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Metallic nanopillar/nanowire radial surface structures may by formed on alloy 

wire via a controlled capacitively coupled radio frequency plasma processing 

technique. Fully metal nanotexturing of sufficient depth and flexibility allows for 

enhanced performance biomedical implants, but prior to this work exploration on the 

technique had been limited to simple wire geometries, few materials, and exhibited a 

self-limiting structure depth of ~1-2 µm precluding applications dependent on 

increased surface area. The objective of this research was to improve and extend the 

RF plasma metal nanotexturing technique with the intention to develop advanced 

surface morphologies for biomedical implant applications, particularly antibiofouling 

neural electrodes and hybrid drug-eluting bare-metal stents.  
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Systematic review of the texturing technique included investigation into 

alternative plasma materials and variation of process power, chamber pressure, and 

exposure duration to obtain an optimal combination for maximizing surface structure 

depth. Experimentation led to successful texturing of diverse materials including 

multi-phase, single-phase, and pure metals. Procedures were developed to nanotexture 

additional geometries including foils, plates, and electrochemically sharpened tips. A 

multi-step process repetition in the parameter-controlled RF environment increased 

nanopillar height to at least 10 µm, a 400% expansion over previous results.  

Textured MP35N wire, Pt-Ir wire, and 316L stainless steel foil electrodes were 

produced by repetitive RF plasma processing; each exhibited decreased surface 

impedance opening the possibility for improved neural recording or stimulation. Low-

impedance electrodes selectively coated with hydrophobic polytetrafluoroethylene 

resulted in conductive antibiofouling surfaces resistant to cell adhesion. Subsequent 

human aortic endothelial cell culture revealed a nearly 90% decrease in cell coverage 

compared to an untreated electrode.  

Sets of hybrid bare-metal drug-eluting stents were created from repetitively 

textured MP35N wires loaded with sirolimus or paclitaxel anti-restenosis agents by 

mechanically deforming the textured drug-loaded surface to physically confine the 

agents. Over the course of a 40 day in vitro release trial, the initial drug release burst 

upon injection was statistically suppressed and elution from the hybrid stent surface 

continued until at least the 20th day of the trial. Further developments potentially 

extend release over periods similar to commercial stents approved for clinical use.  
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Chapter 1: Introduction and Background 

 Surface modification of biomedical implants is a well established strategy to 

manipulate foreign body response at the material interface. For metallic devices, both 

macro- and micro-scale texturing in a variety of techniques have been studied and 

manufactured. However, true nano-scale conformal texturing of a bare metal structure 

has proven to be difficult with little research reported on fully metallic nanowire 

formations from rapid processing1,2. The potential for a scalable, bare metal 

nanotexturing technique includes but is not limited to electrodes such as pacemaker 

leads or cochlear implants3; antibiofouling structures to prevent encapsulation of 

devices by biological material4,5; enhanced endothelialization of cardiac stents to 

diminish late stent thrombosis6; and controlled drug release profiles without the 

necessity of any additional matrix material which could lead to ancillary 

complications. This dissertation explores and confirms the prospect of radio-frequency 

(RF) plasma nanotexturing as a viable approach for biomedical implant surface 

modifications. 

1.1 Metallic Texturing Background 

 Metallic texturing techniques are too varied and numerous to possibly review 

in full but may be grouped broadly into as-produced surfaces which are not modified 

following part manufacture; mechanically textured surfaces which are modified by 

processing such as physical grinding, brushing, or polishing; surfaces produced by 

subtractive processes such as chemical etching, reactive ion etching, electron beam 
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texturing, or laser texturing7; and surfaces produced by additive processes such as 

sputter deposition, evaporative deposition, or electroreduction8.  

 The RF plasma nanotexturing technique examined and extended in this work is 

a subtractive process in which material is etched away from the metal surface as the 

texture is formed. The process is conformal, does not require patterned masks, has 

minimal consumables, and could potentially be expanded into a continuous 

manufacturing environment. The metal nanostructure produced may consist of 

nanowires, nanopores, or some mix of the two and is fully integrated with the 

underlying metal surface.  

1.2 Radio Frequency Plasma Texturing of Metal Wires  

 As first reported by Loya et al., metal nanowires can be produced radially on 

the surface of metal alloy wires1,6. The wires begin with an electropolished smooth 

surface but exposure to RF plasma while connected to a cathode plate etches 

nanotexture into the surface. Figure 1.1 presents a cross section of the chamber 

configuration with sample wires mounted vertically to a cathode base-plate such that 

electrical connection is maintained during processing. Generally, five wire samples 

have been processed simultaneously with 2.5 cm spacing between wires and produced 

samples exhibiting highly similar properties within processing runs. As initially 

reported, Argon gas at a base operating pressure of 20 millitorr was ionized to form 

the plasma operating at 100-200 watts power. The temperature rise was monitored by 

both visual inspection of the processed wires' incandescence and IR thermometer. 

Typical sample temperature during processing was approximated at 800-1000 °C.  
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Figure 1.1. Cross-section illustration of RF plasma processing of alloy wire samples 

for nanotextured surface. Wires are mounted vertically to the cathode base plate and 

positioned between the anode and cathode. Argon plasma powered at 100-200 watts 

by an RF signal etches texture into the sample surfaces.  

 

1.2.1 Materials Textured by RF plasma 

 A variety of materials have been shown to be susceptible to RF plasma 

texturing. Figure 1.2 presents a sampling of micrographs for assorted sample 

materials. MP35N, a medical grade alloy consisting of 35% cobalt, 35% nickel, 20% 

chromium, and 10% molybdenum by weight, was particularly susceptible to texturing. 

Platinum-iridium (both 90/10 and 80/20), nickel-chromium (80/20), copper, tantalum, 

platinum, inconel, and stainless steel (304 and 316L) have all been shown as 

texturable. Chapter 3 will discuss the methods used to extend texturing to additional 

materials as well as a variety of sample geometries.   
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Figure 1.2.SEM micrographs of RF plasma surface texture on various materials:        

a) MP35N; b) nickel-chromium 80/20; c-d) platinum-iridium 80/20 & 90/10;              

e) inconel, f) copper; g-h) stainless steel 316L & 304, i) tantalum, and j) platinum.  
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1.2.2 Structure Evolution during RF Processing 

 Surface morphology changes gradually during RF plasma processing as shown 

in figure 1.3 for a typical 250 µm diameter MP35N. During the initial stage, shallow 

pockets and ripples form quickly on the surface. As the structure develops the pores 

continue to spread and widen interconnecting with neighboring pores. The process 

continues and more material is etched away until eventually the pores merge entirely 

leaving separated rough structures. In the final stage, nanowires form on the surface 

with cleaner edges and a maximally deep structure for single-run processing.  

 
Figure 1.3. SEM micrographs of surface morphology development for MP35N in RF 

plasma at 200 watts and 20 millitorr Ar gas for a duration of a) 3 minutes, b) 6 

minutes, c) 9 minutes, d) 12 minutes, e) 15 minutes, and f) 20 minutes.  
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1.2.3 Transmission Electron Microscopy of Surface Morphology 

 Cross-sectional transmission electron microscopy (TEM) of RF plasma 

textured MP35N samples has previously shown microstructural differences between 

the bulk material and the textured edges. Figure 1.4 presents a representative result 

with a single crystal diffraction pattern from the bulk material portion of a cross-

section whereas areas near the tip are revealed to be polycrystalline or amorphous9. 

The disturbance of regular grain structure near the surface is not unusual but could 

indicate increased localized disorder near the edges from impinging ions.  

 
Figure 1.4. a) SEM micrograph of textured MP35N. b) Prepared thin cross-section 

from textured MP35N for TEM analysis with insets showing TEM diffraction patterns 

to indicate crystallinity.  

 

1.2.4 Energy-Dispersive X-ray Spectroscopy of Textured Samples 

 Elemental analysis of MP35N samples textured in argon RF plasma at 200 

watts and 20 millitorr revealed a substantial change in component concentrations. 

Energy-dispersive x-ray spectroscopy (EDS) data was collected from both the bulk 

material and the surface before and after processing. As presented in table 1.1 both the 
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bulk and surface measurements of element concentrations are near the specified 

manufacture ratios prior to processing. Following RF plasma texturing the surface 

EDS measurements indicate a significant decrease in nickel concentration along with a 

significant increase in molybdenum concentration.  

Table 1.1. Energy-dispersive x-ray spectroscopy before and after RF plasma texturing 

of MP35N wires. 

 

Before RF Processing  After RF Processing 

Element Bulk wt% Surface Wt %  Element Bulk wt% Surface Wt % 

Co 35 34  Co 35 30 

Ni 34 34  Ni 34 18 

Cr 20 20  Cr 20 18 

Mo 11 12  Mo 11 34 

 These measurements suggest a preferential etching of the surface in which 

nickel atoms are ejected more frequently and molybdenum less frequently leading to 

altered concentration measurements at the interacting face. Previously this buildup has 

been attributed to differences in sputter etch rates. However, additional results cast 

doubt on that possibility. Chapters 2 and 3 will delve deeper into the theoretical reason 

for concentration differences at the surface and the interaction with surface 

morphology.  

1.2.5 Electron Backscatter Diffraction of Textured MP35N Cross-Section 

 One possible mechanism of surface texturing is etching susceptibility where 

grain boundaries intersect the sample surface. If the sample grain structure were 

revealed to be sufficiently diminutive to allow for the observed texture scale, grain 

boundary etching may represent a feasible mechanism. However, as demonstrated in 
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figure 1.5, which presents a previously collected electron backscatter diffraction 

(EBSD) orientation map of an RF plasma textured MP35N sample, the grains are far 

too large and the grain boundaries too separated to account for the surface texture9. 

Also notable is the lack of a preferred grain orientation for etching. It would appear 

that grain size and orientation is not a determining factor for the surface texture.  

 
Figure 1.5. Electron backscatter diffraction orientation map of a polished cross-section 

from an RF plasma textured MP35N alloy sample. Diffraction patterns were compared 

against Nickel structure. Step size: 40 nm.  

 

1.2.6 Phases and Preferential Etch Rates 

 In the MP35N system, the number of components increases the difficulty in 

determining the mechanism driving surface texturing. As shown on the left side of 

figure 1.6, the difference in sputter rates of molybdenum and nickel may contribute to 

the concentration shift but the low rate of chromium remains unexplained. Another 

alloy offers more insight: platinum-iridium is both a widespread biomedical material 

and a useful opportunity to test the hypothesis of preferential etch rates among phases 

within a material. Again, the left side of figure 1.6 presents the higher sputter rate of 

platinum when compared to iridium. If the difference in sputter rates is a determining 

factor, the percentage of platinum near the surface would be expected to decrease with 

RF plasma processing as the iridium weight percent increases.  
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Figure 1.6. Left: Elemental sputtering yields with arrows indicating compositional 

elements of MP35N and Pt-Ir. Right: Pt-Ir phase diagram portraying the two phase 

region for RF plasma processing of Pt-Ir 90/10, 80/20, and 70/30.  

 

 Three compositions of platinum-iridium, 90/10, 80/20, and 70/30, were etched 

by argon RF plasma at 200 watts and 20 millitorr. The Pt-Ir phase diagram on the right 

side of figure 1.6 verifies that at the relevant temperature and concentrations these 

samples remained in a two phase region where differential sputter rates could take 

effect. Figure 1.7 confirms the expected increase in iridium concentration in surface 

EDS measurements with an increase in weight percent iridium for each composition. 

The surface of the 90/10 Pt-Ir doubled in Iridium concentration, 80/20 quadrupled 

though possibly in part due to an artificially low initial measurement, and the 70/30 

increased one and a half times.  
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Figure 1.7. Energy-dispersive x-ray spectroscopy for surface element concentrations 

before and after RF plasma processing of Pt-Ir 90/10, 80/20, and 70/30.  

 

 Further evidence in support of preferential sputter etch rates in multi-phase 

alloys being the deterministic factor for the RF plasma texturing process comes from 

the Fe-Cr system. For a composition consisting of 20% chromium by mass, the 

processing would fall in a single phase region as indicated in figure 1.8. For such a 

material, if multiple phases are required for texturing, then no texturing should occur 

and indeed as the inset post-processing micrograph depicts there is no texturing when 

a sample is processed at 200 watts for 20 minutes in a 20 millitorr argon RF plasma.  

 Evidence seemed to be building for a simple sputter etch rate mechanism 

among multi-phase alloys. However, in Chapter 2 of this work some contravening 

examples are presented and the implications to this suggested texturing mechanism are 

explored including discussions of phases, ion bombardment, and microstructure 

irregularities10. 
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Figure 1.8. Phase diagram of the Fe-Cr system indicating the 20% Cr composition 

falls within a single phase region at RF plasma processing temperature. Inset shows 

SEM micrograph of surface following processing with no texture present.  

 

1.2.7 Langmuir Probe Diagnostics of RF Plasma 

 A single tip probe was used to characterize the plasma properties as a function 

of position within the chamber. Variations correlate with structural changes in surface 

texturing and indicate that the plasma ions impinging on the surface are likely directly 

responsible for texture development. For argon RF plasma operating at 200 watts from 

a base pressure of 20 millitorr, the most pertinent results from Langmuir probe 

diagnostics are presented in table 1.2. These results confirm earlier measurements and 

show increased ion density near the cathode plate9. Observationally, the decreased ion 

density matches well with decreased overall texturing for samples positioned further 
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from the cathode plate and gradient texturing as sample geometries are positioned 

outside of the area of high ion density.   

Table 1.2. Langmuir probe diagnostic results for argon plasma at 200 watts and 20 

millitorr with positional variation along the vertical axis between cathode and anode. 

 

Vertical Distance from Cathode Electron Temperature (eV) Density of Ions 

2 cm 0.35 1.88E+11 

4 cm 0.34 1.92E+11 

6 cm 0.34 1.80E+11 

8 cm 0.35 1.73E+11 

10 cm 0.33 1.58E+11 

12 cm 0.32 1.49E+11 

14 cm 0.33 1.35E+11 

16 cm 0.33 1.25E+11 

 

1.2.8 Proposed Improvements to Structure Depth and Geometry 

 Chapters 2 and 3 of this dissertation will explore a variety of techniques and 

approaches that may be used to enhance the previously reported RF plasma surface 

texturing as well as extend it to a variety of materials and geometries. Processing 

parameters will be optimized for maximal structure development and then altered to 

overcome the self-limiting structure depth samples exhibit during continuous 

processing runs. Single phase materials will be textured both by the conventional 

method and by incorporating an additive material processing step. Samples beyond 

simple wire form factors will be textured including ribbons, sharpened tips, and plate 

geometries.  
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1.3 Biomedical Electrode Background 

Electrical signaling between neurons is the fundamental characteristic of the 

nervous system and is linked to some of society's most tragic and widespread 

conditions11. Alzheimer’s Disease, heart disease, hearing loss and head trauma, for 

example, are all related to neural misfiring, insufficiencies, and/or dysfunction12–15. In 

absence of proper neural connectivity and signaling, life inhibiting symptoms such as 

loss of memory, cognition, dexterity, and movement have been reported. The 

regeneration and reconnection of damaged neuronal pathways naturally or with 

surgery and medication is limited13,14,16. In many cases, nerve damage from disease, 

genetic disorders, or trauma is permanent and life threatening. However, through the 

combination of nanotechnology and biomaterials, small implantable electrodes offer a 

means to treat some neuronal conditions by providing a synthetic device that can send 

and receive electrical signals, normally only sent between healthy nerves17–24.  

Implantable neural electrodes have the potential to revolutionize the treatment 

of neuron damage and the prognosis of neurodegenerative disorders. Moreover, a 

greater understanding of communication between neurons can be achieved through 

neural electromodulation25. However, the effectiveness of this technology has been 

severely limited due to the biofouling effect of cellular growth on the surface of 

implanted electrodes12,26–29. The growth of endothelial cells on the surface of a 

biocompatible implanted devices is a normal biological process and for many implants 

regarded as essential for successful integration into the body30–35. But, in the case of 

neural electrodes cellular growth on the implant surface is detrimental to the overall 
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function of the electrode. The presence of a sheath of encapsulating cells limits the 

radial distance that an electrode is capable of sending and receiving neural electric 

signals12,14,26,28,36,37.  

With greater control over the distance and direction of encapsulation, fewer 

and more accurate and precise electrodes may be developed and incorporated into the 

body. Additionally, an electrode, unaffected by cellular biofouling may provide care to 

a larger age demographic, cut down on the number of replacement surgeries, and as 

result lower overall cost of neuromodulation treatments. For example, determining the 

minute differences between the neuronal misfiring of age related dementia and 

Alzheimer’s Disease is a challenge whose solution has remained elusive and also a 

major challenge in understanding the pathology of Alzheimer’s disease38–41. Through 

early and accurate diagnosis of neurodegenerative disorders, proper treatment and 

preventative treatments may be administered adding years onto lives with the ultimate 

goal of finding cures for these ailments.  

In the nearer future, existing implanted neural electrodes, such as those utilized 

in cochlear implants and pacemakers could be made with extended lifetimes. Cutting 

back on the number of replacement surgeries cuts back on cost as well as risk of 

permanent damage and infection. 

1.3.1 Biomedical Electrode Varieties 

 Beyond the more simple stimulating geometry of a pacemaker lead or deep 

brain stimulation lead, biomedical electrodes which interface with the nervous system 

to both record and signal are often grouped into three broad categories by their 
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position when implanted into the body: central nervous system electrodes, peripheral 

nervous system electrodes, and spinal cord electrodes. Electrodes to interface with the 

central nervous system include superficial arrays to be affixed to the surface of the 

brain29, penetrating shafts or shaft arrays which are positioned to measure signals 

deeper into the brain42, and planar electrodes with multiple recording sites which are 

positioned against the brain with multiple electrodes penetrating into the brain tissue43. 

For the peripheral nervous system, cuff electrodes are wrapped around the exterior of 

a nerve or bundle of nerves44, sieve electrodes interface with multiple nerves that pass 

through separated channels45, and intrafascicular electrodes46. For the dense nerve 

structure of the spinal cord, book electrodes are placed interleaved into the nerve 

tissue.  

Common materials for electrodes include platinum, iridium, gold, and others. 

The variety of shapes and applications of biomedical electrodes necessitates a 

texturing process adaptable to various geometries. Chapters 2 and 3 will discuss the 

potential for RF plasma texturing to improve the performance of electrodes in wire, 

ribbon, sharpened tip, and plate structures along with the potential for more 

complicated form factors.   

1.3.2 Cell Response Degrades Electrode Functionality 

One objective of this work was to decrease the surface impedance of metallic 

electrodes in a biological environment by the formation of elongated radial metallic 

nanowires on an electrode surface. It is well established that high surface area, HiQ, 

electrodes exhibit decreased impedance at the electrode surface thereby allowing 
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higher current densities to reach targeted tissue as well as higher signal-to-noise ratios 

for recording electrodes15,47,48. At the interface between tissue and electrode, total 

impedance is controlled by the double-layer capacitance which is directly related to 

the surface area of the electrode49. In pacemakers, porous HiQ electrodes have been 

shown to improve sensing impedance and enable smaller electrode geometries which 

in turn improves battery efficiency50–52. However, the initial advantages of high 

surface area electrodes is lost after tissue response to implantation, such as 

inflammation or encapsulation, results in increased impedance15,47,53. Attempts have 

been made to better understand the mechanism of charge transfer at the electrode 

interface in a biomedical setting49,54–56 and to characterize the effect of alternating 

current (AC) frequency on electrode impedance57,58.  

Of particular pertinence to this dissertation is work that has been done to 

increase electrode surface area and promote favorable integration with cell structures. 

Cui et al. demonstrated polymer coated neural recording electrodes that increased 

electrode surface area and decreased impedance in comparison to a pure gold 

electrode59. The same group also included cell-binding molecules within the polymer 

to help anchor the device60. Metal coatings have also been demonstrated as a method 

to amplify surface area. Norlin et al. studied electrodes coated with titanium-nickel 

alloy such that surface area increased by a factor of several hundreds61. Besides 

increasing surface area by adding material, electrode performance can also be 

improved by a selective subtractive etching process such as that performed by Loya et 

al. with the creation of metallic nanopillars on the surface of MP35N wires by 
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exposure to RF plasma1. Also demonstrated is favorable integration of nanopillar-

textured MP35N wires with endothelial cells6.  

1.3.3 Surface Area and Impedance  

However, despite the favorable cell response demonstrated on the RF plasma 

textured MP35N wires created by Loya et al., the surface area was not sufficiently 

increased to merit an electrode application: the metallic nanopillars on the surface of 

MP35N could only reach ~1-3 µm in average structure depth. In this work, the 

structure depth of metallic nanowires radially protruding from the surface of medical 

grade alloy wires is extended significantly by optimizing process parameters and 

procedures in pursuit of a high surface area, low impedance electrode, which is also 

textured to integrate favorably into cell structures.  

1.3.4 Proposed Improvement to Biomedical Electrode Performance 

Chronic electrode implants are used to stimulate or record electrical impulses 

in the brain or other electrically excitable tissue. However, implanted electrodes are 

susceptible to tissue response which causes failure by encapsulating the electrode itself 

in a glial scar sealing the electrode off from neural signals. The success of chronic 

electrode implants depends largely on the electrode/tissue interface, including: 

electrode material, surface morphology, and electrode geometry. By decreasing 

electrode surface impedance with an innovative RF plasma metallic texturing process 

resulting in nanopillar formations an electrode can both record smaller signals and 

more easily deliver stimulation. Chapter 4 of this thesis will focus on impedance 
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advances. Additionally, a conductive textured electrode can be made resistant to 

fouling by coating the topmost portion of the pillars in an antibiofouling hydrophobic 

material as will be discussed in chapter 5. The constructed electrode may then retain 

both conductivity and optimize the antibiofouling characteristics of the surface.  

The potential advantages of fouling-resistant low-impedance interfacing 

technology is staggering. It could be possible to extend such a technology for the 

restoration of lost sensory or motor function62,63; victims of paralysis due to 

peripheral nerve injury could achieve a full recovery by directly recording the output 

of their motor cortex; sensory prosthetics that interface directly to the nervous system 

could be developed17,37,64; deep brain stimulation therapy for Parkinson’s and clinical 

depression could retain effectiveness without the need to increase the stimulation 

voltage42,65,66; recording interfaces for neuroscience research could be greatly 

improved67, and many other exciting possibilities await.  

1.4 Antibiofouling Background 

Many techniques have been attempted to both maintain the electrical integrity 

of an implantable neural electrode and minimize the biofouling effect68,69. 

Topographical patterning of implant surfaces has been shown to influence cell 

adhesion, migration, orientation, shape, and cell fate30,33–35. Nanotextured surfaces, 

such as silicon nanowires70, patterned carbon nanotubes23, and nanospun fibers have 

been used to optimize the intermolecular forces between the cells and an interfaced 

solid state surface71. The result of minimized interaction forces is an unfavorable 

environment for cell adhesion and thus a structural means for antibiofouling results. 
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Polymer coatings such as poly(dimethylsiloxane) (PDMS) and poly(ethylene glycol) 

(PEG) have also been used to minimize the interaction for by providing a hydrophobic 

coating69.   

1.4.1 Antibiofouling Surface Strategies  

 Much work has been done to limit biofouling of medical devices. Approaches 

typically fall in one of three categories69. Often the simplest is a homogenous surface 

either produced in bulk or coated to have hydrophobic, hydrophilic, or amphiphilic 

properties. Such surfaces may prevent cellular attachment, encourage attachment 

elsewhere, or decrease the viability of attached cell life. Another approach is a 

patterned or mixed heterogeneous surface with alternating hydrophobic and 

hydrophilic areas which may be used to promote cell movement away from a surface 

or make attachment difficult and inconsistent. Finally, three-dimensional surfaces with 

a controlled topography can also influence attachment, development, and viability.  

1.4.2 Proposed Antifouling Measure for Biomedical Electrodes 

Drawing inspiration from each of the three conventional antifouling strategies, 

this work presents a novel nanostructured surface for superior neural electrode 

functionality exhibiting antibiofouling properties. We have combined technologies 

using both novel texturing and polytetrafluoroethylene (PTFE or Teflon) coatings to 

maximize the antibiofouling characteristics of the surface. Such a surface exploits the 

relative advantages of homogeneous, heterogeneous, and three-dimensional 

antifouling strategies in a novel mixed approach.  
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For instance, one common implant scenario concerns aortic endothelial cells 

(EC) which line the vessels and arteries of the heart forming the endothelium by cell-

to-cell connections72. A healthy endothelium exhibits a continuous layered network of 

EC tissue. This layering across an implanted neural electrode is the main cause of 

electrode degradation. Presented in chapter 5, substrates of 316L stainless steel were 

first repetitively exposed to RF plasma creating a novel nanotextured surface, then 

coated with PTFE along the outer edge of the surface texture, and compared to 

optimized cell culture plate and homogeneous untextured 316L implantable 

electrodes. Cell proliferation and cell spreading were significantly decreased by the 

combined nanotexturing and PTFE coatings as compared to texturing alone and the 

bare untextured surface. Surface impedance measurements were conducted in 

phosphate buffered saline (PBS) for untextured 316L electrodes, nanotextured 316L 

electrodes, and nanotextured PTFE-coated 316L electrodes. Nanotexturing the 

electrode decreased the surface impedance in the lower frequency range (<1000Hz). 

Subsequent coating of nanotextured electrodes with PTFE returned the low frequency 

surface impedance to a level comparable to the untextured 316L electrodes. The high 

frequency range, where electrolyte characteristics dominate, was unaffected48. Full 

details will be reported in Chapter 5 of this work.  

1.5 Cardiac Stents and Drug Delivery 

 A stent is a small mesh tube-shaped structure employed to mechanically open a 

restricted artery and ensure normal blood flow or to support a weakened arterial wall 

as depicted in figure 1.9. Following implantation, foreign body response to the stent is 
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a primary concern for patient outcomes. Should the body react unfavorably to the 

implant, further arterial narrowing or restenosis may occur73. Another potential issue is 

the degradation of stent material leading to late stent thrombosis or very late stent 

thrombosis and possibly infarction and death74,75. In any sense, the placement of 

coronary stents during subcutaneous coronary intervention or angioplasty has 

represented a remarkably successful step forward in medical science.  

 
Figure 1.9. Coronary stents. a) Prior to implantation. b) Schematically illustrated 

showing before and after insertion and expansion. c) In situ showing expanded blood-

flow.  

 

1.5.1 Coronary Artery Disease 

 Coronary artery disease (CAD) affects more than 13 million Americans and is 

the leading cause of death in the United States76. Caused by the hardening of coronary 

arteries following the gradual deposition of lipid and cholesterol plaques on the tunica 

intima of an artery or vein. When surgical intervention is necessary, CAD is 

commonly treated by balloon angioplasty and stent placement.  
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1.5.2 Cell Proliferation and Surface Texturing 

 Bovine aortic endothelial cells (BAEC) have shown superior growth on RF 

plasma textured MP35N substrates6. During incubation, BAEC adhered preferentially 

to textured substrates in comparison to both untextured and control dish environments. 

On the textured substrate, cells formed smooth continuous cellular layers similar to a 

natural vessel wall whereas on untextured MP35N BAEC clustered with no apparent 

organization. Immunostaining revealed well formed peri-junctional cortical bands of 

filamentous actin formed on textured MP35N but untextured MP35N remained 

aggregated and lacked intercellular junctions. Surface texturing of stent materials 

could potentially reduce foreign body response following angioplasty.  

1.5.3 Controlled Release of Anti-restenosis Drugs  

Drug-eluting stents (DES) approved for clinical use in the United States 

employ a polymeric coating to hold and release medication77–79. In comparison to 

bare-metal stents (BMS), DES have lower rates of major adverse cardiac events 

representing a major step forward for angioplasty78,80–84. However, DES may have an 

increased risk of late thrombosis lasting at least five years after implantation75,85–89. In 

combination, the decreased risk of restenosis offsets the possible increased risk of late 

thrombosis and when considered overall DES are not associated with increased 

mortality90. 

Still, prevention of late thrombosis from DES offers an enticing avenue for 

improvement in interventional cardiology91. Coating strategies vary widely including 

but not limited to dip coating, spray coating, plating, sputtering, and mineralization. 
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Drug release may be diffusion controlled with water-insoluble polymers, degradation-

controlled with water-soluble or hydrophobic polymers, ion exchange-controlled, or 

some combination or extension of the former. Later generation DES with improved 

long-term safety have emerged relying on advanced materials, biodegradable 

polymers, polymer-free stents, and as a future possibility, fully erodible stents77,82,92–95. 

At present, stent thrombosis leading to myocardial infarction remains a concern for 

DES in need of a reliable mitigation.  

1.5.4 Anti-restenosis Drug Release Control Mechanism 

 Medicine may be released from a loaded stent surface by a diffusion-controlled 

mechanism, degradation-controlled mechanism, or an ion exchange mechanism96. 

Diffusion-controlled DES can extend release time by restricting the drug release path 

often with the addition of a semi-porous polymer layer. Most diffusion-controlled drug 

elution may be modeled with first-order kinetics. Degradation-controlled diffusion 

relies on the gradual decomposition or dissolution of a drug loaded stent coating when 

subjected to a body environment97. Worries remain about the possible health effects of 

gradual degrading bits as they may enter the patient's blood stream. Elution kinetics 

for degradation-controlled release fall somewhere between first-order and zero-order. 

An ion exchange mechanism could also be employed where ionizable drugs are 

coupled with oppositely charged ionic groups on a polymer matrix96. The drug release 

kinetics would then depend on the pH and electrolyte concentration of the stent 

environment.  
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1.5.5 Drug-Eluting Stents and Bare-Metal Stents 

 Following stent placement, foreign body response may lead to in-stent 

restenosis accompanied by angina and potentially myocardial infarction. To reduce 

this risk, DES have been developed which slowly release anti-restenosis medicine to 

prevent thrombosis by blocking cell proliferation. DES are typically constructed with 

multiple layers, built upon an underlying metal stent strut91,94. In a basic DES design, 

the first layer may act as a primer to promote adhesion of subsequent coatings to the 

substrate. The second layer consists of a drug-infused polymer to carry anti-restenosis 

agents. The final layer may consist of a polymer cap to slow and extend the release. In 

addition to directly combating fibrosis and encapsulation, DES can be designed to 

reduce both acute and chronic inflammation which stimulate immune response.   

Table 1.3 presents a timeline of DES approved for clinical use by the U.S. 

Food and Drug Administration. The CYPHERTM stent received approval in Spring 

2003 with a stainless steel strut and the capacity to release anti-restenosis sirolimus 

over a 30 day period98. The TAXUSTM stent releasing antiproliferative paclitaxel and a 

316L stainless strut followed in 2004 with extensions coming in 2008 and 2009 under 

the TAXUS name99–102. Medtronic's Endeavor DES received approval in 2008 

utilizing an MP35N strut with immunosuppressant zotarolimus release followed by a 

materially similar Resolute Integrity with an extended 180-day release profile103–105. 

The XIENCETM DES line also received approval in 2008 followed by extensions in 

2011 and 2014 using a cobalt-based XSH Alacrite as the stent strut material with 

immunosuppressant everolimus release over 120 days106–109. 
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Initially, PROMUSTM DES mirrored the XIENCETM V in 2008, but later 

additions in 2011 and 2012 switched from the L605 strut to platinum-chromium while 

maintaining the everolimus release106,110,111. The IONTM DES which received approval 

in 2011 also released everolimus and used a platinum-chromium strut112. The most 

recent addition to approved DES lines came in late 2012 with the Zilver PTX 

peripheral stent utilizing a nitinol strut and immediate paclitaxel release rather than a 

polymer infused coating113. The Zilver PTX line relies on trapping the anti-restenosis 

drug between the stent surface and the tunica intima of an artery or vein. This method 

elevates drug levels surrounding the stent for a few days but is not comparable to the 

extended release profiles of the polymer coated types.  

 DES have been an excellent advancement with short-term restenosis rates 

dropping precipitously and the associated myocardial infarctions diminishing as 

well80. However, there have been some drawbacks associated with DES in the form of 

late stent thrombosis often attributed to degradation or delamination of the polymer 

coating matrix over time after the anti-restenosis agents have eluted completely. When 

compared to BMS, increased inflammation, thrombogenecity, late stage thrombosis 

(LST), and very late stage thrombosis (VLST) occur more frequently with DES75,88. 

Overall, the advantages gained by DES more than overcome the delayed elevated risk 

factors and indications point to newer DES designs having improved long term 

outcomes92. BMS remain in use, despite not performing as well in the short-term, 

partly because long-term issues remain less frequent for BMS.  
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1.5.6 Proposed Bare-Metal Stent Construction 

 Conformal texturing of MP35N biomedical alloy in a functional BMS 

geometry could promote natural endothelialization of an arterial wall following stent 

placement. Reduced cellular oxidative stress levels, smooth monolayer formations, 

improved adhesion, and well organized peri-junctional cortical bands may decrease 

short-term restenosis while also decreasing the risk of LST or VSLT when compared 

to DES. Chapter 6 of this work will discuss a middle-ground solution between DES 

and BMS in which anti-restenosis drugs may be released in a controlled fashion from 

a bare-metal surface without the necessity of additional drug-loaded material polymer 

or otherwise.  

A finely textured BMS can act as a DES without the addition of any matrix 

material (polymeric or not) to hold the anti-restenosis drugs. Improvements to the RF 

plasma nanotexturing process established by Loya et al. makes drug storage in the 

metal nanostructure a possibility10. In chapter 6, drug release profiles of sirolimus and 

paclitaxel are manipulated and extended by loading drug into bare-metal 

nanostructures created by RF plasma texturing on the surface of medical grade alloy 

wires and then deforming the surface structure to restrict diffusion.  

Release profiles of untextured, textured, textured/deformed, and control groups 

are compared over a 40-day in vitro trial comprising both the initial burst release 

phase and extended diffusion from the surface. With future refinements a stent 

constructed as a hybrid of the bare-metal and drug-eluting models could have the 



28 

 

 

 

superior late thrombosis properties of a BMS while retaining the anti-restenosis 

advantage of DES.  

1.6 Scope and Outline of the Dissertation 

 Implants can extend life, enhance life-quality, repair damaged biological 

structures, protect from further harm, provide valuable physiological data, or 

accomplish a multitude of other medical objectives. Under ideal conditions, implants 

accomplish precisely what they are designed to do. However, in practice foreign body 

response can lead to a wide variety of complications such as infection, inflammation, 

encapsulation, or even rejection. The human body is well adapted to attack and 

remove alien invaders of its internal environment with no regard to medical intent. 

Consequently, creative and resourceful solutions are needed to mitigate and 

manipulate the body's natural response to an implant's presence such that it's function 

is not diminished.  

 In this dissertation, a unique metal texturing technique by way of RF plasma is 

first developed to produce desired surface structures, then employed to improve the 

impedance and antifouling performance of chronic electrode implants as well as to 

control drug delivery from the surface of an implantable coronary stent without the 

need for potentially harmful additional matrix materials.  

 Chapter 1 gives a brief background on metal texturing by RF plasma 

processing, biomedical electrodes, antibiofouling strategies, coronary stents, and 

controlled drug release.  
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 Chapter 2 discusses the optimization of basic RF plasma nanotexturing for a 

variety of sample materials, plasma materials, powers, durations, pressures, and 

geometries. Also discussed is the theoretical mechanism of surface texturing as 

indicated by texturable results to the present point as well as a theoretical model for 

ion bombardment.  

 Chapter 3 discusses a breakthrough in RF plasma processing allowing for 

significantly deeper surface texture creation through precisely controlled repetitive 

exposure with maximum structure depth increased at least 400% in comparison to 

self-limiting depths reported prior. Also discussed is the extension of this technique to 

a variety of materials and geometries.  

 Chapter 4 contains experimental results of surface impedance for RF plasma 

textured electrodes. Significant decreases in surface impedance are reported for the 

low frequency range in simulated body fluid electrolyte.  

 Chapter 5 reports the construction of a novel antibiofouling surface intended 

for chronic electrode implants which retains electrical conductivity by RF plasma 

texturing while simultaneously presenting a hydrophobic antifouling surface to 

adjacent body tissue.  

 Chapter 6 demonstrates the feasibility of controlled drug release from a bare-

metal stent surface which has been textured by RF plasma processing, loaded with 

anti-restenosis agents under vacuum, and then deformed to physically restrict diffusion 

from the surface.  
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 Chapter 7 gives a summary of the main results of this work, discusses ongoing 

research, and outlines future exploration related to the dissertation topic.   
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Chapter 2: RF Plasma Nanotexturing Improvements and Extensions 

 RF plasma nanotexturing of metallic alloys is a novel etching process 

dependent on a variety of process parameters. When this work began, only a limited 

number of materials and parameters had been previously explored and systematic 

optimization hadn't yet been attempted. Nearly all previous texturing work was 

performed in MP35N biomedical alloy and typically as a single processing step. An 

entire search space of alternative plasma materials, power levels, durations, pressures, 

and structure materials invited exploration.  

2.1 Limitations on Former RF Plasma Texturing Technique 

 Previous to this work, RF plasma texturing of MP35N biomedical alloy 

demonstrated a self-limiting structure depth with the maximum depth reached after 

approximately 20 minutes of processing. As shown in figure 2.1, further processing 

would not deepen the structure although material would continue to be removed 

evenly from the surface by etching. For many application, a deeper overall texture 

would be preferable. Deepening the structure increases surface area, decreases surface 

impedance, and opens up the possibility of storing drug molecules in the surface 

structure. Thus, an initial objective of this thesis was to dependably characterize the 

surface structure of RF plasma processed MP35N or other texturable alloy materials 

and then to vary parameters in search of increased overall structure depth. In this 

initial characterization, varied parameters included plasma material, power, pressure, 

and duration. Other parameters were held constant as specified below.  
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Figure 2.1. Progressive surface texturing depth for MP35N processing in argon RF 

plasma powered at 200 watts with a base pressure of 20 millitorr. Inset micrographs 

show structure after 10 minutes, 20 minutes, and 60 minutes. Inset in upper left gives 

scale bar for all three micrographs. Error bars are first standard deviation.  

 

The sample alloy wires used for characterization experiments were made of 

medical grade alloy MP35N (35% Co–35% Ni–20% Cr–10% Mo in wt.%) and Pt-Ir 

(80% Pt–20% Ir) having a 250 µm diameter and an electropolished smooth surface. 

For texturing, five approximately 10 cm long wire samples were mounted vertically in 

the cathode plate base at 2.5 cm spaced apart from the neighboring wires. Within this 

wire-mounted region, the RF plasma texturing results were identical, independent of 

the location of sample mounting in chamber. Prior to processing, the chamber was 

evacuated to 10-5 Torr, then gas flow was initiated and pressure increased to the 

desired level by partially closing the high vacuum valve. Experiments were performed 

using a custom-built RF plasma system (13.56 MHz), with the RF powered cathode 
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using 30 sccm of Ar, H2, or N2 gas flow at a base operating pressure between 15 and 

25 millitorr and subjected to between 100 and 300 watts power. The temperature rise 

of the MP35N and Pt-Ir wire samples was monitored using visual inspection and an IR 

thermometer, and was estimated to be in the 800–1000 °C range.  

2.2 Surface Structure Characterization 

After RF plasma processing, surface microstructures of the wire samples were 

investigated by scanning electron microscope (SEM, model FEI XL30-SFEG), brittle 

fracture in liquid N2, interrogating the surface with a diamond scribe, and on-end 

polishing of textured wires embedded in epoxy. Five identical samples were produced 

with each round of processing and multiple measurements were conducted on each 

sample to promote statistical significance.  

2.2.1 Mechanical Interrogation of Structure Depth 

Determining structure depth proved challenging. The closeness of adjacent 

surface structures prevented a simple tilted view of the texture from revealing depth. 

Simple mechanical deformation of the textured surface was generally unsuccessful as 

a method to determine surface structure depth. Crimping, cutting, diamond scribe, and 

fatigue failure were all attempted but the small scale of the surface resulted 

persistently in local deformation and inaccurate measurements. Figure 2.2 is an on 

edge view of diamond scribed and then crimped surface. The deformations along the 

edge are obvious and make any determination of structure depth impossible. A 

different approach was necessary.  
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Figure 2.2. On edge view of RF plasma processed MP35N surface which was 

interrogated with a diamond scribe and then crimped.  

 

 

2.2.2 Embedded Polishing 

 To avoid local surface deformation, textured MP35N samples were embedded 

in epoxy for polishing. Samples were RF plasma processed using the standard 20 

minutes, 200 watts, 20 millitorr procedure before embedding and curing in epoxy. 

Polishing was performed stepwise from 180 grit sandpaper to 1 µm diamond polishing 

compound before finishing with colloidal alumina suspension. To prevent problematic 

charging, carbon tape and conductive silver paste coatings were applied to the 

nonconductive epoxy while leaving portions of the polished ends of MP35N visible. 

Figure 2.3 is a representative micrograph. 
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Figure 2.3. SEM micrograph of RF plasma textured MP35N embedded in epoxy and 

polished to reveal on end structure and overall depth of less than 2 micrometers. 

 

 Embedding and polishing successfully revealed the surface structure with 

reduced deformation but some local deflection was still apparent as texture often 

angled slightly away from being radial or perpendicular to the underlying surface. The 

procedure was also slower than would be preferable for many sample runs and the 

image quality of the nanostructure diminished quickly for anything not at the 

immediate surface. A quicker and higher quality technique was still needed.  

2.2.3 Brittle Fracture of RF Plasma Textured Samples 

 The most consistently successful method for determining surface structure 

depth of an RF plasma textured samples was partial sectioning followed by full 

immersion in liquid N2 and sudden fracture by longitudinal stress. For materials which 

experience a pronounced ductile-brittle transition temperature (DBTT) this method is 
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particularly effective. However, as shown in table 2.1 MP35N does not have a sharp 

DBTT but rather only a slight reduction in impact strength at decreased temperatures.  

Table 2.1. Charpy V-notch impact strength of MP35N at a strength level of 1930 

MPa114. 

 

Condition Temperature (°C) Impact Strength (J) 

Cold drawn 49% and aged 

649 °C 4h, air cool 

24 25.6 

-73 23.2 

-129 20.7 

-196 21.8 

-253 18.3 

 

 Still, the slight reduction in strength was sufficient for an improved fracture 

surface when compared to both the diamond scribe and the embedded polishing 

methods and provided a satisfactory edge-on view of the RF plasma textured structure 

for characterization. As shown in figure 2.3, the transition from flat fracture surface to 

the textured area is a sharp change without any obvious deformation of the texture. 

Through the use of oblique estimations, physical interrogations, embedded polishing, 

and especially cold fracture of RF plasma textured samples it was possible to 

characterize structure depth for selected processing parameters. To promote statistical 

significance multiple samples and multiple positions on each sample were measured 

throughout the study. Good consistency between samples and within samples was 

observed.  
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Figure 2.4. Edge view of RF plasma textured MP35N following partial sectioning and 

fracture submerged in liquid N2.  

 

2.3 Alternative Plasma Materials 

Formerly only argon RF plasma had been demonstrated to produce nanopillars 

on MP35N alloy's surface. In the present study two additional plasma species were 

also evaluated, hydrogen and nitrogen. These two materials were selected because of 

their availability and frequency of use in plasma systems. Future investigations into 

heavier elements such as krypton or xenon is merited.  

2.3.1 Hydrogen Plasma  

 Figure 2.5 shows the resultant surface structures on MP35N wire when 

processed with RF plasma using a hydrogen plasma at 250 watts for 20 minutes and a 

base operating pressure of 25 millitorr. Increases in power and pressure were chosen 
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after lower values produced almost no structure whatsoever. As shown, Hydrogen 

plasma produced only small clusters of 200-500 nm round formations within a shallow 

interlocked structure and no significant increase in surface area. Interestingly, the 

globule formations do not appear to be etched in place as with the argon plasma 

texturing. In regards to the high surface area objective, hydrogen plasma did not 

present a viable path to increased structure depth.  

 
Figure 2.5. (A) and (B) SEM micrographs of MP35N processed in hydrogen RF 

plasma showing minimal surface texturing. 

 

2.3.2 Nitrogen Plasma  

 Figure 2.6 shows that nitrogen RF plasma at 250 watts for 20 minutes with a 

base pressure of 25 millitorr produced larger 2 µm cone structures scattered sparsely 

across the surface. The conical shape of the etched structures matches precisely the 

predicted behavior of a surface under ion bombardment to be discussed in section 

2.6.2. Still, the surface area was not significantly affected by the scattered nitrogen 

plasma texturing and nitrogen did not give any indication of being a good strategy for 

increased depth.  
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Figure 2.6. (A) and (B) SEM micrographs of MP35N processed in nitrogen RF plasma 

showing cone formation but still mostly minimal surface texturing. 

 

2.3.3 Argon Plasma 

 As shown in earlier figures, argon plasma produces significantly denser and 

deeper texturing than either the argon or nitrogen plasma textured samples. 

Comparison of argon, hydrogen, and nitrogen plasmas indicate that atomic weight is 

likely a key parameter to the nanowire formation process. The bombardment by 

heavier ions, such as those in argon plasma, produces more evenly distributed and 

consistent nanowire texturing of a greater depth and much greater surface area. For the 

remainder of the structure depth study, argon plasma was selected.  

2.4 Processing Parameters 

 Many different parameters affect the surface structure that develops during RF 

plasma processing. Among the most important is the interaction of duration, power, 

and pressure which can behave unpredictably. A search space surrounding the typical 

processing parameters for MP35N was outlines for investigation and included power 

levels from 100 to 300 watts, base pressures from 15 to 25 millitorr, and durations 
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from 5 to 30 minutes. To fully map this space with sufficient resolution would require 

at least 150 separate processing runs.  

Given the complexity of variable interdependence, design of experiment 

(DOE) for efficient and conclusive research was a necessity. Comparison to a 

scientific control, blocking to isolate tested variables, and replication to reduce 

variance ensured accuracy. Fractional factorial experiments and sequential analysis 

promoted pertinence and efficiency. With three independent variables and the selected 

test values a full factorial experiment (fully crossed design) would have required 150 

separate trials to cover the search space once; however, a fractional factorial design 

covers the 3-dimensional search space with far less individual tests. As shown in 

figure 2.7 it was possible to roughly explore the space in 30 initial trials and then 11 

additional trials to fully explore the designated area of most interest. Selecting 

experiment parameters from random walks weighted for unexplored areas resulted in 

separate tests distributed evenly throughout the search space with approximately equal 

sized blocks of each independent variable's discrete testable values. Additionally, 

intelligent choice of test order facilitated the elimination of large blocks of search 

space and concentrated subsequent tests and multiple retests on relevant areas. By the 

sparsity-of-effects principle, comparisons of the means of these blocks identified the 

significant main effects and two-factor interactions115.   

Other influential parameters were held constant as dictated by the intended 

biomedical wire electrode application or process effectivity. These include frequency 

(held at 13.56 MHz as is typical for industrial capacitively coupled plasma116), plasma 
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material (argon), sample geometry (wire electrode), sample material (MP35N), and 

sample positioning (mounted orthogonal to cathode base plate).  

 
Figure 2.7. Design of experiment to explore MP35N texturing by RF plasma as a 

function of power, pressure, and duration. Initial tests are shown by black numbers. 

Additional tests by red numbers. And the selected optimal area of interest by shading. 

 

The morphology of formed nanopillars includes structure depth, structure 

density, aspect ratio, tip radius, coagulation, and the formation of wires or ripple-like 

wave structures and is influenced by a number of processing parameters. For the 

present study, processing duration and the RF plasma characteristics of power and 

pressure were selected for investigation. The following explores and seeks to 

understand the controls exerted by plasma pressure, power, and duration as well as the 

interaction between the variables. Process settings were limited to constant values of 

each parameter of interest per processing run. Future investigations may explore the 

effect of varying parameter values during a processing run but that is beyond the scope 
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of this study. The ultimate objective was to increase surface area, primarily by 

increasing the depth of the nanowire structure formation. The following three sections 

on processing duration, power level, and base pressure level will all refer to figure 2.8.  

 
Figure 2.8. Structure depth plot of cross-sectional data for MP35N samples processed 

in argon RF plasma varied over duration (with pressure held at 20 mTorr and power at 

200 W), varied over pressure (with duration held at 15 min and power at 200 W), and 

varied over power (with duration held at 15 min and pressure at 20 mTorr). Selected 

parameters: 15 min, 20 mTorr, and 200 W. Error bars indicate first standard deviation 

of data.  
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2.4.1 Processing Duration  

As shown in figure 2.8, for the cross section shown the other parameters are 

held at their optimal value (20 millitorr, 200 watts), structure depth as a function of 

processing duration increases quickly for ~15 minutes before rapidly approaching an 

asymptotic maximum structure depth of ~1850 nm. Areas outside of the cross section 

shown in the plot behave similarly but with an overall reduction in peak depth. For 

areas with higher power and higher pressure structure depth increases more rapidly but 

does not reach the same peak value. For areas with less power and less pressure, 

structure depth increases slowly and reaches an asymptote below the optimum cross 

section. For the odd combinations of higher pressure, lower power and lower pressure, 

higher power the structure depth increases with similar rapidity but doesn't reach the 

same maximum depth as the optimal combination. As any increase in the mean 

measured depth after 15 minutes is statistically insignificant, 15 minutes was selected 

as the optimal processing time for maximizing structure depth in a single processing 

run.  

2.4.2 Chamber Pressure 

Again in figure 2.8, for the cross section shown the other parameters are held 

at their optimal value (15 minutes, 200 watts), structure depth as a function of 

chamber pressure increases nearly linearly from ~1250 nm at 15 millitorr to a 

maximum of ~1800 nm when pressure reaches ~20 millitorr after which the resultant 

depth decreases to ~1700 nm at 25 millitorr. Outside of the optimal cross section 

shown in the plot peak depth decreases and overall behavior shifts. For areas with 
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higher power and longer processing times the suppressed peak depth occurs at a lower 

pressure and decreases slightly with increasing pressure. For areas with less power and 

shorter durations, structure depth continues to increase with increasing pressure but 

with diminishing increases. For combinations of longer durations and lower power, 

again depth continues to increase with pressure. For higher power and shorter times, 

structure depth peaks near 20 millitorr before decreasing again. Maximum depth was 

achieved at 20 millitorr as shown in the optimum cross-section and was selected as the 

best value for single run structure depth. 

2.4.3 Processing Power Level 

Finally, for the optimum cross-section shown in figure 2.8 (20 millitorr, 15 

minutes), structure depth as a function of power also increases very nearly linearly 

from ~500 nm at 100 watts before reaching a maximum of ~1700 nm at ~200 watts 

and then decreasing to ~1500 nm at 300 watts. Outside of the optimum cross-section, 

varying power has very similar results as the section shown. Over-powering or under-

powering the process always decreases the overall depth with optimum values for 

power always near 200 watts, slightly more for low pressure situations and slightly 

less for high pressure.  

In general, it appears that the power level is the main determining factor for 

surface melting and decreased depth. Pressure shifts this effect slightly one way or 

another and short durations can prevent melting. In the case of pressure or power 

beyond the optimal point, the nanopillar structure shows signs of melting and 

interlocking resulting in decreased depth. The similar trends exhibited by both power 



45 

 

 

 

and pressure variations is likely due to the same development: increased etch rate 

followed by overheating and melting of the surface in the first case by the increasing 

velocity of ion impacts and in the second by more frequent ion impacts. The self-

limiting characteristic of structure depth seems to be a function of how quickly heat 

accumulates on the surface and melts the alloy. Maximum depth occurs at the 

approximate equilibrium point of 15 minutes, 20 millitorr, and 200 watts.  

2.5 Sample Geometries 

 Extending the RF plasma process to geometries beyond a simple wire presents 

various challenges. First, any sudden orientation changes of the surface normal are 

susceptible to edge effects as charge accumulates at locations with greater curvature. 

This uneven accumulation tends to affect and distort the structure formed. For concave 

or interior portions, shielding also becomes a concern as no texture will form on a 

shielded surface. Ribbons or foil and sharpened metallic tips were targeted as 

geometries with worthwhile potential for biomedical applications if they could be 

successfully textured. 

2.5.1 Wire Samples 

 Wire samples were textured by mechanically fixing one end into the cathode 

base plate, with the wire extending 7.5 cm vertically towards the anode into the region 

of highest plasma density. Radial structure was consistent with no preferential etching 

from any horizontal direction. As shown in figure 2.9, the texturing structure was not 

consistent for the entire length of wire but rather varied with distance from the 
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cathode. The upper 3.5 cm of each sample had generally consistent structure and depth 

whereas the lower portion had little structure.  

 
Figure 2.9. Structure depth as a function of distance from the cathode plate with 

accompanying micrographs. Samples were MP35N processed for 15 minutes at 200 

watts in argon RF plasma with a chamber pressure of 20 millitorr.  

 

2.5.2 Foil and Plates  

 As shown in figure 2.10 and 2.11, nanowire may be formed on both sides of a 

section of thin foil by supporting a ribbon or plate between two supporting NiCr 

pillars of 1 mm diameter which are electrically connected to the RF plasma chamber 

cathode base plate. Nanowire surface morphology on a foil sample shows consistent 

structure near the center of the ribbon and an elongated structure on the edge due to 

field effects near the high curvature edge of the foil. Overall structure depth is 

significantly diminished in comparison to wire samples with little penetration beyond 

rippling on the surface. Edge regions give the impression of greater depth and larger 

structures, but actual depth is quite shallow with the elongated features only creating 
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an illusion. During processing, temperature was apparently lower in the foil samples 

as they did not incandesce as wire samples do during processing.  

 
Figure 2.10. Sample configuration for processing of a foil ribbon suspended between 

two NiCr pillars which are mechanically affixed to the cathode plate.  

 

 For texturing on only one surface of foil, the suspended banner may be rolled 

into a ring and supported by NiCr pillars on opposing sides. Nanotexture will only 

form on the outward facing side of the ring while the interior is shielded and develops 

no texture. Also notable is the lack of texture development in the region near any 

supporting pillar due to either shielding or excessive heat transfer. Similarly, thin 

plates may be textured as shown in figure 2.11 by suspending the sample with a NiCr 

pillar connected to the cathode base plate, however areas adjacent to the supporting 

pillar will not develop texture. Plate texturing is consistently more difficult than either 

wire or foil texturing and structure tends to be more sparse and to not develop at all 

near edges.  
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Figure 2.11. Micrographs and locations of texture on RF plasma processed foil and 

plate samples showing elongation near the foil edge and minor texturing near the 

sample center.  

 

2.5.3 Sharpened Tips 

 Texturing metals which have been reduced to extremely small diameter tips 

could have some potentially important applications for biomedical research such as 

cell-poking, drug delivery, or energy harvesting. Figure 2.12 shows the basic approach 

of sharpening MP35N by electrochemical etching, followed by RF plasma texturing.  

 
Figure 2.12. Proposed design for sharpened and textured device. MP35N wire 

electrochemically sharpened to produce an extremely fine tip. RF plasma processing 

then applied to texture the sharp tip.  
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 RF plasma processing does produce radial texturing on the tip of sharpened 

MP35N, however, if too much power or pressure is applied, then the tip tends to melt 

and agglomerate, reducing the tip diameter. Even at a low level of 75 watts and 15 

millitorr argon RF plasma, tips tend to form small globs as shown in figure 2.13. Final 

tip radii remain reasonably small but would need to be reduced further for use in most 

cell poking applications. One approach would be to electrochemically sharpen the 

MP35N tip, process at low power and pressure, and then electrochemically resharpen 

slightly to reduce the final tip diameter while still maintaining some of the texture. 

Notably, the surface texture near the point does not show the edge effect distortions as 

might be anticipated  

 
Figure 2.13. Two examples of sharpened MP35N wires that have been processed in 

low-power, low-pressure argon RF plasma to produce nanotexturing at the sharp tip. 

Tip radius was increased from 1-2 µm and material tended to agglomerate on the 

furthest end, likely from melting during processing.  
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2.6 Sample Materials 

 To this point, nearly all processing work had been done in MP35N biomedical 

alloy. The working theory being that multiple-phases and preferential etch rates were 

required for surface structure development and that single phase materials could not be 

textured with this procedure.  

2.6.1 Multi-Phase or Single Phase Alloys 

 During experiments with various geometries as discussed in section 2.5, thick 

NiCr wire was used to support MP35N foil and surprisingly the nichrome surface 

textured as well as anything observed in MP35N. However, as figure 2.14 indicates, 

nichrome in the range of processing temperatures remains in the single-phase region.  

 
Figure 2.14. Nickel-chromium phase diagram (wt. %) with dotted line indicating 

80/20 nichrome and 'X' marking RF plasma processing temperature as being in a 

single phase region. Micrographs at right are Ni-Cr (80/20) textured surface following 

RF plasma processing in argon at 200 watts for 20 minutes with a chamber pressure of 

20 millitorr.  
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 Single-phase Ni-Cr (80/20) texturing in RF plasma did not fit with the earlier 

theory of a multi-phase mechanism to texturing. In fact, Ni-Cr wires textured a bit 

deeper on average than either the MP35N or Pt-Ir samples that were successfully 

textured previously. In section 2.7, alternative possible mechanisms will be discussed. 

Following, the successful texture of nichrome a variety of other materials were 

effectively textured including inconel alloy, copper, 316L stainless steel, and 304 

stainless steel in addition to MP35N, Ni-Cr (80/20), Pt-Ir (90/10), Pr-Ir (85/15), and 

Pt-Ir (80/20). Refer back to figure 1.2 for images of various textured materials. Other 

materials such as titanium, tantalum, and platinum proved more difficult and required 

additional procedures and methods as discussed in the following sub-section.  

2.6.2 Alternative Texturing Procedures  

 For materials that couldn't be textured by the typical RF plasma procedure, it 

was necessary to develop a procedure of transferring texture from a material which 

could be textured to one which couldn't. As diagramed in figure 2.15, texture transfer 

etching may be accomplished by sputter depositing a texturable alloy such as Ni-Cr in 

a sufficiently thick layer onto an underlying substrate targeted for texture. The coated 

substrate is then subjected to RF plasma, texturing the coating material. Continued 

exposure to the RF plasma etches away the top layer coat and imprints the texture 

pattern onto the underlying surface. Once all the deposited material is etched away, 

only the target material remains and now has a textured surface. This method is useful 

for producing basic surface level texturing but does not allow for any significant 
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depth. Continued exposure beyond removal of the deposited material tends to 

progressively reduce the texturing in the target substrate.  

 
Figure 2.15. Texture transfer etching accomplished by sputter deposition on a target 

substrate, RF plasma texturing, and then transfer etching into the target material. 

Micrographs depict a textured tantalum surface accomplished by sputter deposition 

with 750 nm Ni-Cr followed by RF plasma texturing for 30 minutes at 200 watts in 20 

millitorr argon base pressure.  

 

 If only the surface material is important but not the underlying substrate, 

another option to produce texture in a particular material is to first texture a 

susceptible material such as MP35N or Ni-Cr and then to deposit the desired material 

onto the textured surface, retaining some of the texture in the deposited layer. This 

method has been successfully applied with platinum coating a pre-textured MP35N 

substrate.  
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2.7 Mechanism 

 Introduction sections 1.2.4 and 1.2.6 established the original hypothesis that 

materials must satisfy two conditions in order to be texturable by RF plasma: multi-

phase materials and different sputter etch rates among species. However, the extension 

of RF plasma texturing to single-phase Ni-Cr (80/20) among other materials in section 

2.6.1 effectively ruled out the original hypothesis as being the only mechanism for 

texturing. Still, preferential sputter-etch rates and multiple phases likely still play some 

role and so will be discussed in section 2.7.1 before other options are explored.  

2.7.1 Phases  

MP35N wire samples have a multi-phase structure containing face-centered 

cubic (FCC) and hexagonal close-packed (HCP) phases117. Likewise, at lower 

temperatures (<900°C), the Pt-Ir wire samples exhibit a miscibility gap and hence 

phase separation118. The RF plasma process used to texture wire surfaces is a sputter 

etch process resulting in a loss of surface material. Sputter etching is not necessarily a 

uniform surface etch process. Temperature driven diffusion, and the chemical or 

geometrical surface inhomogenieties, may contribute to non-uniform etching and the 

formation of protruding ripples or nanowire type structures.  

One possible explanation is that the presence of separate phases in the MP35N 

or Pt-Ir wire material contributes to the formation of nanowire/nanopillar geometry 

after RF processing, as different metals/phases exhibit substantially different sputter 

etch rates. Among the elements involved in the MP35N alloy for example ((35% Co–

35% Ni–20% Cr–10% Mo in wt.%), the sputter etch rate of nickel and cobalt more 
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than double the etch rate of molybdenum. RF plasma texturing has also been 

investigated for Fe-Ni, Fe-Cr, and Fe-12% alloy wires and pure Pt, W, and Cu wires 

but has not obtained any substantial nanotexturing of the surface, perhaps due to 

single-phase microstructures or phases with similar etch rates. However, nanoscale 

surface texturing has been successfully produced on single phase Ni-Cr (80%Ni–20% 

Cr) wires. The RF plasma texturing technique remains a novel process in need of 

continued research. Further exploration of wire sample materials will illuminate the 

role phase structure and relative etch rates play in surface texture formation. 

2.7.2 Ion Bombardment 

Another possibility for the formation of nanoscale surface texturing relies on 

ion bombardment of the surface. As shown by Sigmund119, assuming random slowing-

down of bombarding ions at locally oblique incidence, the most prominent sputtering 

yield enhances small irregularities on a relatively smooth surface. It has been shown 

that sharp cone structures erode more slowly under high ion-bombardment than flat 

surfaces. When an ion impacts a surface at an angle, the energy is deposited with an 

elongation along the impinging angle and the point of maximum sputtering yield is 

farther down the surface from the impact point. In combination with the cross 

sectional likelihood of an ion impacting a particular point on a rough surface, small 

irregularities on a relatively smooth surface are enhanced by ion bombardment; sharp 

cone structures erode more slowly under ion bombardment than flat surfaces; and 

stable ripple or nanowire formations could result from bombardment. Notably, the 
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surface structure of MP35N when textured by nitrogen RF plasma very closely 

resembles the predicted cone-shaped texturing as shown in figure 2.16.  

 
Figure 2.16. Conical surface structures on the surface of MP35N processed in nitrogen 

RF plasma.  

 

Thus, exposure of the wire surface to RF plasma may result in the ripple or 

nanowire formations as stable structures during bombardment. If ion bombardment is 

the primary mechanism in RF plasma surface texturing of metallic wires, under the 

right conditions structure could be produced with any metal material subject to ion 

bombardment. Thus far, this has not been the case for the RF plasma texturing 

technique but further investigations may show the necessity of material-specific 

processing parameters in producing surface texture. 

2.7.3 Microstructure Irregularities 

Another possibility for nanopillar formation in metal alloys exposed to the RF 

plasma is the exploitation of inherent random weaknesses in the polycrystalline wire 

samples such as the discontinuities present at grain boundaries or dislocations 

scattered throughout each grain's lattice structure. Perhaps these discontinuities result 

in weak spots near the surface of the material that are more easily etched by exposure 
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to RF plasma. The energy imparted by the bombarding ions may allow the rapid 

movement and accumulation of these imperfections at the surface of the electrode wire 

thereby shaping its morphology.  

It's also possible that these discontinuities result in weak spots near the surface 

of the material that are more easily etched by exposure to RF plasma. Increased 

localized etch rate due to these imperfections could possibly explain the formation of a 

nanotextured surface. Such a model may account for the observed self-limiting 

structure depth as these internal imperfections would annihilate upon encountering the 

surface. Unfortunately, at present in situ observation of the surface development and 

internal structure has not been possible so the idea remains untested. Comparisons of 

annealed and un-annealed samples however do not exhibit noticeably different 

texturing structures as would be expected if unreleased grain imperfections played a 

primary role in texture development. Further research is needed in this area.  

At present it appears that the nanotexturing produced by RF plasma is based on 

a complicated interaction of ion bombardment, material crystal structure, and possibly 

imperfections in that structure. No single factor appears to be primarily responsible. 

Perhaps one dominates in some circumstance and another in differing circumstances. 

Further developments in chapter 3 add greater clarity to this complicated mechanism.  

 This chapter, in part, is reproduced or adapted from material as it appears in 

Acta Biomaterialia, "Controlled Metallic Nanopillars for Low Impedance Biomedical 

Electrode" Volume 10, Issue 5, Pages 2296-2303 (May 2014). Jonathan Trisnadi, Tae 



57 

 

 

 

Kyoung Kim, Karla Brammer, Lina Reiss, 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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Chapter 3: Repetitive Processing to Deepen Texture 

Having determined the best parameters to achieve structure depth on a single 

run through the RF plasma process, the next step was to investigate if the heating and 

cooling portion of processing a sample could further enhance structure depth or if only 

total processing time would contribute to the final structure. To overcome self-limiting 

structure depth, additional processing runs were introduced at the optimum power, 

pressure, and duration parameters.  

3.1 Subdivided Processing 

The initial objective was to determine how the sample heating or cooling 

portion of processing runs affected structure depth in comparison to total processing 

duration. The self-limiting depth of texturing raised the possibility that once a 

temperature equilibrium is established further deepening is precluded. As an easy test, 

total processing time was held constant at 20 minutes but five different trials were 

conducted with differing divisions of the total time: 1x20 min, 2x10 min, 4x5 min, 

10x2 min, & 20x1 min. The chamber was evacuated between processing divisions 

with each repetition separated by 30 minutes. Samples were not exposed to oxidizing 

agents between processing runs. Results are presented in figure 3.1 and show a 

successfully increased structure depth to ~2300 nm for the 2x10 min trial. Additional 

subdividing for the 4x5 min (~1600 nm), 10x2 min (~1200 nm), and 20x1 min (~900 

nm) trials resulted in progressively decreasing structure depths. The importance of the 

initial heating or cooling of samples was confirmed for further testing.  
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Figure 3.1. Total time held constant, subdivided trials of MP35N samples in argon RF 

plasma to test the effect of heating and cooling on structure depth. (Subdivisions: 1x20 

min, 2x10 min, 4x5 min, 10x2 min, & 20x1 min). Deepest structure in 2x10 min 

samples indicates that repetitive heating and cooling may lead to deeper structure as 

long as the individual durations aren't too short. Error bars indicate first standard 

deviation of data.  

 

 

3.2 Fully Repeated RF Plasma Texturing 

 To further increase structure depth, multiple in chamber repetitions separated 

by 30 minutes were introduced at the previously selected optimal power, pressure, and 

time and successfully continued to deepen the structure. As before, samples were kept 

in the evacuated chamber and not exposed to oxidizing agents between processing 

runs. As shown in figure 3.2, each successive step resulted in ~500 nm deeper 
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structure with slightly diminishing returns. Repetitive processing at the optimized 

values of 15 minutes, 200 watts, and 20 mTorr in argon plasma resulted in 

significantly deeper structures and increased overall surface area.  

 
Figure 3.2. Repetitive processing of MP35N in argon RF plasma (15 min, 20 mTorr, 

200 W) shows continually increasing structure depth, exceeding any structure 

formerly obtained by single runs. Error bars indicate first standard deviation of data.  

 

In addition to the increased structure depth, the separation between pillars also 

became more pronounced and the nanowires more characteristically elongated. 

Diameter of the surface wires was consistent from base to tip before an abrupt rounded 

end. Figure 3.3 shows an MP35N wire after 10 successive RF plasma processes, with 

a total structure depth of ~7-10 µm. With higher repetitions, nanowire formations 
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show signs of accumulating into ripples wrapping radially around the perimeter of the 

textured MP35N wire.  

 
Figure 3.3. MP35N sample repetitively processed 10 times in argon RF plasma for 15 

minutes, at 20 millitorr and 200 watts. Structure is significantly deeper (~7-10 µm) 

than attained in any previous trial.  

 

3.3 Material Loss from Repeated Texturing 

 RF plasma texturing is an etching process which removes material from the 

samples continuously during processing. For higher repetition numbers, material loss 

can become an issue as samples may be severed once enough material is etched away. 

Figure 3.4 plots the mass loss per surface area for a range of processing runs and 

repetitions. Mass lost per surface are per unit time from the processed MP35N samples 

is highly consistent across repetition number and process duration. Regression analysis 
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revealed an average loss of 51.3 µg per mm2 per minute with a high R-squared value 

of 0.9956 indicating a very linear fit. Introducing repetitions does appears to very 

slightly decrease mass lost, perhaps due to time spent heating the sample before 

reaching equilibrium.  

 
Figure 3.4. Mass lost per surface area from MP35N samples processed at 200 watts in 

argon RF plasma with a chamber pressure of 20 millitorr. 

 

3.4 Repetitive Texturing of Alternative Geometries and Materials 

 Multiple run texturing of wire MP35N markedly increased surface texture 

depth. This improvement was consistent for wire samples of other materials such as 

Ni-Cr (80/20), Pt-Ir (80/20), and 304 stainless steel. Continued deepening was 

observed with no limitation other than the amount of material lost to etching. 

Electrochemically sharpened MP35N also exhibited increased structure depth with 

repeat processing, though tip diameter was reduced further with each successive step 

to deepen structure as additional material melting led to agglomeration of the tip.  
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Wires with diameters ranging from 1 mm down to the 5 µm tips sharp tips all 

exhibited increased structure depth with repetition. However, for foil geometries 

repetitive texturing was less successful. Repetition on MP35N foil and Ni-Cr (80/20) 

improved texturing near the foil edges but did not have as much of an effect on 

increasing structure depth. Likewise for thicker plates, repetitive processing resulted in 

more coverage on the plate but did not appear to deepen the texture.  

3.5 Diminishing Returns and Maximal Texturing 

 At present the only limitation on increased structure depth is the initial amount 

of material available to be etched away by repetitive texturing. It seems that with 

sufficient processing time especially deep textures could be created before the wire 

loses structural integrity from material loss. There is a slight indication of diminishing 

returns with each successive repetition but sufficient data has yet to be collected 

before the wire is etched away entirely. If in fact less depth is added with each 

successive repetition, then there may be a theoretical limit to potential texturing depth. 

Also of consideration is the effect of increasing wire diameter to provide for increased 

material loss. This is fertile ground for future investigations into metal texturing.  

3.6 Theorized Mechanism 

It is apparent that repetitive processing does affect structure depth, and 

including multiple cycles of heating and cooling can result in a deeper structure than a 

single processing run could produce. The mechanism for continued deepening is not 

yet well understood but indicates the importance of surface heating and cooling in the 
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formation of nanowire morphology as opposed to steady state processing. It is possible 

that the grain morphology of the underlying polycrystalline alloy interacts with the 

surface during heating/cooling and the energy released by slight annealing results in 

structures permitting further deepening upon ion bombardment. In any case, the 

importance of reaching the correct temperature level between surface melting and 

surface reorganization without full melting is important. Overpowering the process 

results in metal structures with obvious signs of melting at the surfaces as shown in 

figure 3.5.  

 
Figure 3.5. MP35N surface after processing at 300 watts for 20 minute in 20 millitorr 

argon RF plasma. Both micrographs show evidence of surface melting.  

 

It is also possible to speculate that after initial texturing by ion bombardment, 

perhaps each additional time the sample is exposed to RF plasma, uneven resistive 

heating across the wire due to the skin effect may leave the preferentially heated base 

region of surface nanopillars more susceptible to etching by impinging argon ions than 

the tips of the nanopillars. Then once the wire reaches thermal equilibrium, the 

temperature difference between base and tip may be insufficient to facilitate further 

deepening for which additional repetitions must be introduced. Reliance on the skin 

effect would also account for the decreased effectivity of repetitions for non-wire 
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geometries. Still, at the scale under consideration, it is doubtful that temperature 

differences between the base and tip of surface nanowires would be sufficient to effect 

differing etch rates.  

3.7 Endothelialization on Repetitively Textured MP35N 

 The nanopillar arrays produced by RF plasma surface texturing on the metallic 

surfaces of MP35N and Pt-Ir alloys has demonstrated superior cell growth, more 

continuous monolayer formation, and overall improved integration with cell structure 

as shown in figure 3.6. The nanotextured surface significantly improves cell 

performance with highly organized monolayer cell layer formation and healthy cell-to-

cell junctions present on the textured surface but clumping and irregularity 

characterizing the untextured surface. The favorable performance of cell growth on 

nanotextured electrodes is encouraging as a potential avenue to mitigate cell response 

and maintain low impedance throughout the device's employment or perhaps to extend 

the device lifespan. Integration within the cell network may help reduce scar tissue 

encapsulation and the associated loss in electrode performance.   

Cell morphology is highly similar to earlier results which also included 

promising cell adhesion (7 day), actin immunofluorescence (3 day), and oxidative 

stress (3 day) assays on RF plasma textured MP35N substrates6. That work detailed 

the number of adhering BAECs on textured MP35N after 1 day incubation was six 

times greater than on untextured MP35N, and after seven days incubation the cell 

adhesion on textured MP35N was 50-60% better than on untextured MP35N and had 

reached confluency; actin immunofluorescence showed prominent cortical bands at 
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cellular junctions and cytoskeletal organization for BAEC culture on textured MP35N 

but less pronounced cortical bands and no apparent cytoskeletal organization for 

culture on untextured MP35N; and oxidative stress levels in BAECs grown on 

textured MP35N were reduced ~40% when compared to untextured MP35N6. 

 
Figure 3.6. SEM micrographs of bovine aortic endothelial cells (BAECs) on non-

textured vs. textured surfaces after 3 days of incubation. The cells on the textured 

surface (right) form a smooth, continuous intercellular layer with desirably tight 

junctions between cells. BAECs on the non-textured surface (left) are clustered, 

lacking a continuous monolayer structure.  

 

 This chapter, in part, is reproduced or adapted from material as it appears in 

Acta Biomaterialia, "Controlled Metallic Nanopillars for Low Impedance Biomedical 

Electrode" Volume 10, Issue 5, Pages 2296-2303 (May 2014). Jonathan Trisnadi, Tae 

Kyoung Kim, Karla Brammer, Lina Reiss, 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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Chapter 4: Low Impedance RF Plasma Textured Electrodes 

 Chronic electrode implants may stimulate or record electrical impulses 

adjacent to electrically excitable biological tissue. However, tissue response to an 

implanted electrode tends to degrade signal quality over time as the foreign material is 

encapsulated by insulating scar tissue and decreased charge transfer from between 

tissue and electrode. One possible approach to extending electrode life is increasing its 

sensitivity in recording neuronal signals or its efficiency in delivering electrical 

stimulation by increasing electrode surface area.  

4.1 Surface Impedance and Double-Layer Capacitance  

 Surface electrical impedance opposes current flow from electrode to tissue for 

stimulating or tissue to electrode for neural recording. Poor charge transfer from high 

impedance decreases the efficiency of a stimulating electrode and the resolution of a 

recording electrode. Electrode surface area is inversely related to surface impedance 

with total impedance being determined by the double-layer capacitance of the 

electrode surface and the adjacent electrolyte material11,120,121. Increasing electrode 

surface area at the interface increases capacitance and decreases the impedance.  

 Double-layer capacitance at the surface interface consists of a charged layer at 

the surface of the metallic electrode with a thickness on the order of 0.1 nm122. The 

Debye length thickness of the charged layer in the electrolyte depends on molecule 

size and ion concentration. For undiluted phosphate-buffered saline solution, Debye 

length is on the order of 1 nm and increases as the solution as diluted reaching 

approximately 15 nm for a 10-4 molar concentration123. The important takeaway is that 
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the total thickness of the double-layer capacitance inner Helmholtz plane for an RF 

plasma textured electrode is on the order of nanometers and is sufficiently small to 

follow the surface texture and pores which are on the order of 200-300 nm as shown in 

figure 4.1. Thus, the entirety of the textured surface area can contribute to the decrease 

in surface impedance.  

 
Figure 4.1. High magnification SEM micrograph of RF plasma textured MP35N 

showing nanowire thickness, separation, and approximate Debye length for phosphate-

buffered saline electrolyte with ion concentrations above 1 mM.  

 

4.2 Surface Area Increase of RF Plasma Textured Samples 

 By assuming a repeating structure for a textured surface it is possible to 

estimate the increase in surface area from RF plasma processing. Figure 4.2 shows a 

representative unit cell based on hexagonal packing of vertical cylinders. From the 
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assumed unit cell, calculating the ratio of textured surface area to flat surface area is 

straightforward:  

� � � �
����

√
��
 

where � is the ratio, � is the estimated pillar diameter, � is the estimated pillar height, 

and � is the center-to-center separation distance of pillars.  

 
Figure 4.2. Representative unit cell for hexagonal packing of vertical cylinders with 

cylinder height (h), cylinder diameter (d), and center-to-center separation (b) 

indicated.  

 

4.3 Decreased Impedance from Repetitive Texturing of Wire Electrodes 

Surface impedance of RF plasma textured MP35N and Pt-Ir electrodes was 

characterized in a typical three-electrode electrochemical cell as depicted in figure 4.3 

with a 25 cm2 Pt counter-electrode and an Hg-free Ag/AgCl single junction high 

temperature reference electrode (Fisher Scientific accumet Glass Body) with electrode 

separation held constant. Dulbecco's Phosphate-Buffered Saline (PBS) was employed 

as an electrolyte to simulate physiological conditions with 1M concentration. 
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Reference electrode was placed as near as possible to the working electrodes to reduce 

ohmic drop during voltammetry.  

 
Figure 4.3. Three-electrode system for voltammetry with (1) working electrode, (2) 

counter-electrode, and (3) reference electrode showing (V) electric potential and (A) 

current measurements.  

 

MP35N and Pt-Ir (80/20) wire electrodes were processed by single-run and 

repetitive RF plasma texturing and compared against control electrodes. The increased 

surface area resultant from the formation of nanowires significantly decreases surface 

impedance and for low frequency signals (<1000 Hz) results in decreased overall 

electrode impedance (electrolyte characteristics dominate for high frequency 

signals48). Signals below 100 Hz exhibited the most significant decrease, with the 

impedance of nanopillar-textured samples measuring on average at 20% that of the 

original unprocessed electrodes. Decreased impedance has been demonstrated for both 

MP35N and Pt-Ir (80/20) electrodes in Dulbecco's phosphate-buffered saline solution 

electrolyte as shown in figure 4.4. Also shown for the MP35N samples is that 

continued repetitive processing further decreases impedance in the low frequency 

range as structure depth and surface area increase. All measurements were made 

utilizing an Ag/AgCl reference electrode and a Pt counter electrode (25 cm2). 
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Figure 4.4. Impedance of Pt-Ir and MP35N electrodes with and without RF plasma 

processing to increase surface area. Significant impedance decreases occur in the 

lower frequency range (<1000 Hz) and both Pt-Ir & MP35N exhibit an approximate 

50% decrease with one round of surface texturing. MP35N processed five times shows 

an order of magnitude decrease in impedance. Error bars indicate first standard 

deviation of data and are applied sparsely to maintain clarity. 

 

In the low frequency range where the electrode-electrolyte surface 

characteristics dominate, the increased surface area significantly depresses impedance. 

For higher frequencies, the movement of ions within the electrolyte dominate and thus 

increasing surface area doesn't have as significant an effect48. Still, for many 

implantable biomedical electrode applications such as pacemakers, neural electrodes, 
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cochlear implants, etc. often the lower frequency range is employed (though perhaps 

not exclusively) and decreased surface impedance could provide advantages for 

battery life, measurement resolution, or noise reduction. 

As expected, increased surface area increases double-layer capacitance 

resulting in a drop in surface impedance for the low frequency range. Observationally, 

the maximum magnitude of drop is inversely proportional to the increase in surface 

area from RF plasma texturing.  

4.4 Decreased Impedance from Texturing of Foil Electrodes 

Having established that RF plasma texturing can suppress surface impedance 

in wire electrode geometries, foil electrodes were prepared for similar testing. Again, 

surface impedance measurements were taken using a typical three-electrode 

electrochemical cell as in figure 4.3 with a platinum counter electrode (4 cm2 surface 

area), an Hg-free Ag/AgCl single junction high temperature reference electrode 

(Fisher Scientific accumet Glass Body), and 316L stainless steel working electrodes (2 

cm2 surface area) separated by 2 cm in PBS solution. Measurements were taken over 

the 5 Hz - 1 MHz frequency range and five identical samples of each type were 

produced and multiple measurements conducted on each sample to promote statistical 

significance. 
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Figure 4.5. Surface impedance measurements with error bars representing the 95% 

confidence interval for RF plasma textured 316L stainless steel.  

 

As presented in figure 4.5, RF plasma texturing of 316L stainless steel 

decreased the surface impedance particularly in the lower frequency range as 

electrolyte properties dominate in the upper frequency range. The increased surface 

area of the nanotextured 316L electrodes resulted approximately in a 33% decrease in 

surface impedance. Samples were textured by suspending 1.5 cm foil ribbons between 

1 mm diameter Ni-Cr pillars electrically connected to the cathode base plate and 

separated by 10 cm. Samples were processed for 30 minutes at 250 watts in argon 

plasma with a chamber pressure of 25 millitorr. Texturing was primarily confined to 

the central strip of each ribbon sample. Untextured edges were removed and samples 

sectioned for impedance measurements.  
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4.5 Electrode Impedance Increase from Antifouling Coating 

 The next chapter will discuss in greater detail an antibiofouling electrode 

design in which textured electrodes are partially coated with polytetrafluoroethylene 

(PTFE); the aim being to prevent cell adhesion while retaining conductivity for neural 

recording or stimulation. For 316L samples prepared as in the previous section, the 

subsequent oblique incidence sputter deposition of PTFE re-increased the surface 

impedance to comparable levels as an untextured surface. Figure 4.6 shows how the 

fabricated antibiofouling 316L electrodes retain conductivity similar to simple 

untextured 316L electrodes.      

 
Figure 4.6. Surface impedance measurements in the lower frequency range (<1000 

Hz) for untextured, RF plasma textured, and RF plasma textured PTFE-coated 316L 

electrodes.  
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 Antibiofouling Pt-Ir wire electrodes were prepared similarly by repetitive RF 

plasma processing to produce surface texture followed by oblique incidence sputtering 

with PTFE. Samples were textured in argon plasma five times at 200 watts and 20 

millitorr for 15 minutes per run. Surface impedance was measured as before in a 

typical three-electrode electrochemical cell with a 25 cm2 Pt counter-electrode and an 

Hg-free Ag/AgCl single junction high temperature reference electrode (Fisher 

Scientific accumet Glass Body) with electrode separation held constant. Dulbecco's 

Phosphate-Buffered Saline (PBS) electrolyte simulated physiological conditions with 

1M concentration. Figure 4.7 shows the expected decrease in surface impedance 

following texturing with the greatest effect in the lower frequency range.  

 
Figure 4.7. Antibiofouling Pt-Ir (80/20) electrode impedance comparison showing 

impedance decrease in the lower frequency range following texturing and then 

increase following PTFE deposition. Inset micrograph shows Pt-Ir textured surface 

structure.  

 Oblique incidence sputter deposition of PTFE onto textured Pt-Ir (80/20) re-

increased surface impedance to levels comparable to plain platinum-iridium 
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electrodes. However, results were not consistent across sample groups with the first 

group's impedance not increasing enough and the second group's increasing too much. 

Inconsistent impedance increase across processing runs is an ongoing difficulty for 

wire geometries with PTFE sputtering having unpredictable effects on the 

conductivity. The trouble may have something to do with sample orientation when 

mounted in the sputtering chamber. For the antibiofouling foil 316L electrodes which 

are coated as a flat surface, impedance results were consistent. Conversely, for wire 

electrodes which are mounted vertically for texturing impedance measurements have 

varied widely. The structure of antibiofouling electrodes will be discussed further in 

the following chapter.  

 This chapter, in part, is reproduced or adapted from material as it appears in 

Acta Biomaterialia, "Controlled Metallic Nanopillars for Low Impedance Biomedical 

Electrode" Volume 10, Issue 5, Pages 2296-2303 (May 2014). Jonathan Trisnadi, Tae 

Kyoung Kim, Karla Brammer, Lina Reiss, Li-han Chen, and Sungho Jin are co-

authors. The dissertation author was the primary investigator and author of this paper.  

This chapter is also, in part, an adaptation of material being prepared for 

publication as "Antibiofouling Neural Electrodes by RF-Plasma Nanotexturing and 

Selective Hydrophobic Coating" with intended submission to Acta Biomaterialia. 

Laura Connelly, Chulmin Choi, Sungho Jin, and Renkun Chen are co-authors. The 

dissertation author is primary investigator and author of this material.  
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Chapter 5: Antibiofouling Electrodes  

 Antibiofouling electrodes were produced from 316L stainless steel by 

repetitive texturing with RF plasma followed by oblique incidence PTFE sputter 

deposition to selectively coat the upper portion of the textured surface. Surface 

impedance measurements confirmed good conductivity of the resultant electrode 

structure. Cell culture indicated a significant antifouling effect from the prepared 

electrodes including an 8-fold decrease in cell coverage. Nanotexturing followed by 

selective antifouling coating is presented as a feasible approach to manufacture of an 

antibiofouling neural electrode.  

5.1 Antibiofouling Structure 

 As shown in figure 5.1, electrodes were fabricated from 316L stainless steel 

foil 0.1 mm thick. For texturing, foil was sectioned into 10 x 2 cm ribbons and 

processed under the following conditions: The ribbons were suspended by mechanical 

fixation between two NiCr wires (1 mm diameter, 10 mm length) connected to the 

chamber's cathode base plate. RF plasma texturing was performed with argon gas at a 

base operating pressure of 25 millitorr and samples subjected to 250 watts power for 

30 minutes repeated five times to deepen structure10. Ribbons were allowed to cool 

completely between repetitions but were not exposed to oxidizing agents. Samples 

were taken from the center 1 cm of the ribbons to avoid the edge-effected regions near 

the sides. Following texturing, samples were sputter-coated with PTFE at an oblique 

angle of incidence such that deposition concentrated near the tips of the nanotextured 

features while the lower portions remain uncoated and highly conductive.  
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5.2 Human Cell Culture on Antibiofouling Electrodes  

Human aortic endothelial cells (HAOEC passage 2) (Cell Applications, Inc. 

San Diego, CA) were used for cell culture on the prepared 316L stainless steel 

antibiofouling electrodes. 1 mL ampoule of cells was mixed with 10 mL of alpha 

minimum essential medium with 10% fetal bovine serum and 1% penicillin-

streptomycin. Cells were cultured at 37 °C and 5% CO2 environment. Cells were 

seeded onto the substrates of interest (textured 316L, textured & PTFE-coated 316L, 

and untextured 316L) at a concentration of ~2 x 104 cells/mL. The substrates were 

placed on a 12-well polystyrene plate and medium changed after 24 hours and 

subsequently every 48 hours through the completion of the study.  

5.3 Immunofluorescence of Cells Cultured on Antibiofouling Electrodes 

 At the specified time points cells were fixed to their respective substrates by 

4% paraformaldehyde for 20 minutes at room temperature, then washed twice with 

wash buffer (1X PBS, 0.05% Tween-20). Cells were permeabilized with 0.1% Triton 

X-100 in 1X PBS solution for 10 minutes and again rinsed twice with wash buffer. 

TRITC-conjugated phalloidin (1:1000 Chemicom International) in 1X PBS was added 

and incubated for 1 hour at room temperature. Cells were once again washed in three 

rounds with 1X wash buffer for 5 minutes. Samples were inverted onto glass slides 

with fluomount-G (Southern Biotech), and visualized and captured using a red filter 

on a fluorescent inverted microscope. (DM IRB, Leica Co., USA). 
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Figure 5.2. Immunofluorescent images of cytoskeletal actin (red) for HAOECs on 

untextured, textured, and PTFE-coated 316L surfaces after 8 days of culture 

incubation. Arrows indicate elongated filopodia.  

 

After 8 days of incubation, immunofluorescent images of cytoskeletal actin 

shows the least cell spreading on the textured PTFE-coated samples compared to the 

textured and untextured samples in figure 5.2. The actin stain clearly shows long 

spindle like extensions (white arrows) from the cells on the textured surface and more 

so on the textured and coated surfaces compared to the wider spread cells imaged on 

the untextured 316L. These wide spread cells show many shorter filopodia on all the 

edges of individual cells. 

5.4 FDA Assay of Cells Cultured on Antibiofouling Electrodes 

 Fluorescein diacetate (FDA) was used to visualize cell viability. At each time 

point samples were rinsed with PBS and incubated for ~30 seconds with FDA stock 

solution (5 mg dissolved in 1 mL acetone) in PBS (10 μL/10 mL). Samples were 

imaged by inverting opaque samples in a clean well with a droplet of PBS and 

captured using a green filter on a fluorescent inverted microscope. (DM IRB, Leica 

Co., USA). 

Cell viability was evaluated by an FDA staining assay as shown in figure 5.3 

to compare a polystyrene plate optimized for cell culture to the three experimental 
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electrode substrates. Similar to the actin stain, the FDA images show an obvious 

antibiofouling effect in the textured and the textured PTFE-coated substrates. Figure 

5.3 shows representative fluorescent images from Day 10 of incubation. The textured 

PTFE-coated substrate shows the least cell spreading and the fewest number of viable 

cells in all images and time points during the assay. Several long thin filopodia 

extensions were observed in the textured PTFE-coated images, in agreement with the 

conformations observed in the cytoskeletal actin. 

 
Figure 5.3. FDA (green) viability of HAOECs on polystyrene culture dish, untextured, 

textured, and PTFE-coated 316L surfaces after 10 days of culture incubation. Arrows 

indicate filopodia extensions.  
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5.5 MTT Assay of Cells Cultured on Antibiofouling Electrodes 

 For each time point, samples were rinsed with phosphate buffered solution and 

transferred to new 12-well dishes of polystyrene. Then, 1 mL of media and 0.1 mL of 

MTT reagent was added to each well and incubated for 2 hours in a 37 °C and 5% 

CO2 environment. Finally, 1 mL of solubilizing solution was added to each well to 

dissolve the crystals at the completion of the incubation period. Absorbance of the 

solutions was measured at 570 nm, subtracting out background at 690 nm. Control 

samples were untextured 316L and plain wells in the 12 well culture dish of 

polystyrene. 

 
Figure 5.4. MTT assay data showing the optical density (OD) of the reaction product 

of the MTT working solution of HAOECs on polystyrene culture dish, untextured, 

textured, and PTFE-coated 316L surfaces at 1, 7, and 10 days of culture incubation. 

Error bars show average standard error.  
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Cell viability was also evaluated by an MTT assay shown in figure 5.4 with 

time points at 1, 7, and 10 days. This assessment also indicates that the smallest 

density of viable cells occurred on the textured PTFE-coated samples. Consistent with 

the immunofluorescent images and the FDA assay, at each time point the textured and 

PTFE-coated samples exhibited the most biofouling surfaces with a particularly 

favorable result on day 7. The textured surface alone also showed a biofouling effect 

in comparison to the untextured and culture dish measurements. The untextured 

surface, at the first time point of day 1 is reported as zero. This may be due to day 1 

values below the optical density limit of the spectrophotometer.  

5.6 Cell Coverage on Antibiofouling Electrodes 

 Cell spreading was quantified using ImageJ software and selection of 3 

representative FDA fluorescence images. The area of fluorescent cells was calculated 

by color thresholding and presented as a percentage of the entire imaged area. To 

quantify coverage by viable cells, the percentage of cell coverage for each 

experimental surface was calculated from the average of 3 representative FDA 

fluorescent images as shown in figure 5.5. The textured PTFE-coated textured surface 

shows 0.97% +/-0.54 coverage compared to the untextured control sample at 7.86% 

+/-1.60 for an 8-fold decrease in coverage. The cell coverage decrease due to the 

PTFE coating is 7-fold from the plain textured sample.   
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Figure 5.5. Cell Coverage analysis of HAOEC spreading on the polystyrene culture 

dish, untextured, textured, and PTFE-coated 316L surfaces after 10 days of culture. 

Error bars show the average standard error. 

 

5.7 Differences Between BAEC and HAEC Results 

 Earlier work by Loya et al., and result reported as a portion of this work in 

section 3.7 explored endothelial cell response to surface texturing for non-textured and 

textured MP35N seeded with bovine aortic endothelial cells (BAEC) for cell culture 

and analysis6,10,9. In the earlier work, RF plasma texturing provided for enhanced 

endothelialization, particularly the formation of a smooth single layer of cells with 

excellent organization. Now however, for cells cultured on RF plasma textured 316L 

stainless steel samples cell viability, coverage, and organization is notably suppressed 

even without a PTFE antifouling coating. The difference in result is likely due to the 

differences in cell type (BAEC vs. HAEC), substrate material (MP35N vs. 316L 
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stainless steel, and surface structure as depicted in figure 5.6. Whereas the MP35N 

surface is textured with regular similar sized nanowires with blunt upper tips, the 316L 

surface is irregular with a substantially more jagged morphology. It is possible that the 

difference in results between BAEC culture and HAEC culture is attributable to the 

disparity in surface regularity. Otherwise, inconsistent materials (both cells and 

substrates) is the most probable cause.  

 
Figure 5.6. Comparison of RF plasma textured MP35N (Left) and RF plasma textured 

316L stainless steel (Right). Both samples were textured for five repetitions.  

 

 

5.8 Discussion of Antibiofouling Electrode Results  

Implantable neural electrodes must not only electrically function but also 

remain biocompatible without causing cytotoxicity. In this work, the goal was to 

create an antibiofouling surface which retains the electrical integrity of the electrode. 

Both 316L stainless steel124,125 and PTFE126 have previously been utilized in specific 

biological implants. Textured 316L coated with PTFE expresses an enhanced 

antibiofouling compared to the uncoated samples in all cell culture assays observed.  

The fewer but much longer extensions on the textured surfaces, observed in the 

actin stain in figure 5.2, suggest that the cell's local environment is unfavorable and 
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therefore the cell extends filopodia over long distances in search for points of stronger 

focal adhesion. These unfavorable surfaces, likely caused by both the nanotexturing 

and hydrophobic PTFE coating may sufficiently limit cellular adhesion to create a 

significant antibiofouling effect. 

In the FDA staining assay of figure 5.3 and MTT assay of figure 5.4 which 

were used to evaluate cell viability, the textured and PTFE-coated 316L stainless steel 

substrate was compared against untextured 316L stainless steel, textured but uncoated 

316L stainless steel, and polystyrene plates optimized for cell culture. Each assay 

shows an obvious antibiofouling effect in both the textured and textured PTFE-coated 

substrates indicating that the texture alone produces a notable decrease in cell 

viability. The addition of the PTFE coating only enhances this property as the textured 

and coated samples exhibit fewer viable cells of any substrate tested.  

An antibiofouling surface is one that limits the overall cell coverage, allowing 

electrical signals to be transmitted and received. It is apparent that wider spread cells 

may cover more surface area than balled up and condensed cells. Therefore, a perhaps 

better measure of antibiofouling properties is overall cellular coverage rather than total 

number of viable cells. The percentage of cell coverage for each experimental surface 

was presented in figure 5.6 with the textured PTFE-coated surface demonstrating a 

significant 8-fold decrease in coverage when compared against the untextured 

uncoated 316L samples. The importance of the PTFE coating is made abundantly clear 

as well: there is a 7-fold decrease in cell coverage on the coated samples compared 

against the uncoated but textured group.  
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By reducing cell coverage on the electrode surface while maintaining electrical 

conductivity, it will be possible to produce longer lasting implantable electrodes. Still 

there remains much work to do. Extensions of this research must include a variety of 

cell types, electrode geometries, electrode materials, longer time-scales, and potential 

drug delivery performance70,127–131. And of course, experiments must move beyond in 

vitro testing to true in vivo impedance results for specified applications such as 

cochlear implants, pacemaker electrodes, or other chronic electrode implants for 

neural recording or stimulation. Potential issues may arise from PTFE delamination, 

geometric and shielding challenges in the RF plasma texturing process, and/or 

difficulties with oblique incidence sputtering for more complex electrode form factors. 

This chapter, in full, is adapted from material being prepared for publication as 

"Antibiofouling Neural Electrodes by RF-Plasma Nanotexturing and Selective 

Hydrophobic Coating" with intended submission to Acta Biomaterialia. Laura 

Connelly, Chulmin Choi, Sungho Jin, and Renkun Chen are co-authors. The 

dissertation author is primary investigator and author of this material.  
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Chapter 6: Controlled Drug Release from Textured and Deformed MP35N  

In combination with mechanical strength, high ductility has been observed in 

the surface nanopillars which result from RF plasma texturing. Unlike many non-

metallic nanostructures, the pillars may be plastically deformed without fracture. As 

result, it is possible to store drugs (antifouling or anti-inflammatory drugs for instance) 

within the surface crevices and to deform the pillars to secure the drugs for restricted 

long-term release.  

6.1 Materials 

 Drug-eluting surfaces are highly important to successful biomedical implants. 

Many devices utilize or could utilize drug elution such as prosthetics, wound 

dressings, bone implants, dental implants, pacemakers, cochlear implants, or chronic 

electrode implants among others132,133. But by far the most important controlled 

release in current clinical use is drug-eluting coronary stents93,94. Drug-eluting stents 

(DES) with current clinical approval release anti-restenosis drugs paclitaxel, sirolimus, 

or a sirolimus derivative (zotarolimus or everolimus). Stents are constructed from 

316L stainless steel, Pt-Cr, L605, Nitinol, or MP35N as in Table 1.3. For this work, 

sirolimus and paclitaxel on an MP35N bare metal stent (BMS) were selected.  

6.1.1 Sirolimus 

Sirolimus, a macrocylic lactone with anti-inflammatory and anti-proliferative 

properties has been shown to reduce the risk of restenosis following the placement of 

coronary stents 80,83,134–136. Also known as rapamycin, sirolimus (C51H79NO13) was 
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obtained from ChemieTek with 99+% purity and used without further purification. 

Before use, the material was stored desiccated at 5 °C in a non-transparent container. 

UV/VIS spectrometry maxima for ethanolic solution is at the 277 nm wavelength and 

was measured accordingly. 

6.1.2 Paclitaxel 

Similarly, anti-microtubule paclitaxel has been used in stents to suppress 

neointima growth and restenosis formation 73,78,79,135–138. Paclitaxel (C47H51NO14) was 

obtained from Acros Organics with 99+% purity and used without further purification. 

Before use, the material was stored desiccated at 5 °C in a non-transparent container. 

UV/VIS spectrometry maxima for ethanolic solution is at the 229 nm wavelength and 

was measured accordingly.  

6.1.3 MP35N 

MP35N biomedical alloy composed of 35% Co, 35% Ni, 20% Cr and 10% Mo 

was selected as BMS platform due to its history as a coronary stent material as well as 

its susceptibility to nanotexturing by RF plasma103,105,139. MP35N wire samples have a 

multi-phase structure containing close-packed (HCP) and face-centered cubic (FCC) 

phases117. The RF plasma technique used to nanotexture the stent surface results in a 

loss of material by etching, which is not necessarily a uniform process. It may be that 

the presence of separate phases in the MP35N is important to the formation of 

nanowire/nanopillar geometry by RF processing, as the different phases exhibit 
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substantially different sputter etch rates. The sample alloy wires prior to processing 

were 250 µm in diameter with an electropolished smooth surface. 

6.2 RF Plasma Texturing of MP35N Stent Struts 

All sample texturing was performed using a custom-built RF plasma system 

(13.56 MHz) configured as depicted in section 1.1 of this work. In preparation, ten 

MP35N alloy wires, each 250 μm in diameter and approximately 10 cm long, were 

rolled to ~75 μm. Five were then placed vertically in the cathode plate base of the RF 

plasma system situated 2.5 cm apart from each other. Before processing, the chamber 

was evacuated to 10-5 Torr, then 30 sccm of Ar gas flow initiated, and pressure 

increased to 20 millitorr by partially closing the high vacuum valve. Argon gas was 

selected as having shown the most substantial texturing properties in prior reported 

experiments10. Upon equilibrium, the rolled wires were subjected to between 175 

watts power for 18 minutes repeated five times with wires cooled between repetitions. 

Repetition was employed to deepen the surface texture sufficiently for drug loading 

with maximum depth reaching ~6-8 μm with texture as shown in figure 6.1. Samples 

were not exposed to oxidizing agents between processing runs. It should also be noted 

that the etching process decreased the overall thickness of the processed samples to 

~65 μm. The temperature rise of the MP35N wire samples was monitored using visual 

inspection and IR thermometer, and reached an estimated 800–1000 °C. The 

remaining five wires which were rolled but not textured were designated for 

experimental controls.  
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Figure 6.1. SEM micrographs at various magnification levels of textured MP35N 

surfaces following RF plasma processing repeated five times to deepen the structure.    

 

6.3 Drug Loading Textured Stent Struts 

Vacuum loading was necessary to ensure good penetration of drug solutions 

into the textured surface. Drug loading was accomplished by evacuating the five 

textured samples and half of the untextured samples to 10-2 Torr and immersing them 

in either a 1 mg/ml solution of sirolimus in ethanol or a 1 mg/ml solution of paclitaxel 

in ethanol. Samples were agitated overnight prior to removal and complete ethanol 

evaporation at 35 °C. Total drug loaded was to be determined by totaling release data. 

The remaining untextured and unloaded samples were maintained as an experimental 

control. Figure 6.2 presents an SEM micrograph of a textured and loaded sample.  
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Figure 6.2. SEM micrographs at various magnification levels of RF plasma textured 

MP35N surfaces following sirolimus or paclitaxel loading in ethanolic solution under 

vacuum. Nanopillar tips remain visible as the medications fill the interspersing spaces.   

 

6.4 Deformation to Confine Drugs within Stent Surface 

To restrict drug diffusion from the textured and loaded surface, half each of the 

textured and loaded sirolimus samples and the textured and loaded paclitaxel samples 

were rolled to ~55 μm. Finally, samples were sectioned into 1 cm lengths resulting in 

five identical samples across seven sample types. The samples tested were as follows: 

textured and rolled MP35N loaded with paclitaxel; textured MP35N loaded with 

paclitaxel; untextured MP35N loaded with paclitaxel; textured and rolled MP35N 

loaded with sirolimus; textured MP35N loaded with sirolimus; untextured MP35N 

loaded with sirolimus; and untextured MP35N with no drug loaded to act a control. 
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Figure 6.3 presents SEM micrographs of samples which were textured, loaded, and 

rolled to restrict drug release. 

 
Figure 6.3. SEM micrographs at various magnification levels of MP35N surfaces 

which were textured by RF plasma, loaded with either sirolimus or paclitaxel, and then 

mechanically deformed by rolling.    

 

6.5 Drug-Release Experiment Design  

Prior to beginning the drug release trial, standard concentration curves for 

Paclitaxel and Sirolimus were obtained for the BioMate 3 UV/VIS spectrophotometer 

used throughout. All measurements were performed using a single-position cell holder 

with a blank measured prior to each test (Sirolimus at 277 nm, Paclitaxel at 229 nm). 

Standard curves were obtained, with triple redundancy, by determining absorbance at 

known drug concentrations in 1:1 solutions of ethanol and Dulbecco's Phosphate-
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Buffered Saline (DPBS) which would be used to simulate a body environment during 

release testing. Measurements were performed using BRAND 759210 UV cuvettes. 

Concentration calibrations for both sirolimus and paclitaxel showed good linearity 

with R2 values of 0.995 for paclitaxel and 0.990 for sirolimus.  

The release experiment was designed on a 40-day timeline with measurements 

staggered according to expected release concentrations. The 35 samples were tested 

for drug release in a 0.5 mL of DPBS to simulate body fluid. All release was 

performed at 37 °C to mimic body temperature. For concentration testing, samples 

were immediately transferred to fresh, preheated (37 °C) simulated body solutions and 

returned to the incubator. Concentration measurements were taken by adding 0.5 mL 

ethanol to the release DPBS, mixing by vibration, measuring by BioMate 3 UV/VIS 

spectrophotometer, and comparing against the standard curve. Blank was set for every 

test to maintain consistency in measurement.  

On day 1, the drug release concentration was tested every hour for the first 

three hours, then at the 6th hour, the 12th hour, and the 24th hour. The concentration 

was then measured on the 2nd, 3rd, 5th, 7th, 10th, 13th, 17th, 22nd, 29th, and 40th 

days of the trial. All 35 samples, five samples for each of the seven types, were 

measured each time with exception of the 7th, 13th, 17th, and 29th measurements. For 

those data points only the rolled samples were measured along with the unloaded 

control as the other sample types had all but ceased any drug release. Successive 

measurement points were selected based on evaluation of previous concentrations and, 
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in the early trials, the time limitations of measuring all samples successfully between 

time-points. 

6.6 Drug-Release Experiment Results 

Results were analyzed with MATLAB. Drug release data from different 

samples were evaluated by unpaired Student's t-test and one-way ANOVA analysis 

followed by Tukey's range test. Differences were considered statistically significant 

when P ≤ 0.05. Upcoming sub-sections 6.6.2 through 6.6.4 will refer to figure 6.4 and 

figure 6.5. Sub-sections 6.6.5 through 6.6.7 will refer to figure 6.6 and figure 6.7.  

6.6.1 Untextured and Unloaded Control Group 

Five samples of 250 μm MP35N wire rolled to ~75 μm and sectioned to 1 cm 

lengths were used as an unloaded control group. Release concentration measurements 

were performed identically to drug-loaded samples. As expected, concentration 

measurements were consistently very near zero (averaging ~0.2 μg and always less 

than 0.5 μg) and substantially lower than the release from either sirolimus-loaded or 

paclitaxel-loaded samples. The slight nonzero measurements were attributed to 

impurities acquired during sample transfer and in the interim between concentration 

measurements. Results were highly consistent across the five samples with standard 

deviations averaging ~0.1 μg and always less than 0.25 μg. As the impurities acquired 

by the unloaded control samples would also be present in the loaded samples, it was 

possible to calibrate the loaded sample measurements using the control group as a 

baseline.  
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Figure 6.4. Paclitaxel cumulative release profiles in vitro from untextured, textured, 

and deformed textured MP35N samples demonstrating the extended release of the 

deformed set. Error bars indicate first standard deviation of data. 

 

 
Figure 6.5. Paclitaxel release rates in vitro from untextured, textured, and deformed 

textured MP35N samples showing the elevated rate of release over time from the 

deformed group. The inset captures the burst phase of quick release upon sample 

insertion and illustrates the suppressing effect of the deformed surface.  
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6.6.2 Untextured and Paclitaxel-Loaded Group  

A total of ~30 μg paclitaxel was released on average from each of five samples 

of 250 μm MP35N wire which was rolled to ~75 μm before loading with Paclitaxel. 

Figure 6.4 depicts the cumulative release profile with tight deviations across the five 

samples. Average surface load density was ~0.37 mg/cm2. During an initial burst 

phase, over 75% of the drug was released in the first two hours, and in excess of 90% 

in the first day. The release rate peaked immediately at ~320 μg/day before quickly 

tapering off as shown in figure 6.5. Following the initial release of loaded drug from 

the surface, the other sample types surpassed the untextured samples release rate. 

Measurable release had all but ceased within five days. With little resistance to 

diffusion of the drug from the sample surface, the loaded paclitaxel was rapidly 

exhausted.  

6.6.3 Textured and Paclitaxel-Loaded Group  

For the five samples which were rolled to ~75 μm and nanotextured by RF 

plasma prior to loading with paclitaxel a slightly lower total of ~28 μg was released on 

average with an average surface load density of ~0.36 mg/cm2. As shown in the 

cumulative release profiles of figure 6.4, the release from a textured surface was 

extended but still accomplished mostly within the first few days of the trial. 

Approximately 65% of the total release occurred within the first two hours, and over 

80% by the end of the first day. Appreciable release continued until the tenth day of 

the trial. The release rate depicted in figure 6.5 peaked in the second hour at ~250 

μg/day, before falling off for the remainder of measured time-points. The depth and 
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density of surface texture appears to have somewhat slowed diffusion but the burst 

phase still dominated release with only a small remainder of loaded paclitaxel 

escaping afterward.  

6.6.4 Textured, Paclitaxel-Loaded, and Deformed Group  

The group of MP35N samples which were flattened, textured by RF plasma, 

loaded with paclitaxel, and then rolled again to deform the surface released ~28 μg 

total on average from each sample over the course of the trial for a surface load 

density of ~0.35 mg/cm2. As before, the majority of drug was released in the first day 

but the burst phase was significantly reduced with only 30% of total release occurring 

in the first two hours and less than 60% in the first day.  

For the deformed samples, the cumulative release profile in figure 6.4 showed 

considerable continuous release for the first three weeks. Figure 6.5 depicts the 

suppressed burst phase release rate peaking in the first hour at ~110 μg/day and an 

extended elevated release rate which surpasses the untextured and textured samples on 

the first day and remains markedly superior over the next 20 days of the trial. The 

deformed surface seems to have delayed drug diffusion from the surface when 

compared to the other sample types though the release rate fell continuously after 

peaking at the first measurement.  
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Figure 6.6. Sirolimus cumulative release profiles in vitro from untextured, textured, 

and deformed textured MP35N samples demonstrating the extended release of the 

deformed set. Error bars indicate first standard deviation of data. 

 

 
Figure 6.7. Sirolimus release rates in vitro from untextured, textured, and deformed 

textured MP35N samples showing the elevated rate of release over time from the 

deformed group. The inset captures the burst phase of quick release upon sample 

insertion and illustrates the suppressing effect of the deformed surface. 
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6.6.5 Untextured and Sirolimus-Loaded Group  

The group of samples which were flattened and then loaded with sirolimus 

exhibited a total average release of ~23 μg for a load density of ~0.28 mg/cm2. Figure 

6.6 presents the cumulative release profile of sirolimus-loaded samples and shows that 

the untextured group released nearly all the drug immediately with ~75% occurring in 

the first two hours and over 97.5% in the first day. The release rate in figure 6.7 peaks 

in the first hour at nearly 290 μg/day before falling off immediately and disappearing 

completely after the 5th day. As with the untextured paclitaxel group, it seems that 

with little resistance to diffusion from the sample surface, the loaded sirolimus was 

rapidly exhausted. 

6.6.6 Textured and Sirolimus-Loaded Group  

The five samples which were flattened and then textured by RF plasma before 

sirolimus-loading showed a highly similar release profile to the untextured group. The 

average total release was just under 22 μg with a load density of ~0.27 mg/cm2. The 

release profile in figure 6.6 closely follows the shape of the untextured group with 

~75% occurring in the first two hours and over 95% in the first day. The release rates 

in figure 6.7 are also near identical though the textured group does not peak so highly 

during the burst phase, reaching only ~210 μg/day before falling off. As with the 

untextured group, release drops steeply and essentially disappears after the fifth day. 

In contrast with the textured and paclitaxel-loaded group, this group does not seem to 

exhibit any extended release attributable to the surface texturing alone.  
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6.6.7 Textured, Sirolimus-Loaded, and Deformed Group  

The final group consists of samples which were flattened to ~75 μm, 

nanotextured by RF plasma, loaded with sirolimus, and then deformed by rolling to 

~55 μm. The cumulative release profile in figure 6.6 is quite obviously extended for 

the first four weeks or so of the trial before reaching a totaled average release of ~21 

μg indicating a load density of ~0.26 mg/cm2. As with the deformed paclitaxel sample, 

the majority of release occurs during the initial burst phase with ~35% occurring in the 

first two hours and ~70% in the first day. Figure 6.7 shows the burst phase peaking at 

a suppressed rate of ~150 μg/day and the extended release rate exceeding both the 

untextured and textured groups over at least the first four weeks of the trial. Consistent 

with the paclitaxel trial, the deformed surface appears to have delayed drug diffusion 

from the surface. 

6.7 Discussion of Controlled Release from RF Plasma Textured Stents 

Drug release measurements indicate good consistency in sample preparation 

across all seven sample types as variance was low for both stepwise and total release 

within groups. Loading levels were fairly even as well, especially within drugs as 

paclitaxel samples were all near 0.36 mg/cm2 and sirolimus samples all near 0.27 

mg/cm2. SEM micrographs as in figures 6.1-6.3 revealed consistent structure along the 

length and width of sample surfaces with structure diminishing only near the periphery 

of the flattened MP35N due to edge effects during RF plasma texturing. Variations in 

drug load may be accounted for by differences in positioning during loading, slight 

differences in loading solution concentration, uneven ethanol evaporation, surface 
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affinities, or general randomness. In every tested case, samples which were textured, 

then loaded, and then deformed exhibited extended drug release profiles in 

comparison to the untextured and undeformed groups. By direct manipulation of the 

metallic surface, a BMS could perform like a DES without the necessity of additional 

coatings which may contribute to late thrombosis risk.  

Tables 6.1 and 6.2 present statistical analysis of the paclitaxel-loaded and 

sirolimus-loaded groups respectively and indicate significant differences between 

groupings. Sample types are designated as follows: "C" for the untextured, unloaded, 

control samples; "U" for the untextured, drug-loaded samples; "T" for the textured, 

drug-loaded samples; and "D" for the textured, drug-loaded, and deformed samples. 

Analysis was performed on both stepwise data and cumulative totals to illustrate 

separate aspects of the results. In either case, ANOVA p-values less than 0.05 suggest 

statistical differences among the compared groups. Tukey HSD p-values then identify 

the significant differences between pairs with values less than 0.01 indicating the 99% 

confidence interval and values less than 0.05 indicating the 95% confidence interval. 

In the stepwise cases where only the two groups C and D were measured (Days 7, 13, 

17, and 29), the ANOVA p-value reduces to a student's t-test. For days 10, 22, and 40 

the stepwise analysis across all four groups was performed by summing the release 

from interval measurements of the C and D groups. Cumulative data from the control 

group was not included here as the differences in total drug released between the 

unloaded control group and the loaded groups is uniformly obvious throughout the 

trial (all p-values would fall in the p < 0.01 range).  
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The paclitaxel release statistical analysis in table 6.1 suggests significant 

differences among each of the four tested groups. The primary group of interest is D 

with the textured, loaded, and deformed samples. This deformed group is statistically 

different to the unloaded control group at each step throughout the trial indicating 

continued drug release even in the later measurements. The suppressed C vs. D p-

values on day 22 and 40 may be artifacts of summing intervening concentration 

measurements for comparison to groups U and T but the continued significance in 

comparison to the control in the interim adds weight to a conclusion for statistical 

distinction. In contrast to the D group, the textured and paclitaxel-loaded T group is 

indistinguishable from the unloaded control group C after day 5 of the trial. Similarly, 

the untextured paclitaxel-loaded U group is only statistically separate from the 

unloaded control group up to day 3. Groups U and T perform in comparable fashion 

throughout the experiment with only a few separable release points stepwise. The 

deformed group remains distinct from U or T for the majority of time points with the 

overlap on the first day corresponding to the cross point where deformed samples 

continued to release paclitaxel as the untextured and textured groups paclitaxel release 

diminished. The D group outperformed both the U and T groups consistently through 

day 40 and the end of the trial. From a cumulative release perspective, groups U and T 

were only distinguishable through the third hour of release. The deformed group, with 

an extended release rate, remained separable from group T until day 5 and from group 

U until day 10. Over the course of the trial, the total paclitaxel released by the U, T, 

and D groups was statistically indistinct.  
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The statistical indicators of sirolimus release as presented in table 6.2 are in 

general form very similar to the paclitaxel-release analysis from table 6.1. Again the 

textured, loaded, and deformed samples remained distinguishable from the unloaded 

control group throughout the trial (with exception of the day 29 measurement) and 

distinct from the U and T groups with exception of the crossover point in the latter 

part of the first day of release. The untextured sirolimus-loaded group U and the 

textured sirolimus-loaded group T are even more similar than the paclitaxel analogues 

with only a single statistically different measurement point in either the stepwise or 

cumulative analyses. Additionally, for the sirolimus U and T groups, distinction from 

the unloaded control group disappears after the first day of release. As with the 

paclitaxel group, the cumulative release of sirolimus from the deformed samples 

remains separable from the U and T groups in the early part of the experiment but by 

the trial's end the total amount of sirolimus released is not statistically dissimilar 

across the loaded groups.   

In both the sirolimus and paclitaxel tests, the drug release kinetics of those 

samples which had been textured, then loaded with drug, and finally deformed by 

rolling were clearly different than those samples which were either unloaded, 

untextured, or textured but not deformed. The changes in surface morphology 

evidently restricted both the immediate and prolonged diffusion of sirolimus or 

paclitaxel from the metal. As an advantageous and unexpected surprise, the release 

data seems to indicate that little to no drug was lost from the MP35N surface during 

the rolling process. The drug itself, sirolimus or paclitaxel, had little if any effect on 
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the overall release profile results which are highly similar in each case in both 

cumulative release and release rate.  

While the results are promising, the release profile is not sufficiently extended 

to compare favorably with those DES approved for clinical use in the United States. 

For instance the Resolute Integrity® drug-eluting stent releases 85% of its zotarolimus 

within 60 days and the remainder within 180 days105. For clinical use, greater 

restrictions on drug diffusion will be required. This may be accomplished by 

deepening the surface texture either through additional repetitions in the RF plasma 

texturing process, selection of a material more susceptible to plasma texturing, or a 

different strategy to texture the metal surface. It may also be possible to further restrict 

diffusion by more extensive surface deformations following loading. As this 

undertaking was intended to demonstrate the feasibility of controlling drug release 

with surface morphology without the addition of any material beyond the drugs 

themselves nothing was done to control drug concentration and loading levels, for 

clinical use either higher or lower concentrations may be necessary depending on stent 

form factor. Also of potential concern is the long-term susceptibility of the 

nanotextured metal surface to degradation in body environment. Future in vivo 

investigations should be undertaken to preclude such possibility. The structural 

differences between single samples and a functioning stent also must be considered. 

The processes used to produce samples individually could be extended to a 

manufacturing environment but not without challenges to overcome. For instance, 

stent struts may need to be produced individually to avoid shielding problems during 
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plasma texturing and rather than rolling, deformation would likely require drawing 

which could present issues with uneven deformation. Generally, bare-metal surface 

morphology may be used to control drug release, but there remains much work to be 

done before a functional stent could exploit this property to prevent restenosis.  

Chapter 6, in full, is from material being prepared for publication as "Extended 

Release of Paclitaxel and Sirolimus from Bare-Metal Stent Surface by RF-Plasma 

Nanotexturing and Subsequent Deformation" with intended submission to the Journal 

of Controlled Release. Jennifer He, Gary W. Johnston, Sungho Jin, and Renkun Chen 

are co-authors. The dissertation author is the primary investigator and author of this 

material. 
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Chapter 7: Overall Summary, Conclusions, and Future Work 

 In this dissertation, the development of fully metallic nanoscale surface 

texturing through exposure to a radio-frequency plasma was systematically explored 

with a particular emphasis on potential biomedical applications. This work has been an 

important step to further understanding the prospects and limitations of a novel 

material processing technique. Nanostructures and their specialized propertied 

continue to generate significant scientific interest with good reason. The possibilities 

explored herein reveal considerable promise for medical devices produced by RF 

plasma texturing to save lives, improve patient outcomes, and aid future biomedical 

and neurophysiological research.   

7.1 RF Plasma Nanotexturing Contributions and Direction 

 Surface texturing of MP35N wires by RF plasma was systematically explored 

and optimized for single run structure depth for particular values of processing power, 

chamber pressure, and duration. Texturing with differing plasma materials was 

explored, with argon outperforming both nitrogen and hydrogen. A procedure for 

determining structure depth through sectioning and brittle fracture was developed. 

Texturing was extended beyond simple wire geometries to foil and sharpened tips. 

Additional sample materials were textured including Ni-Cr (80/20), inconel alloy, 

copper, 316L stainless steel, 304 stainless steel, copper, and various Pt-Ir alloy 

concentrations. For materials that resisted texturing, a process of transfer etching from 

a texturable sputtered material was developed and used to texture tantalum. The 

extension of texturing to single-phase materials such as Ni-Cr (80/20) controverted an 
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earlier hypothesis for the texturing mechanism and suggested additional explanations 

such as ion bombardment or microstructure irregularities.  

Future directions include the continued extension of RF plasma texturing to 

additional materials and geometries. Deformations near high curvature edges and 

shielding of concave surfaces each present particular challenges to be overcome. 

Continued investigations will also further illuminate the texturing mechanism.  

7.2 Repetitive Processing Contributions and Direction 

Repetitive RF plasma processing was successfully demonstrated to increase 

nanostructure depth with indications that the heating/cooling of the sample surface is 

integral to the deepening process. MP35N samples repetitively textured 10 times had 

nanowire structure deepened to ~7-10 µm, the deepest yet achieved by RF plasma 

texturing. Repetitive texturing was extended to foil and sharp tip geometries as well as 

assorted materials beyond MP35N. Bovine aortic endothelial cells were confirmed to 

form a smooth, organized, endothelial layer on repetitively textured MP35N.  

Future investigations should explore the limit of repetitive texturing for 

samples with more initial material as well as the precise mechanism for structure 

deepening upon repetition. Improvement is also needed in deepening foil geometries.  

7.3 Electrode Impedance Contributions and Direction 

RF plasma texturing to increase structure depth and surface area was used to 

decrease electrode impedance in an electrolyte simulating body fluid for both wire and 

foil electrode geometries. Conductivity was maintained in antibiofouling electrodes 
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selectively coated with PTFE by first decreasing the surface impedance through 

texturing.  

Future research in this area should focus on in vivo measurements and 

overcoming the inconsistent increase in surface impedance for RF plasma textured, 

PTFE-coated wire electrodes.  

7.4 Antibiofouling Electrode Contributions and Direction 

Novel antibiofouling electrodes with an RF processed nanotextured surface 

and selective hydrophobic PTFE coating were constructed. Cell culture revealed 

significantly less cell adhesion on the antibiofouling surface after 10 days of 

incubation along with decreased cell viability. Antibiofouling electrodes were 

demonstrated to have similar electrical properties to plain polished electrodes but to be 

substantially less susceptible to biofouling.  

To develop this technology for long-term implantation as a stimulating or 

recording electrode, in vivo studies are needed to investigate cell response and the 

possibility of PTFE delamination. Alternative antifouling coatings also offer an 

opportunity for worthwhile exploration.   

7.5 Controlled Drug-Release Contributions and Direction 

Extended anti-restenosis drug release was demonstrated from a stent without 

the addition of anything to the surface of a metal besides the eluted drug. As well as 

prolonging release for at least 20 days, the surface structure successfully suppressed 

the initial burst of drug upon insertion into simulated biological fluid. In comparison 
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to samples which were either not textured or not deformed, an MP35N stent surface 

that was textured by repetitive exposure to RF plasma, loaded with either sirolimus or 

paclitaxel, and then deformed by rolling to flatten the surface features and restrict the 

release of drug from the surface exhibited statistically dissimilar drug release 

characteristics without reduction in the total amount of delivered drug.  

With this demonstration of feasibility, bare-metal drug-elution offers a 

promising avenue for future stent design and the potential for improved patient 

outcomes. The development of a hybrid DES and BMS which offers controllable 

extended anti-restenosis drug release but without the addition of anything besides the 

active drug to the metallic stent has great potential. Such a bare-metal drug-eluting 

stent could potentially maintain the advantageous properties of DES while also 

reducing the risk for late thrombosis.  
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