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Abstract Nitinol is a nickel–titanium alloy widely used in

medical devices for its unique pseudoelastic and shape-

memory properties. However, nitinol can release poten-

tially hazardous amounts of nickel, depending on surface

manufacturing yielding different oxide thicknesses and

compositions. Furthermore, nitinol medical devices can be

implanted throughout the body and exposed to extremes in

pH and reactive oxygen species (ROS), but few tools exist

for evaluating nickel release under such physiological

conditions. Even in cardiovascular applications, where

nitinol medical devices are relatively common and the

blood environment is well understood, there is a lack of

information on how local inflammatory conditions after

implantation might affect nickel ion release. For this study,

nickel release from nitinol wires of different finishes was

measured in pH conditions and at ROS concentrations

selected to encompass and exceed literature reports of

extracellular pH and ROS. Results showed increased nickel

release at levels of pH and ROS reported to be physio-

logical, with decreasing pH and increasing concentrations

of hydrogen peroxide and NaOCl/HOCl having the greatest

effects. The results support the importance of considering

the implantation site when designing studies to predict

nickel release from nitinol and underscore the value of

understanding the chemical milieu at the device–tissue

interface.
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Introduction

Nitinol, a nearly equiatomic nickel–titanium (NiTi) alloy,

is used in medical devices because of its unique pseudoe-

lastic and shape-memory properties. The diversity of NiTi

medical devices deployed throughout the human body

exposes them to different physiological and pathological

conditions [1], and the surface of NiTi medical devices is

processed with the aim of minimizing corrosion suscepti-

bility and Ni release [2, 3]. Limiting Ni release is important

because Ni, besides potentially causing allergic reactions in

sensitized individuals [4, 5], can be toxic [6], genotoxic,

and carcinogenic depending on the dose and route of

exposure [7]. Numerous surface treatment methods can be

applied to reduce patient exposure to Ni, including

mechanical polishing, electropolishing, and chemical

etching [8, 9]. In vivo, NiTi stents with non-optimized

finishes have been found to result in greater exposure of
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patients to Ni and have been associated with increased

medical events/complications (including stenosis and local

inflammation) compared to optimized finishes [10].

For this study, we hypothesized that physiological

conditions encountered in vivo, such as acidic/basic pH

[11–15], and reactive oxygen species (ROS) from hydro-

gen peroxide (H2O2) and sodium hypochlorite/hypochlor-

ous acid (NaOCl/HOCl) produced by inflammatory cells

[16–18] could increase the rate of Ni release from NiTi.

Understanding the influence of these physiological condi-

tions may be particularly important for cardiovascular

indications where nitinol medical devices may be exposed

to excursions in pH or ROS after implantation. Most body

fluids and tissues are near-neutral pH, like the brain (pH

7.2), cerebrospinal fluid (pH 7.3), blood (pH 7.4 ± 0.05),

and interstitial fluids in tissues (pH 7.3–7.4), although the

pH may decrease as low as 5.5 in cases of inflammation

[19]. Other examples of pH range include the uterus (pH

3.0–9.0 [15]) and the lumen of the digestive system where

pH is lowest in the fundus of the stomach (pH * 1.0 to 2.0

between meals) [20, 21] and highest in the small bowel

(pH * 5.5 to * 9.0) [22–24].

H2O2 and NaOCl/HOCl are examples of ROS present in

physiological environments. H2O2 is a relatively mild

oxidizing agent unless it undergoes the Fenton or Haber–

Weiss reaction catalyzed by a transition metal ion like

Fe2?, Cu2?, Zn2?, or Ni2? converting it to the indiscrim-

inately reactive and highly destructive hydroxyl radical

(HO�) or superoxide radical (O2
-). H2O2 concentrations

above 100 lM may be found in the oral cavity (some

beverages have high amounts), esophagus, stomach, kid-

ney, urinary tract, bladder, and ocular tissues [16].

Although normal healthy blood plasma levels of H2O2

range from 1 to 5 lM, disease states can increase the range

to 30–50 lM [17]. Along with H2O2, an inflammatory

reaction during the destruction of foreign body particles by

neutrophils and monocytes/macrophages can produce

concentrations of NaOCl/HOCl as high as 25–50 mM at

the inflammatory foci [18].

The extent to which Ni release from nitinol may be

influenced by different physiological environments is not

well characterized to date. Therefore, the present study

evaluated the relationship between media conditions and

Ni release from NiTi. To encompass a range of NiTi pro-

cessing methods, NiTi wires with different finishes (char-

acterized by surface oxide layer appearance and thickness)

served as model test articles. These comprised NiTi wires

with chemical etch (CE), amber oxide (AO), and black

oxide (BO) finishes having surface oxide thicknesses (SiO2

equivalent) of about 14, 113, and 1950 nm, respectively,

and measured breakdown potentials (versus saturated

calomel electrode ± standard deviation) of 649.3 ± 222.3,

520.4 ± 102.4, and 442.0 ± 62.37 mV, respectively. Ni

release from these NiTi wires was evaluated under condi-

tions representing physiological factors: a range of pH was

examined, as were ROS-related conditions (at physiologi-

cal and supraphysiological concentrations), mimicked by

the presence and concentration of H2O2 and NaOCl/HOCl.

Material and Methods

Materials

NiTi wires (straight annealed, 0.5 mm diameter) manu-

factured in conformance with ASTM F2063 [25] having

chemical etched, amber oxide, and black oxide finishes

were purchased from a commercial source (Memry Cor-

poration). Because the details of wire processing and sur-

face treatments are proprietary, additional testing to

characterize the finishes of samples was performed (see

below).

Auger Electron Spectroscopy

To characterize the oxide layer for each finish, samples

were sent for Auger electron spectroscopy by Evans Ana-

lytical Group Laboratories (Sunnyvale, CA) where a single

spot on each wire was analyzed. Briefly, a PHI 670 Auger

Nanoprobe was used with electron beam conditions of

10 kV, 16 nA, and ion beam conditions of Ar?, 4 keV,

2 mm 9 2 mm raster, with a sputter rate of 8.2 nm/min

(SiO2 equivalent), and sample tilt of 30� to sample normal.

SiO2 equivalent oxide thicknesses (which are approxima-

tions of absolute thicknesses) were 14, 113, and 1950 nm

for CE, AO, and BO finishes, respectively.

Cyclic Potentiodynamic Polarization Testing

Due to the highly localized nature of the Auger measure-

ments and to further characterize the corrosion resistance

of finished surfaces, potentiodynamic polarization charac-

terization was conducted using methods described in

ASTM F2129-19a [26] on six samples for each of the three

surface finishes. For this testing, Interface 1000 poten-

tiostats (Gamry) with graphite carbon rod counter electrode

and saturated calomel electrode (SCE) reference electrode

were used. Wires were mounted using fast-drying silver

paint (Ted Pella). The attached and free wire ends were

insulated by covering with MICCROstop (Tolber Chemi-

cals). The samples were then immersed in deaerated

phosphate-buffered saline (PBS) and the open-circuit

potential (OCP) was monitored for 1 h. After 1 h, the OCP

values had stabilized and were recorded as the rest poten-

tial, Er. Er values (in mV vs. SCE ± standard deviation) for

CE, AO, and BO were - 71.94 ± 12.53, - 60.26 ±
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13.20, and - 260.56 ± 25.35 mV, respectively. The

wires were then subjected to potentiodynamic scans to a

vertex potential of 1000 mV vs. SCE and back to the rest

potential at a scan rate of 1 mV/sec. Scans were reversed

when either 1000 mV was reached or when the current

density exceeded 25 mA/cm2. The occurrence of pitting

corrosion was inferred if the current density on the forward

scan exhibited a two-decade increase at (near) constant

potential, i.e., breakdown potential, Eb. Pitting was con-

firmed in all samples that met this criterion through

microscopic inspection. Measured Eb values for CE, AO,

and BO were 649.3 ± 222.3, 520.4 ± 102.4, and

442.0 ± 62.37, respectively.

Chemicals

The following chemicals were obtained from Fisher Sci-

entific (Hampton, NH): PBS 1 9 powder concentrate (pH

7.4), 32–35% (w/w) Optima hydrochloric acid (HCl),

67–69% (w/w) Optima nitric acid (HNO3), 30% (w/w)

H2O2, and 85% (w/w) phosphoric acid (H3PO4). The fol-

lowing chemicals were obtained from Sigma-Aldrich (St.

Louis, MO): sodium phosphate monobasic (NaH2PO4),

sodium chloride (NaCl), and sodium hydroxide (NaOH).

The MICCROstop stop-off lacquer was from Tolber

Chemical Division (Hope, AR).

Chemical Solutions

A 1000 ppm Ni standard stock solution was purchased

from Ricca Chemical Company (Arlington, TX). Sodium

hypochlorite (NaOCl) solutions with 11–15% (or

1.7–2.32 M) available chlorine was purchased from Alfa

Aesar (Tewksbury, MA); the measured available chlorine

during the experiments was *11% (titration using sodium

thiosulfate-iodine). Solutions of phosphate buffers with

different pH values (2.2, 4.2, 6.2, 7.2, and 8.2) were made

using various ratios of NaH2PO4 to H3PO4 according to a

buffer calculator provided by the Centre for Proteome

Research (Liverpool, UK) [27] and the ionic strength was

adjusted to 154 mM using NaCl. To determine if adjusting

the ionic strength of the buffer to 154 mM affected Ni

release, an additional experiment was performed using

non-adjusted (i.e., sub-physiological 29 mM NaCl) buffer.

The effect of ionic strength (29 mM NaCl compared to

154 mM NaCl) was not found to cause a difference in the

initial release of Ni on Day 1 or in the average release rate

from any finish (CE, AO, or BO) in the tested pH range

(results not shown).

pH values were adjusted with either HCl or NaOH and

determined using an ORION STAR A215 pH meter

(Thermo Fisher Scientific, Waltham, MA) after calibration

with the appropriate standard pH buffer of 2, 4, 7, or 10

(Ricca Chemical Company, Arlington, TX). PBS was made

from 1 9 powder concentrate (pH 7.4 with an ionic

strength of 154 mM NaCl) in ultrapure (C 18.2 MX/cm)

deionized water (Millipore Sigma, Burlington, MA). The

stock (9.79 M) H2O2 solution was diluted in PBS to final

concentrations of 0.1, 1, and 20 mM (the latter two con-

centrations are supraphysiological). Two NaOCl/HOCl

concentrations of 3.87 and 77.3 mM were prepared from a

NaOCl stock solution and adjusted to pH 7.4.

Wire Immersion

NiTi wires were cut to a nominal length of 1.6 cm using a

wire cutter and held with plastic tweezers while each end

was capped with stop-off lacquer that was dried overnight

at room temperature. 1.4 cm lengths (nominal) of exposed

NiTi wires with surface areas of 0.2187 ± 0.0083 cm2

(calculated from n = 97 measured test wires) were

immersed in four different types of solutions: PBS (pH

7.4), NaH2PO4/H3PO4 pH buffers (2.2, 4.2, 6.2, 7.2, and

8.2), H2O2 (0.1, 1, and 20 mM), and NaOCl/HOCl (3.87

and 77.3 mM). Wire samples were prepared in triplicate

(n = 3), immersed in 2 mL of each solution in 15 mL

Falcon polypropylene or polystyrene centrifuge tubes

(Fisher Scientific, Hampton, NH), and incubated in a 37 �C
water bath for 24 h. Every 1–2 days for 7 days, each wire

was transferred with plastic tweezers to a new 15 mL

centrifuge tube containing 2 mL of its corresponding fresh

solution. After each time point, every 2 mL of sample

solution was acidified using 8 mL of 2 vol%/2 vol% HCl/

HNO3 for analysis by inductively coupled plasma mass

spectrometry (ICP-MS). Sample surface area-to-volume

ratios were within the suggested limits (0.1–1 cm2/mL)

found in Sect. 10.1.4 of ASTM F3306-19 [28]. By check-

ing representative worst-case samples, we determined Ni

release was not limited by saturation of the solutions (data

not shown).

Ni Quantification

Ni was measured in standard resolution on an X-Series 2

ICP-MS (Thermo Scientific, Waltman, MA) in kinetic

energy discrimination mode with 3.55% helium, 30 ms

dwell time, and 0.02 atomic mass unit separation. Instru-

ment performance was checked with a multi-element

mixture (Tune A; VHG Labs, Manchester, NH). An

internal standard of 10 ppb 115Indium (PerkinElmer,

Akron, OH) was used to normalize sample injection vol-

ume and instrument drift. For the Ni concentration cali-

bration standard curves, a series of ten Ni dilutions from

1000 to 0.01 ppb in 2 vol%/ 2 vol% HCl/HNO3 were

prepared in 50 mL polypropylene centrifuge tubes diluted

in matrix-matched media from the 1000 ppm Ni standard
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stock solution. A linear regression fit for this 10-point

calibration curve was used (R2[ 0.999) to determine the

quantity of both 58Ni and 60Ni isotopes. The lowest

observable quantity (50 pg/mL) was obtained when mea-

suring 58Ni. All the data are normalized to the surface area

(0.2187 ± 0.0083 cm2) of the NiTi wires.

To obtain the recovery of Ni after 24 h at 37 �C, solu-

tions of PBS were spiked with 20 ppb Ni using the Ni

standard stock solution. Spike and recovery tests (n = 3 per

test condition) were performed using low (0.2 ppb) and

high (20 ppb) Ni concentrations in each of the physiolog-

ical conditions evaluated [all pH levels and maximum

H2O2 (20 mM) and NaOCl/HOCl (77.3 mM) concentra-

tions] for seven days at 37 �C. Average recovery rates

ranged from 0.89 to 1.50 and 0.97–1.07 for 0.2 and 20 ppb

samples, respectively. Relative standard deviation of these

measurements ranged from 0.71 to 15%. No systematic

gains or losses in Ni recovery could be distinguished from

the typical variability observed for Ni measurements at

these concentrations. Furthermore, it is noted that experi-

mental observations reported in the Results section con-

sisted of order-of-magnitude changes in Ni release, much

greater than the error observed for individual Ni

measurements.

Corrosion Inspection

After Ni release studies, wires were rinsed with deionized

water and blotted dry using delicate task wipes. Wires were

then imaged using 150 9 magnification on a KH7700

digital reflective microscope (Hirox USA, Hackensack,

NJ).

Statistical Analysis

Data in figures and supplemental tables are presented as the

mean ± standard deviation of three samples. Uncertainties

(standard deviations) are based on the compounded

uncertainties in mass and surface area. Probability (p) value

calculations of single-day Ni release compared to threshold

values were performed using a single-sample right-tailed

Student’s t test using Microsoft Excel with n = 3 and

degrees of freedom (df) = 2. P-value calculations for

comparison of single day and cumulative Ni release

between test conditions was performed using two-sample,

two-tailed Student’s t test assuming unequal variance using

Microsoft Excel. For two-sample tests, df was calculated

using the Welch–Satterthwaite equation.

Results

In experiments where Ni release was measured as a func-

tion of buffer pH, the rate of Ni release increased with

decreasing pH for all finishes (Fig. 1 and Table S1). Most

wires demonstrated a higher Ni release on the first day and

Ni release generally decreased thereafter, as observed on

days 4 and 7. BO wires (Fig. 1A) released the most Ni at

pH 2.2 (day 1: 104,800 ng/cm2) and pH 4.2 (day 1:

77,830 ng/cm2). AO wires (Fig. 1B) released intermediate

amounts of Ni at pH 2.2 (day 1: 325.0 ng/cm2) and pH 4.2

(day 1: 87.32 ng/cm2). Finally, CE wires (Fig. 1C) released

the least amount of Ni at pH 2.2 (day 1: 135.6 ng/cm2) and

pH 4.2 (day 1: 44.54 ng/cm2). The average release rates of

Ni in units of ng/cm2-day are also shown in Table S1 and

Fig. 1 Semi-log plots of periodic Ni release (ng/cm2-day) from

nitinol wires of the finishes black oxide (A), amber oxide (B), and

chemical etch (C) exposed to different pH solutions (2.2-u, 4.2-j,

6.2-m, 7.2-d, 8.2-x). Error bars represent standard deviations. Note:

The elevated Ni release and standard deviation reported in (C) for pH

4.2 on day 4 is due to a single outlier measurement
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release magnitudes are ordered as BO[AO[CE for all

pH values.

Results of Ni release from wires treated with H2O2 (0.1,

1, and 20 mM) daily for 7 days are shown in Fig. 2 and

Table S2. Generally, increasing concentrations of H2O2

caused greater Ni release, with peak release rates generally

observed on Day 1. Minimum H2O2 concentrations to

achieve 50% increases in Ni release were 0.1 mM for BO

(p = 0.0033), 1 mM for AO (p = 0.0034), and 20 mM for

CE (p = 0.0010). For BO wires, all concentrations of H2O2

(0.1, 1.0, and 20 mM) resulted in a sustained daily

increased release of Ni (Fig. 2A). For AO wires, only the

supraphysiological conditions (1.0 and 20 mM) resulted in

a sustained daily increased release of Ni (Fig. 2B). Finally,

for CE wires, only 20 mM of H2O2 resulted in a sustained

daily increased release of Ni (Fig. 2C).

Results of daily Ni release measurements for wires

treated with NaOCl/HOCl (3.87 and 77.3 mM) are shown

in Fig. 3 and Table S2. NaOCl/HOCl at 3.87 mM (the

lowest concentration tested and below maximum reported

physiological conditions) significantly increased Ni

release. For BO (Fig. 3A) and AO (Fig. 3B) wires,

3.87 mM NaOCl/HOCl produced a greater than 40-fold

increase in Ni release compared to PBS and 77.3 mM

(supraphysiological) produced a greater than 100-fold

increase compared to PBS. CE wires exposed to 3.87 mM

or 77.3 mM NaOCl/HOCl showed the lowest Ni release

rate increases (Fig. 3C). Release profiles for treatment with

NaOCl/HOCl appear shaped like the pH studies, generally

exhibiting decreasing release rates over time.

Figure 4 shows digital microscope images of represen-

tative wire samples exposed to NaOCl/HOCl. Corrosion

Fig. 2 Semi-log plots of the daily Ni release (ng/cm2-day) from

nitinol wires of the finishes black oxide (A), amber oxide (B), and

chemical etch (C) exposed to three concentrations of hydrogen

peroxide (0 = PBS-d, 0.1 mM-m, 1 mM-j, and 20 mM-u) in

phosphate-buffered saline. Error bars represent standard deviations

Fig. 3 Semi-log plots of the daily Ni release (ng/cm2-day) from

nitinol wires of the finishes black oxide (A), amber oxide (B), and

chemical etch (C) exposed to two concentrations of sodium

hypochlorite/hypochlorous acid (0 = PBS-d, 3.87 mM-m, and

77.3 mM-j) in phosphate-buffered saline. Error bars represent

standard deviations
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was visually observed for AO and BO, but not for CE

wires. No other conditions (pH or H2O2) caused visible

corrosive damage to any of the wires (results not pictured).

Discussion

We investigated whether various test media conditions,

which are not captured in current testing paradigms for

NiTi implant materials, can cause increases in Ni release

from NiTi materials of various finishes. Typically, a

determination of whether Ni release studies are needed for

assessment of a medical device depends on information

about the finishing process in manufacturing and corrosion

resistance testing [29, 30]. Ni release is usually measured

in PBS at 37 �C with pH of 7.4 and no ROS (approxi-

mating the typical blood environment) for a duration suf-

ficient to measure maximum release rates, including any

bolus release that occurs after initial release (often about

60 days). Although the experiments in the present study

represent an abbreviated time course (seven days), they

provide insight into how NiTi alloy of various finishes can

behave when exposed to excursions in pH and ROS.

To evaluate the Ni release rates observed in this study,

we considered our group’s previous work to predict local

and systemic Ni levels as a result of Ni release from a

cardiovascular implant (specifically, NiTi septal occluders)

[31]. This earlier study predicts that if Ni release from a

cardiovascular implant remains below 75 ng/(cm2-day),

then local tissue levels of Ni will not exceed 5 lg/g, a

concentration shown not to increase inflammation in rats

[32]. Furthermore, it was calculated [31] that when total Ni

release from a cardiovascular implant remains below

32 lg/day, adult Ni serum levels will not exceed the

biomonitoring limit for Ni refinery workers (10 lg/L Ni in

serum [33]). Based on our experience that the vast majority

of implanted NiTi devices will have surface areas of less

than 100 cm2, we divided by this maximum surface area to

yield a release threshold of 320 ng/(cm2-day). As a con-

servative approach, the lesser of the release thresholds,

75 ng/(cm2-day), was used in the analysis that follows.

A simple application of the release threshold is to screen

for rates of single-day release more than 75 ng/(cm2-day)

in the seven-day studies performed here. Examining neu-

tral-buffered conditions (PBS/pH 7.2) first, neither CE nor

AO wires released Ni in quantities that exceeded 75 ng/

(cm2-day). The threshold was consistently exceeded,

however, for BO wires under the same conditions (see

Tables S1 and S2) at levels no less than 452 ng/(cm2-day),

regardless of the day of the observation [p-values for

comparison to 75 ng/(cm2-day) range from 0.0004 to

0.0014]. Based on this analysis, BO wires as used in this

study could raise concern if proposed for medical device

use, which is consistent with other reports [8, 34]. CE and

AO wires performed similarly to each other at neutral pH,

exhibiting initial release of 38–74 ng/cm2 on day one fol-

lowed by average release on the order of 10 ng/(cm2-day).

Together, data suggest that the variation in wire finishes

provides adequate range to evaluate Ni release in response

to the in vitro test conditions of the study.

The results suggest that the thinner oxide finishes (CE

and AO) can be expected to perform well at most physi-

ological pH levels (i.e., pH 4.2–8.2), which includes typical

blood pH. Notably, however, at pH 2.2, AO (p = 0.0035)

and CE (p = 0.0168) demonstrated release above 75 ng/

(cm2-day) on day 7, which had increased in rate from day

two onward. This result suggests that finishes that appear to

perform near equivalently at pH 7.2 may not provide

equivalent protection in highly acidic conditions (e.g., pH

2.2). It also highlights the value of collecting time-course

release data, as is typical practice. The observation of

worsening corrosion resistance and increasing Ni release

under acidic conditions has been documented previously

[35–37] and incorporation of tissue-relevant physiological

pH into regulatory testing is often performed. Overall, the

results of pH experiments support the importance of eval-

uation of Ni release under physiologically relevant pH

conditions, but for finishes such as CE and AO, minor

shifts in pH alone (such as from localized inflammation)

are not expected to considerably affect Ni release.

H2O2 experiments included physiological and supra-

physiological conditions to allow estimation of concentra-

tions of H2O2 needed to achieve increased Ni release from

NiTi wires. These concentrations encompassed levels

observed in normal plasma (1–5 lM) and seen in disease

states (30–50 lM) [17]. For CE and AO wires, a minimum

of 1 mM H2O2 was needed to elicit sustained Ni release

above 75 ng/(cm2-day). Physiological H2O2 levels alone, if

Fig. 4 Corrosion of nitinol wires after exposure to 0, 3.87, and

77.3 mM sodium hypochlorite/hypochlorous acid (NaOCl/HOCl)

solutions for 7 days was visually inspected and photographed using

a digital reflective microscope. Significant macroscopic damage

(pitting) was observed on 3.87 and 77.3 mM-exposed black oxide

(BO) and amber oxide (AO) but not chemical etch (CE) wires. No

other solutions (pH or hydrogen peroxide) showed macroscopic

damage (results not shown). Scale: all pictured wires are 500 lm in

diameter
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under 0.1 mM as described in the literature, do not appear

high enough to warrant routine Ni release testing. Fur-

thermore, it was noted that Ni release profiles in H2O2

generally appeared sustained compared to pH studies,

suggesting that the mechanism of Ni release due to H2O2 is

different. Other groups have investigated the effect of

H2O2 on NiTi and Ti, but not at the conditions or durations

studied here. In one study, NiTi wires were treated with

boiling solutions of 3% (0.977 M) and 30% (9.77 M) H2O2

with the aim of improving corrosion resistance and repor-

ted ‘‘higher chemical homogeneity of the surfaces free of

secondary phases and inclusions’’ and did not observe

pitting upon electrochemical analysis [38]. While reports

such as this can be useful for suggesting a mechanism for

H2O2-induced Ni release, the experiments performed here

were meant to specifically address potential in vivo Ni

release due to H2O2 as produced by immune cells. Notably,

minimal increases in Ni release were observed at these

physiological levels.

NaOCl/HOCl experiments were also designed to include

physiological (25–50 mM at the inflammatory foci [18])

and supraphysiological conditions, although literature

information about levels specific to cardiovascular physi-

ology could not be located. These experiments yielded

information about the concentration needed to achieve

increased Ni release and cause pitting of NiTi. The lowest

concentration of NaOCl/HOCl tested (3.87 mM) caused

initial release of Ni over 75 ng/(cm2-day) (Fig. 3) and

visible pitting (Fig. 4) in AO but not CE wires (p = 0.1071

and 0.6696, respectively), suggesting that NaOCl/HOCl

can cause increased damage to NiTi with thicker oxide

finishes, consistent with earlier work [39]. Previous studies

of NaOCl/HOCl on NiTi have generally reported the use of

much higher concentrations, shorter exposure duration, and

lacked adjustment of the solution pH [40]. The mechanistic

effect of NaOCl on NiTi was described in two steps: (1) the

presence of chloride ion facilitates dissolution of surface

oxide and exposure of metallic NiTi and (2) Ni metal is

converted to Ni hydroxides by direct action of NaOCl/

HOCl. Observation of in vivo corrosion of stents implanted

for 6 months in a minipig model with thick oxide layers

(- 400 nm SiO2 equivalent) resulted in extensive pitting

[41], suggesting that the local in vivo environment contains

corrosive levels of NaOCl/HOCl or other ROS species that

act on NiTi by a similar mechanism.

Importantly, Ni release increased for wire finishes with

greater surface oxide layer thickness (lower Eb values) for

all media conditions, consistent with previous work on

NiTi wires and stents [3, 39, 42, 43], although it is

important to note that thickness is only one of several

characteristics of surface oxides that determines resistance

to corrosion [44]. The effect of finish was most apparent at

low pH (\ 6.2) and low concentrations of NaOCl/HOCl

(C 3.87 mM) as can be produced by inflammatory cells.

The pH levels and ROS concentrations evaluated in this

study were selected to encompass and exceed literature

reports of extracellular pH and ROS, while being feasible

to maintain and verify in vitro at 37 �C for one week. The

complexity of the biological milieu including other pri-

mary, secondary, and tertiary radicals [18] was not cap-

tured here, but can be expected to further modulate the

mechanism and magnitude of Ni release [10, 37]. Addi-

tionally, release of Ni may enhance inflammation and

cause further Ni release in a positive feedback loop

[45–48]. Furthermore, while not studied here, other ROS

species are known to participate in inflammatory reactions

and the presence of such species and their effects on Ni

release will depend on local conditions that affect the

generation, lifetime, and reaction products [49–52].

Finally, the combined effects of H2O2 and pH, as well as

static and dynamic mechanical deformation may need to be

considered, especially for cardiovascular medical devices

that are expected to undergo cyclic motion in vivo

[42, 53, 54].

In summary, we examined Ni release from NiTi under

several conditions, with the understanding that the true

physiological environment is multi-factorial. The data

suggest that optimizing the finish through appropriate

manufacturing can be an effective countermeasure for

potential Ni release under pH and ROS excursions and that

improved simulation of physiological conditions may lead

to better predictions of Ni release from NiTi devices

in vivo.
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