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Abstract Immersion testing of medical implants is typi-

cally performed under non-loaded conditions to assess

susceptibility of metal ion release from a device. However,

many implants are subjected to repetitive forces in vivo,

which may increase ion release into surrounding tissues.

Therefore, the objective of this study was to determine

whether fatigue loading of stents with different surface

finishes accelerates nickel release. Nitinol stents with an

electropolished (EP) oxide or blue oxide (BO) were

assigned to the following groups: (1) static immersion

without loading, (2) static fluid pressure and bend, (3)

dynamic pressure on a static bend, and (4) dynamic

bending with static pressure. Immersion fluid was collected

periodically and analyzed for nickel concentration using

ICP-MS. Results indicated nickel release under dynamic

bending was greater by up to 2809 for EP and 1909 for

BO finishes compared to all other groups (p\ 0.02).

Although not significant (p[ 0.27), nickel release under

dynamic pressure conditions was up to 509 higher com-

pared to static groups. In addition, BO stents released up to

69 greater levels of nickel compared to EP stents for static

immersion, dynamic pressure, and dynamic bending groups

(p\ 0.05). These findings highlight the impact of fatigue

loading on uniform corrosion for different nitinol stent

surfaces.
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Introduction

Medical implants such as cardiovascular stents can corrode

over time resulting in a release of metal ions. The corrosion

susceptibility of metallic implant materials, particularly

nitinol, is dependent on surface finishing processes [1].

Nitinol’s protective oxide layer provides a protective bar-

rier to corrosion and can be improved with surface finish-

ing steps such as mechanical polishing, electropolishing,

and passivation [2–4]. The FDA’s guidance document

‘‘Select Updates for Non-Clinical Engineering Tests and

Recommended Labeling for Intravascular Stents and

Associated Delivery Systems’’ recommends tests to assess

corrosion resistance of stents. The initial test recommended

in the guidance document is pitting corrosion testing per

ASTM F2129 (Standard Test Method for Conducting

Cyclic Potentiodynamic Polarization Measurements to

Determine the Corrosion Susceptibility of Small Implant

Devices). If the results meet pre-specified acceptance cri-

teria and the implant is manufactured using established

surface finishing processes then further testing may not be

necessary. However, if results do not meet pre-specified

acceptance criteria or the device is not manufactured using

established surface finishing processes, nickel ion release

testing is then recommended to assess the potential bio-

logical risks by comparing the amount of nickel released to

an established or derived tolerable intake value that would
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not cause appreciable harm to patient health [5]. Although

patient complications from corrosion are somewhat

unclear, pre-clinical studies have shown that corrosion

byproducts may cause neointimal growth and in-stent

restenosis [6, 7]. Clinical studies have observed adverse

events such as contact dermatitis, migraine headaches,

bronchospasms, exertional dyspnea, and pericarditis

[8–14]. In addition, nickel allergies in patients with car-

diovascular nitinol implants have been widely reported

[15–20].

Current nickel release testing is conducted in predomi-

nantly static conditions where the device is immersed in

phosphate-buffered saline (PBS), which is sampled at

periodic intervals to characterize the nickel release profile

of the device. Previous static immersion studies have

shown that surface treatments impact nickel release

behavior. For example, polishing and/or passivation of

nitinol wires was shown to reduce nickel release compared

to untreated wires when immersed in different solutions

(e.g., PBS, cell culture media) for up to 6 months [21–25].

In fact, electropolished nitinol was shown to have similar

nickel release to stainless steels and cobalt-based alloys

[26]. Other immersion studies in wires and stents found

increased nickel release with thicker oxides and nickel-rich

phases within the oxide [1, 27, 28]. Although immersion in

static conditions provides a simple, repeatable in vitro

method, stents are subjected to repetitive mechanical forces

in vivo. These mechanical loads may negatively affect the

oxide layer and thus increase metal ion release. For

example, the protective oxide layer may crack under

applied strains, creating a conduit for increased nickel

release in vivo. However, there is a paucity of data on the

effects of mechanical loading on corrosion resistance in

nitinol. A previous study found that application of a

monotonic 3% bending strain cracked thick oxides result-

ing in lower breakdown potentials in potentiodynamic

polarization testing [4]. Another study showed that radial

compression of stents with thick thermal oxides to 7%

maximum strain significantly increased nickel release

compared to their non-crimped counterparts [27]. In addi-

tion, unpublished work showed that nitinol braided-wire

devices with thermal oxides had a factor of five increase in

nickel release compared to its passivated counterpart after

10 million cycles of crush fatigue. Although this study

suggests that the magnitude of nickel leaching is dependent

on the quality of the oxide layer, it remains unclear whether

static immersion of devices may underestimate the amount

of nickel released for devices that are subjected to loading.

This is important as in vitro nickel release results are used

in assessing biocompatibility of the device. Therefore,

objectives of this study were to (1) determine whether

fatigue testing of laser-cut nitinol stents accelerates nickel

release in vitro and (2) investigate whether surface

finishing of laser-cut nitinol stents impacts nickel release

under dynamic loading.

Methods

Study Design and Stent Characterization

Nitinol stents used in this study were 3.0 mm diame-

ter 9 14 mm length (approximately 1.0 cm2 surface area).

Stents were assigned to the following test conditions: (1)

static immersion without loading, (2) static fluid pressure

on a static bend, (3) dynamic fluid pressure on a static

bend, and (4) static pressure with dynamic bending. To

determine the effects of surface finishing, stents were

manufactured with either a blue thermal oxide (BO) or

electropolished (EP) passivated oxide (Fig. 1). Surface

oxide composition and thickness were characterized using

Auger Electron Spectroscopy (Evans Analytical Group,

Sunnyvale, CA) by alternating an acquisition cycle with a

sputter cycle. A random spot on the outer diameter surface

of one stent from each processing group was chosen for

analysis. The oxide layer thickness was determined based

on the Full Width at Half Maximum (FWHM) method.

Immersion Testing

Silicone mock vessels were inspected for uniformity, inner

diameter (ID), wall thickness, and vessel compliance prior

to testing. Vessels were filled with 10% nitric acid solution

(HNO3), flushed, and rinsed with ultrapure distilled water

to ensure that vessels were free of nickel. All stents were

deployed into these mock vessels, immersed in 1 ml of

PBS, and incubated at 37 ± 2 �C for the duration of the

Fig. 1 Optical images of (left) electropolished and (right) blue oxide

stents
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study. The stent surface area-to-PBS volume ratio (1 cm2/

mL) is within the range recommended for nickel in FDA’s

guidance document ‘‘Select Updates for Non-Clinical

Engineering Tests and Recommended Labeling for

Intravascular Stents and Associated Delivery Systems’’ and

ISO 10993-15 ‘‘Biological Evaluation of Medical Devi-

ces—Part 15: Identification and Quantification of Degra-

dation Products from Metals and Alloys.’’

Stents in the first experimental group (static immersion–

no loading) were immersed without mock vessels at

atmospheric pressure conditions (n = 3–4 per processing

group) (Fig. 2). Another static immersion group consisted

of stents (n = 5 per processing group) placed into U-shaped

silicone vessels (3.0 mm nominal ID, 3–5% compliance) to

obtain a static 15 mm radius of curvature (ROC) and

subjected to 120 mmHg of static pressure provided by a

pressure regulator (static bend group). A dynamic experi-

mental group (dynamic pressure) consisted of pulsatile

fatigue in a static bend (15 mm ROC) testing using a stent

graft tester (Bose ElectroForce� 9120). Stents were

deployed into high-purity U-shaped silicone vessels

(3.0 mm nominal ID, 3–5% compliance). Dynamic pres-

sure at 30 Hz was applied to the vessel OD at radial strains

simulating pressures of 80 and 160 mmHg at physiological

rates for 80 million cycles (n = 5 per processing group). A

static pressure was applied to the vessel ID during testing

to prevent the vessels from buckling under the dynamic

pressure during testing. Another fatigue group (dynamic

bend) was conducted using an axial mechanical testing

system (Bose ElectroForce� 3200). Stents (n = 5 per pro-

cessing group) were deployed into high-purity ‘‘Omega’’-

shaped silicone vessels (3.0 mm nominal ID, 3–5% com-

pliance). Stents were dynamically bent at 15 Hz from 15 to

30 mm ROC for 40 million cycles and were verified to be

within 2 mm ROC by dimensional analysis using high-

speed video. These stented vessels were also subjected to

120 mmHg of static pressure provided by an external

pressure regulator.

Media Extractions

Immersion fluid was collected and replaced with 1 ml of

fresh PBS at day 1, 2, 3, 4, 8, 16, and 32. All instruments

and containers used for extraction were rinsed with a 10%

nitric acid solution to ensure that these items were free of

nickel. At the designated extraction time points, vessels

were depressurized and ultrapure distilled water was added

if evaporation occurred in order to bring the media volume

back to the original 1 ml volume. Extracted media was

placed into pre-weighed 15 mL conical tubes and refrig-

erated. Over 200 total samples were analyzed in this study.

Two samples could not be analyzed due to insufficient

volume for analysis from PBS leakage out of the container.

Nickel Quantification

Nickel concentration in the PBS solutions was analyzed

using inductively coupled plasma mass spectrometer (ICP-

MS) (Thermo X-Series II). Samples were diluted by adding

equal volume of 4% nitric acid solution before analysis to

ensure that any nickel adsorbed onto the PBS salts would

dissolve back into solution. The ICP-MS was tuned prior to

analysis using 1 ppb Tune A solution (Thermo Fisher) in

order to meet the required performance specifications. A

calibration curve was prepared using nickel standard

solutions (Spex CertiPrep) ranging from 0–1000 ng/mL,

and 2% nitric acid was used as the rinse solution. A 50 ng/

mL internal standard solution (VHG, contains Bi, Ga, In,

Sc, Tb, and Y) was introduced through a T-connector along

with the samples to correct for signal drift and matrix

effects. PBS blanks possessed Ni values below 0.5 ppb.

Nickel recovery was verified with immediate, static, and

dynamic spike and recovery tests (n = 5/group). Immediate

Fig. 2 Images of experimental

setups for static immersion,

static pressure and bend,

dynamic pressure on static bend,

and static pressure with

dynamic bending
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spike and recovery consisted of adding 1 ml of PBS with

150 ppb from a NIST traceable standard solution (10 lg/
mL Ni in 2% HNO3) into a straight silicone tubing and

immediately recovered. For the static spike and recovery,

1 ml of PBS with 150 ppb from a NIST traceable standard

solution was carefully pipetted into straight silicone tubing.

The samples were incubated at 37 �C for 16 days (longest

sampling interval for the study). At the end of 16 days, the

solution was carefully removed from the silicone tubing,

preserved with 2% nitric acid, and analyzed for nickel

concentration using ICP-MS. For the dynamic spike and

recovery test, 1 ml of 150 ppb nickel solution was pipetted

into ‘‘Omega’’ silicone tubes (dynamic bending group) and

mounted on the mechanical testing system. Samples were

subjected to dynamic bending (15–30 mm ROC at 15 Hz)

and a static 120 mmHg pressure regulator for 16 days. In

order to counteract evaporation over the 16-day interval,

media was diluted with ultrapure distilled water to the

original volume immediately prior to the extraction, PBS

samples were extracted from tubing, preserved with 2%

nitric acid, and analyzed for nickel concentration using

ICP-MS.

Scanning Electron Microscopy

After immersion, each stent was removed from silicone

tubing and the entire length of each stent was inspected

using scanning electron microscopy (SEM) (JEOL JSM-

6390LV and FEI Quanta 200F). The abluminal (outer

surface of stent), laser-cut side wall, and luminal (inner

surface of the stent) surfaces of stents were inspected for

corrosion and other alterations to the surface (e.g., cracks)

and compared to non-tested stents (baseline). In addition,

the inner surfaces of the silicone tubing were examined to

determine whether alterations to tubing occurred as a result

of interaction with the stent during mechanical testing.

Statistics

Three samples (EP stents in static bend group for day 8 and

EP stents in dynamic bend for day 1 and 32) were deter-

mined to be statistical outliers using the Thompson Tau

outlier test. Analysis of Variance (ANOVA) was performed

to compare nickel release between groups within EP or BO

stent groups. In addition, Student T tests were used to

assess differences between surface finishing groups for

each test condition. All data are presented as mean ± s-

tandard deviation. p values less than 0.05 were considered

significant.

Results

Stent Characterization

The electropolished stent surface possessed a distinctly

different composition and chemistry compared to the blue

oxide stent surface (Fig. 3). The EP stent had a thin oxide

layer (7 nm) without any nickel-rich regions evident. In

contrast, the BO stent surface oxide was thicker (95 nm)

with a nickel-rich sublayer. Both stent groups had a small

concentration of nickel (1–2%) present on the surface.

Visual inspection using SEM showed that surfaces were

mostly smooth with typical manufacturing features (e.g.,

surface oxide stringers) observed in control EP and BO

stents (Fig. 4). No signs of pitting, damage, or cracks were

observed in any of the control stents analyzed.

Fig. 3 Auger depth profile for (left) electropolished (EP) stents and (right) blue oxide (BO) stents. Oxide layer thickness for EP was 7 nm and

BO was 95 nm

Shap. Mem. Superelasticity (2018) 4:462–471 465

123



Nickel Release

Nickel spike with immediate recovery yielded 148 ± 16 ppb.

Recovery after 16 days of incubation was lower for the static

spike and recovery testing (138 ± 4 ppb) compared to imme-

diate recovery. Nickel recovery was higher and more variable

for dynamic spike and recovery (176 ± 38 ppb) compared to

immediate and static nickel recovery.

Nickel release was significantly higher (p\0.02) for

dynamic bending compared to all other groups at every time

point for EP stents and after day 1 for BO (Fig. 5). Nickel

release was not different (p[0.27) between dynamic pres-

sure and static conditions (immersion and bend groups).

There were also no differences in nickel release between

static immersion and static bend groups for either EP or BO

surfaces (p[0.53). In addition, dynamic bending of EP and

BO stents resulted in significantly higher nickel release

(p\0.02) at 2.5, 5, 10, 20, and 40 million cycles compared

to dynamic pressure loading (Fig. 6).

For the static immersion condition, cumulative nickel

release was significantly higher (p\ 0.02) for BO stents

compared to EP stents (Fig. 7a). Cumulative nickel release

was below 150 ng for both stent groups over the 32-day

immersion duration. Interestingly, cumulative nickel

release was significantly greater (p\ 0.01) for EP stents

compared to BO stents after day 3 for static bending and

pressure loading condition (Fig. 7b). Total nickel concen-

trations were typically below 300 ng over the 32-day

immersion duration. For dynamic pressure loading,

cumulative nickel release was significantly greater

(p\ 0.05) for BO compared to EP stents after day 4

(Fig. 7c). For dynamic bending loading, cumulative nickel

release was significantly greater (p\ 0.05) for BO stents

compared to EP stents after day 3 (Fig. 7d).

Visual Analysis

Both EP and BO stents under static immersion displayed

similar morphology to their respective non-tested control

stents (images not shown). EP and BO stents under static

pressure and bend conditions had smooth consistent sur-

faces and also appeared similar to their non-tested control

stents (Fig. 8). EP stent surfaces under dynamic pressure

loading were similar to static conditions and non-tested

stents (Fig. 9). In contrast, BO stents under dynamic

pressure loading displayed possessed areas with dimpled

surfaces and cracks at the intrados post-testing. Similarly,

cracks were observed in the intrados of BO stent struts, but

not on EP stents after dynamic bending (Fig. 10). Inter-

estingly, surface abrasion was noted particularly at the strut

Fig. 4 Representative SEM images of non-tested electropolished

(EP) and blue oxide (BO) stent surfaces

Fig. 5 Nickel release at time points over the 32-day immersion duration for (left) electropolished and (right) blue oxide (BO) stent groups.

*p\ 0.02 compared to other experimental groups
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apices for both EP and BO stents (Fig. 10). SEM imaging

of the silicone vessel reveals that dynamic bending dis-

played damage (e.g., wear/fretting) of silicone vessel post-

testing in both EP and BO groups, which were absent from

static pressure/bend and dynamic pressure conditions

(Fig. 11).

Fig. 6 Cumulative nickel release vs. loading cycles for (left) electropolished stents and (right) blue oxide stents. *p\ 0.02 compared to

dynamic pressure group

Fig. 7 Cumulative nickel release over the 32-day immersion duration for a static immersion, b static pressure and bend, c dynamic pressure on

static bend, and d static pressure with dynamic bending. *p\ 0.05 compared to static group
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Discussion

Immersion testing is performed by device manufacturers to

assess the propensity of a medical implant to release metal

ions. In fact, these results are frequently used as part of a

biocompatibility risk assessment where the cumulative

nickel release and rate of nickel release from the device are

compared to a tolerable intake values for that metal.

Therefore, it is important that in vitro immersion testing

accurately estimates levels of metal ion release that may

occur in vivo. Although static immersion testing simulates

several critical factors (e.g., pH, temperature), one key

factor not simulated is the mechanical environment that

implants such as stents are subjected to in vivo. This is the

first study to investigate whether cyclic strains experienced

by cardiovascular stents in vivo increase the potential for

uniform corrosion. The results indicate that fatigue loading

substantially increases nickel release in nitinol stents with

thin passivated oxide and moderately thick thermal oxide.

In fact, nickel release for EP stents under dynamic pressure

loading had up to a 509 increase compared to static

immersion and up to 289 compared to static pressure and

bend conditions over the testing duration. Furthermore,

nickel release for EP stents under dynamic bending had up

to a 2809 increase compared to static immersion and up to

199 compared to static pressure and bend conditions.

Similarly, nickel release for BO stents under dynamic

pressure loading had up to a 369 increase compared to

static immersion and up to 419 compared to static pressure

and bend conditions. Under dynamic bending, nickel

release for BO stents was up to 1709 higher compared to

static immersion and up to 1909 compared to static pres-

sure and bend conditions over the course of the study.

These results highlight the impact of mechanical loading

on increased nickel release and may be an important factor

in patients with nickel allergies. Currently, there are no

definitive tolerable intake values for nickel-based implants.

The US Pharmacopeia suggests a Permissible Daily

Exposure (PDE) for nickel as a metallic impurity in drug

products to be 0.5 lg/kg/day. For a 70 kg person, the PDE

would be 35 lg/day. This PDE is substantially greater than

the highest rate of nickel release (1 lg/day) for stents under
dynamic bending conditions. Although nickel release was

below the PDE, this PDE is intended to be protective for

only systemic effects and therefore the threshold for local

Fig. 8 Representative SEM images of electropolished (EP) and blue

oxide (BO) stent surfaces post-test for the static pressure and bend

group. Stent surfaces appear similar to non-tested stents

Fig. 9 Representative SEM images of electropolished (EP) and blue

oxide (BO) stent surfaces post-test for the dynamic pressure with

static bend group. EP stent surfaces appear similar to non-tested

stents. In some BO stents, micro-cracks were observed at intrados

Fig. 10 Representative SEM images of electropolished (EP) and blue

oxide (BO) stent surfaces post-test for the static pressure with

dynamic bend group. Surface abrasion was observed in EP and BO

stent groups (yellow arrows). In addition, BO stent surfaces possessed

dimpled surfaces and cracks at the intrados (Color figure online)
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adverse biological effects may be lower. In addition, the

size of the stent used in this study (3 mm 9 14 mm) was

intended for coronary applications and testing duration was

only for up to 80 million cycles. Testing of larger stents

(e.g., superficial femoral artery) or testing of multiple stents

(e.g., overlapped condition) may result in nickel release

rates closer to the reported PDE.

Comparisons between surface finishes demonstrated that

BO stents released more nickel compared to EP stents for

static immersion, dynamic pressure, and dynamic bending

groups. It was somewhat expected that BO stents would

release more nickel compared to EP stents as our results are

in good agreement with a previous study that investigated

the effects of surface processing on nickel release in static

immersion conditions [27]. In fact, AF stents (blue color in

appearance) in the previous study had a similar increase

(* 69) in cumulative nickel release compared to EP stents

as blue oxide stents in this study after approximately

32 days of immersion. However, it was unexpected that a

relative increase in nickel release did not occur with fatigue

loading for BO stents (2.4 9 and 3.8 9 increase in

dynamic bending and dynamic pressure groups, respec-

tively). For dynamic pressure loading (Fig. 7c), the

cumulative nickel release rate (i.e., slope of curve from

days 16 to 32) for BO stents is higher (50 ng/day)

compared to EP stents (8 ng/day). Over longer testing

times, we expect that BO stents would have higher relative

rates of nickel release compared to EP surfaces. The same

trend, however, was not observed in dynamic bending

conditions. A confounding factor in this group is that the

high nickel release in dynamic bending was likely due to

fretting between stent and silicone vessel (Figs. 10 and 11).

This testing artifact may have dominated the nickel release

in both surface processing groups and thus prevented

comparisons of the relative differences between EP and BO

groups.

There are some important limitations that must be

considered when interpreting the results of this study. We

found that dynamic bending resulted in significantly

greater nickel release than pulsatile loading for both EP and

BO stents. The loading magnitudes for both groups were

chosen were based on typical values reported in literature;

however, direct comparisons are difficult as the local mean

and alternating strains on the struts were not known

between loading modes. Although this study determined

that loading modes and magnitudes are important factors in

nickel release rates, more studies are needed to compre-

hensively determine the effects of loading on nickel

release. We recommend that further studies be conducted

to investigate multiple loading levels for a particular

Fig. 11 Representative SEM images of silicone vessels post-test for

the (left) static pressure and bend pressure, (center) dynamic pressure

with static bend, and (right) static pressure with dynamic bending

groups. Vessels in dynamic bending group displayed fretting damage

in both electropolished (EP) and blue oxide (BO) stent processing

groups
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loading mode. In addition, finite element analysis simula-

tions can complement experimental testing and further

elucidate the interplay between local mechanics and nickel

release. Another limitation is the effect of testing frequency

on nickel release was not investigated. Acceleration of

frequency may impact nickel release that may not be

observed at physiological rates (e.g., 1.2 Hz for blood

pulsations). Therefore, we recommend additional research

to determine the impact of testing frequency on nickel

release. Finally, dynamic spike and recovery testing

showed that 117% nickel was recovered on average. The

higher nickel concentration suggests that nickel contami-

nation may have occurred from potential sources such as

silicone tubing or testing equipment. Although the relative

comparisons between groups in our study are likely unaf-

fected, the absolute nickel concentration may be overesti-

mated by up to 20%. This is important when comparing

nickel concentrations to reported tolerable intake values for

biocompatibility assessments. Identification and elimina-

tion of sources of metal ion contamination is critical for

nickel release studies that incorporate dynamic loading of

devices.

In conclusion, dynamic pulsatile loading accelerated

nickel release by up to 50 9 in vitro compared to typical

static immersion conditions and may be an important factor

in accurately simulate nickel release levels in vivo. In

addition, surface finishing was another key factor in

immersion testing as blue oxide stents released greater

levels of nickel compared to electropolished stents for

static and dynamic loading groups. Although the nickel

levels reported from fatigue testing are substantially lower

than previously reported tolerable nickel intake for adults,

larger devices and longer testing durations may have a

negative biological effect, particularly on devices with

thick thermal oxides. Nickel ion release during fatigue

testing in this study provided initial insight into the impact

of dynamic mechanical loading on uniform corrosion in

nitinol stents, but is also technically challenging and fur-

ther studies are needed to develop best practices for this

more complicated test method.
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