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Bioelution assays are fast, simple alternatives to in vivo testing. In this study, the intra- and inter-labora-
tory variability in bioaccessibility data generated by bioelution tests were evaluated in synthetic fluids
relevant to oral, inhalation, and dermal exposure. Using one defined protocol, five laboratories measured
metal release from cobalt oxide, cobalt powder, copper concentrate, Inconel alloy, leaded brass alloy, and
nickel sulfate hexahydrate. Standard deviations of repeatability (sr) and reproducibility (sR) were used to
evaluate the intra- and inter-laboratory variability, respectively. Examination of the sR:sr ratios demon-
strated that, while gastric and lysosomal fluids had reasonably good reproducibility, other fluids did
not show as good concordance between laboratories. Relative standard deviation (RSD) analysis showed
more favorable reproducibility outcomes for some data sets; overall results varied more between- than
within-laboratories. RSD analysis of sr showed good within-laboratory variability for all conditions except
some metals in interstitial fluid. In general, these findings indicate that absolute bioaccessibility results in
some biological fluids may vary between different laboratories. However, for most applications, measures
of relative bioaccessibility are needed, diminishing the requirement for high inter-laboratory reproduc-
ibility in absolute metal releases. The inter-laboratory exercise suggests that the degrees of freedom
within the protocol need to be addressed.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

As the demand for understanding the potential hazard and risk
of chemicals to human health continues to grow, the data required
for elucidating these concerns continues to expand as well. Meet-
ing the new and evolving demands of regulatory programs such
as the Registration, Evaluation, and Authorization of Chemicals
(REACH) regulation in Europe (Regulation (EC) No 1907/2006,
2006) necessitates the generation of new and scientifically robust
data on chemical substances, including metals. The in vivo testing
that would be required to fill these needs is often cost-prohibitive
and time-consuming, and also raises concerns with regards to
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animal welfare due to the extent of testing potentially required. As
such, alternative approaches such as read-across (extrapolation of
known data from one substance to another substance) based on
structure activity relationships or bioavailability are often encour-
aged to perform hazard and risk assessment while reducing animal
testing (ECHA, 2008, 2013). For most routes of exposure and health
endpoints, it is indeed the bioavailability of the metal at the target
site in an organism that is the most important factor determining
its potential toxicity. Bioaccessibility, referring in this context to
the amount of metals released from a given material in fluids
designed to mimic those of the human body that may become
available for uptake (e.g., synthetic gastric fluid to simulate oral
exposure) (Ruby et al., 1999; Henderson et al., 2012), provides a
conservative estimate of bioavailability. Bioaccessibility is mea-
sured in in vitro bioelution assays, whose application to hazard
and risk assessment has been increasingly used as an alternative
to in vivo testing in recent years. Bioaccessibility is a conservative
concept because not all metals available will be absorbed or induce
damage (effects will depend on dose and metal speciation). Bioac-
cessibility data are particularly informative, as the presence of a
metal does not always impart its biological properties on a given
material, for example when the release of the metals and their
absorption may be limited due to surface and material properties
(e.g., for alloys).

The comparison of bioaccessibility data for two or more forms
of the same metal (e.g., a pure metal and an alloy with the same
metal constituent) enables an estimate of their relative in vivo bio-
availability. This type of information can be used in a variety of
ways for metals assessment, including: as a tool in determining
hazard classification (e.g., using relative bioavailability to deter-
mine classification or justifying a derogation because of a lack of
bioavailability; ECHA, 2013), to aid in establishing categories of
metal substances (grouping; ECHA, 2008), as part of the weight
of evidence approach applied in performing read-across (e.g.,
Henderson et al., 2012), and for risk assessments for exposure to
metals required by some consumer product safety regulations
(Brock and Stopford, 2003). In addition, relative bioaccessibility
can be used to estimate the effective concentration (defined as
the bioaccessible concentration of a constituent substance in a
complex material) of a metal in a complex material where matrix
effects may occur (e.g., alloys) and enable read-across between
these materials (Stockmann-Juvala et al., 2013; Hedberg et al.,
2013).

The bioaccessibility concept is already incorporated in some
standard bioelution test methods and regulatory frameworks, such
as the European standard for release of nickel in artificial sweat (BS
EN 1811, 2011), ASTM D5517 (2007) for metals in art materials,
and BS EN 71-3 (2013) that specifies safety requirements for met-
als in toys. Bioaccessibility has been listed as a possible approach
for complying with information requirements of REACH as part
of the chapter on grouping of chemicals (ECHA, 2008).

Method development for – and utilization of – bioelution test-
ing by independent and government research groups have
increased. The bioaccessibility approach to estimate metal bio-
availability has been applied in recent years to human exposures
to metals and minerals in soils, consumer products, and to the
evaluation of metal substances (Hillwalker and Anderson, 2014;
Henderson et al., 2012; Stopford et al., 2003; Herting et al., 2008;
Hedberg et al., 2010; Mazinanian et al., 2013; Oller et al., 2009;
Hamel et al., 1998; Vasiluk et al., 2011; Drexler and Brattin,
2007; Wragg et al., 2011; Ellickson et al., 2001; Turner, 2011;
Gray et al., 2010; Twining et al., 2005; Hedberg et al., 2013,
2012; Hedberg and Odnevall Wallinder, 2013; Jiang et al., 2012;
Guney and Zagury, 2014). In addition, some groups have developed
research programs to perform inter-laboratory validation of bioe-
lution methods for specific systems and metals. For example,
Drexler and Brattin (2007) reported the outcome of a validation
exercise for a method to estimate in vivo bioavailability of lead
(Pb) from soils. Additionally, a separate group also performed a
round-robin study for a different physiologically-based method
for estimating the bioaccessibility of Pb, as well as cadmium (Cd)
and As, from soils (Wragg et al., 2011). Cordeiro et al. (2012)
reported the results of an inter-laboratory comparison of 8 metal
releases in comminuted flakes from alkyd resin paints simulating
a toy coating using BS EN 71-3 (2013).

Although some groups have sought to standardize specific
methods (Drexler and Brattin, 2007; Wragg et al., 2011; Ashley
et al., 2012; Cordeiro et al., 2012), generally standardized fluid
compositions and testing protocols for the basic bioelution method
are lacking. In addition, there are no reference standards to ensure
the accuracy of these bioaccessibility results and existing studies
have demonstrated that sample characteristics and methodological
differences (e.g., temperature, pH, sample loading) can affect the
amount of metals released (Stopford et al., 2003; Midander et al.,
2006; Hedberg et al., 2013).

The aim of the current study, therefore, was to perform a cross-
laboratory testing of different metal-containing materials in select
simulated biological fluids that are relevant to characterizing key
routes of human exposure, using a defined protocol. To do so, five
laboratories measured the release of metal from six different met-
als and metal-containing materials in synthetic gastric, lysosomal/
interstitial, and perspiration fluids (representing oral, inhalation,
and dermal routes of exposure, respectively). The results of these
bioelution analyses were evaluated by characterizing within-
laboratory repeatability and between-laboratory reproducibility
measures.
2. Materials and methods

2.1. General study design

The five laboratories participating in the inter-laboratory vali-
dation study were Center of Ecotoxicology and Chemistry of Met-
als, Universidad Adolfo Ibañez (Santiago, Chile), ECTX-Consult
(Hasselt, Belgium) with analytical work conducted at Labtium Oy
(Finland), Kirby Memorial Health Center (Wilkes-Barre, PA, USA),
Oregon State University (Corvallis, Oregon, USA) and KTH Royal
Institute of Technology (Stockholm, Sweden). Each laboratory
was assigned an identification code of A–E in no specific order
and is referred to by its respective coding throughout this manu-
script. All labs performed bioaccessibility testing in the following
four simulated biological fluids: gastric, lysosomal, interstitial,
and perspiration. Labs were asked to follow a Standard Operating
Procedure (SOP; dated November 2010) provided and discussed
prior to study initiation. In brief, test materials were added to sim-
ulated fluids and extracted for a set period of time under standard
conditions (e.g., pH, temperature). Following a filtration step,
extracts were analyzed and the amounts of metals released into
solution were reported. Laboratories measured the release of seven
different metals (Cr, Co, Cu, Fe, Ni, Pb and Zn) depending on the
composition of the test materials.
2.2. Test materials

The six materials tested are listed in Table 1 with their respec-
tive chemical formula, CAS number, metal content, mean particle
size, surface area, and supplier. The materials were Co oxide, Co
powder, Cu concentrate, Inconel alloy, leaded brass alloy, and Ni
sulfate hexahydrate. All test materials were powders with a med-
ian particle size <60 lm in diameter representing a size range rel-
evant for oral and dermal exposures. However, although the SOP



Table 1
Description of test materials used in this study: sample ID, CAS number, chemical formula, primary metal content, mean particle size, surface area and supplier.

Test Material Sample ID CAS No Formula Metal Content (%)a D0.5 (m)b SA (m2/g)c Supplier

Cobalt oxide C32.10-PTL 1308-06-1 Co3O4 Co (73.43) 2.7 0.92 Umicore (Belgium)
Cobalt metal C23.8-PTL 7440-48-4 Co Co (99.98) 3.4 2.30 Umicore (USA)
Copper concentrate 908753 N/A N/A Cu (23.58) 59.2 0.40 Rio Tinto (Canada)
Inconel alloy N130.6-PTL N/A N/A Cr (18.3), Fe (14.6), Ni (67.1) 6.1d 0.16d Powder Alloy Corporation (USA)
Leaded brass alloy Wieland Z32-profil N/A N/A Cu (58.45), Pb (3.22), Zn (37.75) 56.2 0.15 Wieland – Werke AG (Germany)
Nickel sulfate hexahydrate N131.6-PTL 10101-97-0 NiSO4�6H20 Ni (23.07) 12.4d 0.91d Sigma-Aldrich (USA)

N/A, not applicable.
a Composition information from Certificate of Analysis as provided by supplier. Each metal constituent within a given test material is referred to within the manuscript as

‘‘X metal ion in Y test material’’, e.g., Cu in Cu concentrate.
b Particle size measured with laser diffraction as reported by supplier unless otherwise noted; d0.5 corresponds to the median particle diameter from the volume (mass)

distribution.
c Surface area measured by BET gas absorption methodology as reported by supplier unless otherwise noted.
d Analysis conducted by Particle Technology Labs, Ltd.
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required particles sized <10 lm for testing in interstitial and lyso-
somal fluids, which are considered to be representative of the
respirable fraction, only three samples met this criterion. As Ni sul-
fate hexahydrate is hygroscopic, the salt agglomerated to a mean
particle size of 12.4 lm. However, its particle size is not relevant
as it is readily soluble in aqueous solutions. The copper concentrate
was ground during the concentration process and the smallest
attainable particles were sent to the labs for testing (mean diame-
ter of 59.2 lm). As lead in the leaded brass alloy sample has lubri-
cating properties, additional milling would have likely smeared the
particles together. Therefore, a sieve was used to separate the
smallest fraction for testing with a mean particle size of 56.2 lm.
Laboratories were supplied with 100 g of each test material from
the same original batch and samples were tested as received
without further grinding or other manipulation to alter particle
size.
2.3. Laboratory equipment

In general, laboratories used similar equipment and any major
deviations are listed in the Supplemental Online Material. All
chemicals used to prepare the test fluids were of analytical grade
reagent quality or better unless otherwise stated. Test vessels were
inert, chemical resistant, covered Erlenmeyer flasks of 250 mL. All
glassware was cleaned by acid soaking for 24 h (10% HNO3) then
rinsed four times in ultrapure water (18.2 MX cm) and dried (by
air or oven). A thermostated linear shaker (150 rpm; stroke
length = 2.54 cm) or a thermostated orbital shaker (171 rpm stroke
length = 2.54 cm) was used for agitation. Controlled thermometers
with a readability of 0.1 �C and calibrated pH meters with a read-
ability of 0.01 units were utilized. A calibrated micro balance with
a readability of 0.01 mg or 0.001 mg was used. For filtration,
0.2 lm membrane filters (e.g., Whatman UNIFLO syringe filters,
Pall Acrodisc syringe filters or equivalent filter system), latex-
and oil-free syringes, and polypropylene tubes were used.
2.4. Bioaccessibility assays

All fluids and experimental set ups were prepared by each indi-
vidual laboratory. The compositions and general testing conditions
of each of the simulated fluids, including pH, temperature, loading,
and extraction duration, are described in Table 2. The use of syn-
thetic gastric fluid (pH 1.5) to represent oral exposure has been
used extensively, starting with the Comité Européen de Normalisa-
tion standard, Safety of Toys (BS EN 71-3, 2013), which has been
adopted in the United States as ASTM D5517 (2007; Standard
Method for Determining the Solubility of Metals in Art Materials).
Interstitial and lysosomal fluids are used as surrogates for
inhalation. Interstitial fluid (pH 7.4), comprised primarily of
Gamble’s solution, represents fluid deep within the lung and has
been used for many years to evaluate a range of materials. In this
study, 5% CO2 in air was used to keep the interstitial fluid test solu-
tions at pH 7.4 ± 0.2. The approach used by each laboratory to
maintain this pH varied and is described in the Supplemental
Online Material. Simulated lysosomal fluid, which mimics intracel-
lular conditions with a pH of 4.5 similar to that found in lysosomes
of alveolar macrophages, was also used (de Meringo et al., 1994;
Stopford et al., 2003). Finally, synthetic perspiration (pH 6.5) was
used to represent release from test materials on the skin and was
prepared according to BS EN 1811 (2011).

Ultrapure water was added to the fluid compositions listed in
Table 2 up to a final volume of 1 L. Temperature and pH were mea-
sured at the start of each test and fluids were adjusted with HCl or
NaOH as necessary to achieve the desired pH. Temperature and pH
were also measured in the remaining blank control for each test
solution after sampling. All bioaccessibility tests were conducted
at 37�C except for tests in synthetic perspiration where a temper-
ature of 30�C was used (BS EN 1811, 2011). Sample loadings were
0.2 and 2.0 g/L for gastric and all other fluids, respectively
(Midander et al., 2006; Henderson et al., 2012; Stopford et al.,
2003; Turner, 2011).

Extractions in gastric fluid were conducted for 2 h based on an
average half time for gastric emptying of 17.7 min and complete
emptying of 91 min in human volunteers (Tomlin et al., 1993;
Wang et al., 2001). In addition, this duration has been shown to
be correlated with acute oral toxicity of nickel compounds in a
recent study by Henderson et al. (2012). All other extractions were
carried out for 24 h or 168 h to be representative of longer-term
exposures. All extractions were prepared and analyzed in triplicate.

Filtered extracts from blank controls and test vessels were ana-
lyzed for metal concentrations using ICP-OES, ICP-MS, or AAS
(flame or graphite furnace, depending on concentration) as noted
in the Supplemental Online Material. Bioaccessibility measure-
ments underwent a Quality Assurance (QA) check and were
reported as released lg metal/g sample.
2.5. Quality assurance

Each laboratory generated a comprehensive report, which
underwent a QA exercise. A detailed review and comparison
between the SOP and the 5 laboratory reports was performed. As
part of this review, individual exchanges were held with the labs
to address information gaps and confirm data when necessary.
Some differences in methodology between labs were noted. As a
result of this exercise, some datasets were excluded from statistical
analysis.



Table 2
General description of bioaccessibility fluids and protocols.

Gastric Lysosomal Interstitial Perspiration

Composition of fluid Reagent g/L Reagent g/L Reagent g/L Reagent g/L

Hydrochloric acid 2.55 Sodium chloride 3.21 Magnesium chloride hexahydrate 0.203 Sodium chloride 5.0
Sodium hydroxide 6.00 Sodium chloride 6.02 Urea 1.0
Citric acid 20.8 Potassium chloride 0.298 Lactic acid 1.06
Calcium chloride dihydrate 0.097 Sodium phosphate 0.142
Sodium phosphate heptahydrate 0.179 Sodium sulfate 0.071
Sodium sulfate 0.039 Calcium chloride dihydrate 0.368
Magnesium chloride hexahydrate 0.106 Sodium acetate trihydrate 0.953
Glycine 0.059 Sodium bicarbonate 2.60
Sodium citrate dihydrate 0.077 Sodium citrate dihydrate 0.097
Sodium tartrate dihydrate 0.090
Sodium lactate 0.085
Sodium pyruvate 0.086
Formaldehyde 1.0 mL

pH 1.5 ± 0.1 4.7 ± 0.2 7.4 ± 0.2 6.5 ± 0.1

Temp (�C) 37 ± 1 37 ± 1 37 ± 1 30 ± 1

Loading (g/L) 0.2 2 2 2

Time (hours) 2 24, 168 24, 168 24, 168

Protocol overview Ten (10.0 ± 0.5) mg of
test material was
weighed in triplicate into
three separate 250 mL
Erlenmeyer flasks.
Subsequently, 50 mL of
extraction fluid was
added to each test vessel
flask and to one blank
control flask. After
adjusting for pH, the
flasks were covered with
a stopper or parafilm,
placed into shaker bath,
and agitated for 1 h.
Flasks were allowed to
sit without agitation for
one additional hour
before sampling.

One hundred (100.0 ± 5.0) mg of test
material was weighed in triplicate into
three separate 250 mL Erlenmeyer flasks.
Subsequently, 50 mL of extraction fluid was
added to each test vessel flask and to two
blank control flasks. After adjusting for pH,
the flasks were covered with a stopper or
parafilm, placed into shaker bath, and
agitated for 24 or 168 h. After the
appropriate extraction time, the test vessels
were left to settle for 3–5 min.

One hundred (100.0 ± 5.0) mg of test
material was weighed in triplicate into
three separate 250 mL Erlenmeyer flasks.
Subsequently, 50 mL of extraction fluid
was added to each test vessel flask and
two blank control flasks. After adjusting
for pH, flasks were covered with a stopper
or parafilm, placed into a shaker bath, and
agitated for 24 or 168 h. To maintain the
pH during the extraction at 7.4 ± 0.2, 5%
CO2 was introduced in the test vessel
during the test. After the defined
extraction time, test vessels were left to
settle for 3–5 min.

One hundred
(100.0 ± 5.0) mg of test
material was weighed
in triplicate into three
separate 250 mL
Erlenmeyer flasks.
Subsequently, 50 mL of
extraction fluid was
added to each test
vessel flask and to two
blank control flasks.
After adjusting for pH,
the flasks were covered
with a stopper or
parafilm, placed into
shaker bath without
agitation for 24 or
168 h. After the
appropriate extraction
time, the test vessels
were left to settle for 3–
5 min.

A syringe was used to remove a 10 mL aliquot from each test vessel at a depth of two third of the supernatant. The samples were filtered through
a 0.2 lm syringe filter and transferred to tubes for storage of less than one month.
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2.6. Statistical approach

Amounts of released metals that were not reported by the labora-
tories or were below the respective limit of detection were excluded
from any analysis. In addition, any fluid/time point/lab dataset with
2 or more labs reporting results below the limit of detection (<LOD)
were excluded from the inter-laboratory validation.

The statistical analysis of the measurement results was based
on ISO 5725-2 (1994). According to this method, measurement
results obtained in an inter-laboratory study are inspected for con-
sistency by plotting Mandel’s h and k statistics and for outliers by
application of the Grubbs tests and the Cochran test. A laboratory
mean or a within-laboratory standard deviation was marked as a
straggler if the outlier test result was significant at the 5% level,
and marked as an outlier if the outlier test result was significant
at the 1% significance level. Following ISO 5725-2 recommenda-
tions, outliers were discarded and stragglers retained unless no
other explanations for the outlying observations were found.

Repeatability standard deviation (sr; within-lab) and reproduc-
ibility standard deviation (sR; between-labs) were used as mea-
surements of precision. The ratio of the repeatability standard
deviation and the reproducibility standard deviation (sR:sr) of the
log-concentration was determined and used as an indicator of
the (dis)agreement between the mean results of the laboratories.
Ratios up to 3 were considered to represent good agreement, ratios
between 3 and 6 to represent fair agreement, and >6 were consid-
ered to mean that agreement between the laboratories needed to
be improved.

Relative standard deviation (RSD) was used to assess the fluctu-
ations in the data relative to the data mean. Expressed in percentage
terms, the formula for RSD is: (sd/mean log concentration) * 100.
RSD values and associated thresholds represent an attempt to define
absolute levels of acceptable sample-to-sample result variability
(repeatability, r) and lab-to-lab result variability (reproducibility,
R). Standards for RSD have been developed in the literature in an
attempt to define absolute levels of acceptable variability in
sample-to-sample measurements. Criteria for the analysis were
based on Wragg et al. (2011) and Ashley et al. (2012) who suggest
that the RSD for reproducibility should be less than 20%, and Wragg
et al. who further suggest that RSD for repeatability should be less
than 10%.
3. Results

The five laboratories performed bioaccessibility testing on the
same six distinct metal-containing materials in four simulated
biological fluids. A total of 70 datasets were generated: seven time



Table 3
Results of outlier analysis.

Treatment Laboratory Metal – test
substance

Outlier test

Gastric fluid (2 h) D Fe – Inconel alloy
718

Cochran test

Perspiration fluid
(24 h)

E Pb – leaded brass
alloy

Single high
Grubbs test

E Zn – leaded brass
alloy

Cochran test

Perspiration fluid
(168 h)

A Cu – copper
concentrate

Cochran test

B Cr – Inconel alloy
718

Cochran test

E Co – cobalt
compound

Single high
Grubbs test

E Zn – leaded brass
alloy

Cochran test

Lysosomal fluid
(24 h)

C Ni – Inconel alloy
718

Single low Grubbs
test

C Zn – leaded brass
alloy

Cochran test

Lysosomal fluid
(168 h)

C Cr – Inconel alloy
718

Single low Grubbs
test

Interstitial fluid
(24 h)

B Cu – copper
concentrate

Cochran test

Interstitial fluid
(168 h)

No outliers were detected in this treatment dataset

174 R.G. Henderson et al. / Regulatory Toxicology and Pharmacology 70 (2014) 170–181
points with up to ten metal/test substance extractions each. How-
ever, some datasets were excluded from analyses as described in
Section 3.1.

3.1. Data exclusion

3.1.1. Quality control of protocol implementation
Differences in protocol implementation between labs identified

as part of the QA exercise (see Section 2.5) are summarized in
detail in the Supplemental Online Material. The outcome of this
exercise led to exclusion of several fluid/time point/lab datasets
from statistical analyses when the identified deviations from the
SOP had potential to impact the experimental procedures, as dis-
cussed below.

� For synthetic perspiration, both datasets (24 and 168 h) for Lab
D were excluded from analyses of perspiration data as this lab
reported using a different temperature during extraction
(37 �C instead of 30 �C).
� Four of the five labs demonstrated lower Pb values for the 168 h

time point in perspiration compared to 24 h. The reported lower
values could be due to Pb ion complexation and subsequent
precipitation. Indeed two labs reported seeing precipitation
with a naked eye. This phenomenon is likely to be associated
with pH changes. Labs A and E reported a drift in pH up to
7.7–7.9 after 168 h (no information on pH was provided by
Lab D; Lab B reported pH around 6.5). While these effects are
related to the underlying chemistry of metal ion dominated
by complexation with fluid constituents and subsequent precip-
itation effects, they introduce a greater source of variability to
the assays. The results from multiple labs suggest that this com-
bination of fluid composition, time point, and loading is less
suitable to assess the repeatability and reproducibility of bio-
elution tests for Pb. Thus Pb from leaded brass alloy at 168 h
was not included in this evaluation.
� Lab E reported significant evaporation in many of the test ves-

sels containing interstitial fluid at both time points, with some
data points not reported at all due to 100% evaporation. There-
fore, Lab E data were not included in analyses of interstitial
fluid.
� Release of Ni from Ni compound in interstitial fluid at 168 h was

less than that at 24 h for Labs B, C, and D; while Lab E only had
one of the triplicate samples reported due to evaporation (data
already excluded). Labs A and B reported observations of precip-
itation with Ni compounds in this fluid at this time point and
Lab B reported a pH shift upwards of �1 unit in some cases.
While related to the underlying chemistry of metal ion interac-
tions (as described above for Pb) in this particular fluid, these
effects introduce a greater source of variability to the assays.
The results from multiple labs suggest that this combination
of fluid composition, time point, and loading is not suitable to
assess the repeatability and reproducibility of bio-elution tests
for Ni from Ni compound, therefore data from 168 h were not
included in this evaluation.

3.1.2. Limitations imposed by limits of detection
The LODs varied depending upon the metal, fluid, loading and

analytical methodology used (e.g., AAS-flame or AAS-GF) and are
provided in the Supplemental Online Material. Since one of the
goals of this study was to determine reproducibility of measure-
ments between labs, the variable LODs precluded the possibility
of using the measurements that were below the LOD (only the case
for the Inconel alloy), either by substituting them with the LOD or
replacing them by a fraction of the LOD. Therefore, all measure-
ments <LOD were noted as such and excluded from any statistical
analyses.
Datasets with 2 or more labs reporting results <LOD and there-
fore excluded from the inter-laboratory validation were only an
issue for the release of Fe and Cr from the Inconel alloy: Cr in gas-
tric fluid, Cr and Fe in 24 h perspiration, Fe in 168 h perspiration, Cr
and Fe in 24 and 168 h interstitial fluid, and Cr in 24 h lysosomal
fluid.
3.1.3. Precision measures and outliers
As illustrated in Table 3, there were a total of 11 outliers iden-

tified among all treatments, with at least one outlier present
within each treatment except the 168 h extraction of interstitial
fluid. Per ISO 5725-2 recommendations, all outliers were discarded
from the database prior to subsequent analyses. Retained datasets
(number of labs and number of measurements) are summarized in
Table 4.
3.2. Results from statistical analyses

3.2.1. Repeatability and reproducibility results
For the retained test substances and treatment fluid conditions,

the means and measures of repeatability (sr) and reproducibility
(sR) of the logarithms of the measurements were calculated and
presented under each treatment fluid condition in Table 4. General
observations based on intra-laboratory and inter-laboratory mea-
surement variability for each treatment conditions are presented
below according to their respective sr and sR calculations.
3.2.1.1. Gastric 2 h. Laboratory data for bioaccessibility after 2 h in
synthetic gastric fluid were available for all but the Cr from Inconel
alloy (Table 4). In this treatment condition, Ni from Ni compound
measurements were the least variable within and across labs, with
Pb from leaded brass alloy and Co from Co compound also demon-
strating relatively low variability for both measures. Iron from the
Inconel alloy, a dataset with the fewest bioaccessibility measures
for the gastric fluid treatment, demonstrated some of the highest
variability for both measures.



Table 4
Results of repeatability and reproducibility analyses.

Metal – test substance Number of labs Total measures Log mean concentration in fluid (lg/g) Sr SR

Gastric (2 h)
Co – cobalt compound 5 15 2.58 0.033 0.065
Co – cobalt powder 5 15 5.73 0.044 0.272
Cu – copper concentrate 5 15 3.39 0.052 0.174
Cu – leaded brass alloy 4 12 3.42 0.059 0.252
Fe – Inconel alloy 718 3 9 2.21 0.083 0.255
Ni – Inconel alloy 718 5 15 2.14 0.06 0.1
Ni – nickel compound 5 15 5.35 0.009 0.024
Pb – leaded brass alloy 5 15 4.45 0.019 0.068
Zn – leaded brass alloy 5 15 4.73 0.068 0.237

Average 3.78 0.047 0.161

Perspiration (24 h)
Co – cobalt compound 4 11 2.18 0.027 0.647
Co – cobalt powder 4 12 4.13 0.043 0.547
Cu – copper concentrate 4 12 2.43 0.024 0.096
Cu – leaded brass alloy 4 12 3.81 0.026 0.518
Ni – Inconel alloy 718 4 12 1.60 0.02 0.107
Ni – nickel compound 4 12 5.34 0.011 0.044
Pb – leaded brass alloy 3 9 3.15 0.02 0.131
Zn – leaded brass alloy 3 9 4.09 0.021 0.399

Average 3.34 0.024 0.311

Perspiration (168 h)
Co – cobalt compound 3 9 3.95 0.016 0.166
Co – cobalt powder 4 12 4.38 0.065 0.359
Cr – Inconel alloy 718 3 9 0.55 0.013 0.546
Cu – copper concentrate 3 9 3.27 0.017 0.041
Cu – leaded brass alloy 4 12 3.78 0.059 0.242
Ni – Inconel alloy 718 4 12 1.92 0.021 0.099
Ni – nickel compound 4 12 5.38 0.025 0.057
Zn – leaded brass alloy 3 9 4.35 0.011 0.045

Average 3.45 0.028 0.194

Lysosomal (24 h)
Co – Cobalt compound 5 15 4.23 0.013 0.027
Co – cobalt powder 5 15 5.81 0.037 0.369
Cu – copper concentrate 5 15 3.58 0.014 0.077
Cu – leaded brass alloy 5 15 4.72 0.481 0.751
Fe – Inconel alloy 718 5 15 2.12 0.016 0.086
Ni – Inconel alloy 718 4 12 2.14 0.012 0.023
Ni – nickel compound 5 15 5.34 0.013 0.03
Pb – leaded brass alloy 5 15 4.50 0.012 0.034
Zn – leaded brass alloy 4 12 5.29 0.028 0.16

Average 4.19 0.07 0.173

Lysosomal (168 h)
Co – cobalt compound 5 15 4.32 0.008 0.051
Co – cobalt powder 5 15 6.01 0.007 0.033
Cr – Inconel alloy 718 4 12 1.77 0.012 0.025
Cu – copper concentrate 5 15 3.95 0.032 0.113
Cu – leaded brass alloy 5 15 5.77 0.018 0.059
Fe – Inconel alloy 718 5 15 2.15 0.019 0.218
Ni – Inconel alloy 718 5 15 2.46 0.009 0.095
Ni – nickel compound 5 15 5.34 0.006 0.024
Pb – leaded brass alloy 5 15 4.54 0.014 0.053
Zn – leaded brass alloy 5 15 5.58 0.016 0.067

Average 4.19 0.014 0.074

Interstitial (24 h)
Co – cobalt compound 3 9 3.15 0.029 0.206
Co – cobalt powder 4 12 4.11 0.033 0.434
Cu – copper concentrate 3 9 2.97 0.06 0.388
Cu – leaded brass alloy 4 12 2.77 0.295 0.514
Ni – Inconel alloy 718 3 9 1.36 0.1 0.386
Ni – Nickel compound 4 12 5.07 0.032 0.097
Pb – leaded brass alloy 2 6 1.47 0.422 0.470
Zn – leaded brass alloy 3 9 1.58 0.569 0.920

Average 2.81 0.193 0.427

Interstitial (168 h)
Co – cobalt compound 4 12 3.77 0.092 0.266
Co – cobalt powder 4 12 4.43 0.03 0.12
Cu – copper concentrate 4 12 3.21 0.05 0.417
Cu – leaded brass alloy 4 12 3.40 0.068 0.216
Ni – Inconel alloy 718 3 9 1.64 0.036 0.088
Zn – leaded brass alloy 4 12 2.06 0.223 0.424

Average 3.09 0.083 0.191
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3.2.1.2. Perspiration – 24 h. For the bioaccessibility dataset after
24 h in synthetic perspiration fluid, data were retained for all but
the Cr and Fe from the Inconel alloy (Table 4). Under these condi-
tions, both Ni-containing test substances and the Cu from Cu con-
centrate demonstrated a combination of low variability for both
the repeatability and reproducibility measures. On the other hand,
both Co-containing test substances demonstrated some of the
highest variability for both measures under these conditions.

3.2.1.3. Perspiration – 168 h. For the extended 168 h exposure to
perspiration fluid, the bioaccessibility data were retained for all
but the Fe from Inconel alloy and Pb from leaded brass alloy
(Table 4). Again, Ni from the Ni compound demonstrated relatively
little variability within and between labs, along with Zn from
leaded brass and Cu from Cu concentrate. Similar to the 24 h per-
spiration treatment, Co from Co powder had a relatively high var-
iability for both measures.

3.2.1.4. Lysosomal – 24 h. With the exception of Cr from the Inconel
alloy, bioaccessibility measurement data were retained for all
metal/test substance analyses in lysosomal fluid for 24 h (Table 4).
The measurement variability within and between labs was rela-
tively low for both Ni-containing test substances, Pb from leaded
brass alloy, and the Co from Co compound. In contrast, Co from
Co powder and Cu from leaded brass alloy had relatively large sr

and sR values.

3.2.1.5. Lysosomal – 168 h. Bioaccessibility measurement data were
retained for all metal/test substance analyses conducted over the
extended 168 h period in lysosomal fluid (Table 4). Under these
conditions, the variability in measurements both within and
between labs was relatively low for Ni from Ni compound, Cr from
Inconel alloy, and Co from Co powder. On the other hand, Fe from
the Inconel alloy and Cu from Cu concentrate measurements dem-
onstrated relatively high variability for both measures under these
conditions.

3.2.1.6. Interstitial – 24 h. For the bioaccessibility dataset after 24 h
in interstitial fluids, data that passed QA check and outlier evalua-
tions were available for all but the Cr and Fe measurements from
the Inconel alloy (Table 4). In general, the dataset for this treat-
ment condition was the most variable as it relates to both repeat-
ability and reproducibility. Only Ni from the Ni compound had
relatively low variability for both parameters, whereas the three
metals measured from the leaded brass alloy sample (Cu, Pb, and
Zn) demonstrated some of the highest variability in the overall
dataset.
Table 5
Results of sR:sr analysis.

Gastric - 2 h
Perspiration -

24 h
Perspiration -

168 h
Metal - Test Substance
Co - Cobalt compound 2.0 24.0 10.4
Co - Cobalt powder 6.2 12.7 5.5
Cr - Inconel alloy 718 - - 42.0
Cu - Copper concentrate 3.3 4.0 2.4
Cu - Leaded brass 4.3 19.9 4.1
Fe - Inconel alloy 718 3.1 - -
Ni - Inconel alloy 718 1.7 5.4 4.7
Ni - Nickel compound 2.7 4.0 2.3
Pb - Leaded brass alloy 3.6 6.6 -
Zn - Leaded brass alloy 3.5 19.0 4.1
Treatment Averages 3.4 13.0 6.9

sR:sr = between-laboratory variability relative to within-laborator
poor agreement between the variability in repeatability and repro
3.2.1.7. Interstitial – 168 h. For the extended 168 h exposure to
interstitial fluid, the bioaccessibility data were not retained for four
of the 10 metal/test substance analyses, including Cr and Fe mea-
surements from Inconel alloy, as well as Pb from leaded brass alloy
and Ni from Ni compound (Table 4). The measurement variability
within and between labs was relatively low for Ni from Inconel
alloy and the Co from Co powder. In contrast, Zn from leaded brass
alloy had relatively large sr and sR values.

3.3. sR:sr ratio results

As demonstrated in Table 4, the average repeatability standard
deviation (sr) of the log-concentration among all treatment condi-
tions varied slightly (between 0.014 and 0.083), with the exception
of interstitial fluid at the 24 h extraction time period. These find-
ings demonstrate good within-lab agreement. However, the
between-lab agreement relative to the within-lab agreement was
not as satisfactory. This can be illustrated for many of the treat-
ment condition datasets by calculating the ratio of the reproduc-
ibility standard deviation (sR) and the repeatability standard
deviation (sr) of the log-concentration, which was used as an indi-
cator of the agreement/disagreement between the mean results of
the laboratories (Table 5). Even after exclusion of measurements
obtained outside the SOP (Section 3.1.1) or datasets with more
than 2 values below the LOD (Section 3.1.2), the reproducibility
standard deviations of log-concentrations for perspiration fluid
(24 h and 168 h extraction time) and lysosomal fluid (168 h extrac-
tion time) remain very large as compared with the repeatability
standard deviations. This is reflected in the high sR:sr ratios in sev-
eral of the metals measurements for these treatment conditions.
Based on the criteria used to interpret the sR:sr ratio the perspira-
tion treatment, conditions were poorly reproduced between labs.
This is especially true at 24 h for Co from Co compound (24.0)
and Co powder (12.7), and all three metals (Cu, Pb, and Zn) mea-
sured from leaded brass alloy (19.9, 6.6, and 19.0, respectively).
There was fair agreement in variability between repeatability and
reproducibility measurements under the gastric and long-term
lysosomal treatments (average sR:sr for all 10 metal/test substance
analyses equal to 3.4 and 5.3, respectively), while the average sR:sr

ratios for interstitial fluids (24 h and 168 h) and the short-term
lysosomal treatment indicated good agreement in variability
within and between labs (average sR:sr for all 10 metal/test sub-
stance analyses equal to 2.2, 2.3, and 2.5, respectively).

From the perspective of the metal/test substance analyses, both
Ni-containing substances, the three metals from the leaded brass
sample (Cu, Zn, Pb), and Cu from the Cu concentrate all displayed
fair inter-laboratory agreement (relative to intra-laboratory agree-
ment) across treatment conditions. The remaining metal/test
Lysosomal - 
24 h

Lysosomal - 
168 h

Interstitial - 
24 h

Interstitial - 
168 h

2.1 6.4 7.1 2.9
10.0 4.7 13.2 4.0

- 2.1 - -
5.5 3.5 6.5 8.3
1.6 3.3 1.7 3.2
5.4 11.5 - -
1.9 10.6 3.9 2.4
2.3 4.0 3.0 -
2.8 3.8 1.1 -
5.7 4.2 1.6 1.9
2.5 5.3 2.2 2.3

s R :s r ratio

y variability; shaded cells = sR:sr ratio exceeds 6, indicating
ducibility.
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substance (Fe, Cr) analyses showed poor agreement between
repeatability and reproducibility, indicating that the agreement
between the laboratories needs to be improved.

3.4. RSD results

Relative standard deviation (RSD) analysis of the log concentra-
tion is another way to consider intra- and inter-laboratory mea-
surement variability. This approach examines sr and sR measures
individually, assessing the fluctuations in the data relative to the
log mean. In our study there were only five instances where the
standard for repeatability (e.g., 10%) was exceeded (all with metals
from the leaded brass sample treated with lysosomal or interstitial
fluids) out of a potential 70 treatment + metal/test substance anal-
yses combinations. Fig. 1 demonstrates that with the exception of
interstitial, all other fluids have fairly low within-lab variability for
the time point shown (<4%). This suggests that measurements
were satisfactory based on within-lab variability for all treatment
conditions (Table 6).

According to the RSD analysis, the inter-laboratory variability
appears to be unacceptable (e.g., >20%) in the interstitial fluid
treatment (24 h) for Pb and Zn from the leaded brass alloy, and
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Fig. 1. Within-laboratory variability. All fluids except interstitial fluid have fairly low w
%RSD = percent relative standard deviation.

Table 6
Results of relative standard deviation analysis.

Metal - Test Substance %RSD_r %RSD_R %RSD_r %RSD_R %RSD_r %RSD_R %RSD_
Co - Cobalt compound 1.3 2.5 1.2 29.6 0.4 4.2 0.3
Co - Cobalt powder 0.8 4.7 1.0 13.2 1.5 8.2 0.6
Cr - Inconel alloy 718 - - - - 2.4 99.6 -
Cu - Copper concentrate 1.5 5.1 1.0 3.9 0.5 1.3 0.4
Cu - Leaded brass 1.7 7.4 0.7 13.6 1.6 6.4 10.2
Fe - Inconel alloy 718 3.8 11.6 - - - - 0.8
Ni - Inconel alloy 718 2.8 4.7 1.3 6.7 1.1 5.2 0.6
Ni - Nickel compound 0.2 0.4 0.2 0.8 0.5 1.1 0.2
Pb - Leaded brass alloy 0.4 1.5 0.6 4.2 - - 0.3
Zn - Leaded brass alloy 1.4 5.0 0.5 9.8 0.3 1.0 0.5
Treatment Averages 1.2 4.3 0.7 9.3 0.8 5.6 1.7

Gastric - 2 h Perspiration - 24 h Perspiration - 168 h Lyso

%RSD_r = relative standard deviation for repeatability; %RSD_R = relative standard devia
and 20% for reproducibility).
Ni from the Inconel alloy. Additionally, the RSD analysis indicates
very large reproducibility RSD values for Co from Co compound
(perspiration, 24 h), Cr from Inconel alloy (perspiration, 168 h),
and Zn in leaded brass alloy (interstitial, 168 h). Fig. 2 demon-
strates the variability observed between laboratories.
4. Discussion

Bioelution methods have been used extensively as an alterna-
tive to in vivo testing for evaluation of metals and metal-containing
materials over the last 15 years. Existing publications include those
evaluating the bioaccessibility of various metals (Co, Ni, Cr, Pb, Zn,
Cu, Cd, arsenic, beryllium, manganese, tin, and uranium) from
metal compounds, alloys, soils, household dust, welding fumes,
and mine waste in various synthetic fluids (Stopford et al., 2003;
Stefaniak et al., 2014; Hillwalker and Anderson, 2014; Oller et al.,
2009; Hamel et al., 1998; Vasiluk et al., 2011; Drexler and
Brattin, 2007; Wragg et al., 2011; Ellickson et al., 2001; Turner,
2011; Gray et al., 2010; Twining et al., 2005; Mazinanian et al.,
2013; Hedberg et al., 2013). A series of studies published by the
KTH laboratory primarily reported on the bioaccessibility of
Gastric

Perspiration

Lysosomal

Interstitial

ithin-lab variability (<4%) for the time point shown (2 h, gastric; 24 h, all others).

r %RSD_R %RSD_r %RSD_R %RSD_r %RSD_R %RSD_r %RSD_R
0.6 0.2 1.2 0.9 6.5 2.4 7.1
6.4 0.1 0.5 0.8 10.5 0.7 2.7
- 0.7 1.4 - - - -

2.2 0.8 2.9 2.0 13.1 1.6 13.0
15.9 0.3 1.0 10.7 18.6 2.0 6.3
4.1 0.9 10.1 - - - -
1.1 0.4 3.9 7.4 28.5 2.2 5.4
0.6 0.1 0.4 0.6 1.9 - -
0.8 0.3 1.2 28.7 32.0 - -
3.0 0.3 1.2 36.1 58.3 10.8 20.6
4.1 0.3 1.8 6.9 15.2 2.7 6.2

Interstitial - 168 hsomal - 24 h Lysosomal - 168 h Interstitial - 24 h

tion for reproducibility; shaded cells = %RSD exceeds criteria (10% for repeatability



Fig. 2. Between-laboratory variability. Results varied between laboratories depending on the metal and fluid tested. As shown here, gastric and lysosomal fluids had larger
reproducibility than other fluids at the time point shown (2 h, gastric; 24 h, all others). %RSD = percent relative standard deviation.
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Fe, Cr, and Ni from various alloys and metals (Herting et al.,
2008; Hedberg et al., 2010, 2013, 2011; Mazinanian et al., 2013;
Midander et al., 2010; Hedberg and Odnevall Wallinder, 2013;
Jiang et al., 2012; Stockmann-Juvala et al., 2013).

In recent years, various metals associations have also used bio-
accessibility methods to meet regulatory requirements imposed
under REACH. Prior to REACH, precedents for the use of bioaccessi-
bility in regulatory frameworks already existed. For example, the
European standard for release of nickel in artificial perspiration
(BS EN 1811, 2011) has also been incorporated into Europe’s clas-
sification, labeling and packaging of substances and mixtures reg-
ulation (CLP). This regulation stipulates that Ni-containing alloys
are classified as dermal sensitizers according to the amount of
nickel released (EC, 2008). Another example is the restriction of
19 metals in consumer articles that can be mouthed by children
based on the use of EN71.3 (EC, 2013). In the United States, the sol-
uble (bioaccessible) fraction of cadmium in surface coatings of chil-
dren’s jewelry is also restricted (US CPSC, 2008; ASTM F963, 2011).

As evidenced by the number of recent publications on this topic,
a variety of fluid compositions and protocols for performing bioac-
cessibility testing exist. While these are generally similar in nature,
it was important in this inter-laboratory study to establish one SOP
that could be followed by each of the participating laboratories.
The methods and simulated fluids were selected based on their rel-
evance to oral, inhalation and dermal exposure; those previously
published by Stopford et al. (2003) served as the basis of develop-
ing the SOP.

With regards to gastric fluid, the protocol of ASTM D5517 (2007)
was employed for the estimation of metal solubility in the stomach.
Synthetic gastric fluid extractions such as this one have been com-
pared with the in vivo solubility of lead silicates in the stomach of
rats (Ruby et al., 1999) and more recently with the acute oral toxic-
ity in rats exposed to nickel compounds (Henderson et al., 2012).
While additional compartments such as saliva and intestinal fluids
can be informative in assessing the bioavailability of some metals,
these fluids were not included in the present validation program.
The ASTM D5517 (2007) protocol was also followed for extractions
with simulated interstitial and lysosomal fluids; with the intersti-
tial fluid closely matching Gamble’s solution. The interstitial fluid
represents lung fluid and uses citrate in place of proteins while ace-
tate is used to represent organic acids. The interstitial fluid has been
used to compare the pulmonary durability of inhaled man-made
fibers (Zoitos et al., 1997; Lehuede et al., 1997). The solubility of
substances that have been phagocytized and subsequently released
into the intracellular environment has been estimated using lyso-
somal fluid (de Meringo et al., 1994; Thélohan et al., 1994). This
fluid includes glycine, a variety of salts of organic acids, and citric
acid. Citric acid and other organic acids in lysosomal fluid are
known to form complexes with metals, resulting in increased
release of metals (Hedberg et al., 2010, 2011; Hillwalker and
Anderson, 2014). Finally, the synthetic perspiration fluid cited in
standard EN 1811 (2011) and approved by the European Committee
for Standardization (CEN) in 1998 was used here to simulate the
release of soluble metal onto skin. Other compositions for artificial
perspiration have also been tested (e.g., Stefaniak et al., 2014).
Hillwalker and Anderson (2014) compared the bioaccessibility
results from a variety of alloys (stainless steels AISI 304 and 316,
Inconel, and Monel (a nickel- and copper-based alloy)) in fluids
with slightly different compositions and concluded that Ni and Cr
absolute releases from alloys are especially sensitive to fluid com-
position and extraction time.

In the current study, analyses of repeatability measures using
two different approaches (sR:sr ratios and RSD) show that the
within-laboratory variability was generally satisfactory for all
treatment conditions with the exception of some metals in inter-
stitial fluid (Tables 5 and 6). However, variability between labora-
tories was found to exceed accepted criteria, the extent of which
depended on whether the sR:sr ratios or the RSD approaches were
used. Using the ratio of sR:sr, the inter-laboratory concordance for
synthetic perspiration was found to be poor overall (ratios > 6; see
Table 5). Testing in gastric and 168 h lysosomal fluids resulted in
fair agreement between labs (ratios = 3–6), while testing in inter-
stitial and 24 h lysosomal fluids resulted in good agreement in var-
iability within labs (ratios < 3). Similarly, while RSD analysis
showed better agreement between laboratories overall, higher
inter-laboratory than within-laboratory variability was observed.

A study aimed at evaluating analytical procedures among
labs was conducted prior to initiating the present round robin
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bioaccessibility study. Samples of interstitial fluid spiked with
known metal concentrations (blank, Co, Cu, Ni, Pb, and Zn) were
provided (in blind fashion) to each of the laboratories to determine
the analytical concentrations. After eliminating outliers, the statis-
tical analysis resulted in an sR:sr ratio of about 6, indicating a lack
of harmonization among laboratories (data not shown). As a result
of this analytical exercise, several recommendations for improving
reproducibility were subsequently implemented in the SOP uti-
lized in the bioaccessibility inter-laboratory exercise.

Still, careful comparison of each of the laboratory reports for the
round robin revealed that the SOP might not have been precise
enough for some parameters (e.g., buffering method). A systematic
comparison between the SOP and the reports from the 5 labs also
identified a number of methodological differences. For interstitial
fluid, the method of CO2 buffering varied widely among all 5 labs
including equipment, location (headspace, fluid, or chamber), and
moisturizing gas, etc. Although this is a potential major source of
variation, and even though all labs performed this step differently,
no clear association between the results for this fluid and any spe-
cific lab was identified. Another difference observed between labs
was the incidence of evaporation in some fluids. Lab E reported
evaporation at 24 h in interstitial fluid while Labs A, B, C, and E
reported evaporation over time and difficulty in measuring/main-
taining pH in this fluid. Also in interstitial fluid, Lab A noted precip-
itation with Ni compound and Pb from leaded brass alloy and Lab B
reported precipitation with Ni compound. This precipitation may
have been due in part to the evaporation taking place in the
vessels. Control of pH, particularly in the lysosomal fluid, also pre-
sented challenges. This issue was also noted in the unified BARGE
method (UBM) study, which concluded that tighter control of pH
was critical in gastric fluid (Wragg et al., 2011). Finally, when mea-
surements approach the limit of determination (e.g., <25 lg/g; but
even <100 lg/g), the reproducibility outcomes worsened.

Several lessons can be learned from this exercise. The SOP used
in this study had too many degrees of freedom as written, and as
such, additional details should be incorporated into future drafts.
Substances that are being compared (e.g., Cu metal and Cu alloy)
should always be tested side-by-side or at least in the same lab.
The choice of particle loading is crucial to minimize effects such
as agglomeration and abrasion (Hedberg et al., 2010; Henderson
et al., 2012; Stopford et al., 2003; Turner, 2011). On the other hand,
it is possible that higher sample loadings could overcome the var-
iability associated with low metal releases close to the LOD. In all
cases, realistic conditions need to be considered. It might also be
useful to measure metal releases over time (e.g., lg/g/h) that can
better define the kinetics of metal release (Herting et al., 2008;
Hedberg et al., 2010, 2013; Hillwalker and Anderson, 2014;
Stefaniak et al., 2014).

Limiting longer exposure times when complicating factors such
as CO2 buffering are introduced may reduce inter-laboratory vari-
ability. For example, metal complexation and precipitation and dif-
ficulties in maintaining the pH may provide an explanation for the
change in repeatability observed between 24 and 168 h in some
fluids. In particular, this is an example of why longer time points
(168 h) may be pushing the limitations of experimental methods
where pH, precipitation, changes in volume, buffering, etc. can all
introduce variation. Improvements to the SOP are clearly needed
to obtain better within- and between-laboratory agreements.
Recommendations for refining the SOP include better defining pH
control measures, CO2 buffering technique, and agitation methods,
and ways to minimize evaporation. This is especially true for the
interstitial fluid, which stands out as a fluid that requires the most
improvement.

It is useful to compare the results of the current study to those
of similar inter-laboratory validation studies of specific bioelution
methods. In the study of Drexler and Brattin (2007) an in vitro
relative bioaccessibility leaching procedure (RBALP) designed to
mimic oral Pb exposure conditions was performed by three labora-
tories on 19 different test materials. The results of each lab were
subsequently compared to in vivo relative bioavailability (RBA)
measures. The authors reported that the intra- and inter-labora-
tory in vitro results were ‘‘highly reproducible’’ with a coefficient
of variation (e.g., RSD) equal to 6% and 4%, respectively, and con-
cluded that the RBALP method could reliably estimate Pb RBA
in vivo. Another round-robin study looked at a different physiolog-
ically-based method for estimating the bioaccessibility of Pb, as
well as Cd and As, from soils (Wragg et al., 2011). The UBM
method, which includes synthetic saliva, gastric and intestinal flu-
ids, was used to assess metal release from As, Cd, and Pb samples.
Measurements from seven laboratories were compared to in vivo
RBA data and the overall outcomes were evaluated based on a
set of four benchmark criteria. Results of the UBM method were
reported to have met the inter-laboratory criteria for As
(RSD = 7.43% for stomach phase and 15.72% for stomach + intestine
phase). However, compliances for the stomach phase only for Pb
(RSD = 22.78%) and stomach plus intestine phases for Cd and Pb
(RSD = 35.35% and 81.39%, respectively) were above the bench-
mark criteria (i.e., RSD 6 20%). The authors suggested that tighter
control of gastric pH may be helpful and noted that a follow up
inter-laboratory study would be needed.

Using the same RSD criteria the results of the current study
appear to be in line with those of Wragg et al. (2011), with the pos-
sible exception of interstitial fluid at 24 h (Table 6). In the context
of some other studies of similar characteristics it is possible that
the criteria used here (RSD 6 10% and 6 20% for intra- and inter-
laboratory variability, respectively) may be too stringent. An RSD
of 30% or even 40% may be a more realistic cut-off for determining
acceptable variation between laboratories. For example, in one
study using a saliva migration test for organic plasticizers, where
15 labs performed validation of the SOP, an RSD of 30% was found
to be the best obtainable reproducibility (EUR 19826 EN, 2001).
Similarly, in a study to validate a method for environmental assess-
ment of metals, Skeaff et al. (2011) reported that the inter-labora-
tory variability ranged according to analysis by % Coefficient of
Variance (%CV; similar to %RSD). In this study, 12/37 measure-
ments had %CV values between 25–56% and 10/37 had val-
ues P 57%. If an RSD of 30% or 40% had been used as the
standard for the current study, all between laboratory reproduc-
ibility would have been deemed acceptable for all metals and
treatment conditions, with the exception of Cr from Inconel alloy
in 168 h perspiration fluid and Zn from leaded brass alloy in 24 h
interstitial fluid.

The above discussion applies exclusively to estimates of abso-
lute metal release. However, for most applications, only measures
of relative metal release from two or more forms (e.g., metal and
alloy) of the same metal are needed, diminishing the requirement
for high inter-laboratory reproducibility in absolute metal releases.
The high within-laboratory repeatability supports the use of these
methods for the assessment of relative metal release and calcula-
tion of effective concentration of metals in complex materials
where a matrix effects can be present.

In the current exercise we included two alloy samples (Inconel
and leaded brass alloys) but we did not include the pure metal
components of these alloys (e.g., Cr, Fe, Ni in case of Inconel) as ref-
erence materials. Thus effective concentrations of metals in these
alloys cannot be calculated based on the data from the present
round robin. However, two laboratories that participated in this
study previously tested the same sample of a Ni metal powder in
lysosomal fluid (Mazinanian et al., 2013; KMHC, 2010). Based on
the Ni releases from Ni metal and Inconel alloy in 24 h lysosomal
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fluid, the effective concentration of Ni in Inconel alloy can be calcu-
lated as 0.05 and 0.2%, for Mazinanian et al. (2013) and KMHC
(2010), respectively (calculations not shown). Using different Ni
metal and Inconel samples, an effective concentration of Ni in Inco-
nel of 0.4% was calculated, based on bioaccessibility data in lyso-
somal fluid at 72 h reported by Hillwalker and Anderson (2014).
In summary, three different laboratories calculated similar effec-
tive concentrations of Ni metal in Inconel alloy (relevant to the
inhalation route of exposure) even when using different alloys
and nickel metal samples and with slightly different absolute
releases. The effective concentration of Ni in a SS316 alloy has been
recently shown to be a better predictor of in vivo inhalation toxicity
than its content (Stockmann-Juvala et al., 2013).

In general, this approach could be applied for the classification
of alloys based on classifications of their constituent metals. The
relative bioaccessibility in gastric, perspiration and lysosomal flu-
ids could allow the calculation of effective concentration of classi-
fied metals in alloys and permit more toxicologically relevant
classifications when effective concentrations are compared to clas-
sification cut-off limits for mixtures. A similar approach could be
applied to other complex materials, such as ores and concentrates,
where matrix effects are suspected.
5. Conclusion

In conclusion, the outcome of this inter-laboratory validation
exercise for bioelution testing of metals demonstrates overall sat-
isfactory within-laboratory variability in bioaccessibility data for
synthetic gastric fluid, lysosomal fluid, interstitial fluid, and perspi-
ration fluid for all treatment conditions. With regards to between-
laboratory agreement, a higher inter-laboratory than within-labo-
ratory variability in bioaccessibility results was observed for most
metals and treatment conditions suggesting that, for the methods
tested, the absolute bioaccessibility results in some biological flu-
ids may not always be in line among different laboratories. There
are a number of potential sources of variation that may have con-
tributed to this outcome. The most reproducible results were typ-
ically observed with shorter extraction times. The inter-laboratory
exercise suggests that the degrees of freedom within the SOP need
to be addressed to achieve better concordance in absolute metal
releases. However, for hazard and risk assessment applications,
the use of these methods to generate relative release data for
read-across purposes or to calculate effective concentration of
metals in alloys and other complex materials appears to be
acceptable.
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