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Abstract

To improve their corrosion resistance and thus long-term biocompatibility, 316L stainless steel 

coronary artery stents were coated with trimethylsilane (TMS) plasma coatings of 20–25 nm in 

thickness. Both direct current (DC) and radio-frequency (RF) glow discharges were utilized for 

TMS plasma coatings and additional NH3/O2 plasma treatment to tailor the surface properties. X-

ray photoelectron spectroscopy (XPS) was used to characterize the coating surface chemistry. It 

was found that both DC and RF TMS plasma coatings had Si- and C-rich composition, and the O-

and N-contents on the surfaces were substantially increased after NH3/O2 plasma treatment. 

Surface contact angle measurements showed that DC TMS plasma nanocoating with NH3/O2 

plasma treatment generated very hydrophilic surface. The corrosion resistance of TMS plasma 

coated stents was evaluated through potentiodynamic polarization and electro-chemical impedance 

spectroscopy (EIS) techniques. The potentiodynamic polarization demonstrated that the TMS 

plasma coated stents imparted higher corrosion potential and pitting potential, as well as lower 

corrosion current densities as compared with uncoated controls. The surface morphology of stents 

before and after potentiodynamic polarization testing was analyzed with scanning electron 

microscopy, which indicated less corrosion on coated stents than uncoated controls. It was also 

noted that, from EIS data, the hydrophobic TMS plasma nanocoatings showed stable impedance 

modulus at 0.1 Hz after 21 day immersion in an electrolyte solution. These results suggest 

improved corrosion resistance of the 316L stainless steel stents by TMS plasma nanocoatings and 

great promise in reducing and blocking metallic ions releasing into the bloodstream.
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INTRODUCTION

Since their introduction in the mid-1980s, 316L stainless steel coronary artery stents have 

been a valuable asset in treating occluded arteries.1–4 Each year, nearly 1.4 million stents are 

implanted worldwide.5,6 Unfortunately, in-stent restenosis occurs within 20–40% of stent 
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recipients.7 Restenosis occurs due to inflammation of the tissues in contact with the stent. 

Smooth muscle cells, which are normally present within the vasculature, proliferate 

extensively and thus eventually closing the stented vessel.8–10 Such closure requires 

invasive corrective action that could ultimately result in arterial bypass.11

Stent corrosion released particles, primarily nickel, have been implicated as agents of 

restenosis.10 The corrosion process within the body is due to the presence of proteins and 

shearing stresses along the stent surface.12,13 In addition to inflammation, nickel particles 

have been implicated as potentially carcinogenic.13 The corrosion process starts within days 

of implantation and can potentially lead to loss of arterial structural integrity.14

To date, tremendous efforts have been made to improve the corrosion resistance of implant 

metals by using various surface treatment techniques.15–17 Ion implantation and laser 

treatment are effective methods to enhance the corrosion resistance of metallic materials. 

However, it is very expensive and difficult to treat a complex shape implant such as vascular 

stents or staples by using these two methods.15,16 Some research works have focused on 

applying coatings to stents so as to improve their hemocompatibility. Surface coatings with 

hard and rigid bioceramics (TiN, TiCN, Al2O3, SiC, BN, and Si3N4) fail in stenting 

applications due to the cracking of these coatings because of the expansion during stent 

dilatation.17 Other coatings include polymers,18,19 gold,20,21 and diamond and graphite22,23 

have also been explored. Unfortunately, while inhibiting corrosion of the base stent, the 

coatings themselves can induce an inflamma-tory response. Alternatively, amorphous silicon 

carbide (a-SiC:H) coatings have been investigated for improving stent biocompatibility. It 

was found that such silicon carbide coatings could block electron transfer reactions between 

the blood protein fibrinogen and the underlying metallic stent and thus halt thrombus 

formation.24–26 Pre-clinical studies have shown that surface passivation of stents by a-SiC:H 

coating could reduce thrombogenecity and possibly improve the biocompatibility of stent 

surfaces. Clinical trials have generally shown low rates of stent thrombosis in patients with 

stenotic lesions.27

It is known that low temperature plasma techniques can be used to deposit silicon carbide-

like plasma nanocoatings with well-tailored surface chemistry, which could be advantageous 

for coronary artery stent applications. In comparison with bioceramic coatings, plasma 

nanocoatings with controllable physical properties, which include hard inorganic oxide, 

carbide, or nitride to various soft plasma coatings, can be easily produced by adjusting the 

plasma chemistry and plasma conditions. A variety of desired surface properties such as 

biocompatibility, hemo-compatibility, and surface energy are achievable by controlled 

plasma chemistry. With regard to biomaterials engineering, the typical advantages offered 

by plasma coating deposition techniques include: (i) Plasma processes are usually reliable, 

reproducible, and applicable to different sample geometry with complex shapes; (ii) Plasma 

treatment without coating deposition can result in surface cleaning, and changes of surface 

characteristics, e.g., chemical, physical, biological; (iii) Plasma coating deposition creates 

nanoscale coatings, which are conformal, free of voids, and chemically inert, possessing 

excellent barrier property and superior adhesion to various substrates; (iv) Plasma 

processing provides a sterile surface and is relatively inexpensive, easily operated, dry, and 

rapid.28 In addition, plasma nanocoatings are generally formed in an extremely tight and 
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three-dimensional network, which is more like a low-permeability sieve with excellent 

barrier properties for transport of various ionic species, and consequently significantly 

impede corrosion.26 It is expected that the excellent barrier property of plasma coatings can 

improve the corrosion resistance and thus reduce the corrosion induced ion release and 

enhance the biocompatibility of implantable devices such as coronary artery stents.

In this study, trimethylsilane (TMS) plasma nanocoatings were deposited onto coronary 

artery stents and their corrosion resistance was investigated using different methods. Both 

direct current (DC) and radio frequency (RF) power sources were utilized to ignite glow 

discharge plasmas. RF glow discharges have been more extensively used in plasma coating 

deposition processes because of their well-recognized stability, yet DC glow discharges may 

be more advantageous for the deposition of plasma nanocoatings in term of adhesion to 

metallic substrates. Additional surface treatments of TMS plasma coatings using ammonia 

and oxygen based glow discharges were used to tailor the coating surface wettability. The 

corrosion resistance and barrier properties of the TMS plasma nanocoatings were 

investigated by electrochemical techniques including potentiodynamic polarization and 

electrochemical impedance spectroscopy (EIS). These studies will provide vital information 

on the corrosion behavior of the plasma coated stents implanted in coronary arteries of 

patients as to determine whether they hold promise for ultimate clinical application.

EXPERIMENTS

Stent coatings with DC- and RF-based glow discharges

316L stainless steel coronary artery stents of 1.6 mm × 12 mm (diameter × length) were 

purchased from STI Laser Industries (Or Akiva, Israel). Before use, the stents were first 

sonicated in isopropanol for 30 min and then further sonicated in distilled water for 30 min 

to remove residual isopropanol. Anhydrous ammonia (purity > 99.99%) was provided by 

Air Liquide (Plumsteadville, PA). Oxygen (purity > 99.6%) was purchased from Airgas 

(Columbia, MO). TMS (purity > 97%) was supplied by Gelest, Inc. (Morrisville, PA).

DC glow discharges were created inside an 80-L bell-jar reactor. Stents were attached to a 

metal holder positioned between two titanium electrodes in parallel. The square titanium 

electrodes had sides of length 18.2 cm. For all DC treatments, the stent holder acted as the 

cathode whereas the two outer titanium electrodes served as the electrically grounded 

anodes. An oxygen plasma was used to remove organic contaminants on the sample surfaces 

and provide a controllable fresh surface for the subsequent plasma coating deposition. The 

reactor was sealed and evacuated to a base pressure of 1 mTorr using a pump group 

consisting of mechanical and booster pumps connected in series. Oxygen was then 

introduced to the reactor at a flow rate of 1 sccm (standard cubic centimeters per minute) 

using an MKS mass flow controller (MKS Instruments, Andover, MA) and an MKS 247C 

readout to set the flow rate. The pressure inside the plasma reactor was allowed to stabilize 

at 50 mTorr using an MKS pressure controller. The oxygen was then excited with the DC 

power supply at 20 W in order to form the plasma. The treatment time was 2 min. Following 

surface cleaning, the reactor was evacuated to the base pressure of 1 mTorr and TMS was 

introduced to the reactor at 1 sccm. The reactor pressure was allowed to reach 50 mTorr, and 

the TMS was excited by the DC power supply at 30 W for 15 s.
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For samples requiring surface modification of the plasma coating, the reactor was evacuated 

to a pressure of 1 mTorr and the treatment gases were then introduced. The gas composition 

used for the surface modified samples was a mixture of NH3 plus O2 at a ratio of 2:1. The 

pressure was allowed to equilibrate at 50 mTorr, and the plasma was induced by applying 5 

W DC power, and the treatment lasted 2 min for the surface modification step.

The gas mixtures used to sustain the DC glow discharge (DCGD) for surface treatments 

were also employed in the case of RF glow discharge (RFGD) generated by a 13.56 MHz 

RF power source (RFX-600, Advanced Energy Industries, Inc., Fort Collins, CO). In the 

arrangement for RF plasma surface treatment and coating deposition, the aluminum panel 

with the stainless steel coupons to be coated was placed between two active electrodes. The 

panel was maintained at a floating potential versus the electrodes. The oxygen plasma 

pretreatment step was carried out at a power of 20 W RF and a mass flow of 1 sccm for 2 

min. Following the treatment, the samples were coated with the TMS plasma coating 

deposited at 30 W RF for 5 min. One of the RF plasma coated groups was further modified 

with NH3/O2 mixture plasma at 5 W RF for 2 min. All steps were carried out at a working 

pressure of 50 mTorr.

Surface wettability assessment of coated 316L stainless steel

To determine the effect of plasma treatment on the surface wettability, 316L stainless steel 

coupons of 10 mm × 10 mm × 1 mm (width × length × thickness) were treated under the 

same conditions as described above. Coupons were linked to the aluminum panel with silver 

paint. Surface contact angles were measured using a 1 μL droplet of distilled water deposited 

onto the substrate surface, and a computer-aided VCA 2500 XE Video Contact Angle 

System (AST Products, Inc., Billerica, MA). Surface wettability changes over time after 

plasma treatment were evaluated by taking surface contact angle measurements 1, 7, 14, and 

21 days following removal of the coupons from the bell-jar reactor.

Surface chemistry analysis

X-ray photoelectron spectroscopy (XPS) was used to determine surface chemistry 

composition of coated stainless steel coupons. A Kratos AXIS 165 X-ray Photoelectron 

Spectrometer (Kratos Analytical Inc., Chestnut Ridge, NY) utilizing a monochromatic Al 

Kα X-ray (1486.6 eV) source operating at 150 W was utilized to characterize the coatings to 

a depth of about 10 nm. The X-ray source take-off angle was set at 90° relative to the 

coupon surface, and the spot size was 200 μm × 200 μm.

Determination of corrosion potentials and current densities of coated stents

After plasma coating, stainless steel stents were expanded from 1.6 mm to 3 mm in diameter 

using a dilatation balloon catheter to mimic the clinical situation in which a stent is delivered 

to a narrowed coronary artery and dilated to a size that matches the diameter of healthy 

artery to propopen the diseased blood vessel and restore normal blood flow. Those stents 

were attached to a borosilicate fixture. A stainless steel wire was then attached to the stent 

using a small droplet of silver paint. The free end of the wire was threaded through the 

holder. After the paint dried, the wire-stent contact area, the steel wire, and the bottom 

opening of the holder were covered with epoxy. The exposed stent surface area was 0.1563 
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cm2, as provided by the stent supplier. After the epoxy set, the stent was placed inside the 

corrosion cell containing phosphate buffered saline (PBS) (8.0 g/L NaCl, 0.2 g/L KCl, 1.15 

g/L Na2HPO4·7H2O, 0.2 g/L KH2PO4). The stents were kept submerged for 2 h prior to 

potentiodynamic polarization testing.

Potentiodynamic polarization testing was carried out with a Model 273A Potentiostat/

Galvanostat (EG & G, Princeton Applied Research, Oak Ridge, TN) using the Power Suite 

software package. This testing technique is built on the concept that predictions of behavior 

of a stainless steel material in an environment can be made by forcing the material from its 

steady state corrosion rate at a constant voltage scan rate and by observing how the current 

responds as the voltage force is applied. A conventional three electrode arrangement was 

used with stainless steel stents as the working electrode, a saturated Ag/AgCl + 3.5M KCl 

electrode as the reference electrode, and a graphite rod of 0.6 cm in diameter as the counter 

electrode. The rest potential was monitored for 2 h prior to testing in PBS, which insured a 

stable open circuit potential. Potentiodynamic polarization curves were then generated 

starting at −200 mV relative to the open circuit potential and conducted until the corrosion 

current density reached 104 μA/cm2. A scan rate of 20 mV/s was utilized during testing. 

Tafel extrapolation was used to determine Ecorr (mV) and Icorr (μA/cm2). Three replicate 

tests were performed for each group of specimens including DC plasma coated, RF plasma 

coated, and uncoated stents.

EIS measurements of coated stents

The three electrode cell used for potentiodynamic polarization testing was further utilized 

for EIS measurements, and PBS was used as the electrolyte. The applied AC signal was 10 

mV RMS (Root Mean Square) in the frequency range of 10−1 Hz to 105 Hz. To monitor the 

stability of the coatings over time, EIS measurements were taken at 0.1 (2 h), 1, and 21 days 

following immersion in PBS. Bode and phase angle plots were collected for each specimen.

Scanning electron microscopy analysis of stent surface

A Quanta 600F Environmental scanning electron microscope (SEM) (FEI Company, 

Hillsboro, OR) was utilized to characterize the surface structure of stents before and after 

potentiodynamic polarization testing. An accelerating voltage of 10 kV was used for all 

measurements.

Statistical analysis

A total of n = 3 samples were used for all treatments. Students’ t-tests were used to compare 

the corrosion potential and corrosion current densities of the uncoated stents with all coated 

stent groups. Differences were considered significant at p < 0.05.

RESULTS AND DISCUSSION

Figure 1 depicts the surface contact angle measurement results using 316L stainless steel 

wafers with and without plasma nanocoatings. The as-deposited TMS plasma coatings using 

both DC and RF power supplies (designated at DC-TMS and RF-TMS) was hydrophobic 

with contact angle ranging from about 105° to 110° at day 7 after plasma coating deposition 
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while those wafers modified with additional NH3/O2 plasma (designated as DC-TMS

+NH3/O2 and RF-TMS+NH3/O2) showed higher surface energies indicated by smaller 

contact angle. The DC glow discharge plasma (DC-TMS+NH3/O2) was able to completely 

wet the plasma coating surfaces initially. After the 21 day aging period during which the 

samples were kept in a covered petri dish, the contact angle for the wafers modified with the 

DC glow discharge (DC-TMS+NH3/O2) increased due to hydrophobic recovery commonly 

seen with plasma modified surfaces; however, the contact angle did not rise above that of 

bare stainless steel, which is 42° in this case. The presence of hydrophilic moieties was 

verified with the XPS survey spectra as shown in Figure 2. Bare stainless steel coupons 

contained high quantities of C, O, Fe, Cr, and Si as well as trace amounts of N, Ni, and F 

(Table I). Adventitious carbon is due to the presence of organic materials on surface. The 

high concentration of oxygen could be attributed to the natural oxide layer formed on the 

metal surface. Plasma coating deposition results in higher concentrations of C and Si as 

expected from using TMS monomer [(CH3)3-SiH] that contains three C atoms and one Si 

atom in its molecular structure. The presence of oxygen on the TMS plasma coated surface 

was likely due to the surface oxidation when the coating material was exposed to air. A new 

N 1s peak appears for the surface modified DC and RF treatment groups, e.g. DC-TMS

+NH3/O2 and RF-TMS+NH3/O2, as a result of the NH3/O2 plasma treatment. High 

resolution deconvolution of the C 1s peak in Figure 2 indicated the presence of C–C/C–H, 

C–O, and C=O bonding on the surface of the plasma coating. The composition of the TMS 

plasma coating layer in this study is similar to that of previous reseasrchers.29

Figure 3 shows the representative potentiodynamic polarization curves measured using 316L 

stainless steel stents with and without plasma nanocoatings. The potentio-dynamic 

polarization test can detect the relative susceptibility to localized corrosion on those stent 

samples. This test has been successfully used to evaluate the anti-corrosion characteristics of 

316L stainless steel stents with deposited protective coatings.30,31 From these scans, we can 

observe the corrosion potential (Ecorr), pitting potential (Epitt), and corrosion current density 

(Icorr). Table II depicts the values for Ecorr, Icorr, and Epitt for all specimens of five groups. 

All plasma coated stents showed significantly higher Ecorr readings than bare stainless steel 

after the 2 h immersion time. In addition, the unmodified specimens with DC TMS coating 

only (identified as DC-TMS) resulting in hydrophobic surface showed substantially higher 

Ecorr than the modified counter-parts with DC TMS coating and additional DC NH3/O2 

treatment (identified as DC-TMS+NH3/O2) creating hydrophilic surface. This could be 

attributed to enhanced water penetration and salt intrusion of the plasma coating with 

hydrophilic surface in this DC plasma conditions. However this trend in Ecorr change with 

DC plasma coated groups was not seen between RF-TMS and RF-TMS+NH3/O2 coated 

stents with the latter being unable to generate highly hydrophilic surface evidenced by the 

contact angle data shown in Figure 1. In fact, the Ecorr value of RF-TMS+NH3/O2 coated 

stents appeared to be higher than RF-TMS coated counterparts, which could be attributed to 

the RF NH3/O2 treatment resulting in a denser top layer of crosslinking on the surface of 

RF-TMS coating through O and N incorporation on the surface as suggested by the XPS 

data (Table I). Plasma surface modification has been reported to cause crosslinking at the 

surface of polymeric materials for desired surface properties.32–34 It is understood that DC-

TMS coatings could have higher density or less porosity than their counterparts deposited in 

Jones et al. Page 6

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2015 September 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RF plasma especially at the nanoscale coating thickness of 20–25 nm, because the 

specimens to be coated in DC plasma served as a cathode and ion bombardment to the 

cathode could help remove loosely bonded species from the growing coating surface. 

Whereas the specimens were kept floating in RF plasma condition, there was no strong ion 

bombardment effect expected on the growing coating surface. The corrosion rate is normally 

proportional to the corrosion current density Icorr measured in the polarization tests.35 All 

the plasma coated stents had lower Icorr than bare 316L stents. Among the plasma coated 

groups, the Icorr of DC-TMS+NH3/O2 coated stents was higher than DC-TMS while RF-

TMS+NH3/O2 had less Icorr than RF-TMS, which is in agreement with the Ecorr data. 

Similar to the trend in Ecorr and Icorr, all the four plasma coated groups showed significantly 

higher Epitt than bare stainless steel stents, indicative of markedly improved corrosion 

resistance with plasma nanocoatings.

EIS was used to obtain further information on plasma coating barrier resistance during 

immersion periods of up to 21 days. EIS is a nondestructive and powerful testing method 

frequently used for assessing the barrier property and corrosion resistance performance of 

protective coatings on metals.36–38 It was also utilized to evaluate the structure–property 

relationships of 316L stainless steel and how the fibrinogen adsorption was affected.39 From 

EIS, Bode and phase angle plots can provide information on interfacial adhesion as well as 

electrolyte uptake by the coating. Figures 4–6 illustrate the Bode plots (impedance vs. 

frequency) and phase angle plots (phase angle vs. frequency) for the stents after 0.1, 1, and 

21 day immersion in PBS respectively. Here 0.1 day indicates the initial run after 2 h 

immersion of the samples. The Bode plots in Figures 4(A), 5(A), and 6(A) show fluctuations 

over the 21-day period for all treatment groups and the uncoated control. This observation 

suggests degradation of the coatings over the testing period. Phase angle curves for the 

uncoated stents at the immersion times of 0.1 day, 1 day, and 21 days show a plateau from 

10−1 to 102 Hz with values around −80° , which confirms the that the natural oxide layer 

over the surface is capacitive and protective.40,41 The phase angle plots for the DC-TMS 

plasma coating depict two plateaus that remain relatively stable for the immersion period of 

up to 21 days, indicating that the coating barrier property did not deteriorate noticeably over 

time. The plateau at higher frequency region (103–104 Hz) is confirmation of the presence of 

plasma coating whereas the broader region near 10−1–10° Hz indicates the oxide layer.41 

The DC-TMS+NH3/O2 coated stents showed a phase angle shape change over the 

immersion time from 0.1 day to 1 day and 21 days, in which the phase angle of the plateau 

at high frequency shifted from −40° to −47° or −50° with increasing immersion. This could 

be due to the hydrophilic surface created by additional NH3/O2 plasma treatment, thus 

resulting in more water uptake over immersion time. A phase shift at higher frequency 

region could also be attributed to a physical change in the coating due to the interaction of 

the ions present in the solution.42 The phase angle plots of RF-TMS and RF-TMS+NH3/O2 

coated stents appeared to be quite different than their counterparts of DC plasma coatings, 

indicative of different coating barrier property. This pattern suggested that there could be 

three time constants in the RF coated specimens: one in the high frequency range due to the 

coating, a second small one in the middle frequency range that can be ascribed to the 

response of processes occurring at the coating/substrate interface, and a third time constant 

in the low frequency range which is attributed to corrosion process.43
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As shown in Figures 4(A), 5(A), and 6(A) for uncoated stents, the |Z| value at the frequency 

of 0.1 Hz was 78 kΩ, 89 kΩ, and 122 kΩ for the immersion time of 0.1 day, 1 day, and 21 

days, respectively, which could indicate a passivation layer formed during the immersion 

period in this electrolyte, protecting the uncoated stent from further corrosion. The 

impedance at the low frequency of 0.1 Hz has been used as a key performance indicator for 

protective layer on metallic surface.36,44 The higher the impedance value, the better the 

protective barrier property is. The increase in the impedance modulus for uncoated stents 

implying passivation layer formation was also reported by other reseachers.45 From the 

Bode plots [Figures 4(A), 5(A), and 6(A)], we can see that the impedance modulus |Z| at 0.1 

Hz for RF-TMS coated stents is higher than DC-TMS counterparts at day 21 after 

immersion even though there was obvious difference between them at day 0.1 or 1, which 

suggested that RF-TMS coating might provide better corrosion resistance than DC-TMS. It 

was also found that the impedance modulus |Z| at 0.1 Hz for RF-TMS+NH3/O2 coated stents 

was higher than that for DC-TMS+NH3/O2 coated ones, which appeared to be in agreement 

with the Icorr values of the two groups obtained by potentiodynamic polarization test (Table 

II). Likewise, Bode plots indicate substantially higher |Z| at 0.1 Hz for RF-TMS group over 

the testing period than bare metal. Coupled with the potentiodynamic polarization curves 

and data shown in Table II, the results suggest that both DC and RF plasma treatment groups 

can form a corrosion protection layer over bare metal stents.

Figures 7–11 depict the SEM images of stents before and after potentiodynamic polarization 

testing. All those stents including uncoated control and plasma coated were expanded using 

a balloon catheter prior to this corrosion testing. Non-tested bare stainless steel stents had 

smooth surface although very few debris was seen on the strut [Figure 7(A)]. All the plasma 

coated stents that did not go through corrosion test also showed smooth morphology 

[Figures 8(A), 9(A), 10(A), and 11(A)], and no coating cracking was present on the surface 

after expansion. Following potentiodynamic polarization testing, corrosion or coating 

cracking was observed on the stent surface [Figures 8(B), 9(B), 10(B), and 11(B)]. Pitting 

corrosion is extensive on the uncoated stent [Figure 7(B)]. No pitting was seen on the DC-

TMS coated stent and the coating remained almost intact [Figure 8(B)] except slight coating 

cracking in very small area. There was no apparent pitting present on either DCTMS

+NH3/O2 or RF-TMS coated stent surface as shown in Figures 9(B) and 10(B) respectively, 

but coating cracking was observed on both of them with likely more cracking in RF-TMS 

coating [Figure 10(B)]. Some sparse pits were seen on RF-TMS+NH3/O2 coated stent 

[Figure 11(B)], but much less than that on uncoated stent surface. These observations about 

pitting and coating cracking from SEM images seemed to correspond well to the results 

listed in Table II: high Epitt and Ecorr with corresponding low Icorr values for the coating 

groups indicate increased resistance to stent corrosion. To investigate the biological 

responses of the plasma coated stainless steel surfaces, thrombosis-resistance test, among 

many other in vitro cell culture tests, was also performed using leukocytes and platelets 

isolated from human blood. Assessing the attachment of platelets and leukocytes to plasma 

coated surfaces would help understand whether those plasma coatings improve thrombo-

resistance when in contact with blood without causing infection. The thrombosis-resistance 

test results indicated the substantially less attachment of leukocytes and platelets to the 

plasma coated stainless steel wafers as compared to the uncoated controls (manuscript in 

Jones et al. Page 8

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2015 September 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



preparation). To ensure that the TMS-based plasma coating is nontoxic for medical implant 

application, cytotoxicity test was also performed using a protocol based on ISO 10993-5 

guidance46 and MTT assay. L-929 mouse fibroblast cells were seeded on to stainless steel 

wafers with and without TMS plasma coating and incubated for 24 h at 37° C in 5% CO2. It 

was found that the TMS coating on stainless steel wafers had little to no effect on cell 

viability as compared to uncoated control (manuscript in preparation).

CONCLUSIONS

We have successfully deposited TMS plasma nanocoatings onto stainless steel stents. The 

plasma nanocoatings imparted higher Ecorr and Epitt values, and lower Icorr values as 

compared to the uncoated stents, which were in agreement with the corrosion characteristics 

observed in SEM images. Furthermore, EIS measurements illustrated long-term stability of 

hydrophobic plasma coatings (DC-TMS and RF-TMS) deposited on stents in electrolyte. 

These results from the corrosion studies suggest improved corrosion resistance of plasma 

coated stents. Thus, plasma nanocoatings may serve as a very promising barrier against the 

formation of corrosion particles that could result in restenosis of implanted stents.
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FIGURE 1. 
Surface contact angle measurements of plasma coating deposited onto 316L stainless steel 

(SS) wafers. 316L SS, uncoated stainless steel; DC-TMS: TMS plasma coating using DC 

power supply; DC-TMS + NH3/O2: TMS plasma coating followed by additional NH3/O2 

plasma surface modification using DC power supply; RF-TMS: TMS plasma coating using 

RF power supply; and RF-TMS + NH3/O2: TMS plasma coating followed by additional 

NH3/O2 plasma surface modification using RF power supply. [Color figure can be viewed in 

the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 2. 
XPS survey spectra A1 to E1 and high resolution deconvolutions of the C 1s peaks A2 to E2 

for (A) 316L SS uncoated stainless steel, (B) DC-TMS plasma coating, (C) DC-TMS + 

NH3/O2 plasma coating, (D) RF-TMS plasma coating, and (E) RF-TMS + NH3/O2 plasma 

coating. [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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FIGURE 3. 
Representative potentiodynamic polarization curves generated for as-deposited hydrophobic 

coating and surface-modified hydrophilic coating. [Color figure can be viewed in the online 

issue, which is available at wileyonlinelibrary.com.]
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FIGURE 4. 
Representative (A) Bode plots and (B) phase angle plots for stents after 0.1 day immersion 

in PBS. [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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FIGURE 5. 
Representative (A) Bode plots and (B) phase angle plots for stents after 1 day immersion in 

PBS. [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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FIGURE 6. 
Representative (A) Bode plots and (B) phase angle plots for stents after 21 day immersion in 

PBS. [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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FIGURE 7. 
SEM images of uncoated 316L stainless steel (SS) stents before (A) and after (B) 

potentiodynamic polarization testing. [Color figure can be viewed in the online issue, which 

is available at wileyonlinelibrary.com.]
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FIGURE 8. 
SEM images of DC-TMS coated stents before (A) and after (B) potentiodynamic 

polarization testing. [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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FIGURE 9. 
SEM images of DC-TMS + NH3/O2 coated stents before (A) and after (B) potentiodynamic 

polarization testing. [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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FIGURE 10. 
SEM images of RF-TMS coated stents before (A) and after (B) potentiodynamic 

polarization testing. [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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FIGURE 11. 
SEM images of RF-TMS + NH3/O2 coated stents before (A) and after (B) potentiodynamic 

polarization testing. [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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TABLE II

Ecorr, Icorr and Epitt Readings Determined from Potentiodynamic Polarization Curves for Plasma Coatings 

Deposited onto 316L Stainless Steel Stents in PBS Electrolyte with Ag/AgCl Reference Electrode

Treatment Ecorr (mV) Icorr (μA/cm2) Epitt (mV)

316L SS –198.72 ± 22.53 4.09 ± 2.39 +461.4 ± 43.1

DC-TMS
+76.95 ± 6.93

* 0.63 ± 0.10
+693.3 ± 27.7

*

DC-TMS + NH3/O2 +9.88 ± 34.37
* 2.54 ± 1.99

+710.6 ± 9.4
*

RF-TMS
–64.58 ± 51.08

* 0.16 ± 0.05
+612.0 ± 17.4

*

RF-TMS + NH3/O2 –14.87 ± 50.60
* 0.12 ± 0.08

+562.0 ± 67.6
*

The data are presented as means 6 standard deviations for n = 3.

*
(denotes p< 0.05, as compared to 316L SS).
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