarction

Patients with coronary artery disease (CAD) and those with cardio-
vascular risk factors are at increased risk for MI during infections [24].
Elevated troponin I levels have been found in 8%–28% of patients with
COVID-19 [25,26]. With surging numbers of COVID-19 patients, and
given the high prevalence of CAD, reasonable numbers of patients
with combined STEMI and COVID-19 can be expected. Primary PCI
remains the gold standard of care for STEMI patients during the
COVID-19 pandemic [27]. However, the procoagulant state of COVID-
19 patientsmay trigger acute ST.While the event of ST in STEMIpatients
who have tested positive for COVID-19 has been described in a number
of case reports [13–19], only two larger multicenter studies have been
published so far. The first multicenter study, published in July 2020, in-
cluded 78 patients with STEMI and COVID-19. Stent thrombosis oc-
curred in 4 out of 19 patients treated with primary PCI (21%) [28].
Another study compared in-hospital outcomes of 1010 consecutive
STEMI patients with and without COVID-19 and reported a higher inci-
dence of stent thrombosis in COVID-19 patients (3.3% vs. 0.8%; p =
0.020) [6].

Indeed, even though the case presented did not have a ST, we ob-
served unusually high adhesion of inflammatory cells and platelets to
the struts in a stent implanted for STEMI in a patient with severe
COVID-19 infection, while inflammation was practically absent around
struts of the same type of stent in patients without COVID-19. We ac-
knowledge the fact that findings in a single patient can only be hypoth-
esis generating, however, in conjunction with the increased risk of ST in
clinical studies, we assume the use of a stent that is less thrombotic and
less likely causing inflammatory reactions might be beneficial in a situ-
ation of STEMI and simultaneous COVID-19 infection, but this needs to
be confirmed in clinical trials.

4.3. Polymer coatings affect stent thrombogenicity, inflammation, and
endothelialization

Cytokine storm triggered platelet adhesion in uncoated COBRA
stents, and in Biolinx-coated stents, while it was already high under
control conditions in stents abluminally coated with bioabsorbable
polymer. Furthermore, we observed enhanced neutrophil activation in
all stents under cytokine storm conditions. These experiments con-
firmed our hypothesis that COVID-19-induced cytokine storm seems
to affect the interaction of stents with blood. We saw more inflamma-
tion and platelet accumulation, consistent with our clinical case.

Fluoropolymers are known to have anti-thrombotic properties.
Based on a CoCr alloy, COBRA-PzF has a nano-thin coating of poly-bis
(trifluoroethoxy)phosphazene (Polyzene-F or PzF) which has been
shown to preferentially adsorb albumin instead of coagulation-
stimulating proteins [29]. Less platelet adhesion was observed in
COBRA-PzF as compared to conventional drug-eluting stents (DES) in
a pig shunt study [30], and clinical studies reported low incidences of
ST and spontaneous MI [31–34]. On the other hand, hydrophilic poly-
mer surfaces, such as BioLinx in Resolute Onyx, have been suggested
to have superior biocompatibility compared with hydrophobic polymer
coatings, mostly because they do not induce monocyte adhesion [35].
Consisting of an outer shell of CoCr and a platinum‑iridium inner core,
Resolute Onyx showed particularly low rates of ST [36]. Bioabsorbable
polymers are often cited as an alternative to biostable polymers for
DES coatings. Synergy is an EES on a platinum‑chromium (PtCr)-based
platformwith abluminal bioabsorbable polymer coating which demon-
strated accelerated vascular healing and minimal inflammation in ani-
mal studies [37] and excellent outcomes in randomized trials [38].

When comparing these devices in our study, coated COBRA-PzF
showed the most favorable anti-thrombogenic and anti-inflammatory
properties, both under control and under cytokine storm conditions,
whereas platelet adherence and neutrophil activation were highest in
Synergy. While cytokine storm conditions enhanced platelet adhesion
in uncoated COBRA and in ResoluteOnyx,we did not observe significant
differences between control and cytokine storm conditions in coated
COBRA-PzF and in Synergy. Platelet adherence in Synergy, however,
was already high under control conditions, and cytokine storm might
not have had the ability to further increase it. In contrast, platelet adhe-
sion was overall low in coated COBRA-PzF, suggesting that the anti-
thrombogenic properties can be attributed to its PzF-nanocoating.

The question why even the uncoated COBRA stent had less platelet
and neutrophil adhesion than the bare luminal surface of Synergy may
be related to differential stent platforms. COBRA stents have thinner
struts than Synergy (71 μm vs. 79 μm plus the 4 μm-abluminal polymer
coating), which is an important determinant of thrombogenicity [39].
Furthermore, the metal alloy is different in COBRA and Synergy. While
COBRA is manufactured from a CoCr alloy, PtCr is used in Synergy. Re-
cent data from 7045 patients suggested that Synergy was associated
with a higher risk of acute ST when compared with a CoCr-based EES
(1.2% vs. 0.3%, p = 0.032) [40]. Of note, 14 of 15 acute ST events
among those treated with Synergy, occurred in high-risk patients.

5. Limitations

Our study has several limitations. First, this is a pure benchwork study,
and we did not confirm our findings in animals. Second, although
cytokine storm is considered the major determinant for thrombogenicity
in SARS-CoV-2 infections,wedid not perform the experimentswith blood
fromCOVID-19-infected patients. Thus, wemight havemissed the poten-
tial impact of other blood components potentially playing a role in CAC. In
addition, although IL-6 and TNF-α are believed to be the most important
players in COVID-19 induced cytokine storm [41,42], we excluded other
cytokines which may have additional effects on stent thrombogenicity.
Third, we compared platelet and neutrophil adhesion in a select set of
stents only, all of which, however, were specifically designed to reduce
inflammation and to enhance vascular healing after PCI [35,43,44]. Fourth,
stents were implanted in non-endothelialized silicone tubes, missing the
important pro- or anticoagulant impact of endothelial cells. Considering
these important limitations, the findings of our study can only be hypoth-
esis generating, and not practice changing.

Furthermore, the histopathology comparison between stents in
COVID-19-infected and non-COVID-19-infected patients did not allow
for representative statistical evaluation because of the small sample
size given the limited availability of stent samples obtained from au-
topsy of COVID-19 cases. Nevertheless, to the best of our knowledge,
histopathology data from patients with acute stent implantation during
COVID-19 infection have never been published before, and our findings
emphasize the clinical relevance of evaluating thromboresistance of
stents in a situation of cytokine storm.

6. Conclusions

Nanocoated COBRA-PzF showed the most favorable anti-
thrombogenic and anti-inflammatory properties, both under control
and under cytokine storm conditions, whereas platelet adherence and
neutrophil activation were highest in Synergy. We assume the anti-
thrombogenic properties can be attributed to the unique Polyzene-F
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nanocoating, preventing platelet adhesion even in an in vitro simulated
cytokine storm.

Funding

This study was funded by CeloNova Biosciences, San Antonio, Tx,
USA.

CRediT authorship contribution statement

Anne Cornelissen: Conceptualization, Methodology, Investigation,
Writing – original draft. Matthew Kutyna: Formal analysis, Investiga-
tion. Qi Cheng: Visualization. Yu Sato: Methodology, Writing – review
& editing. Rika Kawakami: Writing – review & editing. Atsushi
Sakamoto:Writing – review & editing. Kenji Kawai: Writing – review
& editing. Masayuki Mori: Writing – review & editing. Raquel
Fernandez: Writing – review & editing. Liang Guo: Writing – review
& editing.Dario Pellegrini: Resources, Investigation. Giulio Guagliumi:
Resources, Investigation. Mark Barakat: Conceptualization, Resources,
Investigation, Writing – review & editing. Renu Virmani: Writing –
review & editing. Aloke Finn: Supervision, Writing – original draft.

Declaration of competing interest

R.V. and A.V.F. have received institutional research support fromR01
HL141425 Leducq Foundation Grant; 480 Biomedical; 4C Medical;
4Tech; Abbott; Accumedical; Amgen; Biosensors; Boston Scientific;
Cardiac Implants; CeloNova; Claret Medical; Concept Medical; Cook;
CSI; DuNing, Inc.; Edwards LifeSciences; Emboline; Endotronix;
Envision Scientific; Lutonix/Bard; Gateway; Lifetech; Limflo;
MedAlliance; Medtronic; Mercator; Merill; Microport Medical;
Microvention; Mitraalign; Mitra assist; NAMSA; Nanova; Neovasc;
NIPRO; Novogate; Occlutech; OrbusNeich Medical; Phenox; Profusa;
Protembis; Qool; Recor; Senseonics; Shockwave; Sinomed; Spectranetics;
Surmodics; Symic; Vesper;W.L. Gore; Xeltis. A.V.F. has received honoraria
from Abbott Vascular; Biosensors; Boston Scientific; CeloNova; Cook
Medical; CSI; Lutonix Bard; Sinomed; Terumo Corporation; and is a con-
sultant to Amgen; Abbott Vascular; Boston Scientific; CeloNova; Cook
Medical; Lutonix Bard; Sinomed. R.V. has received honoraria from Abbott
Vascular; Biosensors; Boston Scientific; CookMedical; Cordis; CSI; Lutonix
Bard; Medtronic; OrbusNeich Medical; CeloNova; SINO Medical
Technology; ReCore; Terumo Corporation; W. L. Gore; Spectranetics;
and is a consultant to Abbott Vascular; Boston Scientific; CeloNova; Cook
Medical; Cordis; CSI; Edwards Lifescience; Lutonix Bard; Medtronic;
OrbusNeich Medical; ReCore; Sinomedical Technology; Spectranetics;
Surmodics; Terumo Corporation;W. L. Gore; Xeltis. GG has received insti-
tutional research grants from Abbott Vascular, Boston Scientific, and
Infraredx and is a consultant to Abbott Vascular and Boston Scientific.
M.B. is an employee of CeloNova BioSciences. The other authors declare
no competing interests.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.carrev.2021.03.023.

References

[1] Mitrani RD, Dabas N, Goldberger JJ. COVID-19 cardiac injury: implications for long-
term surveillance and outcomes in survivors. Heart Rhythm. 2020;17:1984–90.

[2] Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical and immunological
features of severe and moderate coronavirus disease 2019. J Clin Invest. 2020;130:
2620–9.

[3] Levi M, van der Poll T. Two-way interactions between inflammation and coagula-
tion. Trends Cardiovasc Med. 2005;15:254–9.

[4] Zelová H, Hošek J. TNF-α signalling and inflammation: interactions between old ac-
quaintances. Inflamm Res. 2013;62:641–51.
[5] Connors JM, Levy JH. COVID-19 and its implications for thrombosis and
anticoagulation. Blood. 2020;135:2033–40.

[6] Rodriguez-Leor O, Cid Alvarez AB, de Prado AP, Rossello X, Ojeda S, Serrador A, et al.
In-hospital outcomes of patients with ST-segment elevation myocardial infarction
and COVID-19. EuroIntervention. 2020. https://doi.org/10.4244/EIJ-D-20-00935
Online ahead of print.

[7] Choudry FA, Hamshere SM, Rathod KS, AkhtarMM, Archbold RA, Guttmann OP, et al.
High thrombus burden in patients with COVID-19 presenting with ST-segment ele-
vation myocardial infarction. J Am Coll Cardiol. 2020;76:1168–76.

[8] Yazdani SK, Sheehy A, Nakano M, Nakazawa G, Vorpahl M, Otsuka F, et al. Preclinical
evaluation of second-generation everolimus- and zotarolimus-eluting coronary
stents. J Invasive Cardiol. 2013;25:383–90.

[9] Giamarellos-Bourboulis EJ, Netea MG, Rovina N, Akinosoglou K, Antoniadou A,
Antonakos N, et al. Complex immune dysregulation in COVID-19 patients with se-
vere respiratory failure. Cell Host Microbe. 2020;27:992–1000.e3.

[10] Hou H, Zhang B, Huang H, Luo Y, Wu S, Tang G, et al. Using IL-2R/lymphocytes for
predicting the clinical progression of patients with COVID-19. Clin Exp Immunol.
2020;201:76–84.

[11] Dreher M, Kersten A, Bickenbach J, Balfanz P, Hartmann B, Cornelissen C, et al. The
characteristics of 50 hospitalized COVID-19 patients with and without ARDS. Dtsch
Arztebl Int. 2020;117:271–8.

[12] Winterbourn CC, Kettle AJ, Hampton MB. Reactive oxygen species and neutrophil
function. Annu Rev Biochem. 2016;85:765–92.

[13] Lacour T, Semaan C, Genet T, Ivanes F. Insights for increased risk of failed fibrinolytic
therapy and stent thrombosis associated with COVID-19 in ST-segment elevation
myocardial infarction patients. Catheter Cardiovasc Interv. 2021;97:E241-3.

[14] Ayan M, Kovelamudi S, Al-Hawwas M. Subacute stent thrombosis in a patient with
COVID-19 pneumonia. Proc (Bayl Univ Med Cent). 2020;34:175–7.

[15] Prieto-Lobato A, Ramos-Martínez R, Vallejo-Calcerrada N, Corbí-Pascual M, Córdoba-
Soriano JG. A case series of stent thrombosis during the COVID-19 pandemic. JACC
Case Rep. 2020;2:1291–6.

[16] Choudhary R, Kaushik A, Sharma JB. COVID-19 pandemic and stent thrombosis in a
post percutaneous coronary intervention patient-a case report highlighting the se-
lection of P2Y12 inhibitor. Cardiovasc Diagn Ther. 2020;10:898–901.

[17] Galeazzi GL, LoffiM, Di Tano G, Danzi GB. Severe COVID-19 pneumonia and very late
stent thrombosis: a trigger or innocent bystander? Korean Circ J. 2020;50:632–3.

[18] Hinterseer M, Zens M, Wimmer RJ, Delladio S, Lederle S, Kupatt C, et al. Acute myo-
cardial infarction due to coronary stent thrombosis in a symptomatic COVID-19 pa-
tient. Clin Res Cardiol. 2021;110:302–6.

[19] Seif S, Ayuna A, Kumar A,Macdonald J. Massive coronary thrombosis caused primary
percutaneous coronary intervention to fail in a COVID-19 patient with ST-elevation
myocardial infarction. Catheter Cardiovasc Interv. 2020. https://doi.org/10.1002/ccd.
29050 Online ahead of print.

[20] McGonagle D, Sharif K, O’Regan A, Bridgewood C. The role of cytokines including
interleukin-6 in COVID-19 induced pneumonia and macrophage activation
syndrome-like disease. Autoimmun Rev. 2020;19:102537.

[21] Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical characteristics of 138 hospi-
talized patients with 2019 novel coronavirus-infected pneumonia in Wuhan, China.
Jama. 2020;323:1061–9.

[22] Magro G. COVID-19: review on latest available drugs and therapies against SARS-
CoV-2. Coagulation and inflammation cross-talking. Virus Res. 2020;286:198070.

[23] Osterud B, Bjorklid E. Tissue factor in blood cells and endothelial cells. Front Biosci
(Elite Ed). 2012;vol. 4:289–99.

[24] Kwong JC, Schwartz KL, Campitelli MA, Chung H, Crowcroft NS, Karnauchow T, et al.
Acute myocardial infarction after laboratory-confirmed influenza infection. N Engl J
Med. 2018;378:345–53.

[25] Lippi G, Lavie CJ, Sanchis-Gomar F. Cardiac troponin I in patients with coronavirus
disease 2019 (COVID-19): evidence from a meta-analysis. Prog Cardiovasc Dis.
2020;63:390–1.

[26] Clerkin KJ, Fried JA, Raikhelkar J, Sayer G, Griffin JM, Masoumi A, et al. COVID-19 and
cardiovascular disease. Circulation. 2020;141:1648–55.

[27] Mahmud E, Dauerman HL, Welt FG, Messenger JC, Rao SV, Grines C, et al. Manage-
ment of acute myocardial infarction during the COVID-19 pandemic. J Am Coll
Cardiol. 2020;76:1375–84.

[28] Hamadeh A, Aldujeli A, Briedis K, Tecson KM, Sanz-Sánchez J, Al Dujeili M, et al.
Characteristics and outcomes in patients presenting with COVID-19 and ST-
segment elevation myocardial infarction. Am J Cardiol. 2020;131:1–6.

[29] Welle A, Grunze M, Tur D. Blood compatibility of poly [bis (trifluoroethoxy)
phosphazene]. JAMP. 2000;4:6–10.

[30] Jinnouchi H, Mori H, Cheng Q, Kutyna M, Torii S, Sakamoto A, et al.
Thromboresistance and functional healing in the COBRA PzF stent versus competitor
DES: implications for dual antiplatelet therapy. EuroIntervention. 2019;15:e342–53.

[31] Maillard L, Tavildari A, Barra N, Billé J, Joly P, Peycher P, et al. Immediate and 1-year
follow-up with the novel nanosurface modified COBRA PzF stent. Arch Cardiovasc
Dis. 2017;110:682–8.

[32] Maillard L, Vochelet F, Peycher P, Ayari A, Barra N, Billé J, et al. MAPT (mono anti-
platelet therapy) as regular regimen after COBRA PzFTM nanocoated coronary
stent (NCS) implantation. Cardiovasc Revasc Med. 2020;21:785–9.

[33] Maillard L, de Labriolle A, Brasselet C, Faurie B, Durel N, de Poli F, et al. Evaluation of
the safety and efficacy of the Cobra PzF NanoCoated coronary stent in routine, con-
secutive, prospective, and high-risk patients: the e-Cobra study. Catheter Cardiovasc
Interv. 2020. https://doi.org/10.1002/ccd.29065 Online ahead of print.

[34] Cutlip DE, Garratt KN, Novack V, Barakat M, Meraj P, Maillard L, et al. 9-month clin-
ical and angiographic outcomes of the COBRA polyzene-F nanocoated coronary stent
system. JACC Cardiovasc Interv. 2017;10:160–7.

https://doi.org/10.1016/j.carrev.2021.03.023
https://doi.org/10.1016/j.carrev.2021.03.023
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0005
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0005
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0010
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0010
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0010
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0015
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0015
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0020
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0020
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0025
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0025
https://doi.org/10.4244/EIJ-D-20-00935
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0035
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0035
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0035
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0040
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0040
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0040
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0045
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0045
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0045
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0050
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0050
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0050
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0055
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0055
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0055
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0060
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0060
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0065
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0065
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0065
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0070
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0070
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0075
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0075
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0075
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0080
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0080
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0080
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0085
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0085
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0090
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0090
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0090
https://doi.org/10.1002/ccd.29050
https://doi.org/10.1002/ccd.29050
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0100
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0100
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0100
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0105
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0105
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0105
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0110
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0110
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0115
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0115
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0120
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0120
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0120
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0125
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0125
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0125
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0130
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0130
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0135
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0135
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0135
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0140
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0140
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0140
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0145
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0145
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0150
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0150
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0150
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0155
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0155
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0155
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0160
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0160
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0160
https://doi.org/10.1002/ccd.29065
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0170
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0170
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0170


138 A. Cornelissen, M. Kutyna, Q. Cheng et al. / Cardiovascular Revascularization Medicine 35 (2022) 129–138
[35] Hezi-Yamit A, Sullivan C, Wong J, David L, Chen M, Cheng P, et al. Impact of polymer
hydrophilicity on biocompatibility: implication for DES polymer design. J Biomed
Mater Res A. 2009;90:133–41.

[36] Blum M, Cao D, Mehran R. Device profile of the Resolute Onyx Zotarolimus eluting
coronary stent system for the treatment of coronary artery disease: overview of its
safety and efficacy. Expert Rev Med Devices. 2020;17:257–65.

[37] Nakazawa G, Torii S, Ijichi T, Nagamatsu H, Ohno Y, Kurata F, et al. Comparison of
vascular responses following new-generation biodegradable and durable polymer-
based drug-eluting stent implantation in an atherosclerotic rabbit iliac artery
model. J Am Heart Assoc. 2016;5.

[38] Meredith IT, Verheye S, Dubois C, Dens J, Farah B, Carrié D, et al. Final five-year clin-
ical outcomes in the EVOLVE trial: a randomised evaluation of a novel bioabsorbable
polymer-coated, everolimus-eluting stent. EuroIntervention. 2018;13:2047–50.

[39] Lu S, Ng J, Ang H, Paradies V, Wong PE, Al-Lamee R, et al. Is there light at the end of
the thin-strut tunnel?: in vitro insights on strut thickness impact on
thrombogenicity in bioresorbable stents or scaffolds. JACC Cardiovasc Interv. 2018;
11:714–6.

[40] Zanchin C, Ueki Y, Zanchin T, Häner J, Otsuka T, Stortecky S, et al. Everolimus-eluting
biodegradable polymer versus everolimus-eluting durable polymer stent for coro-
nary revascularization in routine clinical practice. JACC Cardiovasc Interv. 2019;12:
1665–75.

[41] Broman N, Rantasärkkä K, Feuth T, ValtonenM,WarisM, Hohenthal U, et al. IL-6 and
other biomarkers as predictors of severity in COVID-19. Ann Med. 2021;53:410–2.

[42] Que Y, Hu C,Wan K, Hu P,Wang R, Luo J, et al. Cytokine release syndrome in COVID-
19: a major mechanism of morbidity and mortality. Int Rev Immunol. 2021:1–14.

[43] Koppara T, Cheng Q, Yahagi K, Mori H, Sanchez OD, Feygin J, et al. Thrombogenicity
and early vascular healing response in metallic biodegradable polymer-based and
fully bioabsorbable drug-eluting stents. Circ Cardiovasc Interv. 2015;8:e002427.

[44] Shreenivas SS, Kereiakes DJ. Evolution of the SYNERGY bioresorbable polymer me-
tallic coronary stent. Future Cardiol. 2018;14:307–17.

http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0175
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0175
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0175
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0180
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0180
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0180
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0185
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0185
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0185
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0185
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0190
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0190
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0190
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0195
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0195
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0195
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0195
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0200
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0200
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0200
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0200
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0205
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0205
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0210
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0210
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0215
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0215
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0215
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0220
http://refhub.elsevier.com/S1553-8389(21)00183-4/rf0220

