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Professor Sungho Jin, Chair 

 

MP35N (Co-Ni-Cr-Mo alloy) is an important stent implant material for which 

many aspects, that include nano-structured surfaces, are yet to be understood.  We have 

created radially emanating metallic nanopillar structures on the surface of stent alloy 

wires using RF plasma. The exposure of a stent alloy wire, 250 µm diameter Co-Ni-Cr-

Mo alloy (MP35N), to parameter-controlled RF environment resulted in dense surface 

microstructural textures consisting of high-aspect-ratio dendritic nanopillars/nanowires. 

Local compositional analyses by EDS and XPS show increased values of Mo contents on 

the outer edges of protruding nanopillars, indicating a possibility of the higher Mo 
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content phase contributing to the differential plasma sputter etching on the MP35N 

surface and resultant nanowire formation. A comparative investigation on single phase 

alloy versus multi-phase alloy seems to point to the importance of phase-segregation for 

successful nanowire formation by RF plasma treatment.  Some specific single phased 

materials such as Fe-Ni and Fe-Cr alloys or Pt metal wire did not form the structures 

similar to those with a more complex MP35N under similar RF processing conditions. 

This study demonstrates the creation and characterization of unique nano-structured 

surfaces on stent alloy wires using this RF plasma process; where such nano-structured 

surfaces can be useful for favorably influencing cell behaviors. 

 



  

CHAPTER 1 

INTRODUCTION 
 

1.1 Nanopillar formation on MP35N Stent Alloy 
 

 Coronary and other stents are important biomaterials devices useful for patients 

that have problems of partial blockage in the blood vessel or related coronary artery 

disease. Stents are a wire mesh, tubular in shape, and designed to support and retain 

vessel walls open to allow blood flow to the heart. Among several types of alloys used 

for stent fabrication, the MP35N alloy (35 wt. % Co-35 wt. % Ni-20wt. % Cr-10 wt. % 

Mo) is one of the more widely used stent material. The purpose of this research is to 

investigate the unique nanopillar formation on the surface of MP35N stent wire via 

controlled RF processing technique and understand the effects of various processing 

parameters on resulting surface nanopillar arrays, as well as on the implant-cell 

interaction behavior in vitro. Furthermore, an investigation among other alloy systems 

such as Pt-Ir, FeNi12, Co20Cr alloys were carried out to understand the potential effects 

of single phase versus two phase alloys and their resulting surface nanostructures from 

the RF plasma environment. In total, we have created a wide array of nanopillar 

formation and morphologies on the surface of MP35N stent alloy wires (10 mil diameter) 

via RF induced plasma processing. Characterization of these unique nanopillars were 

investigated with the Transmission Electron Microscopy (TEM), Scanning Electron 

Microscopy (SEM), EDS, XPS, AFM, Contact Angle measurements, and EBSD analysis 

techniques. 

1 
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In addition, the effect of these surface nanopillars in cellular response were 

investigated; where a full in vitro study was carried out to understand the effects of 

cellular proliferation of Bovine Aortic Endothelial Cells (BAECs) in response to the 

nanopillar surface on MP35N compared to smooth non-RF processed, standard MP35N 

surfaces using 10mil diameter wires of MP35N stent alloy. Metal surfaces with 

appropriate surface structures are known to enhance adhesion of endothelial cells, and 

hence may be useful for enhanced stent performance as polymer-less options for reducing 

the restenosis rate in patients using coronary stents.  

 The motivation for this research is to identify new methods of surface 

modification of coronary stent alloys where both i) Surface texturing via RF plasma may 

contribute to enhanced cellular proliferation and overall foreign body response and ii) 

Surface texturing of bare metal stents may enhance the adhesion of polymer layer often 

used in drug eluting stents, where de-lamination of polymer layer into the blood stream 

may pose a high health risk to the patient.  Overall, the investigation of unique nanopillar 

formation on the surface of MP35N alloy contributes to the advancement of next 

generation coronary stent materials and fabrication design.  

1.2 Coronary Artery Disease 
 

 The nature of this research “advanced surface microstructures via RF plasma on 

MP35N material”, deals with surface texturing of the widely used stent alloy MP35N 

employed in angioplasty to treat coronary artery diseases. Coronary Artery Disease, or 

CAD, is defined as the hardening, or artherosclerosis, of the coronary arteries due to the 

gradual deposition of lipid and cholesterol plaques on the inner layer, or intima of the 
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arteries. It is estimated that approximately 14 million Americans have CAD, and of them 

~1.5 million per year develop the most serious complication of this disease, myocardial 

infarction (heart attack). The estimated annual cost of CAD in the United States is over 

$350 billion dollars. [1] It is also known that CAD is by far the single largest killer of 

men and women in the United States; one in every five Americans will die from CAD, 

and it kills more people annually than the five other leading causes of death combined. 

The surgery to treat CAD is complex and often involves invasive or noninvasive 

coronary interventions that utilize stent products. [2] 

1.3 Restenosis 
 

 One of the down sides to this technology is the high restenosis rates that arise in 

patients after angioplasty and introduction of stents into the artery. Restenosis literally 

means the reoccurrence of stenosis (narrowing of a blood vessel) which may result in 

restriction of blood flow to the heart. Restenosis is a term widely used within vascular 

surgery, cardiac surgery, and angioplasty. [3] “It can be defined as a reduction in the 

circumference of the lumen of 50% or more, and had a high incidence rate (25-50%) in 

patients who had undergone balloon angioplasty, with the majority of patients needing 

further angioplasty within 6 months”. [4] 

1.4 Stents 
 

 Overall, it is very beneficial for a patient to undergo angioplasty surgery. 

However, if the procedure itself causes restenosis it puts the patient at great risk and often 

surgery is required once again. During angioplasty, when the balloon (sits inside stent, 
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Figure 1.1) is inserted into the narrowing blood vessel, it “smashes” the cholesterol 

plaque against the artery walls, resulting in a widening of the artery, thus increasing the 

effective orifice area for improved blood flow to the heart. Ultimately, it is this physical 

“smashing” effect of cholesterol into the artery wall that induces the natural yet 

problematic biological responses to repair the damage and “re-narrow” the artery again. 

[5]  

1.5 Bare Metal Stents 
 

 As illustrated in Figure 1.1, a stent is a mesh tube-shaped structure often utilized 

to mechanically hold open the artery to allow unrestricted blood flow, or to support 

expanded/weakened artery walls (called an aneurysm). A biological response to the stent, 

or foreign body, sometimes triggers an immune response which could cause further 

narrowing near the stent. With many possible complications associated with the needed 

use of stents, there is plenty of room for the advancement and research of materials 

employed for coronary stents, both in bare metallic stents and drug eluting stents.  

 In 1994, the very first stent was approved by the FDA, as Johnson and Johnson 

produced the Palmaz-Schatz Balloon-Expandable Stent. Since then, several materials and 

designs in the construction of these bare metal stents have evolved with greater durability 

and flexibility. The development and advancement of stents was driven by the need to 

improve the efficacy of Plain Old Balloon Angioplasty (POBA) procedures. In the 1970s 

and 1980s; where interventional cardiologists searched for methods that would eliminate 

problems associated with angioplasty. For example, the rate of elastic recoil in patients 

used to be approximately 5-10% within the first few hours, or even minutes, of surgery, 
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and the coronary artery can experience a rebound, and subsequent occlusion, at the site of 

the balloon insertion. Tearing of the vessel's inner lining and thrombosis (a clot of 

coagulated blood attached at the site of its formation) of the region also contributed to 

this acute closure of the artery. This often led to severe complications, including 

myocardial infarction and the need for emergency bypass surgery [6]. The scenario in 

which a stent delivery directly follows a POBA procedure occurs in about 70% of these 

surgeries. The other cases involve direct stenting, where stents serve as the initial 

treatment. Over time, the vessel lining grows into the metal lattice of the stent[7], thus 

influencing the type of surface morphology of stent wires and initial point of contact for 

cellular growth and tissue integration. Although the implantation of the stent appeared to 

reduce the occurrence of these potential symptoms, [8] restenosis remains a great 

challenge to be overcome in the medical community. 

 

 

 

 

 

 

 

 

 

  



6 

  

 

 

Figure1.1 Schematic representation of angioplasty and balloon deployment, where the 
full expansion of the stent in artery will allow un-restricted blood flow. 

 

 The site of balloon inflation is the crucial interface of material to tissue. At this 

interface of bare-metal stent to the tissue wall, damage to the artery wall can result from 

“smashing” the plaque on the endothelial barrier, which can potentially expose the 

extracellular matrix.  This leads to the hyperproliferation of smooth muscle cells, a 

response that is prompted by growth factors and proteoglycans of the extracellular 

matrix. These cells move into the intima, where they cluster and form a lesion. As a 

result, the tissue in this region becomes thickened and scarred and soon after, restenosis 

will take over. The restenosis rates were  40-50% of patients within three to six months 

after POBA, and at the time, the most common treatment for restenosis was a repeat of 

the procedure. [9] For this reason, as stated earlier, great interest lies in improving the 
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tissue integration via surface texturing on coronary stent alloy MP35N using RF plasma 

where surface nanostructure morphologies may contribute to enhanced cellular 

proliferation, tissue integration, and mitigate the overall foreign body response. 

1.6 Materials and Design 
 

 Stents have a tubular, lattice structure and can be assembled from a range of 

metals, including MP35N, nitinol (Ni-Ti shape memory alloy), stainless steel, and cobalt 

chromium based alloys. The stent is designed to mechanically hold the inner wall in its 

newly compressed position, to allow un-restricted blood flow. Sizes of stents can range 

from around 2mm to 4mm (in fully expanded form), depending on the diameter of the 

individual vessel, as well as the specific condition and extent of disease. Variation in 

stent length is roughly 8mm – 38mm, depending on the nature and extent of plaque 

buildup. 

 The mechanical properties of the stent will vary with composition of stent alloy. 

Specific materials and designs are employed to create greater thromboresistance, and to 

make the stents both radiopaque and biocompatible. Some alloys, such as cobalt 

chromium, are more radiopaque and durable than stainless steel 316L for example. With 

such an alloy, they are able to create thinner struts, which are generally associated with 

lower restenosis rates. There will also be numerous patterns and design variations from 

stent to stent.  

 In order to decrease the potential for thrombosis, a layer of carbon, platinum, or 

heparin, can be placed directly onto the bare metal stent, which are believed to decrease 

the thrombus response. This is not to be confused with drug eluting stents (DES), where a 
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separate polymer layer with embedded drug is fabricated as a coating on the bare metal 

stent. Long-term studies currently explore the relationship between stent design and rate 

of restenosis for both bare metal stents and drug eluting stents, by which advancements 

are thought for continuous improvements upon earlier stent products. [10]  

1.7 Polymeric Drug Encapsulation on Stents    
 

 The basic mechanism of drug delivery from a polymeric scaffold involves 

encapsulating a drug in a polymer that either allows the drug to diffuse outward from it or 

that undergoes degradation in order to release the drug directly. Polymers can be 

subdivided into bioerodable and nonbioerodable categories. The bioerodable polymers 

can be further subdivided into either bulk or surface erosion. [11]  

 Non-erodable, mechanically tough polymers, such as polyvinyl alcohol (PVA) are 

often embedded with drug and layered onto the surface of stents via chemical vapor 

deposition (CVD) processes. A non-erodable polymer is preferred for such a long-term 

implantable device as a stent. This is because of the associated risks of polymer coatings 

to break off and flow into the blood stream.  

 Numerous drug eluting stent (DES) polymer systems that seemed promising in 

vitro have subsequently been abandoned after in vivo studies demonstrated inflammatory 

responses to them. The associated risks of polymer delaminating involve both the aspect 

of i) erodable break down of polymers and ii) adhesion issues at interface of bare-metal 

stent to polymer. In general, non-bioerodable, or biostable, polymers are used in more 

permanent biological applications, like DES stents, because of the potential risk for 

bioincompatibilty in erodable polymers and because of the more gradual release of drug 

  



9 

  

that erodable polymers provide.[12] where diffusion is the principal mechanism by which 

drugs are released from stents.[13] The present research of nanotexturing the surface of 

MP35N sent alloys is in part motivated by the need to enhance the adhesion of polymer 

layer often used in drug eluting stents, where de-lamination of polymer layer into the 

blood stream may pose a high health risk to the patient.   

 



 

CHAPTER 2 

BACKGROUND 
 

2.1 Cardiovascular Stents 
 

Cardiovascular disease is known to be the number one cause of death and 

disability in the United States and most European countries. The use of metallic stents 

such as a Co-Cr-Ni-Mo alloy (often called MP35N), especially in the drug-eluting stents 

(DES) has contributed greatly to reducing the scope of such cardiovascular problems [14, 

15].  However, the polymer material utilized in the DES for drug release may induce 

undesirable thrombosis [16]. Therefore, a “polymer-less”, all metallic metal wires with a 

dense forest of surface nanostructures can be considered as an alternative option for stent 

materials.  

While there have been many recent publications on nanowire formation of carbon 

nanotubes, ZnO, Si, GaAs, and so forth, e.g., by high-temperature chemical vapor 

deposition, little research has been reported on fully-metallic nanowire formation 

involving rapid high temperature processing. In this paper, the creation of fully metallic 

nanowires radially protruding from surfaces of medical grade MP35N alloy wires via RF 

plasma processing is presented. Motivation behind this research lies in optimizing the 

nanowire formation, understanding the principles involved in the RF plasma surface 

texturing process, and characterization of resulting surface nanostructures.  

The multiphase alloy, MP35N (35 wt. % Co-35 wt. % Ni-20wt. % Cr-10 wt. % 

Mo), was developed in the 1960’s and is primarily used in orthopedic implants. Due to its 

10 
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high strength, this material is currently used as the lead wire for pacemakers, and as a 

substitute for 316L stainless steel in cardiovascular stents [17]. MP35N is a cobalt-nickel 

based superalloy sometimes used for low to moderate temperature applications requiring 

high strength, high toughness, and high corrosion resistance. When fully annealed at 

temperatures above 850°C (a full anneal of MP35N in a few minutes will occur at 1010-

1177°C) [18], MP35N is a single phase solid solution with a face-centered-cubic (fcc) 

structure [19, 20].  The strain induced martensite phase (hexagonal close-pack) is 

believed to be formed during room temperature deformation. However, there is little 

understanding of the microstructural origin of the secondary hardening, and a detailed 

characterization of the secondary hardening phenomenon is also lacking [21].  

MP35N wire samples exhibit a multi-phase structure containing fcc and hcp 

phases. High temperature exposure of the MP35N material such as by aging heat 

treatment enhances the formation of stacking faults and Mo segregation [21]. In fact, in 

the RF plasma processed MP35N wires, generally higher Mo concentrations have been 

observed on the outer surface of the nanowire/nanopillar MP35N wire samples. The EDS 

analysis indicates that the surface area including nanowire/nanopillar regions tend to have 

higher Mo contents than the interior regions. However, it is not clear if this 100 nm scale 

segregation behavior is related to Asgari et al.’s observation of nanoscale, stacking-fault-

based phase segregation. Rather, it is speculated that the significantly different sputter 

rate of Ni and Co (by a factor of ~2) compared to that of Mo is likely to lead to 

continuously varying alloy composition on the MP35N wire surface as the sputter etching 

proceeds under RF plasma condition applied (and hence continuously altered, local phase 

diagram moving toward two-phase or multi-phase regime).  This will be discussed in the 
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later section. It is important to note that the RF process, as compared to DC plasma 

process, advantageously creates the necessary high temperature condition in the sample 

to induce the nanowire formations, in addition to the ion bombardment effect, which also 

contributes to the temperature rise. In general, plasma etch processes have low energy 

ions that release their energy just below the surface of the solids which may result in the 

removal of the surface atoms [22]. As a result of such sputtering, ripple like structures 

can appear on the surface of the materials [23-26]. The MP35N wires exhibited ripple 

like structures at low processing powers, such as 80 Watts or lower, as well as in the 

early stages of evolution within the first 30 seconds to 2 minutes of RF processing.  

 
 



 

CHAPTER 3 

MATERIALS PROCESSING AND CHARACTERIZATION 

3.1 Materials & Methods 
 

The sample alloy wires used for experiments are made of medical grade alloy 

MP35N (35% Co-35% Ni-20% Cr-10% Mo in wt %) having a 250µm (10 mil) diameter 

and electropolished smooth surface.   This 250µm dimension is comparable to a strut 

diameter of some of the medical stents. For texturing, five of approximately 10 cm long 

wire samples were mounted vertically at the cathode plate base at 2.5cm spaced apart 

from the neighboring wires (Figure 3.1). Within this wire-mounted region, the RF 

plasma texturing results were identical, independent of the location of sample mounting 

in chamber. Experiments were performed using a custom-built RF plasma system, with 

the RF powered cathode using 30 sccm of Ar gas with a base operating pressure around 

2.0x10-2 Torr and 100-200W power. The temperature rise of the MP35N wire samples 

was monitored using visual inspection and IR thermometer, and was estimated to be in 

the 800-1000oC range. After RF plasma processing, surface microstructures of the 

MP35N wire samples were investigated by scanning electron microscope (SEM), 

transmission electron microscope (TEM), Electron Back Scatter Diffraction (EBSD) 

analysis. 
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Figure 3.1 Schematic shown is an illustration of RF plasma processing of MP35N alloy 
wires. 

 

The method of RF processing has led to a number of unexpected observations of 

unique surface morphologies on the MP35N wires [16].  It is believed that ion 

bombardment was a key to creating nanowire morphologies that vary in shape with 

various RF process parameters [22].  It is of interest to understand our RF process control 

on modifying topography of MP35N wire surfaces. Recent in vitro research findings 

suggest that biomaterials with nanoscale surface topography can influence cell behavior 

like adhesion, proliferation, and differentiation [27], where surface texturing on 

implantable medical device materials may improve cellular attachment in biomedical 

applications [28]. The common alloys for coronary stents available on the market today 

are MP35N, L605 CoCr and stainless steel grade 316L [29]. The current study reported 

here focuses on MP35N alloy and the unique variation of resulting metallic nanowires 

and nanostructures on the surface after RF processing surface modification. Although the 
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focus on this research does not entail cell experimental data, future research to help 

identify whether or not our textured MP35N surface will support cell proliferation and 

adhesion is an attractive strategy worth investigation once we have more understanding 

of RF processing and control for texturing MP35N stent wires. 

3.2 Results and Discussion 
 

3.2.1 Morphologies of MP35N 

 
Formation of a wide variety of unique surface morphologies was obtained by 

varying the experimental RF parameters. SEM micrograph analysis shows an example of 

nanowire surface morphology obtained by RF plasma texturing (Fig. 2). The nanowire 

structure is radially directed and is uniformly present on the entire circumference of the 

250 µm diameter wire. The nanowires (or nanopillars) are consistently perpendicular to 

surface with about 5:1 aspect ratios. The quasi-ordered nanowires/nanopillars are not 

always circular in diameter (Figure 3.2) and the tips of wire morphologies do not 

protrude above the original surface, thus suggesting that the structure formation is 

dominated by sputtering dynamics, rather than by growth. It is speculated that the sputter 

etching proceeds to form vertical pores, which on further etching will cause the 

remaining materials to be continuously removed. The average diameter of the 

nanowire/nanopillar is ~200 nm, and the average depth/height is ~1 µm. The aspect ratio 

of nanopillars can be controlled and increased to as high as ~20:1 as obtained by further 

refinement of RF plasma processing parameters, such as time and temperature. 

Variations in the RF processing parameters correlate to variations in different 

types of resulting surface microstructures in MP35N wire samples. The microstructures 
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in Fig. 2 were obtained after a RF process time of 10 minutes (under the RF plasma 

conditions of 2x10-2 Torr pressure, 30 sccm Ar flow, and at 200 W RF power).  The 

nanowires (or nanopillars) are always perpendicular to the surface and is therefore radial 

for the wire sample, as would be anticipated since the electric field is always 

perpendicular to the surface during plasma processing [30,31]. 

This method of RF plasma texturing of MP35N wires have resulting 

morphologies that initially begin as shallow ripples, and eventually form a deeper, high-

aspect-ratio radial nanowires.  Experimentally it has been noted that there are several 

parameters that affect the microstructural details. The evolution of the surface 

microstructure depends on processing variables such as surface temperature and flux of 

ion bombardment dictated by RF power and processing time as these directly influence 

the aspect ratio and morphology of resulting microstructures. While there has been a 

number of reports on ripple-like structure formation on silicon surfaces, copper, and other 

metals by RF ion bombardment, there have been no reports of deep nanowire structure 

regarding MP35N medical grade alloy. 
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Figure 3.2 SEM micrographs of fully RF textured surface of MP35N alloy wire (a) low 
mag, (b) high mag micrograph showing radial nanowire network structures formed by 
200 watt RF power processing.  
 

It has been observed that a partial gradient of microstructure variations exists 

along the sample length of the wires. The area near the tip of the vertically standing wire 

(total length ~10 cm) tends to exhibit a sharper nanowire or nanopillar microstructure, 

likely due to higher electric field concentrated from near-tip geometry which is the end of 

the wire sample located closer to the top anode of chamber. Hence higher wire 

temperature during RF plasma irradiation occurs near the tip of wire. Just below the “tip 

region”, a relatively uniform microstructure of several centimeters is obtained along the 

greater portion mid-upper length of the wire. The visual observations of temperature 

gradients during processing do in fact correlate to the gradients in nanowire formation. In 
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general, higher aspect ratio nanowires result near the higher temperature, mid-upper 

length of MP35N wires samples during RF processing. The wire temperature appears to 

be cooler near the bottom of wire length closer to the cathode, as might be anticipated 

since the dark space is located.  At these near-cathode regions, less prominent, more 

ripple-like surface morphologies are observed, suggesting less ion bombardments and 

thus cooler temperature regimes. The long wire geometry of the samples might acts as an 

antenna within the electric field, thus induce heating from the tip of the wire and 

propagating down to the wire near cathode base where the cold cathode metal plate 

serves as a heat sink and thus cooler wire temperatures are observed. 

When the RF power is reduced from 200 W to 100 W, a somewhat different 

surface nanostructure is formed (Figure 3.3). The nanowires are now more frequently 

laterally connected, essentially resembling a pore-containing cylindrical wall, network-

like structure.  The average pore diameter is ~1 - 1.5 µm. It is also of interest to 

understand the microstructural evolution stages in the RF plasma processing as a function 

of RF processing time. Figure 3.4 (a)-(d) shows the microstructural evolution with the 

RF processing times at 1 min, 2 min, 4 min, 6 min, 8 min, and 10 min, respectively.  

These images reveal the initial stages of microstructure formation occurring within only  

2 minutes of processing, starting with a shallow ripple-like structure, which gradually 

etches into the wire thickness.  The total diameter of the wire is reduced by several 

micrometers after the RF processing, the extent of which depends on the time, 

temperature, RF power, Ar gas pressure utilized for the processing. 
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Figure 3.3 SEM surface nanostrucures after RF plasma processing of MP35N alloy wire 
at a reduced RF power of 100W.  (a) low magnification, (b) high magnification.  
 

3.2.2 Nanostructure evolution stages during RF processing 

 
As discussed above in relation to Figure 3.2, it is speculated that the sputter 

etching proceeds to form vertical pores, which on further etching lead to a partially or 

fully broken walls with irregular distribution of vertically positioned materials having a 

sheet, wire, or pillar geometry. The Figure 3.2 microstructure may represent the 

intermediate stage of microstructural evolutions when the cylindrical pores are still 

present before breaking up on further etching. 

In the initial stages of the RF plasma processing, the surface microstructure 

developed on the alloy wire can be described as ripple-like formation. These are shallow, 

etched structure as shown in Figure 3.4(a) and Figure 3.4(b) for 1 minute RF plasma 

exposure. The ripple-like surface microstructure evolves rather quickly within the first 2 
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minute of RF processing, showing a slightly deeper, more porous structure. After 6 

minutes, the microstructure develops fully into a vertically aligned columnar structure 

with an overall cylindrical wall–like geometry, Figure 3.4(c). Upon further RF 

processing and associated plasma etching, the microstructure gets deeper, with the wall-

like structure of Figure 3.4(c) beginning to break up into separated, vertical nanowire-

like structure, Figure 3.4(d).  

 

Figure 3.4 SEM images showing evolution stages after RF processing at 200W power 
and 30sccm Ar for various durations, (a) 1 minute, (b) 2 minutes, (c) 6 minutes, (d) 10 
minutes.  
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3.2.3 Surface structure analysis using TEM  

 
Cross-sectional Transmission Electron Microscopy (TEM) was used to depict the 

nanoscale microstructure and elemental concentrations at the surface morphological 

edges of nanowires/nanopillars. The elemental concentrations from Energy Dispersive 

Spectroscopy (EDS) results revealed that the Co and Cr concentrations in the nanopillar 

did not change significantly after RF plasma texturing. However, increased 

concentrations of Mo near the surface of the wire was observed. Depleted Ni 

concentrations near the inner bulk of the wire was also observed. The bulk composition 

by EDS was similar to the nominal composition of MP35N. See Table 3.1 for EDS 

composition results. The TEM results of the control sample with flat clean surface were 

taken 200nm from the surface. The representative selected area diffraction patterns taken 

near the pillars in the RF textured sample showed phases that appeared as darker bands 

near the surface (Figures 3.5 – 3.7) and they are enriched with Mo and depleted in Ni 

compared to untexured MP35N control sample, due to migration of elements upon 

heating during RF processing. Although the area 200nm from the surface of the pillar 

textured sample showed single crystal phases with sample composition as untextured 

nominal MP35N, (some surface areas contained thin (<20nm thick) amorphous coatings 

on the surface or a mixture of amorphous and polycrystalline phases. The TEM analysis 

results on the 10 minute RF processed (200 Watt) nanostructure of the MP35N wire are 

given in Figure 3.5 - 3.7 and Table 3.1.   
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Figure 3.5 TEM analysis of RF processed MP35N wire. The image was taken near pillar 
edges of the processed wire. The TEM diffraction reveals hints of amorphous phase near 
the most outer pillar edge structure. EDS analyses on edges of nanowires are Mo rich and 
Ni depleted after RF processing.  
 

 

 

Figure 3.6 TEM analysis of RF processed MP35N wire at high power which is where 
samples represent a 3-D porous structure (3-D porous structures resulted at high powe
processing 250W and above for 10minute process times). The image was taken near 
pillar edges. 
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Figure 3.7 TEM analysis of RF processed MP35N wire at high power where samples 
represent a 3-D porous structure reveal higher concentration of Mo near edge of pillar.  
 

 

Table 3.1 EDS Analysis for MP35N comparing the composition of the inner bulk wire 
versus surface composition where both nominal alloy values are measured from RF 
processed MP35N samples. 
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Analysis from EDS (Table 3.1) reports show increased values of Mo 12.4wt% 

control sample to 34.4wt% after the RF sputter process. The XPS data was taken at 

various locations of the sample since we have observed temperature gradients of the wire 

samples getting hot in locations near the anode; where crown 1 of MP35N stent is located 

at the closed position to platen (cathode) and crown 7 located away from cathode plate 

toward the anode where higher RF processing temperatures are achieved. The results 

show higher concentrations of Mo and MO3 species on the MP35N surface at crown 7 

after RF processing compared to that of crown 1 (Figure 3.8). This suggests that the 

higher temperature processing regimes will have an affect on Mo species migrating to the 

surface during RF processing. The values of Ni were depleted near surface regions from 

33.4wt% control sample to 18.2wt% after the RF sputter process as shown in Table 3.1. 

This is in qualitative agreement with the reported sputtering rate of Ni and Co being as 

much as twice higher than that for Mo [32].  
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Figure 3.8 XPS data supports EDS results (Table 3.1) showing concentrations of 
Mo at the surface as well as MO3 oxide species.  

 

Therefore, it was anticipated that a continuous variance in the alloy composition 

on the MP35N wire surface would arise with corresponding RF plasma process 

conditions applied. An example of the enriched Mo near the surface (~34% Mo) is given 

in Table 1. Hence, the local phase diagram is also expected to continuously change as the 

RF sputter etch proceeds and the surface chemistry keeps getting altered.  In the absence 

of well-defined quarternary phase diagram for the Co-Ni-Cr-Mo type alloys, the phase 

equilibria details for the MP35N alloy near the RF process temperature are unclear. 

However, considering the binary phase diagrams of Ni-Mo and Co-Mo [33], in both 
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cases, the increase to higher Mo content (in this case almost one to one ratio with the Ni 

or Co content) would clearly move the phase equilibria well into the two phase regime of 

the binary phase diagrams. Therefore it is plausible that the RF processing leads to the 

formation of two-phase structure near the MP35N wire surface at the process temperature 

(estimated to be ~800 – 900oC), which further accelerates the differential plasma etching 

and the formation of etched nano-pillar structure. 

 

3.2.4 Electron Back Scattered Diffraction (EBSD) Analysis 

 
Based on the coarse scan of EBSD for large grains (Figure 3.9), it has been found 

that the grain orientation is random and does not appear to play a role in microstructure 

formation. The grain sizes are roughly 12 micron in average. The low-energy grain 

boundary appears to be the majority among all grain boundaries. Nanowires appear to 

grow having the same orientation as the bulk grains underneath. There is no conclusive 

evidence of grains having been melted and re-solidified.  During the RF plasma 

processing, inspections through the see-through window of the RF chamber indicates that 

the vertical wire geometry is maintained for most of the processing parameters used. 

(However, if the RF power is increased or the MP35N wire is reduced for the given 

200W power, the wire heating, sagging and bending toward the bottom side was noted.)  

It is also shown in the image that the cross sectional view of microstructures reveals a 

height of roughly 1-2 µm from the base wire surface and ~200 nm thick tall 

pillars/nanowires.  
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The EBSD technique was used to examine the crystallographic orientation of 

MP35N in order to elucidate texture or preferred orientation of any crystalline or 

polycrystalline materials. The SEM image in Figure 3.3 is representative of the target 

area. The image quality map shows the grain shape and grain boundaries for the cross 

sectional area as well as the nanowire pillars perpendicular to local surface along the 

outer edge of the wire. The EBSD results indicate that there is no preferred grain 

orientation for the nanowires (Figure 3.9). The nanowires have the identical crystal 

orientations as the bulk MP35N as indicated by the identical color mapping of nanowires 

to the particular grain that they belong to.  
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Figure 3.9 EBSD results of textured MP35N nanostructures reveal that there is no 
preferred crystal orientation of nanowires that form on the surface after RF processing, 
the grain orientation is random and does not appear to play a role in nanostructure 
formation. 
 

3.2.5 Effect of wire diameter on RF processed nanostructure   

 
 The diameter of the MP35N stent wires sometimes needs to be adjusted as a strut 

component for different design of the coronary and other stents. The wire drawing was 

done in progressively smaller incremental steps of 1mil diameter.  As the diameter is 

reduced from 250 µm to 200 µm and then to 150 µm, the visual inspection through the 

viewport of the RF chamber during the RF processing indicated a quite noticeable 

increase in the wire temperature, with the wire color changing from red to semi-orange to 
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bright orange. This temperature rise for smaller diameter MP35N wires, for the identical 

200 watt power and 10 minutes of RF processing, is attributed to thermal mass and less 

heat loss for the given surface RF heating. This rise in RF temperature resulted in a 

substantial change in the surface nanostructure as shown in Figure 3.8  As compared to 

the standard 250 µm diameter wire (Figure 3.10(a)), the 200 µm wire (Figure 3.10 (b)) 

exhibits somewhat coarsened nanostructure. Upon further reduced diameter to 150 µm 

(and associated higher temperature during RF processing), a further coarsening and 

molten structure is obtained, Figure 3.8(c). It appears as if substantial softening or partial 

melting collapsed the vertically aligned nanopillar or nanocylinder-like structure in such 

a way that a three-dimensionally networked structure is formed. Such a porous, three-

dimensional network can be useful for more robust in-growth of cells and hard tissues in 

biotech applications.   
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Figure 3.10 The effect of MP35N wire diameter on surface nanostructure (a) 250 µm, (b) 
200 µm, (c) 150 µm diameter wires. 
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3.2.6 Investigation on single phase alloys versus multi-phase alloys 

 
As mentioned above, MP35N wire samples have a multi-phase structure 

containing fcc and hcp phases [21].  The RF plasma process involves a sputter etch 

process with various flux of ion bombardment to the surface sample that results in a loss 

of surface material and surface nanopillar formation on MP35N after processing. The 

typical loss of material by the RF processing was estimated to be ~5% (based on weight 

loss measurement). The sputter etching is not necessarily a uniform surface etch process. 

Combination of temperature that may be driving force for diffusion, and the chemical or 

geometrical surface inhomogenieties, may contribute to nonuniform etching and a 

formation of protruding ripples or nanowire type structures. Our speculation is that the 

presence of the two phases in the MP35N wire material contributes to the formation of 

nanowire/nanopillar geometry after RF processing, as different metals exhibit 

substantially different sputter etch rate [32]. Among the elements involved in the MP35N 

alloy, Ni and Co for example has more than twice the sputter etch rate than Mo.   

In order to have a clearer understanding of the mechanism of nanowire/nanopillar 

formation by the RF processing, \similar RF plasma texturing studies were conducted for 

other alloy wires of identical dimension. Specifically, the selection of two other alloys 

having a single phase structure. An identical 250 µm diameter and 10 cm long wires of 

Fe-12 wt % Ni alloy as well as Fe-20 wt % Cr alloy were prepared by vacuum induction 

melting followed by hot rolling, cold rolling, rod swaging and wire drawing. These 

alloys, when annealed and cooled to room temperature, are of a body centered cubic 

single phase structure (martensitic and ferritic, respectively).   
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3.2.7 Effect of alloy compositions: MP35N versus Fe20Cr 

 
In the investigation of alloy composition and materials processing, both two-

phase and single phase alloys were introduced to various RF plasma processes. 

The first approach was to use same composition Fe20Cr (single phase alloy at 20 

wt% Cr) wire material wire drawn to 10 mil and RF process at a lower power of 100 W 

and for less processing time in an attempt to decrease the processing temperature of the 

wire; where MP35N wire reflected much lower intensity of glow in color than the Fe-

20Cr under the same process conditions; where the Fe-20Cr resulted in an absence of 

microstructures even though the sample had a higher intensity of glow than the MP35N 

observed during processing.  

The following samples were placed into the plasma chamber at 200W Power for 

10minutes: (i) Fe-20Cr and (ii) MP35N.  If we compare the resulting microstructure of 

the samples (Figure 3.2), we see that the Fe20Cr sample did not have microstructure 

formation under same RF process conditions of MP35N and its resulting microstructure. 

It should be noted that both samples had a cross sectional diameter of 10mil and a length 

of 4 inches. Both samples were placed under the same process conditions of 200W 

power, 10-minute process time, 30sccm Ar flow, and results shown in low magnification 

(Figure 3.12). The resistivity of an alloy system will depend on its composition and 

temperature.  
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Figure 3.11 MP35N sample on left shows resulting nanostructure formation while the 
Fe20Cr on the right shows no sign of microstructures on the surface, both samples were 
processed under the same RF process conditions. 
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Figure 3.12 Low Magnification of resulting nanostructure formation while the Fe20Cr on 
the right shows no sign of microstructures on the surface, both samples were processed 
under the same RF process conditions. 

3.2.8 Fe-12 wt% Ni Alloy 

 
The 2-phase alloy Fe-Ni12 was introduced in this study at a low power process 

run of 70 W, in aim to keep processing within the 2-phase regime, so an even lower than 

100W was carried out for process time of 12 minutes and no microstructure formation 

was observed, see Figure 3.13(A). In addition, a sample of FeNi12 was run at the 

opposite extreme of 350 Watt, and no microstructure was observed, see Figure 3.31(B). 
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Platinum, Titanium, and Pt-Ir samples were introduced to further assist our 

understanding of single phase versus two-phase aspects as a pre-investigation of material 

property contributions (i.e. electrical resistivity and thermal conductivity, etc.) to 

difference in bulk and/or at surface on texturing process and resulting morphologies.  

The effect of single phase versus multi-phases were considered since local phase 

differences may be creating local areas on the surface to be etched at preferential rates, 

thus creating pillar like formation features on the surface.  

The results of the single phase materials thus far continue to show great difficulty 

in achieving microstructures with RF plasma processing even at extreme high power 

process conditions of 300 W and above and for extended time periods in processing 

 

 

 

 

Figure 3.13 (A,B) Clear indication of high etch rate and totally smooth surface on th
single phase FeNi12 High 300 Watt Power on the right (B) , and the low power RF 
conditions on the left (A) reveal minimal microstructure.  

3.2.8 Pt-Ir Alloy 

(Figure 3.14).  
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bombardment process was investigated. The alloys Pt-Ir10 wt. %, Pt-Ir20 wt. %, and Pt-

Ir30 wt.% were selected to study various Iridium weight compositions of the simple 

binary phase alloy in the investigation of alloy composition affect on resulting 

microstructure.  

The overall Pt-Ir composition alloys resulted in microstructure formation that 

revealed very clear high aspect ratio dendrite features on surface that are connected in 

ribbon wall formation on the surface. The increase in Iridium concentrations did results in 

variation of microstructure but overall similar visual results on SEM microscopy, the 

SEM results (Figures 3.15 - 3.17). 

 

 

 

 

 

 

 
 
 
Figure 3.14. Sample of Platinum show results of no microstructure formation on both 
low power Fig 4.A and high power, Fig 4.B under RF plasma process conditions. 
 

A dominating effect of ‘preferential etch rates of elements’ during the



37 

 

 

 
 
Figure 3.15. Nanostructure on Pt-Ir10 Alloy processed at 200W power for 10min shows 
slight variation of microstructure revealed at the horizontal grain boundary seen here in 
the middle of this image. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 Nanostructure on Pt-Ir10 Alloy process at 200W/10min 
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Figure 3.17 Higher magnification nanostructure on Pt-Ir10 alloy processed at 200W for 
10 minutes. 
 

3.3 Investigation of phase diagrams and preferential etch rates  

3.3.1 Pt-Ir Phase Diagram 

 
Overall phase composition may contribute to preferential etch rates at the surface 

via physical ion bombardment at high temperature during processing. The phase diagram 

in Figure 3.16 shows the Pt-Ir10 concentration to be in the two phase (Pt + Ir) region at 

room temperature which is the initial processing temperature at time zero. Only by 

heating to above ~1000oC and rapidly quenching, a single phase, solid solution can be 

obtained. However, the temperature regime in which RF processing will occur, ~800 – 

900oC, lies within this two-phase region, as is seen in Figures 3.16 and 3.20. Where, the 

two phases involved with different chemical composition (and hence different sputter 
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etch rate), nanostructure is anticipated during the RF plasma heating process, and 

observed.   

 

Figure 3.18 Pt-Ir binary alloy phase diagram, indicating a two phase region below ~900-
950oC and a single phase region above ~1000oC.  
 

3.3.2 Samples of Pt-Ir10, Pt-Ir20, Pt-Ir30 reveal Iridium Rich Surfaces 

 
The investigation of Pt-Ir10, Pt-Ir20, and Pt-Ir30 of 10mil diameter wires were 

studied at process conditions of 200W and 10 minutes. The results of the processing 

showed variations in microstructure formation but all were easily achieved. The EDS 

analysis reveals different compositional analysis results, the results are listed in Table 

3.2. and Figure 3.19. 
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Table 3.2. EDS Analysis results for various Pt-Ir alloys, both as received samples as well 

as RF Plasma Processed conditions of 200W/10min/30sccm Argon. 

 

 

 

 

 

Figure 3.19 EDS Results show Ir-rich surfaces after RF processing for 200W/10min 
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3.3.3 Discussion 

 
The RF plasma processing resulted in a totally different surface microstructure as 

compared to the MP35N alloy wire in that both Fe-Ni and Fe-Cr alloys exhibit totally 

smooth surfaces, with no radial nanowire microstructure under identical plasma 

conditions (and also at various other RF power levels or plasma exposure times). In the 

Fe-Cr binary system, Fe has ~x2.4 times higher sputter etch rate (atoms/ion) than Cr. In 

this system, the preferential plasma sputter etch of Fe would lead to Cr enrichment on the 

wire surface, which causes the dynamic and local phase equilibria to move further away 

from the two phase regime and further into the single phase region [33], opposite to the 

case of two-phase situation in the Ni-Mo or Co-Mo alloys discussed above. In the case of 

Fe-Ni system, the sputter rate differences for these elements are not significant. The Fe-

Ni (12 wt.% Ni) alloy is in completely single phase region at ~800 – 900oC, with no 

chance of getting local two-phase equilibria on the wire surface [33].   

In addition, a pure Pt sample, of the same dimension was processed under similar 

conditions and the same results of smooth surfaces are observed with no signs of even 

shallow ripple formation at the sample surface. This dramatic difference observed for 

multi-phase MP35N alloy vs single phase alloys of Fe-12Ni, Fe-20Cr and Pt wires led to 

a hypothesis that a two-phase (or a multi-phase) alloy structure may play an essential role 

in surface texturing ability using our RF plasma technique.  

 Great interest lies in surface nanotexturing of medical grade implantable alloys. It 

is well known, that surface nanostructures have an affect on biological and cellular 

behavior [27, 28, 34-36]. Vertically aligned nanostructure of TiO2 nanotubes has been 

shown to improve the adhesion/growth of osteoblast cells [34], induce controlled 
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differentiation of stem cells [35]. Furthermore, the nanostructures enhance the movement 

of endothelial cells [36], which is considered important for preventing or minimizing late 

stent thrombosis (LST) related to the stent materials issues. The dense forest nanowire, 

nanopillar or nanocylinder structures developed by the RF plasma processing on stent 

alloy wire surfaces, if improved and optimized properly, can be useful for such 

biomedical implant applications.  The preliminary cell culture results seem to indicate 

that the nanostructures introduced by RF plasma processing of MP35N significantly 

enhance the adhesion of endothelial cells similarly as the TiO2 nanotube structures [36]. 

3.3.4 Outline of conditions that have resulted in microstructure formation 

Several alloys, such as 1) Pt, 2) Pt-Ir, 3) Fe-20Cr, and 4) Fe12Ni, in addition to 

MP35N were introduced to the RF etch process to further investigate the microstructure 

phenomenon. Although the phenomenon is still not fully understood, surface 

characterization of these alloys and interesting observations of microstructure as well as 

complete absence of nanoscale protrusion from surfaces after RF plasma processing.  

i.Pt-Ir – Yes; Nanoscale microstructure resulted on Pt-10Ir, Pt-20Ir, and Pt-30Ir 

ii. Fe-20Cr – No; Nanoscale microstructure formation 

iii.Fe-12Ni – No; Nanoscale microstucture formation 

The alloys listed above 1-4 were 10mil in diameter and 4 inches in length, and had RF 

plasma processing conditions at 200W, 10min, 30sccm Ar, at 20mTorr operating pressure 

and roughly 1.0X10^-7 Torr base pressure in the RF chamber. What was clear is that the 

alloys that had no protruding microstructure formation all had smooth surfaces with no 

ripple like formation, which is the initial stage of texture formation on the MP35N wire 

surface in the RF processing procedures.  
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What was not so clear was the fact that both Pt, a pure single phase metal, along 

side Fe20Cr binary alloy and Fe12Ni binary alloys also had no microstructure formation. 

The Figure 3.20 demonstrates preferential elemental etch rates and sputtering yield 

values for etching of metals, in this case for Kr+ gas species but is most likely relatively 

scaled to other ion etch such as with Ar+ gas species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20 ic number 
of elements to com ents with Kr+ at 45keV and can be 
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rates among the elem
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  It is clear that for the system Fe20Cr binary the sputtering yield (atoms/ion) of 

Fe:Cr is about 3.5:1 ratio where the Fe atoms will be knocked off the surface at a much 

higher rate. One might believe that this should lead to microstructure formation at the 

surface of the alloy forming ripples or pillars, however, our results showed complete 

smooth surfaces.  

 Considering the few alloy systems that we were able to study and compare, a 

pattern has been observed of necessary conditions required for texture formation on the 

alloy using our RF plamsa etch processing; where the both of the following conditions 

being satisfied have resulted in surface texturing via RF plasma.  

 

Condition #1: In the wire specimen, there is a MIX of high sputter rate species and low 

sputter rate species, because if they were the same, the lack of difference in etch-rates 

would result in smooth surfaces with no surface texture formation.  

Condition #2: In the wire specimen, there is either a 2-phase or multi phase region 

present initially at processing, or locally formed via preferential etch Condition #1 

during RF processing, where there will be more driving force for phase segregation.  

 

As the high sputter rate species is removed from ion bombardment at the local surface 

area, the local concentration of low sputter rate species will become rich.  

 If this composition change occurs, locally, it may drive the composition in one 

direction. If the driving direction begins and/or is toward a 2-phase region, and continues 

to drive toward the 2-phase region, then there will be more driving force for phase 
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segregation and non-uniform sputter etch, where the non-uniformity in sputter etch comes 

from the preferential etch of phases and not elements alone.  

An example of no resulting nanostructures for surface nanotexturing is the 

Fe20Cr alloy where condition #1 is satisfied, however condition #2 is not, and no 

resulting surface structures are observed. The binary phase diagram for Fe-Cr alloy 

(Figure 3.21) , shows the Fe20Cr mass percent to be in the single phase region, where 

preferential sputtering of Fe drives the local sputtered region to be more rich in Cr, and 

still driving it further into the single phase regime. This does satisfy condition #1, but not 

condition #2 and here we see no microstructure formation.  

 

 

 

 

 
e local sputtered 
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Figure 3.21 Binary Phase diagram for Fe-Cr alloy shows the Fe20Cr mass percent to be
in the single phase region, where preferential sputtering of Fe drives th
region to be more rich in Cr, and still driving it further into the single phase regim
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 In the case for pure Pt species, it is easy to speculate that no microstructure 

formation will occur as it simply does not satisfy either of the conditions specified above. 

However, with binary alloy Pt-10Ir it is observed that the Pt-10Ir, Pt-20Ir, and Pt-30Ir all 

are well within the 2-phase regime of the phase diagram (Figure 3.22) during RF 

processing and all wire specimens showed nanostructure formation.  
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Figure 3.22 The Pt-Ir binary phase diagram shows the compositions Pt-10Ir, Pt-20
Pt-30Ir to be well within the 2-phase regime at RF processing temperatures ~800-900

In summary, radially configured metallic nanowire/nanopillar arrays were created 

on the surface of MP35N stent wire via controlled RF processing techn
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Microstructural and compositional analyses showed an increased Mo content on the outer 

edges of protruding nanopillars indicating a possibility of the higher Mo content phase 

contributing to the differential plasma sputter etching on the MP35N surface and resultant 

nanowire formation. While the two-phase structured MP35N alloy produced nanowire 

surface on RF processing, a similar RF processing on single phased alloys and metals 

such as Fe-Cr, Fe-Ni, and Pt does not form the nanowire structure at all, with their 

surface retaining a completely smooth morphology, thus indicating a complexicity of 

nanowire formation on metal alloy surfaces. Such a formation of dense and porous 

metallic nanostructures on the metal surface is known to enhance adhesion of endothelial 

cells, and hence may be useful for enhanced stent performance as polymer-less options 

for reducing the restenosis rate in patients using coronary stents.  

 This chapter, in part, is a reprint of the material as it appears in Acta 

Biomaterialia, “Radially arrayed nanopillar formation on metallic stent wire surface via 

radio-frequency plasma” Volume 6, Issue 4, Pages 1671-1677 (April 2010), Eunsung 

Park, Li-Han Chen, Karla S. Brammer and Sungho Jin are co-authors. The dissertation 

author was the primary investigator and author of this paper.  

 

 

 



 

CHAPTER 4 

LANGMUIR PROBE DIAGNOSTICS OF PLASMA 
 

4.1 Installation of Langmuir Probe 
 
 It was found in experiments that nano-structures grown on different parts of the 

MP35N wires presented very different features. The regions close to the anode (top) grew 

significant nano-structures while the regions close to the cathode (bottom) do not. Since 

the material properties of the MP35N wire sample in the top and bottom regions are 

identical, this difference must come from the different properties of plasmas. Therefore, 

if we can characterize the plasmas in the top and bottom regions by measuring, e.g., 

plasma density and temperature, etc., we can identify the critical elements to grow such 

nano-structures, and quantify the conditions for future applications.  

This chapter will describe the design and installation of a Langmuir probe as well 

as probe diagnostics that help characterize plasma. Langmuir probes are widely used in 

low temperature plasmas [37] (approximately a few electron volts, (1eV = 104 Kelvin) to 

measure the plasma density, electron temperature, and the plasma potential, etc.  

 A single-tip Langmuir probe consists of a conductive rod, disk, or sphere, which 

is inserted into a plasma and electrically biased with respect to a reference electrode to 

collect electron and/or ion currents. An example of the use with a cylindrical (wire) probe 

in a gas discharge tube is demonstrated in Figure 4.1 and 4.2. Table 4.I shows typical 

parameters of a plasma used to construct a Langmuir probe. The plasma parameters of a 
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plasma from Table 4.1 are considered typical values in which one could obtain the ideal 

I-V data plots shown in Figure 4.3.[37] 

Table 4.1 Typical parameters of a plasma used to construct a Langmuir probe. 

 

 

 

 

 
 
 
 
Figure 4.1 Schematic of basic device for producing a plasma. A discharge tube in which 
a plasma is formed in a low pressure gas (<1 Torr) by applying several hundred volts 
across the cathode and anode. A cylindrical (wire) probe is inserted into the discharge to 
measure the properties of the plasma.  
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The Langmuir probe was designed in such a way to maximize the radial 

measurement of probe characteristics. This was accomplished by the “dog-leg” with 360 

degree rotation design in lieu of the standard straight probe.  

 

 

Figure 4.2 Schematic of our designed and installed Langmuir Probe to RF chamber. 
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Figure 4.3 The ideal Langmuir probe current-voltage characteristic (heavy line) for a 
model plasma with the parameters listed in Table I. The individual electron and ion 
currents that are used to construct the full characteristic are also shown. The dotted line is 
the full probe characteristic magnified by a factor of 20 so that the probe floating 

potential, (the probe voltage where I=)) can be easily determined. [37] 
 

4.2 Calculation of electron temperature and ion density 
 

Using the  as the ion collection area we can find from equation (1) and 

information of  and  from the I-V curve, we can solve for  using the following:  
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         (1) 

 

 

Where  is the electron’s charge, and  is the Boltzmann constant,  is the ion mass. 

From the I-V curve we can find the  using a semi-logrithmic plot, where the slope = 

1/ . Once we calculate the value  from this plot, we can find the  value from 

the I-V curve and calculate the ion flux ( ) since we know the area of the probe. In the 

condition when >>  [38], the ion saturation current is not determined by the ion 

thermal speed, but rather it is given by the Bhom ion current [39-44] as seen in equation 

(1). For a negatively biased electrode, the characteristic shielding distance of the potential 

disturbance is the electron Debye length (equation 2). The physical reason for the 

dependence  ~ ( / ) has to do with the formation of a sheath around a 

negatively biased probe [41,45] 

 

 

 

   (2) 

 

 



53 

 

When obtaining the electron temperature one must obtain the electron current 

values ( ) after extrapolating the ion current values ( ) from the I-V plotted curve 

within the ion current region to the electron current region (or the “transition region”); 

where  =  – . Once this has been completed the -  curve can be plotted 

and the slope value will be inversely proportional to the electron temperature ( ). We 

know that the sound speed equation is as follows: 

     (3) 

The value 1/slope of the curve will be equal to . Again, the ion density can then 

be calculated using equation 1 once the ion current,  has been extrapolated and the 

electron temperature has been obtained, as in the example shown in Figure 4.5.   

The I-V characteristic corresponding to these parameters are shown as an example 

in Figure 4.3. The data for the I-V curve can be computed and plotted. Where, the heavy 

solid curve in Figure 4.3 is the total probe current; the electron current (positive) and ion 

current (negative) are also indicated. The ion current is magnified by a factor of 20 in 

order to see its contribution to the total current. In addition, it is necessary to bias the 

probe to very negative voltages to even see the ion current because the electron current is 

much larger than the ion current.  

4.3 Results and Discussion 
 
 In summary, the Langmuir probe diagnostics ultimately revealed the 

characteristics of plasma for both electron temperature and ion density. The electron 
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temperature was determined using the slope of the Te curve where Figure 4.4 is example 

of real data obtained from the oscilloscope similar to the example shown in Figure 4.3. 

Once the electron temperature is obtained from the data in Figure 4.5, the total density of 

ions is calculated using equation 1 as stated previously in section 4.2.  

 

 

Figure 4.4 Plot of Total Current versus Voltage bias. 
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Figure 4.5 Plot of natural log of electron current versus Voltage bias. 

 

Table 4.2 Electron Temerature and Density of Ar ions as a function of position of height 

within the plasma chamber; where location 1 is closer to the cathode/platen progressively 

further away from cathode/platen approaches position 8, closest proximity to anode.  
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 The results show a difference in ion density as a function of location of height 

within the plasma was observed; density of Ar ions near the anode were a factor of 2 

times greater than density of Ar ions near the base platen/cathode region (Table 4.2). The 

Langmuir probe data identifies a gradient ion density values that correlates directly with 

our observations of variation in resulting nanostructures along the length of the wires 

positioned vertically in the RF chamber. Radial measurements within the plasma did not 

reveal differences. In general, it was observed that the aspect ratio for nanostructure on 

the surface of MP35N wires located near the anode (top of chamber) were much greater 

than aspect ratio of nanostructures near the end of wire sample connected to the base or 

cathode/platen of chamber. The critical elements of the plasma processing conditions 

have been identified, where both the flux of ions at the surface and electron temperature 

have been quantified under the conditions to grow such nano-structures, and is useful for 

future applications.  

 



 

CHAPTER 5 

ENHANCED ENDOTHELIALIZATION ON BARE-METAL  

CORONARY STENT ALLOY MP35N 
 

5.1 Surface Texturing of MP35N enhances overall cell proliferation 
 
 Increased risk of Late Stent Thrombosis associated with polymer carriers on the 

surface of drug eluting stents (DES) remains as one of the challenges in cardiovascular 

stent technology, which has instigated a renewed interest in polymer-less, bare metal 

stent approach. As thrombus is most likely augmented by the lack of endothelial cell 

coverage at the exposed stented site, an improved stent surface that enhances cell 

coverage is essential for viable polymer-less all metal stents. With nano-pillar arrays 

created via RF plasma surface texturing on our all-metallic stent surface of MP35N stent 

alloy, we demonstrate superior endothelial cell growth, more continuous monolayer 

formation and overall improved endothelialization. It is shown that the nanotextured 

surface significantly up-regulates primary bovine aortic endothelial cell (BAEC) 

functionality when compared to unprocessed, smooth MP35N surfaces without nano-

pillar topography. The desirable presence of trans-membrane tight junctions and a highly 

organized monolayer formation was induced by the presence of the nano-pillar surface 

texture. The nano-pillar structure also provided for a reduced oxidative stress level in the 

BAECs. These findings may contribute to new nanotechnology based surface design 
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concepts for bare metal stents toward advanced cardiovascular implants with mitigated 

late stent thrombosis.  

5.1.1 Use of Bare-Metal Stents 
 
 The treatment of coronary and peripheral artery disease using metallic stents has 

been one of the most revolutionary and rapidly adopted medical interventions of our time 

[29]. The use of metallic stents in general, in particular metallic stents with polymer 

coated drug-eluting stents (DES), have contributed greatly to reducing the scope of such 

cardiovascular problems [14, 15]. However, the most significant issue currently is the 

concern about increased occurrence of late stent thrombosis, the formation of a blood clot 

inside the vessel wall at the stented site, when using drug-eluting stents because of the 

polymer byproducts, delamination, under-endothelialization and other complications due 

to the surface properties [46,47]. More specifically, late stent thrombosis may occur 

months or even years after implantation and has become a complex clinical problem due 

to a lack of endothelialization coverage over the inner stent wall, where the stent fails to 

be fully integrated in the vessel [48, 49].   In a current diagnosis of stent behavior, DES 

thrombosis rates in patients observed in clinical trials was severely higher than in patients 

with bare metal stent (BMS) devices (absent of the polymer drug carriers) [50], thus 

making bare metallic stents a more attractive option for the next generation of stent 

designs. In fact, as we move forward in cardiovascular stent technology, there are several 

reasons why the stent development focus is likely to return to BMS technologies, where 

progress is being made in improving stent biomaterials and surface modifications on the 

nanoscale [29]. 
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Surface roughening modifications, for example, using sol-gel coated 

hydroxyapatites, polymer nanostructure coatings or sandblasted stainless steel stents have 

been recognized for somewhat enhancing endothelialization of stent struts [51,52]. 

However, available data for polymer-less, all metallic textured surfaces are less common 

and the recent studies are mostly based on polymer coating studies rather than bare-

metallic surfaces. Surface roughening has been shown to improve the cellular response of 

smooth muscle and endothelial cells in the vessel wall, as observed on PLGA films that 

possessed increased nanometer surface roughness [53], however the polymer-less aspect 

again regarding these areas has not been achieved.  

 Despite substantial return of interest to bare metal stents, little documented 

research can be found on bare-metallic surfaces of the most widely used MP35N stent 

metal alloy. The MP35N alloy possesses the most optimum  properties as a stent base 

material with excellent biocompatibility and a higher strength than traditional stainless 

steel 316L alloys [29]. However, MP35N surface modifications such as induced 

nanostructured topological aspects as recently reported [54] have yet to be understood in 

terms of cellular responses and endothelialization capability. In the present study the 

cellular response of primary bovine endothelial aortic cells (BEAC) on our uniquely 

modified MP35N stent surface is investigated, utilizing the vertically aligned (i.e., 

radially aligned on stent strut wire) nanopillar arrays created via RF plasma. By creating 

a nanotexture on MP35N stent wire, the aim is to enhance endothelialization of the stent 

wall. 

 The bare metallic nanotextured surface that was produced and employed in this 

study is a completely “polymer-less” approach to surface modification, and “coating-
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less” approach as well since any surface addition of foreign materials such as by chemical 

vapor deposition (CVD), physical vapor deposition (PVD), sol-gel process, or 

electrochemical plating is also avoided. Such metallic nanostructures on stent wire 

surfaces may be useful for enhanced and safe stent performance as a polymer-less option 

for potentially reducing associated risks of polymer delaminating and the thrombus rates 

in patients that have an implanted coronary stent.  

5.2 Materials and Methods 
 

5.2.1 MP35N Substrate Preparation and RF Processing 

 
 For the preparation of cell culture experiments on stent substrate surface, the 250 

µm diameter, medical grade alloy MP35N wires (having a composition of 35% Co-35% 

Ni-20% Cr-10% Mo in wt %, and surface electropolished) were commercially procured 

(Fort Wayne Metals, Fort Wayne Indiana)  and cut into 10 cm lengths. This 250µm 

diameter dimension is comparable to a strut diameter used in some medical stent 

applications. For the purpose of convenient cell culture, the round wires were press-

deformed, prior to RF plasma process, in a laboratory hydraulic press to a flat ribbon-like 

wire geometry with a width of ~400 µm and thickness of ~50 µm.  The wires were then 

placed in the RF plasma chamber for the surface texturing treatment. Nanotextured 

surfaces were created using a custom-built RF plasma system, with the RF powered 

cathode operated at 100-200W power, and using 30 sccm of Ar gas with a base operating 

pressure around 2.0x10-2 Torr [54]. The wire samples were mounted vertically at the 

cathode plate base at 2.5cm spaced apart from the neighboring wires (Figure 5.1 (b)).  
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tal MP35N alloy 

sputter treatment in Ar at 200W, 2x10-2 Torr operating pressure, 10 minute process time, 
30 sccm Ar flow.  (3) Cell culture with endothelial cells on nano-pillar textured MP35N 
flat wire.  
 

5.3 Surface Characterization 
 

5.3.1 SEM and EDXA for Surface Analysis 

 
 A Phillips XL30 FEI Scanning Electron Microscope (SEM) was used to visualize 

the surface morphology of the non-textured (unprocessed, smooth) and textured (RF 

processed) MP35N samples. The Oxford EDXA (Energy Dispersive X-ray analysis) 

attachment and Inca Software determine elemental make up and composition of sample 

surfaces.  

 

Figure 5.1(a) Schematic illustration of RF plasma processing of bare me
wire for nanopillar formation. (b) Schematic of substrate preparation and usage. (1) 
MP35N round wire is cold pressed into flat ribbon wire, followed by (2) RF surface 
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5.3.2 Atomic Force Microscopy 

 
 The atomic force microscope (AFM) was used to characterize the 3-D topography 

and surface roughness of the MP35N wire samples.  The AFM apparatus was a Veeco 

scanning probe multi-mode microscope with a nanoscope IV controller. The average 

roughness (Ra) was measured for the non-textured vs. textured MP35N surface in tapping 

mode using MikroMasch tapping cantilever tips (NSC15/NoAl) over a 1.0µm2 scan area.  

5.3.3 Contact Angle Measurement 

 
 The measurement of water droplet contact angle for the cell culture substrates was 

carried out by a video contact angle measurement system in commercially available 

contact angle measurement device, Model No. VSA 2500 XE (by AST Products, Inc.). 

 

5.4 BAEC Growth Study 

5.4.1 Cell Culture 

 
 The nano-pillar textured alloy wire ribbon samples were sterilized by standard 

autoclaving before cell culture experiments. Unprocessed, non-textured MP35N wires 

(similarly flattened) cut into identical size pieces and autoclaved in the same manner 

were used as a comparison sample for the cell culture data. The bovine aortic endothelial 

cells (BAECs) were seeded onto the MP35N non-textured vs. textured ribbon surfaces in 

order to compare and analyze the endothelial response to the unique surface modification.  

 Primary BAECs were purchased from Cell Applications, CA, USA. The cell 

culture growth medium was optimized by Cell Applications and ready for use as 
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purchased.  The cells were cultured in a humidified 95% air/5% CO2 incubator at 37°C. 

All experiments were conducted with BAEC cultures between passages 2-3. For the 

experimental assays, cells were plated at a density of 5x104 cells per ml of complete 

media in a 24-well tissue culture dish (Falcon, polystyrene) which housed the 

experimental samples. The tissue culture plastic well itself, optimized for tissue culture 

by the manufacturer, was used as an additional base substrate for comparison in the 

experimental assays.   

5.4.2 Cell Counting 

 
 In order to count the BAECs for maintenance, experimental plating densities, or 

for adhesion and growth assays a coulter particle counter (Beckman Coulter Inc., 

Fullerton, CA, Z-1 model) was utilized. For the cell adhesion vs. incubation time assay, 

the experimental samples were isolated by placing in a new 24-well and 1ml of Trypsin 

0.25% EDTA (Invitrogen) was added to detach the cell from the substrate then by 

diluting 0.5ml of the cell suspension in 13ml phosphate buffered saline (1XPBS) and the 

concentration of cells was calculated through the coulter counter with results displayed in 

cells per ml. The tissue culture plastic well (Falcon) was used as a control. The results 

were normalized by surface area of the samples.     

 

5.5 SEM for Cell Monolayer Examination 
 
 After 3 days of culture, the cells on the substrates were washed with 1XPBS and 

fixed with 2.5% glutaraldehyde/PBS for 1 hour. After fixation, they were washed three 

times with 1XPBS for 10 minutes each wash. Then the cells were dehydrated in a graded 

 



64 

series of ethanol (50, 70, 90, and 100%) for 30 minutes each and left in 100% ethanol 

until they were dried by supercritical point CO2. Next, the dried samples were sputter-

coated with gold for SEM examination. The morphology of the textured surface as well 

as that of the adhered cells were observed using SEM (Phillips XL30 FEI).  

 

5.6 Immunofluorescence of Actin  
 
 After 3 days of culture, the cells on the MP35N substrates and control polystyrene 

24-well (Falcon) were fixed in 4% paraformaldehyde in 1X PBS for 20 minutes at room 

temperature. Once fixed, the cells were washed twice with 1X wash buffer (1XPBS 

containing 0.05% Tween-20). To permeablilize the cells 0.1% Triton X-100 in 1XPBS 

solution was added for 10 minutes. The cells were washed twice with buffer. TRITC-

conjugated phalloidin (1:1,000 Sigma Aldrich) in 1X PBS was added for 1 hour at room 

temperature. The cells were washed three times with 1X wash buffer for 5 minutes each 

wash. The samples were then inverted onto coverslips, mounted, visualized and 

photographed using a red filter with a fluorescence Olympus FV1000 Confocal 

Microscope. 

 

5.7 Oxidative Stress Assay 
 
 The method employed was similar to that described previously [55,56]. Briefly, a 

working solution of 2´,7´-dichlorofluorescin diacetate (DCFH-DA) in 1XPBS was 

prepared prior to use and added to each well (500 µl/well) containing cells grown for 

three days on the experimental wells, plus a blank column of wells for reference. In this 
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assay, the MP35N wire substrate was not removed from the well during the assay. The 

cells grown on the MP35N surfaces and the surrounding cells in the well exposed to the 

MP35N alloy were included in the assay in order to test whether any metallic ion 

leaching in the media may affect the stress of the surrounding cells as well as those 

grown on the surface. The wells were incubated in a humidified 95% air/5% CO2 

incubator at 37°C for 4 h and the fluorescence was measured. The fluorescent product 

DCF that is present correlates to the number of reactive oxygen species present. 

Therefore, greater presence of DCF indicates a higher level of oxidative stress occurring 

in the cells [14]. A UV-VIS spectrophotometer (BiomateTM 3, Thermo Electron Co., 

USA) was used to measure the fluorescence ë= 485. Cells grown on tissue culture plastic 

(24-well Falcon) were used as a control surface.  

 

5.8 Results 
 

5.8.1 SEM results of RF surface modification 

 
 Wire samples with radially configured metallic nanopillar arrays that have 

uniform and conformal coverage on the surface of MP35N stent wires using a controlled 

RF plasma processing technique were created. While mechanisms for nano-pillar 

formation are not fully understood, our data indicates that only certain alloys such as 

MP35N will result in textured surfaces of nano-pillar formation by RF processing [54]. 

The dimension and morphology of nanostructures on RF plasma processing are tunable 

by altering process and materials parameters such as RF power, period of RF application, 

alloy wire length and diameter, and so forth. The nano-pillar diameter can be varied from 
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100 – 300 nm, and the length from 0.5 to 5 µm, with the morphology adjustable to be 

either vertically (radially) aligned nano-pillars or three-dimensionally networked mesh 

structure. Shown in Figure 5.2.a and 5.2.b are example SEM microstructures (45o tilted 

view) of the RF plasma processed MP35N sent wires exhibiting a nano-pillar array 

structure. A high aspect ratio (>10:1) nano-pillar structure is evident in Figure 5.2, with 

the average diameter of the nanopillar estimated to be roughly ~220 nm, and the average 

height ~3 µm. The flattened alloy wire produces essentially a similar type of nano-pillar 

structure on the MP35N surface on RF processing as in the case of round stent wire.   

 The aim of this study is to investigate RF plasma surface treatment and the effect 

of the resulting nanotexture on the cellular growth behavior of BAECs.  

 

Figure 5.2. SEM micrograph depicting high aspect ratio pillar nanostructure. This 
modified surface morphology on flattened bare metal MP35N stent alloy wire is the 
result of RF plasma processing. The image on the left (a) is a low magnification picture 
and the image on the right (b) is at higher magnification. 
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5.8.2 EDXA results of MP35N RF processing  

 
 The EDXA results (displayed in weight %) of the non-textured smooth surface vs. 

the RF plasma treated nano-pillar textured surface are shown in Figure 5.3 in the 

Supplementary Information Section. The graph shows that the RF plasma processing did 

not have significant effects on the elemental composition at the surface.  

 

Figure 5.3. Surface characterization of the non-textured vs. nano-pillar textured cell 
culture substrates. (A) MP35N alloy composition and elemental weight percentages from 
EDXA surface analysis of the main elements Co, Cr, Mo, and Ni. (B) Table illustrating 
the surface water droplet contact angle, surface roughness values of Ra (arithmatic 
average), Rrms (root-mean-square), Rmax (maximum) measured by AFM, and calculated 
surface area (per 1µm2). (C) AFM topographical images, although most likely 
underestimated values as the AFM probe tip can not penetrate all the way into the bottom 
of the nanostructures, depict the differences in surface morphology compared to the 
smooth non-textured surface. 
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5.8.3 AFM and contact angle measurements  

 
 The surface topological characterization comparing non-textured vs. textured 

MP35N is displayed in Figure 5.3.(b,c). While there is not much difference in the 

elemental compositions of the two surfaces (Figure 5.3), the water droplet contact angle, 

surface roughness, and surface area were dramatically altered due to the plasma treatment 

on the resulting textured sample. The contact angle decreased significantly from 74° to 

17° becoming much more hydrophilic due to the presence of the surface textured 

nanopillar array.  As well, by introducing the textured microstructure, the surface 

roughness (Ra) is increased as estimated by AFM analysis, however, the measured AFM 

surface roughnesses are significantly underestimated values as the pyramid shaped AFM 

probe tip can not penetrate all the way into the bottom of the 3 µm tall MP35N nano-

pillar array structure. Assuming that the average diameter of the nanopillar is ~220 nm, 

the average nanopillar height is ~3 µm, and there are approximately ~260 nanopillars per 

11 µm x 12 µm area of the micrograph (roughly counted from Figure 5.2(b), the total 

surface area of the nanopillared microstructure of Figure 5.2(b), the pillar surface area + 

base surface area, is calculated to be ~6.72x108 nm2 , which is ~x 5.1 times larger than 

the surface area of flat MP35N with corresponding 11 µm x 12 µm sampling area 

(Figure 5.2(b)).   

Assuming 200 nm diameter, 400 nm spaced apart, at least 2 µm long nanopillar 

arrays (Figure. 5.2), the total surface area of the nano-pillar array structure is estimated 

to be ~5.1 times larger than the smooth MP35N surface, as indicated in Figure 5.3.(b) 

Nevertheless the atomic force microscopic 3-D images (Figure 5.3.(c)) clearly reveal the 
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significant topological differences in the two experimental surfaces (non-textured vs. 

nano-pillar textured).   

5.8.4 Number of adhered cells  

 
 A graph of the number of adhered cells vs. incubation time is represented in 

Figure 5.4, where data is normalized by the cell growth surface area of the MP35N wire 

sample surface or plastic tissue culture dish as a control sample.  Adhered cells were 

counted after 1, 2, and 7 days of culture to observe the BAEC adhesion and proliferation 

on the surfaces.  The nano-pillar textured surface has the highest amount of cell adhesion 

after 24 and 48 hours of incubation while the non-textured sample shows significantly 

lower cell adhesion and minimal growth comparatively. The number of adhered 

endothelial cells on the the nano-pillar textured MP35N stent alloy alloy surface after 24 

hrs incubation was ~6 times greater than that for the non-textured smooth  alloy surface. 

After 2 and 7 days incubation, the textured surface gave ~50-60% improved cell adhesion 

as compared with the non-textured stent alloy surface. At seven days of culture the 

control tissue culture plastic and the texture sample have reached confluency as expected.   
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Figure 5.4 Cell number (normalized by sample size area) vs. incubation time. The bar 
graph shows the average +/- standard deviation. The textured surface has the highest 
adhesion after 24 and 48 hours of incubation.  

5.8.5 SEM examination of cell integrity and monolayer formation  
 
 In order to visualize the cell morphological organization and monolayer formation 

on the different endothelial cell growth substrates, SEM was utilized. The SEM results 

show comparative SEM images of BAECs cultured for 3 days on non-textured vs. 

textured MP35N surfaces, Figure 5.5. There is a striking difference in cell monolayer 

formation on the two surfaces. Clearly, the cells on the textured surface form a smooth, 

continuous intercellular layer with large round and flat nuclei (arrows) and tight cell to 
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cell connections (dotted lines). BAECs on the non-textured surface are clustered and 

seemingly amassed, with no apparent organization.  

 

Figure 5.5 SEM micrographs of bovine aortic endothelial cells (BAECs) (which appear 
dark) on non-textured vs. textured surfaces after 3 days of incubation. The cells on the 
textured surface (micrograph on the right) form a smooth, continuous intercellular layer 
with large round and flat nuclei (arrows) and intercellular bridging (dotted lines). BAECs 
on the non-textured surface are clustered, lacking an organized monolayer.  
 

5.8.6 Actin immunofluorescence  

 
 The results for actin immunofluorescence show that the BAEC morphology and 

cytoskeleton organization depends on the different substrate surface topologies. The 

images in Figure 5.6 revealed the presence of the peri-junctional cortical band of 

filamentous actin, which threads though the cytosolic region of the adherens junctional 

structures [14], on both the control tissue culture plastic and the textured surface. This 

pattern of immunostaining was altered in cells grown on the non-textured surface, where 

the prominent cortical bands at the cellular junctions were much less pronounced with no 

apparent pattern of cytoskeletal staining. On the non-textured surfaces, the cells seem to 
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be forming multiple layers, possibly aggregated, without organized intercellular 

junctions. 

Figure 5.6 Actin staining on control dish (plastic), non-textured, and textured MP35N 
surfaces. The presence of the peri-junctional cortical bands of filamentous actin are 
clearly visible (arrows) on both control and textured surfaces, but are not as pronounced 
on the non-textured surface showing multiple layers of possibly aggregated cells.  
 

5.8.7 Oxidative stress 

 
 Oxidative stress levels in BAECs grown on the surfaces of the non-textured and 

textured MP35N substrates were compared to levels with cells grown on tissue culture 

plastic by measurement of the DCFH-DA assay.  Uniquely, the cells in contact with both 

MP35N alloys reduced the levels of oxidative stress in the endothelial cells, Figure 5.7. 

The effects of the surface modification of texturing induced an even lower level of stress 

in the BAECs. 
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Figure 5.7 The dichlorofluoroscein diacetate assay was utilized to assess reactive oxygen 
species generation in cells exposed to the experimental surfaces after 3 days of culture.  
The results are shown as the fraction of fluorescence compared to control cells grown on 
tissue culture plastic. The bar graph shows the average ± standard error bars. The most 
significant decrease in fluorescence, indicating the lowest level of oxidative stress, was 
observed from cells exposed to the nano-pillar textured surface. 
 

5.9 Discussion 
 

5.9.1 Surface characterization  

 
 In the material selection of a vascular stent, the material should have surface 

properties that enable full integration of the stent as a part of the vessel and facilitate 

endothelialization. Stent surfaces are the primary place of contact between the 

biomaterial and the host organism; therefore, it is important to investigate the integrity at 

the contact interface in relation to the cell formation and cellular responses to the 

nanotextured surfaces on MP35N stent alloy. Extensive surface characterization is carried 
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out to thoroughly understand the microstructural and compositional specifics of such 

induced stent nanostructures using scanning electron microscopy (SEM), energy 

dispersive spectroscopy (EDS), atomic force microscopy (AFM), and surface wetting 

behavior using contact angle measurements.  

5.9.2 SEM and EDXA results  

 
 The nano-pillar texture induced by RF plasma processing and shown in the SEM 

images (shown in Figure 5.2.(a,b)) represents a high-aspect-ratio, large-surface-area 

surface nanostructure with >10:1 aspect ratio and the average diameter of the nanopillar 

being ~200-250 nm, and the average height of ~3 µm. Such a nano-pillar structure has 

the advantage over the flat, non-textured surface as significantly enhanced endothelial 

cell adhesion is achieved as demonstrated by the data in Figure 5.4. Furthermore, the 

spaced-apart nano-pillar configuration could still provide a reserve of extracellular 

nutrients and possibly fluid flow between the nano-pillars for preserving the health of the 

cells and vessel physiology whereas only a limited supply of nutrients would be available 

on the non-textured substrate. Such a trait might be advantageous even after the 

endothelial cells eventually completely cover the surface. The naturally present pathways 

and space between nanopillars, if properly configured, could also be utilized as nano-

depot to store biomolecule or drugs for controlled slow release (e.g. as drug eluting 

stents), the rate of which should be controllable with the nano-pillar RF processing 

parameters and aspect ratio or inter-pillar spacing design. Further studies on the effect of 

specific MP35N nanopillar dimensions on endothelial cell growth and other behavior 
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such as drug-eluting would be valuable for understanding the nature of endothelialization 

on textured surfaces and for practical stent applications.  

 In terms of alloy considerations, we employed the widely used MP35N alloy in 

this study because of its unique composition, material properties, and clinical popularity.  

The EDXA composition of MP35N, regardless of RF processing, contains molybdenum 

(Mo) on the surface which was reported to contribute to enhanced endothelialization and 

oxide stability [29]. Some studies have shown that oxidative layers on the surface may 

play a very important role in the cellular response to implant materials. As well, this 

stable oxide layer protects the base material from general corrosion and the possibility of 

unwanted leaching of ions, in particular Ni, from the surface.  

5.9.3 Contact angle measurements 

 
 The increased hydrophilic property of the textured surface has an advantage 

against thrombus. Recent studies have shown that when the hydrophilic properties of 

NiTi (one of the common stent alloys) is changed from 71° to 18° by grafting 

poly(ethylene glycol) (PEG) on the surface, thrombogenic factors were reduced, the 

platelet adhesion decreased, and there was improved blood compatibility [57].  In our 

findings, the textured surface modification also creates a very noticeable contact angle 

decrease from ~74° (non-textured MP35N metallic alloy) to ~17° (Figure 5.3(b)). This 

would suggest that our surface modification using hydrophilic texturing would decrease 

protein adsorption, reduce platelet adhesion, and improve the blood compatibility as well.  

 For vascular stents, conventional approaches have required coating of stent 

surface with anti-thrombogenic or anti-inflammatory drug-eluting polymers, which as of 
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late have proven problematic [58]. One disadvantage to polymer coatings is the long term 

issues of corrosion or depolymerization, resulting in a release of potential toxic elements 

such as degradation substances and an uncovered, exposed stent surface nucleation site 

for thrombus. Surface texturing used in our studies using simple RF plasma processing of 

inorganic, “polymer-less”, metallic material seems to offer a much more reliable surface 

modification choice without the introduction of additional polymer coating steps.  Here 

we have promoted the formation of a possibly natural anti-thrombogenic surface on 

metallic stents by simply inducing a surface nano-pillar texturing for complete and long 

term cell monolayer support. In addition, the nano-pillar gap structure presents an 

intriguing possibility of “nano depot” to enable storage of drugs and other biomolecules 

if needed.  

5.9.4 Mechanical stability of nanopillars 

 
The stents, when implanted, could experience quite strong shear forces and hence 

the mechanical properties of the surface nanostructure is an important factor to consider.   

The pillars appear to be mechanically stable under shear stress environment. This is 

anticipated as the nanostructure formation is based on etch removal of the stent material 

surface, not on addition of foreign material as a coating layer, and hence the pillar 

material is continuous from the base material MP 35N alloy. The surface nanostructured 

stent wire was subjected to a rather severe wire-drawing type, plastic shear deformation 

through a smaller diameter die for pillar orientation manipulation, and have found that 

most of the pillars were smoothly deformed to be almost horizontally bent, and no 

noticeable pillar fracture was observed. The effect of such an altered nanopillar 
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orientation on endothelial cell growth will be further studied and reported in future 

publications.    

 5.9.5 Overall cell integrity and monolayer cell formation 

 
 The major challenge in vascular stent development is to inhibit thrombogenicity 

as well as limit conditions that promote neointimal tissue thickening growth [58]. 

Primarily, stent surfaces need to increase the affinity for endothelial cells to form a 

protective monolayer, full endothelialization on the vascular stent surface. Clearly, the 

surface nano-texturing has a striking effect on the response of the BAECs in this study. It 

is shown that the surface characteristics of the nano-pillar textured surface are much more 

amenable for desired cell monolayer formation allowing for endothelial cell organization 

that more closely resembles the natural endothelium.   

 The endothelium is derived of a layer of flat cells, where the individual cells are 

anchored together to form a continuous monolayer linked together via cell to cell 

junctions [59]. The SEM images (Figure 5.5) revealed striking features of flat, smooth 

layers of BAECs with intercellular connections resembling a near ideal monolayer on the 

nanotextured surfaces. The BAECs formed a “cobblestone” pattern across the nano-pillar 

textured MP35N surface, seemingly more characteristic of endothelial cells in a natural 

vessel wall. The BAECs on the non-textured surface were deficient in this type of 

uniform coverage over the surface. The flat, non-textured substrate has a much lower 

surface area (~200 times less) and does not render much topological cues compared to the 

nanotextured surface, and hence most likely could not provide for adequate attachment 

conditions for monolayer formation. 
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 The formation of an endothelial cell monolayer is one of the critical factors in the 

development of a tissue engineered vascular stent [57,58]. The monolayer must be rebuilt 

for proper restoration of blood flow throughout the vessel without triggering any 

thrombogenic reactions. The delayed endothelialization of the intra-coronary stent is 

believed to be the major factor for the risk of late stent thrombosis because the exposed 

stent surface acts as a nucleation site for thrombosis to arise [48,49]. In the case of stent 

thrombosis, our data suggests that the nano-pillar textured stent alloy surface 

modification has the anti-thrombogenic advantage because the textured surface 

significantly accelerated the cell adhesion (Figure 5.4) which most likely indicates a 

more rapid development of endothelialization. The number of adhered endothelial cells 

on the nano-pillar textured MP35N stent alloy surface after 24 hrs incubation was ~6 

times greater than that for the non-textured smooth  alloy surface. After 2 and 7 days 

incubation, the textured surface gave ~50-60% improved cell adhesion as compared with 

the non-textured stent alloy surface. The property of increased surface roughness, the 

significantly enhanced surface area, and increased hydrophilicity created by the 

nanotexturing (Figure 5.3) most likely contribute to the rapid initial cell adhesion and 

monolayer formation.  

5.9.6 Actin immunofluorescence/adherins junctional structure 

 
 The structural integrity of the monlayer formation on the non-textured vs. textured 

surface were revealed in the actin cytoskeletal observations (Figure 5.6).  The textured 

surface retained the endothelial prototypic organization of actin and most closely 

mimicked the tissue culture dish control (optimized for cell culture). On the textured 
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surface, actin was localized at the cell-cell junction as preferred.  The desired presence of 

the peri-junctional cortical band of filamentous actin (marked by arrows in Figure 5.6)  

desirably threading through the cytosolic region of the adherens junctional structures [56]  

is clearly visible on nanotextured surfaces. Oppositely, the formation of cell–cell contacts 

and the organization of cortical actin were not as pronounced on the non-textured surface. 

The observations from actin staining may also suggest that cells were, undesirably, in 

multiple layers on the non-textured surface. This type of thickening and clumped growth 

of the cells in vitro may have implications in forming the unfavorable neointimal tissue 

growth in vivo. The nanotextured surface however revealed what appeared to be an actin 

cytoskeleton of a true monolayer of cells. 

5.9.7 Oxidative stress 

 
 As for the oxidative stress imposed on the BAECs on the non-textured and 

textured substrates, both surfaces reduced the oxidative stress in the cells, with the largest 

reduction in the cells occurring on the textured surface (Figure 5.7). It was not 

determined by the scope of this report why the cells were influenced and “less stressed” 

by the presence of the MP35N alloy surface. Further analysis with a greater number of 

cells is needed to confirm this implication and resolve the mechanism for stress reduction 

by the alloy itself. It may be due to the composition of the metal and possibly surface 

ions. In one study, implant surfaces modified by molybdenum (Mo) ions demonstrated 

the enhanced biological compatibility in the living body over other metal ions [62]. The 

Mo content in MP35N is ~3x higher than 316L Stainless Steel [63], also commonly used 

as a stent metal.  

 



80 

 This study demonstrates that metallic surface nano-pillar textures introduced by 

RF plasma processing of MP35N alloy significantly enhance the adhesion, monolayer 

formation, morphology and functionality of endothelial cells. The quality and rate of 

endothelialization is significantly improved by such nanotexturing of the stent surface. 

Other types of surface nanotextures, e.g., TiO2 nanotube arrays and other materials, have 

also shown similar positive effects on the biological and cellular behavior [35, 36, 64, 

65]. There is also an intriguing possibility of utilizing the space between nanopillars as a 

nano-depot to store drugs or biomolecules for controlled slow release, for example, as 

demonstrated with Si nanowire forest [66]. With numerous variations in nanotextures that 

can be fabricated by the RF plasma processing (i.e. nanowire, nanopillar or nano-mesh 

type structures), there are many possibilities for enhancing the biological responses using 

such induced metallic surface nanostructures not only for cardiovascular stents but also 

other biomedical implants in general.  

 

5.10 Conclusion 
 

 1.  MP35N (Co-Ni-Cr-Mo alloy) is an important stent implant material for which 

many aspects, that include nano-structured surfaces, are yet to be understood.  Radially 

emanating metallic nanopillar structures were created on the surface of stent alloy wires 

using RF plasma. The exposure of a stent alloy wire, 250 µm diameter Co-Ni-Cr-Mo 

alloy (MP35N), variations to parameter-controlled RF environment resulted in dense 

surface microstructural textures consisting of various high-aspect-ratio dendritic 

nanopillars/nanowires.  
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 2.  Local compositional analyses by EDS and XPS show increased values of Mo 

contents on the outer edges of protruding nanopillars, indicating a possibility of the 

higher Mo content phase contributing to the differential plasma sputter etching on the 

MP35N surface and resultant nanowire formation.  

 3.  A comparative investigation on single phase alloy versus multi-phase alloy 

seems to point to the importance of phase-segregation for successful nanowire formation 

by RF plasma treatment.  Some specific single phased materials such as Fe-Ni and Fe-Cr 

alloys or Pt metal wire did not form the structures similar to those with a more complex 

MP35N under similar RF processing conditions Where the following conditions were 

observed in nanopillar formation as contributing underlying mechanisms to various surface 

morphology evolution of RF induced plasma conditions for both MP35N stent alloy and other 

alloy systems: 

 Condition #1: In the wire specimen, there is a MIX of high sputter rate species 

 and low sputter rate species, because if they were the same, the lack of difference 

 in etch-rates would result in smooth surfaces with no surface texture formation.  

 Condition #2: In the wire specimen, there is either a 2-phase or multi phase 

 region present initially at processing, or locally formed via preferential etch 

 Condition #1 during RF processing, where there will be more driving force for 

 phase segregation.  

As the high sputter rate species is removed from ion bombardment at the local surface 

area, the local concentration of low sputter rate species will become rich.  
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 4.  Langmuir probe diagnostics revealed a gradient of plasma characteristics as a 

function of height within the plasma; where the density of ions were a factor of 2 greater 

near the anode compared to density of ions at the cathode; ultimately revealing the affect 

of ion density of the plasma i.e. surface bombardment by the ions being fully responsible 

for both temperature of the wire sample during processing and resulting morphology and 

aspect ratio of microstructures for those alloys that satisfied both condition 1 and 2. 

 5. Increased risk of Late Stent Thrombosis associated with polymer-coated drug 

eluting stents (DES) remains as one of the challenges in cardiovascular stent technology, 

which has instigated a renewed interest in polymer-less alternatives. The bare metallic 

nanotextured surface that we produced and employed in this study is a “polymer-less” 

approach to surface modification of MP35N stent wires. With nano-pillar arrays created 

via RF plasma surface texturing on our all-metallic stent surface of MP35N stent alloy, 

we demonstrate superior endothelial cell growth, more continuous monolayer formation 

and overall improved endothelialization.  

 6. The nanotextured surface significantly up-regulates primary bovine aortic 

endothelial cell (BAEC) functionality with a desirable presence of trans-membrane tight 

junctions and a highly organized monolayer formation.  

 7. The nano-pillar structure induced a reduced oxidative stress level in the 

BAECs. These findings may contribute to new nanotechnology based surface design 

concepts for bare metal stents toward advanced cardiovascular implants with mitigated 

late stent thrombosis.   

 8. Such all-metallic surface nanostructuring with enhanced cell behavior may 

advantageously be applied to various other types of implants. This study demonstrates the 
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creation and characterization of unique nano-structured surfaces on stent alloy wires 

using this RF plasma process; where such nano-structured surfaces can be useful for 

favorably influencing cell behaviors. 

 This chapter, in full, is a reprint of the material as it appears in Acta 

Biomaterialia, “Plasma-induced nanopillars on bare metal coronary stent surface for 

enhanced endothelialization”, Acta Biomaterialia, Volume 6, Issue 12, Pages 4589-4595 

(December 2010), Karla S. Brammer, Chulmin Choi, Li-Han Chen, and Sungho Jin are 

co-authors. The dissertation author was the primary investigator and author of this paper.
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