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Purpose

Evaluation of reendothelialization with a new thin struts cobalt chromium alloy stent coated with a nano-layer of Polyzene™-F (PzF) in a rabbit iliac artery model.

Methods

Fifteen stented external rabbit iliac arteries were harvested at Day 7 for electron microscopy analysis following Cobra PzF stents implantation to assess reendothelialization and compare to historical data. Ten additional rabbits were used to assess time course of reendothelialization at 3 and 5 days.

Results

At Day 7, almost complete coverage of endothelial cells was observed with a coverage of 99.54 ± 0.25% of the stented area. No thrombus area was noted. At Day 3, more than half of examined pieces was reendothelialized and reached 78.30 ± 3.7% at Day 5 (p < .01 between each group). All stents were well expanded against the arterial wall and no struts were malapposed.

Conclusions

Reendothelialization was rapid and complete at Day 7. This is the fastest reendothelization process after stenting in this model. No stent occlusion was observed.

Abbreviations

PzF Poly-bis(trifluoroethoxy) phosphazene DAPT Dual antiplatelet therapy BMS Bare metal stent DES Drug eluting stents Cobra PzF™ cobalt chromium alloy stent designed coated with a nano-layer of Polyzene™-F

Introduction

Percutaneous coronary artery angioplasty outcomes were dramatically improved following the introduction of stents [START_REF] Serruys | A comparison of balloon-expandable-stent implantation with balloon angioplasty in patients with coronary artery disease Benestent Study Group[END_REF] and dual anti antiplatelet therapy (DAPT) [START_REF] Schomig | A randomized comparison of antiplatelet and anticoagulant therapy after the placement of coronary-artery stents[END_REF]. Subsequently the need for repeat intervention was reduced with the advent of drug eluting stents (DES) [START_REF] Morice | Long-term clinical outcomes with sirolimus-eluting coronary stents: five-year results of the RAVEL trial[END_REF], but the reduced restenosis rate was counterbalanced by acute and late stent thrombosis [ [START_REF] Camenzind | Stent thrombosis and major clinical events at 3 years after zotarolimus-eluting or sirolimus-eluting coronary stent implantation: a randomised, multicentre, openlabel, controlled trial[END_REF], [START_REF] Navarese | Safety and efficacy outcomes of first and second generation durable polymer drug eluting stents and biodegradable polymer biolimus eluting stents in clinical practice: comprehensive network meta-analysis[END_REF], [START_REF] Goy | Incidence of stent thrombosis and adverse cardiac events 5 years after sirolimus stent implantation in clinical practice[END_REF]] leading to high mortality [START_REF] Ong | Thirty-day incidence and six-month clinical outcome of thrombotic stent occlusion after bare-metal, sirolimus, or paclitaxel stent implantation[END_REF] and major limitation for new technologies such as bioresorbable stents [START_REF] Capodanno | Percutaneous coronary intervention with everolimus-eluting bioresorbable vascular scaffolds in routine clinical practice: early and midterm outcomes from the European multicentre GHOST-EU registry EuroIntervention[END_REF]. On one hand, bare metal stents offer a limited one-month DAPT [START_REF] Wijns | Guidelines on myocardial revascularization[END_REF] and a low late stent thrombosis rate, but a 15 to 20% of restenosis rate. On the other hand, drug eluting stents reduced restenosis rate but are associated with a long period of DAPT [START_REF] Wijns | Guidelines on myocardial revascularization[END_REF] that increases the bleeding risk, which is also associated with an increased rate of mortality [START_REF] Urban | Stent thrombosis and bleeding complications after implantation of sirolimuseluting coronary stents in an unselected worldwide population: a report from the e-SELECT (Multi-Center Post-Market Surveillance) registry[END_REF][START_REF] Kwok | Benefits and harms of extending the duration of dual antiplatelet therapy after percutaneous coronary intervention with drug-eluting stents: a meta-analysis[END_REF]. The optimal duration of DAPT after drug eluting stents implantation in high bleeding risk patients remains controversial. There is an increasing number of patients that need coronary revascularization and are at high risk for bleeding, such as fragile or old patients, need for chronic oral anticoagulation (atrial fibrillation [START_REF] Menozzi | Grilli Triple antithrombotic therapy in patients with atrial fibrillation undergoing coronary artery stenting: hovering among bleeding risk, thromboembolic events, and stent thrombosis[END_REF], mechanic valve, recurrent deep venous thrombosis), pending urgent surgery, severe liver or kidney dysfunction and anemia. Interventional cardiologists are frequently faced with these clinical presentations where short DAPT treatment is desired to reduce bleeding complications and enhance outcomes. The Cobra PzF™ (Celonova Biosiences, San Antonio Texas, USA) coronary stent is a new stent design, balloon expandable cobalt chromium alloy that is pre-mounted on a custom rapid exchange balloon delivery catheter. The alloy stent is polished and surface coated with a very thin nano-layer Polyzene-F (PzF) (Poly-bis(trifluoroethoxy) phosphazene). Polyzene-F is pure an inorganic hydrophobic polymer with a high molecular weight that facilitates albumin fixation and reduces fibrinogen adherence while also reducing subsequent platelet activation [START_REF] Welle | Tur Plasma protein adsorption and platelet adhesion on poly[END_REF]. Preclinical studies have demonstrated that the nano-layer PzF surface coated stent is a thrombo-resistant, reduce inflammation and has pro-endothelialization properties [ [START_REF] Mrowietz | Jung Haemocompatibility of polymer-coated stainless steel stents as compared to uncoated stents[END_REF], [START_REF] Richter | A new polymer concept for coating of vascular stents using PTFEP (poly(bis(trifluoroethoxy)phosphazene) to reduce thrombogenicity and late instent stenosis[END_REF], [START_REF] Satzl | The efficacy of nanoscale poly[bis(trifluoroethoxy) phosphazene] (PTFEP) coatings in reducing thrombogenicity and late in-stent stenosis in a porcine coronary artery model[END_REF], [START_REF] Radeleff | Restenosis of the CYPHER-Select, TAXUS-express, and Polyzene-F nanocoated cobalt-chromium stents in the minipig coronary artery model[END_REF], [START_REF] Jinnouchi | Thromboresistance and Functional Healing in the COBRA PzF Stent versus Competitor DES: implications for Dual Anti-Platelet Therapy[END_REF]]. We set out to complement the current preclinical and clinical data and build on the hypothesis that the Cobra PzF™ may allow for reduced DAPT requirement and evaluated the Cobra PzF™ stent in term of thrombus formation and reendothelialization in a rabbit iliac artery angioplasty model which is well correlated to human application [START_REF] Virmani | Lafont Drug eluting stents: are human and animal studies comparable?[END_REF]. The first time point Day 7 was chosen to evaluate the benefit of this new device in comparison with published data [START_REF] Van Belle | Stent endothelialization. Time course, impact of local catheter delivery, feasibility of recombinant protein administration, and response to cytokine expedition[END_REF]. Then, the stent was assessed at 2 additional time points at Day 3 and Day 5 to evaluate early reendothelialization.

Materials and methods

Stent

The Cobra PzF™ coronary stent is a new balloon-expandable cobalt chromium alloy stent designed with original thin struts. The stent features a modified open-cell design mounted on a rapid exchange delivery system and is available in 30 total size variants ranging in diameter from 2.5 mm to 4.0 mm and lengths from 8 mm to 30 mm. The stent surface is coated with a nanothin Polyzene-F layer: a permanent, ultrapure synthetic polymer. To compare with historical data, only 3.0 mm diameter and 15 mm length were used in these experiments.

Animal model

Twenty-five male New Zealand White rabbits (5.0-5.5 kg) were used for these experiments and all applicable institutional and/or national guidelines for the care and use of animals were followed. All animals received aspirin 100 mg daily until sacrifice. All procedures were performed under general anesthesia and sterile conditions. Anesthesia was induced by intramuscular injection of ketamine (50 mg/kg) and acepromazine (0.2 mg/kg), following premedication with xylazine (10 mg/kg). Before each procedure, heparin sodium (1000 USP units, Elkins-sinn, Cherry Hill, NJ) was administered intra-arterially to prevent acute occlusion of the injured sites. After left carotid artery cutdown, a 6 Fr. introducer sheath (Terumo, Tokyo) was positioned under surgical exposure, following which nitroglycerin (0.20 mg, SoloPak, Franklin Park, IL) was administered intra-arterially. All catheters were subsequently introduced through this sheath. Direct stent implantation was performed using a 3.0 mm diameter 15 mm length Cobra PzF stent and apposed to the vessel wall using a balloon inflation pressure of 10 atm to achieve a 1.1-1.2:1.0 stent/artery ratio.

Histologic analysis

Animals were anesthetized using ketamine (50 mg/kg) and acepromazine (0.2 mg/kg), following premedication with xylazine (10 mg/kg) in preparation for sacrifice. Heparin (2000 IU) was administered via the ear vein. A cannula was inserted into the lower abdominal aorta to perfuse in situ a total of 100 mL of 5% dextrose solution with 100 units/mL heparin. This was followed by a solution of 5% dextrose, and then pressure-perfused at 100 mmHg for 2 h with 10% buffered formalin. To analyze stent endothelialization as well as mural thrombosis, specimens were cut longitudinally. Each half cylinder was submitted for scanning electron microscopy. They were rinsed in cacodylate buffer 0.1 M, pH = 7.4 and dried on filter paper and then examined under low vacuum mode on FEI Quanta 200 scanning electron microscope (FEI, Eindhoven, Netherlands). Scanning electron photomicrographs (40× and 600×) were then systematically obtained under XtUI, FEI of the proximal, medial and distal portions of each specimen for image reconstruction. Each photomicrograph was analyzed under ITEM Five software (Soft Imaging System, Olympus) to measure stent recovered areas in comparison with the global stent areas.

Quantitative angiography

Baseline angiograms of the external iliac arteries and radiographs of the stents postimplantation were obtained for each animal. Quantitative analysis was performed using a computerized analysis system (ImageComm) that has previously been validated [START_REF] Mancini | Automated quantitative coronary arteriography: morphologic and physiologic validation in vivo of a rapid digital angiographic method[END_REF]. In each vessel, the stent/artery ratio was calculated as the ratio of the mean stent diameter to the mean baseline angiographic luminal diameter.

Thrombotic occlusion

Thrombotic stent occlusion precluded the quantitative analyses described above.

Statistical analysis

All results are expressed as mean ± standard error (m ± SE). Statistical significance was evaluated using Student's t-test for comparisons between two means. A value of p < 0.05 was considered to denote statistical significance.

Results

Quantitative angiographic analysis

Mean baseline luminal diameter for all stents deployed in these experiments (n = 25) was 2.71 ± 0.08 mm. Mean stent diameter was 3.03 ± 0.05 mm, and mean stent/artery ratio was 1.11 ± 0.05. No differences were observed among groups.

Stent struts mal-apposition

All stents were well expanded against the arterial wall and no struts were mal-apposed with no difference between groups.

Reendothelialization at Day 7

At Day 7, the 15 specimens were used for electron microscopy analysis, half cylinder for thrombus area formation quantification and the other half cylinder for reendothelialization. Almost a complete coverage of endothelial cells was observed (99.54 ± 0.25%). The only absence of reendothelialization was observed on pieces of struts in front side branches take off. Representative photomicrographs of stented arteries at Day 7 is shown in Fig. 1. Details of reendothelialization is presented in Fig. 2.

Thrombus assessment at Day 7

No thrombus area was observed.

Time course of reendothelialization

Following the 7-day time point experiment, a time course of reendothelialization was performed with 10 additional animals. Five animals were examined at Day 3 and five animals at Day 5. The 2 half cylinders were examined for reendothelialization. At Day 3, more than half of the area of examined pieces was reendothelialized (54.25 ± 4.4 %) and at Day 5 reached 78.30 ± 3.7%, p < 0.01 between groups, (Fig. 3).

Stent thrombosis

No occluded vessel was observed in this experiment.

Discussion

Here we report an experiment involving 25 rabbit iliac arteries that have been harvested to address 2 major questions regarding stent thrombosis and stent reendothelialization with the new thin strut, cobalt chromium alloy, Cobra PzF™ coronary stent. The use of drug-eluting stents has reduced the rate of restenosis [ [START_REF] Spaulding | A pooled analysis of data comparing sirolimus-eluting stents with bare-metal stents[END_REF], [START_REF] Kastrati | Analysis of 14 trials comparing sirolimus-eluting stents with bare-metal stents[END_REF], [START_REF] Stone | Safety and efficacy of sirolimus-and paclitaxel-eluting coronary stents[END_REF]]. However, drug-eluting stents are associated with a high stent thrombosis rate, a potentially lethal complication [START_REF] Park | Frequency of and risk factors for stent thrombosis after drug-eluting stent implantation during long-term follow-up[END_REF][START_REF] Iakovou | Incidence, predictors, and outcome of thrombosis after successful implantation of drug-eluting stents[END_REF], that had been reduced to <2% after the use of long period of DAPT [START_REF] Bertrand | Gershlick Double-blind study of the safety of clopidogrel with and without a loading dose in combination with aspirin compared with ticlopidine in combination with aspirin after coronary stenting : the clopidogrel aspirin stent international cooperative study[END_REF][START_REF] Leon | A clinical trial comparing three antithrombotic-drug regimens after coronaryartery stenting Stent Anticoagulation Restenosis Study Investigators[END_REF]. At least 3 different mechanisms of action have been described to lead to stent thrombosis. First, the occlusion of extensive, non-detected proliferation of smooth muscle cells at the stented segment, and could be potentially combined with neointima formation; second, the lack of reendothelialization of stent struts; and finally, stent struts malapposition that directly linked to thrombus formation and stent thrombosis. In addition, the polymers used in many of these devices play an important role, being implicated as the cause of hypersensitivity reactions and endothelial dysfunction [ [START_REF] Finn | Vascular responses to drug eluting stents: importance of delayed healing[END_REF], [START_REF] Joner | Endothelial cell recovery between comparator polymer-based drug-eluting stents[END_REF], [START_REF] Nakazawa | Delayed arterial healing and increased late stent thrombosis at culprit sites after drugeluting stent placement for acute myocardial infarction patients: an autopsy study[END_REF]]. However, in the current era, the relative rates of stent thrombosis between the new generation DES and BMS have been evaluated and the cumulative risk of stent thrombosis looks similar. Stent thrombosis develops in approximately 1% of patients during the first year after placement, with half of these events occurring in the first 30 days. Very late stent thrombosis (beyond one year) occurs at an annual rate of <1% with higher rates in routine practice settings versus lower-risk clinical trial populations; this rate was higher with first generation DES compared with BMS [START_REF] Baber | Impact of the everolimus-eluting stent on stent thrombosis: a meta-analysis of 13 randomized trials[END_REF][START_REF] Bangalore | Short-and long-term outcomes with drug-eluting and bare-metal coronary stents: a mixed-treatment comparison analysis of 117 762 patient-years of follow-up from randomized trials[END_REF]. It is worth noting that in most of these studies, the duration of DAPT after PCI was 6 months at minimum and in population with low bleeding risk. In contrast, high bleeding risk population as evaluated in the LEADERS FREE trial [START_REF] Urban | Polymer-free drug-coated coronary stents in patients at high bleeding risk[END_REF] with 30-day DAPT after stent implantation, stent thrombosis at one year was 2% in the DES group and 2.2% in the BMS group. The ideal stent should be non-thrombogenic, without the need for a long period of dual antiplatelet therapy, with no stent thrombosis, low rates of restenosis and late adverse events.

Stent design and reendothelialization

In spite of the extensive research that has been done in the past 3 decades, healing process following stent implantation is a complex and not completely elucidated phenomenon. This process involves general and local hemodynamic conditions, local rheology, complexity of the local trauma and tear, activation of platelet and coagulation factors, smooth muscle cells stimulation in response to the local pressure and trauma, and finally promotion of endothelial cells that assume the interface between the circulating blood and the vessel wall. More than twenty years ago, while complete regeneration of the denuded segment was observed at 7 days following balloon angioplasty on pig coronary arteries [START_REF] Steele | Balloon angioplasty. Natural history of the pathophysiological response to injury in a pig model[END_REF], complete reendothelialization needed 30 days following Palmaz-Schatz stent implantation in different experimental models. Genetic manipulation of the stent and local delivery of growth factors such VEGF (vascular endothelial growth factors) as well as naked DNA or the final product of the protein [START_REF] Van Belle | Stent endothelialization. Time course, impact of local catheter delivery, feasibility of recombinant protein administration, and response to cytokine expedition[END_REF][START_REF] Van Belle | Passivation of metallic stents after arterial gene transfer of phVEGF165 inhibits thrombus formation and intimal thickening[END_REF], reduced time of stent reendothelialization to 7 days. Palmaz-Schatz stent represent the first generation of device that was made of stainless steel with cubic struts design with a thickness of up to 150 μm. Intensive research has been done to carry out and improve crimping, and trackabilty of the stent to challenge more and more complex targeted lesions. The incredible non-predictive benefit of alloy development to reduce thickness and facilitate access to distal lesions, was a reduction of arterial wall damage and tear. While the draw of new stent design affords to keep a metal artery ratio of 15 to 20%, and a good scaffolding to prevent acute recoil, the reduction of the struts thickness and improve geometric design configuration, both facilitate reendothelialization and reduce thrombus formation. [ [START_REF] Jimenez | Macro-and microscale variables regulate stent haemodynamics, fibrin deposition and thrombomodulin expression[END_REF], [START_REF] Jimenez | Hemodynamically driven stent strut design[END_REF], [START_REF] Davies | Hemodynamic shear stress and the endothelium in cardiovascular pathophysiology[END_REF]] The CeloNova Cobra PzF™ coronary stent is a new thin stent struts design that includes all of these new hemodynamic concepts and components that support our results in this study demonstrating the rapid reendothelialization as short as 7 days and the fastest reendothelialization ever reported in the literature of coronary stents, while there is no stent struts fracture or mal-apposition. The only absence of reendothelialization was observed on pieces of struts in front side branches take off. This observation debates the point that reendothelialization could come from collateral side branches.

PzF and acute stent thrombosis

The alloy surface of the stent is coated with a very thin nano-layer Polyzene-F (PzF) (Polybis(trifluoroethoxy) phosphazene) that measures 50 nm. Polyzene-F is an inorganic hydrophobic polymer with a high molecular weight that facilitate albumin fixation and reduce fibrinogen and platelet adhesion as well as subsequent platelet activation [START_REF] Welle | Tur Plasma protein adsorption and platelet adhesion on poly[END_REF]. Previous studies have indicated that the nano-layer surface coating has thrombo-resistant, and pro-endothelialization properties while also reducing inflammation [ [START_REF] Mrowietz | Jung Haemocompatibility of polymer-coated stainless steel stents as compared to uncoated stents[END_REF], [START_REF] Richter | A new polymer concept for coating of vascular stents using PTFEP (poly(bis(trifluoroethoxy)phosphazene) to reduce thrombogenicity and late instent stenosis[END_REF], [START_REF] Satzl | The efficacy of nanoscale poly[bis(trifluoroethoxy) phosphazene] (PTFEP) coatings in reducing thrombogenicity and late in-stent stenosis in a porcine coronary artery model[END_REF], [START_REF] Radeleff | Restenosis of the CYPHER-Select, TAXUS-express, and Polyzene-F nanocoated cobalt-chromium stents in the minipig coronary artery model[END_REF]]. It does not activate the complement system by shielding the bare metal surface of the device through the Polyzene-F layer, promoting healthy endothelial cell growth without stimulating platelet activation [START_REF] Mrowietz | Jung Haemocompatibility of polymer-coated stainless steel stents as compared to uncoated stents[END_REF]. The PzF coating could be extended up to 700 times the original length without lacking properties or cracking as observed on other modified surface [START_REF] Basalus | Scanning electron microscopic assessment of coating irregularities and their precursors in unexpanded durable polymer-based drug-eluting stents[END_REF][START_REF] Guerin | Drugeluting stents in bifurcations: bench study of strut deformation and coating lesions[END_REF]. The PzF coating isolates the stent from blood and circulating elements and prevent it from being recognized as a foreign body. This define the concept of biologically invisible stent. The major consequences are reductions of thrombus formation and stent thrombosis as documented in vivo in this experiment.

Limitation

While there is a difference between animal experiment and clinical human application, there is still a good correlation between this iliac artery model and human coronary artery angioplasty [START_REF] Virmani | Lafont Drug eluting stents: are human and animal studies comparable?[END_REF]. The absence of atherosclerotic disease is likely to contribute to a more predictable healing response in animals. Human coronary stenting is often associated with extensive local trauma characterized by plaque splitting and medial disruption. Most stents in animals are deployed in normal arteries with 1:1.1 stent to artery ratio, resulting in a mild arterial injury as compared to human coronary artery. However, animal models of stenting predict human responses, as the stages of healing are remarkably similar, smooth muscle growth is delayed, while extensive and rapid endothelial cells repair is achieved. This phenomenon is faster in pig coronary artery model than rabbit iliac artery model [START_REF] Finn | Vascular responses to drug eluting stents: importance of delayed healing[END_REF]. The repeated and constant previous results observed for >20 years on this well documented model contributed to current DAPT recommendation to one month following bare metal stent implantation and up to 6 months for drug eluting stent to prevent stent thrombosis [START_REF] Virmani | Lafont Drug eluting stents: are human and animal studies comparable?[END_REF]. While the results of this model are highly predictable for human application, this work did not include the setting of atherosclerotic disease, acute MI, prior restenosis, long lesions and multivessel treatments.

Conclusion

Compared to historical data, reendothelialization was rapid and almost complete at Day 7 after sent implantation. This is the fastest reendothelialization process ever reported in literature for a coronary stent. The PzF coating mask the stent from circulating blood and prevent it from being recognized as a foreign body. Recent study confirms this rapid phenomenon and demonstrates endothelial function as compared to DES [START_REF] Jinnouchi | Thromboresistance and Functional Healing in the COBRA PzF Stent versus Competitor DES: implications for Dual Anti-Platelet Therapy[END_REF]. These data will serve as an impetus to perform clinical study with reduction of dual antiplatelet therapy.
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