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Summary
The results of an alternative method to determine the skin sensitization potential, namely, the amino
acid derivative reactivity assay (ADRA) using a test chemical solution prepared at 4 mM (ADRA 4
mM), are described in this report. ADRA (4 mM) was performed at 5 participating laboratories to
validate the within- and between-laboratory reproducibility to evaluate whether ADRA (4 mM) can
yield accurate results for the test chemicals showing different results with ADRA 1 and 4 mM.
A modular approach to the European Centre for the Validation of Alternative Methods (ECVAM)
principles was used for testing the validity (OECD Series on Testing and Assessment, Number 34,
2005, Hartung et al., 2004), and the ring study team (RST) empirically evaluated modules 1–4 (test
definition, within-laboratory reproducibility, transferability, and between-laboratory reproducibility);
in addition, the RST used these results to evaluate modules 5 and 6 (predictive capacity and
applicability domain).
Each of the 5 participating laboratories performed 3 test runs of identical sets of 8 coded test
chemicals (proficiency substances) to validate within- and between-laboratory reproducibility. In
addition, to validate whether accuracy could be improved by ADRA (4 mM), 4 test chemicals which
were judged as “false negative” by ADRA (1 mM) and as “positive” by ADRA (4 mM) were encoded,
and the validity of a total of 12 test chemicals together with 8 proficiency substances was evaluated
using ADRA (4 mM).
The results for both within- and between-laboratory reproducibility were all 100% (8/8) at all the 5
participating laboratories. In addition, the 4 test chemicals, which were judged as “false negative” by
ADRA (1 mM) and as “positive” by ADRA (4 mM) were correctly judged as “positive” using ADRA
(4 mM) at the 5 participating laboratories. Thus, on the basis of these results, the RST concluded that
the ADRA (4 mM) test method can be easily transferred to general laboratories.
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Background
The different methods that address the elements of the adverse outcome pathway (AOP) as
endpoints when testing skin sensitization potential include: (i) the direct peptide reactivity assay
(DPRA) and ADRA (OECD TG442C, 2021), which address the key event 1 (KE1) of covalent binding
with proteins (haptenization); (ii) the ARE-Nrf2 Luciferase KeratinoSensTM and ARE-Nrf2 Luciferase
LuSens tests (OECD TG442D, 2018), which address the KE2 of keratinocyte activation; and (iii) the
human cell line activation test (h-CLAT), the U937 cell line activation test (U-SenseTM), and the IL-8
Luc assay (OECD TG442E, 2018), which address the KE3 of dendritic cell activation.
Compared with cell-based in vitro test methods, the DPRA is an easy-to-use method and has
excellent predictive capacity. The DPRA, however, has some significant limitations. Therefore, the
ADRA was developed as an improvement over the DPRA to evaluate the KE1 in sensitization
mechanisms and to reduce the limitations of DPRA (Fujita et. al., 2014). Since then, ADRA has been
used for determining the sensitization potential using various concentrations of the test chemical
solution. Since ADRA was developed in reference to DPRA, the sensitization potential was initially
evaluated by preparing the test chemical solutions at 100 mM, the same concentration as that used in
the DPRA (Fujita et al., 2014). However, because the nucleophilic reagent of ADRA has a high
detection sensitivity, when using 100 mM of the test chemical solution (ADRA (100 mM)), after the
reaction, the sample was diluted and subjected to high-performance liquid chromatography (HPLC).
On the basis of these results, the ADRA (1 mM) method was established by preparing test chemical
solutions at a concentration of 1 mM, which reduced the concentration of the test chemical to 1/100 of
the amount used previously for the test chemical and nucleophilic reagent (Yamamoto et al., 2015); in
addition, the precipitation frequency of the test chemical in the reaction solution was reduced
(Yamamoto et al., 2019a). These results may be attributed to the fact that in the DPRA, high
concentrations of test chemicals were used in the reaction solution, such as 5 mM in cysteine peptide
(Cys-peptide) reaction buffer and 25 mM in Lys-peptide reaction buffer, whereas low concentrations of
test chemicals such as 0.25 mM in both N-(2-(1-naphthyl)acetyl)-L-cysteine (NAC) and
α-N-(2-(1-naphthyl)acetyl)-L-lysine (NAL) reaction buffer were used in the ADRA (1 mM). Therefore,
we began a validation study from 2016 to include the ADRA (1 mM) method in the OECD test
guideline (TG), and this method was approved as OECD TG in 2019 (OECD ADRA validation report,
2018, Fujita et al., 2019). In the ADRA, similar to DPRA, the molecular weight of the test chemical is
required to evaluate the sensitization, and evaluation of the sensitization of the mixture or of chemicals
with an unknown molecular weight is not possible. Therefore, in ADRA, to find the optimum weight
concentration of the test chemical solution, the test chemicals were prepared at concentrations of 0.5,
0.2, 0.1, and 0.05 mg/mL, and ADRA was performed using the above 82 test chemicals (Yamamoto et
al., 2019b). Compared with DPRA, ADRA (100 mM), and ADRA (1 mM), ADRA (0.5 mg/mL)
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prepared using 0.5 mg/mL as the concentration of the test chemical showed similar accuracy to that
obtained with the other methods, and the accuracy and sensitivity decreased as the concentration of the
test chemical solution decreased. In addition, the accuracy of ADRA (0.5 mg/mL) was higher than that
of ADRA (1 mM) because the false-negatives decreased, whereas the false-positives increased. Thus,
ADRA (0.5 mg/mL) was an optimal method for testing chemicals and mixtures of unknown molecular
weight by using a test chemical solution prepared at 0.5 mg/mL.
Therefore, in order to determine whether the ADRA (0.5 mg/mL) method can actually be included
in the OECD TG, validation tests for 10 proficiency substances were performed at 5 participating
laboratories. The concordance rate of the within and between-laboratory reproducibility was good at
100% and 100%, respectively (Yamamoto, 2021, submitting).
The accuracy of ADRA (1 mM) in assessing the 82 test chemicals was similar to that of DPRA;
however, in the dataset of 137 test chemicals including pre/pro-haptens and met, ADRA (1 mM) had a
lower accuracy than DPRA (Yamamoto et al., 2019b). These results may be because chemicals with
depletion values closer to the criteria in ADRA (1 mM) tend to be false negatives. Therefore, when the
optimum molar concentration of the test chemical solution in ADRA was examined, the accuracy of
ADRA (4 mM) using a chemical solution prepared at 4 mM was the highest and the number of false
negatives was the lowest (Imamura et al., 2021).
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Management of the Study
1. Study objectives
An ADRA for assessing the skin sensitization potential was developed by Fujifilm Corporation as an
alternative to in vivo testing. ADRA is an alternative method evaluating KE1 in the skin sensitization
mechanism included in the OECD TG442C. Recently, we found that ADRA (4 mM) using the
chemical solution prepared at 4 mM had a higher accuracy and lower frequency for false negative
chemicals than ADRA (1 mM) mentioned in the TG. However, the current OECD TGs stipulate that
the test chemical solution is prepared at 1 mM for ADRA; therefore, we aimed to alter the
concentration of the test chemical solution from 1 mM to 4 mM to evaluate the skin sensitization for
chemicals with known molecular weights.
Therefore, the ADRA (4 mM) ring study was initiated in 2020. The primary objective of the study
was to evaluate the reliability (based on within- and between-laboratory reproducibility) of ADRA (4
mM) with an intention of evaluating the potential suitability of ADRA (4 mM) for future use in
combination with other test methods such as animal and in vitro tests that are currently used.
A secondary objective was to evaluate whether ADRA (4 mM) can accurately detect 4 chemicals
with different results at 1 mM and 4 mM in concentration of test chemical solution (1 mM, false
negative and 4 mM, positive) in any laboratory. Furthermore, since ADRA's nucleophilic reagents have
fluorescence intensity as well as Ultraviolet (UV) absorption, ADRA-FL (fluorescence) method with
using FL detector as an HPLC detector almost eliminates co-elution with the test chemicals and is very
useful. Therefore, in this ring study, in order to verify the identity between UV detection and FL
detection, FL detection was performed for all samples at the same time as conventional UV detection.
The results of testing performed at 5 independent laboratories to accurately validate the reliability
of ADRA (4 mM) are presented in this report. Since this study differs from the previous validation
study in terms of organizational structure and the number of test chemicals, it is referred to as “ring
study” to distinguish it from the validation study (OECD ADRA validation report ver1.2, 2018, Fujita
et al., 2019).
2. Study Plan
The study plan was drafted, approved, and issued by the ring study team (RST) before initiation of
testing. The study plan is included in Appendix 1.
2-1. Study coordinator and sponsor
The study coordinator and sponsor of this ring study and the developer of this test is Fujifilm
Corporation. On behalf of Fujifilm Corporation, Dr. Toshihiko Kasahara prepared the draft study plan,
study protocol, test chemicals, and study report.
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2-2. Consultant
This ring study was supported by Dr. Atsushi Ono of Okayama University and Dr. Hajime Kojima
of JaCVAM as consultants. In addition, Dr. Takashi Sozu of Tokyo University of Science supported
this study as a biostatistician.
2-3. Laboratories
The following 5 laboratories participated in the testing of the chemicals for the ADRA ring study.
Laboratory A
Lion Corporation
Human & Environmental Safety Evaluation Center
Kanagawa, Japan
Shinichi Watanabe, Study Director
Laboratory B
Mitsui Chemicals, Inc.
Chemical Safety Department
Responsible Care & Quality Assurance Division
Chiba, Japan
Koji Wakabayashi, Study Director
Laboratory C
Sumitomo Chemical Co., Ltd.
Environmental Health Science Laboratory
Osaka, Japan
Keiichi Fujimoto, Study Director
Laboratory D
Nissan Chemical Industries, Ltd.
Toxicology & Environmental Science Department
Biological Research Laboratories
Saitama, Japan
Kazuya Takeuchi, Study Director
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Laboratory E
Fujifilm Corporation
Safety Evaluation Center
Ecology & Quality Management Div.
ESG Div.
Kanagawa, Japan
Toshihiko Kasahara, Study Director
2-3-1. Why was the study conducted at 5 participating laboratories
Ring study testing is normally performed at a minimum of 3 participating laboratories. Since all the
5 laboratories participating in this ring study had participated in the ADRA (1 mM) validation study
performed in 2016, the operation of the HPLC-fluorescent device alone was examined at each
laboratory and the technology transfer step was omitted.
We allowed all the 5 participating laboratories that volunteered to participate in the technology.
Further, since all 5 participating laboratories wished to continue to participate until the end of the ring
study, the ring study testing was conducted at the 5 participating laboratories.
The higher the number of participating laboratories in a ring study, the easier it becomes to identify
issues that arise from differences in ambient conditions at each laboratory, which according to us is a
rapid and effective means for establishing a universally suitable test method. Because of time and cost
considerations, a validation study is performed at only 3 participating laboratories, which is the
minimum number necessary to ensure a valid statistical analysis. For example, according to the DPRA
validation study report, testing was conducted only at 3 participating laboratories, one of which was
the lead laboratory, Proctor & Gamble. Although the initial ADRA validation study, which was
performed in 2016, was conducted at 4 participating laboratories, and this ring study testing was
conducted at 5 participating laboratories, the calculations of within-laboratory reproducibility,
between-laboratory reproducibility, and predictive capacity were based on the results from sets of 3
participating laboratories (See 7. Statistical Analysis of Test Data, 7-1. Data analysis.) to enable direct
comparison of these results with those of DPRA and other test methods.
2-3-2. Explanation of why a lead laboratory participates in the ring study
The objective of the testing performed during this ring study is to demonstrate that the participating
laboratories are able to replicate to a high degree of certainty the same accurate test results obtained
and published by the lead laboratory. Considering this objective and the fact that the lead laboratory is
experienced in this technology, out of fairness alone, the lead laboratory itself would ordinarily not
participate in validation testing. In the event, however, that the lead laboratory were to participate in
ring study under the same conditions as the participating laboratories, test results and comments from
8

the lead laboratory would be useful in reviewing the results of the participating laboratories, and in
cases where problems were encountered during the ring study, could be considered helpful in finding
solutions. Thus, Fujifilm, the lead laboratory, mirrored the ADRA validation, testing the encoded
chemicals, and undergoing quality control (QC) checks under the same conditions as the other
participating laboratories.

3. Test Design
Reference document: Study plan (Appendix 1)
Study stages
The ring study comprised and was implemented in 2 distinct stages:
Transferability: Since all 5 laboratories that wished to participate in this ring study had previously
participated in the validation study of ADRA (1 mM) performed in 2016, only the
operation of the HPLC-fluorescent device was examined at each laboratory and the
technology transfer step was omitted.
Reliability:
Evaluation of test performance on the basis of the results of testing performed with
coded chemicals at the participating laboratories.
4. Selection of Test Chemicals
The chemicals tested in this ring study were basically proficiency substances. In addition, since the
ADRA (4 mM) method to be validated this time has an advantage of decreasing the number of
chemicals that are judged as false negatives in ADRA (1mM), we also verified whether these
chemicals were correctly judged as positive by ADRA (4 mM) in multiple laboratories. Furthermore,
in this ring study, in addition to the conventional positive control substance; phenylacetaldehyde, a
new reagent, namely, squaric acid diethylester was also evaluated using the chemical solution prepared
at 4 mM. The ADRA kit was used as the nucleophilic reagent used in this ring study. The ADRA kit
consists of 2 vials each for NAC and NAL, and one vial each for NAC and NAL can evaluate up to 14
samples. Therefore, in this ring study, 2 substances (p-benzoquinone and glycerol), which are expected
to have little variation in data at multiple laboratories, were removed from the 10 proficiency
substances and thus the remaining 8 substances, 4 substances, which were judged as false negatives in
ADRA (1 mM), and 2 positive control substances, making it a total of 14 substances were selected by
the Chemical Selection Group and Lead laboratory of the RST. Then, these substances were approved
by the OECD Expert Group (Table 1).
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Table 1. Test chemicals for the ADRA ring study
Test chemicals
1

Diphenylcyclopropenone

2

Physical
State

Molecular
weight

Source

886-38-4

Solid

206.24

ALDRICH

BCCB3433

2682-20-4

Solid

115.15

ALDRICH

CAS No.

Lot.

In vivo

prediction1

ADRA
Prediction2
1 mM

4 mM

Sensitizer
(extreme)

Pos.

Pos.

BCCD7472

Sensitizer
(moderate)

Pos.

Pos.

2-Methyl-2H-isothiazol-3one

3

Palmitoyl chloride

112-67-4

Liquid

274.87

FFWK

APG0787

Sensitizer
(moderate)

Pos.

Pos.

4

Imidazolidinyl urea

39236-46-9

Solid

388.29

ALDRICH

BCCB8623

Sensitizer
(weak)

Pos.

Pos.

5

Farnesal

19317-11-4

Liquid

220.35

Fluorochem

FCB026064

Sensitizer
(weak)

Pos.

Pos.

6

m-Aminophenol

591-27-5

Solid

109.13

TCI

HYFKD-EH

Sensitizer
(moderate)

Neg.

Pos.

7

3-Propylidenephthalide

17369-59-4

Liquid

174.20

TCI

7CR6K-RB

Sensitizer
(moderate)

Neg.

Pos.

8

Ethyleneglycol
97-90-5

Liquid

198.22

ALDRICH

MKCM4438

Sensitizer
(weak)

Neg.

Pos.

dimethacrylate
9

n-Butyl glycidyl ether

2426-08-6

Liquid

130.19

TCI

OAJGM-RF

Sensitizer
(weak)

Neg.

Pos.

10

Isopropanol

67-63-0

Liquid

60.10

FFWK

ESN2258

Nonsensitizer

Neg.

Neg.

11

Dimethyl isophthalate

1459-93-4

Solid

194.19

FFWK

SKN5952

Nonsensitizer

Neg.

Neg.

12

Propyl paraben

94-13-3

Solid

180.20

FFWK

CAE0383

Nonsensitizer

Neg.

Neg.

Phenylacetaldehyde

122-78-1

Liquid

120.15

ALDRICH

SHBL4340

Sensitizer
(moderate)

Pos.

Pos.

Squaric acid diethylester

5231-87-8

Liquid

170.16

ALDRICH

BCBZ8850

Sensitizer
(strong)

Pos.

Pos.

P.C.

No.1–5 and No.10–11 are proficiency substances.
No.6–9 and No.10–11 are chemicals, which were judged as “false negative” by ADRA (1 mM) and as “positive” by ADRA
(4 mM)
P.C.: Positive control, Pos.: Positive, Neg.: Negative
1

The in vivo potency is referred from published data. (Basketter et al., 1992, ECETOC, 2003, Natsch et al., 2013)

2

ADRA predictions are based on published data. (Imamura et al., 2021)

Abbreviations; ALDRICH, Sigma-Aldrich Corporation, St Louis, MO, USA; FFWK, FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan; Fluorochem, Fluorochem Ltd., Hadfield, UK ; TCI, Tokyo Chemical Industry Co Ltd., Tokyo,
Japan
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5. Acquisition, Coding, and Distribution
5-1. Acquisition, coding, and distribution of chemicals
The evaluation of within- and between-laboratory reproducibility and predictive capacity was made
using the results of tests conducted at the participating laboratories using coded chemicals. The coding
was supervised by JaCVAM. The JaCVAM was responsible for coding and distributing all test
chemicals, reference chemicals, and control chemicals used in testing for the ring study.
5-2. Handling
JaCVAM provided the chemical master (defined as “the person responsible for the handling of the
chemicals”) at each participating laboratory with essential information about the test chemicals,
including physical state, weight or volume of sample, specific density for liquid test chemicals, and
storage instructions. This person was responsible for storing each chemical in accordance with the
storage instructions and separately received sealed safety information, including the Material Safety
Data Sheets (MSDS), which specified hazard identification, exposure control, and personal protection
for each chemical. The test chemicals were delivered directly to these persons. The MSDS were to be
accessed only in the event of a laboratory accident, and the information disclosed only to those who
needed to know. No such accidents occurred during the course of the ring study, and upon completion
of the study, all residual test chemicals were disposed of in compliance with the rules and regulations
of the participating laboratories, and all MSDS were returned to JaCVAM still in their sealed
envelopes.
6. Data management
Data collection and analysis for the ring study were performed by biostatisticians and the quality
assurance group. These independent biostatisticians collected and organized data using custom data
collection software, and all records were checked by the quality assurance group. Assays and quality
assurance were performed in according with good laboratory practice (GLP) (Balls et al., 1995);
however, all the participating laboratories did not routinely practice GLP. The participating
laboratories were deemed to have conducted the experiments in accordance with the Study Plan and
the standard operating procedure (SOP) provided by the RST. All raw data and data analysis sheets
were pre-checked for quality by each laboratory and then were reviewed by the RST quality assurance
team. The raw and collated data accurately reflected the test results.
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7. Statistical Analysis of Test Data
7-1. Data analysis
Only test results that met the prescribed test acceptance criteria were included in the statistical
analysis although records of all test results, including those that were affected by human error or were
otherwise problematic, were provided.
Reproducibility of the test method was evaluated by calculating within- and between-laboratory
reproducibility. Testing for the ring study was conducted at 5 participating laboratories.
Between-laboratory reproducibility is normally calculated using results from 3 participating
laboratories, so, on the advice of biostatisticians, the RST evaluated the results from 5 laboratories
using the following method.
Calculation of between-laboratory reproducibility
Step 1. Reproducibility was calculated for each facility using test results from only 3 of the 4
participating laboratories, and between-laboratory reproducibility was calculated in this manner for all
the 5 participating laboratories.
Step 2. An average value was calculated using the between-laboratory reproducibility of each of the 5
participating laboratories as determined in Step 1 (immediately above).
Table 2. Example of predictions made at the 5 participating laboratories
Lab. A

Lab. B

Lab. C

Lab. D

Lab. E

Chemical 1
Chemical 2
Chemical 3
Chemical 4
Chemical 5

Please note: Table 1 is an example demonstrating how data was presented for evaluation. It does not
represent data collected during the ADRA ring study.
The pink cells indicate that the test chemical was predicted to be a sensitizer, the blue cells indicate
the test chemical was predicted to be a non-sensitizer.
Illustrative examples of predictions for the 5 test chemicals obtained from testing at 5 participating
laboratories are shown in Table 1.
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Reproducibility (concordance) using results from just three of the five participating laboratories is
calculated using the following method.
Reproducibility (concordance) using results from just three of the five participating laboratories is
calculated by the following method.
Initially, Lab A and B are left out and concordance was calculated only for Labs C, D, and E. Since
all three labs showed reproducible results for 2 (Chemicals 1 and 2) of the 5 test chemicals, the
reproducibility was 2/5 × 100% or 40%. Similarly, when Lab A and C were excluded, the
reproducibility was 3/5 × 100% or 60%. When Lab A and D were excluded, the reproducibility was
3/5 × 100% or 60%. When Lab A and E were excluded, the reproducibility was 3/5 × 100% or 60%.
When Lab B and C were excluded, the reproducibility was 1/5 × 100% or 20%. When Lab B and D
were excluded, the reproducibility was 2/5 × 100% or 40%. When Lab B and E were excluded, the
reproducibility was 1/5 × 100% or 20%. When Lab C and D were excluded, the reproducibility was
2/5 × 100% or 40%. When Lab C and E were excluded, the reproducibility was 1/5 × 100% or 20%.
When Lab D and E were excluded, the reproducibility was 2/5 × 100% or 40%. Using these 10 figures,
the average reproducibility across all 4 participating laboratories was (40 + 60 + 60 + 60+ 20 + 40 +
20+ 40 + 20 + 40)/10 × 100% or 40%. Thus, the between-laboratory reproducibility based on the
results from the 5 participating laboratories was 40%.
Calculations of reproducibility in this report are calculated on the basis of the results from sets of 5
participating laboratories as described above.
7-2. Evaluation criteria
In order to evaluate the whether the objectives of this ring study had been met, it was necessary to
define in advance the minimum performance criteria to be used to evaluate the performance of the test
method.
In doing this, the RST considered:
1. The background and objectives of the ring of the test method
2. The expected performance of a test method proposed for regulatory acceptance as a scientifically
validated alternative to animal testing in this context
3. The utility of the test method (i.e., to be used in combination with other alternative test methods.)
On the basis of the above considerations, the RST set the target minimum performance standards for
both within- and between-laboratory reproducibility for the 8 proficiency substances at 85%. For 4
chemicals, false negative at 1 mM and positive at 4 mM, the criteria was set that 2 of the 4 chemicals
are judged to be positive at the all participating laboratories.
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Within-/Between-Laboratory Reproducibility
Tests of 8 proficiency substances for within-/between-laboratory reproducibility were performed
using the SOP. Overall results are described in Tables 3 and 4.
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Table 3. Depletion of 8 proficiency substances at the 5 laboratories using UV detection

LION: Lion Corp. MITSUI: Mitsui Chemicals, Inc. SUMITOMO: Sumitomo Chemical Co. Ltd. NISSAN: Nissan Chemical Corp.
FUJIFILM: Fujifilm Corp. ■Positive, ■Negative, ■Co-elution was observed. NAC: N-(2-(1-naphthyl)acetyl)-l-cysteine, NAL: α-N-(2-(1-naphthyl)acetyl)-l-lysine
Table 4. Depletion of 8 proficiency substances at the 5 laboratories using fluorescence (FL) detection

LION: Lion Corp. MITSUI: Mitsui Chemicals, Inc. SUMITOMO: Sumitomo Chemical Co. Ltd. NISSAN: Nissan Chemical Corp.
FUJIFILM: Fujifilm Corp. ■Positive, ■Negative NAC: N-(2-(1-naphthyl)acetyl)-l-cysteine, NAL: α-N-(2-(1-naphthyl)acetyl)-l-lysine
15

1. Solvent selection
Solvents for the 8 test chemicals used for within-/between-laboratory reproducibility were selected
at each participating laboratory in accordance with the SOP. Prediction of the sensitization potential for
all test chemicals was concordant at all 5 participating laboratories. Different solvents were selected
for palmitoyl chloride at the 5 participating laboratories (Table 5). For this test chemical, the 3
participating laboratories—LION, MITSUI, and FUJIFILM—used acetonitrile and the two
participating laboratories—SUMITOMO and NISSAN— used acetone as the solvent. Since palmitoyl
chloride was predicted as a sensitizer at all participating laboratories, differences in solvent had no
effect on the prediction of sensitization potential for this test chemical. On the other hand, NAC
depletion was slightly different between the acetonitrile and acetone solvents. NAC yields higher
depletion values in acetone solution but lower depletion values in acetonitrile solution. The reason for
this difference of depletion is explained in Section 3-2 “Reproducibility in the test chemicals” below.
Table 5. Test chemicals and solvents at the 5 participating laboratories

LION: Lion Corp. MITSUI: Mitsui Chemicals, Inc. SUMITOMO: Sumitomo Chemical Co. Ltd.
NISSAN: Nissan Chemical Corp. FUJIFILM: Fujifilm Corp.
AN: Acetonitrile Ｗ: Water AT: Acetone

2. Co-elution
ADRA uses NAC and NAL, which are measured at a longer wavelength (λmax) and a higher molar
absorption coefficient (ε) than the peptides used in DPRA. Therefore, no measurable coelution has
been observed in the results obtained using ADRA results thus far. However, coelution of farnesal and
NAC was observed in LION and NISSAN. These coelutions were observed in all 3 replicate tests and
not at the other 3 participating laboratories. Therefore, it is considered that this test chemical may
coelute depending on the type and setting of the HPLC. On the other hand, no co-elution was observed
using the FL detection method.
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3. Within-Laboratory Reproducibility
3-1. Reproducibility (concordance in prediction)
Five sensitizers and 3 non-sensitizers were tested 3 times each, yielding results that were 100%
concordant in prediction at all laboratories. The reproducibility was 100% for both UV and FL
detection at all laboratories (Tables 5 and 6).
Table 6. Within-laboratory reproducibility of 8 proficiency substances at 5 laboratories using UV detection
Laboratory
A

B

C

D

E

8/8

8/8

8/8

8/8

8/8

(100%)

(100%)

(100%)

(100%)

(100%)

Table 7. Within-laboratory reproducibility of 8 proficiency substances at 5 laboratories by FL detection
Laboratory
A

B

C

D

E

8/8

8/8

8/8

8/8

8/8

(100%)

(100%)

(100%)

(100%)

(100%)

3-2. Reproducibility in the test chemicals
The results showed good overall reproducibility, and variability in the NAC depletion across the 3
replicate tests was ≤5% for all 8 test chemicals, except palmitoyl chloride in SUMITOMO and farnesal
in NISSAN. For this chemical, SUMITOMO and NISSAN use acetone as a solvent, and a large
variability was observed in the NAC depletion at these 2 laboratories compared to that at the other 3
laboratories using acetonitrile. Palmitoyl chloride is an acid chloride, which is hydrolyzed to a
non-reactive palmitic acid. Therefore, it is considered that there is competition between reaction NAC
and NAL and hydrolysis in the reaction solution containing a large amount of water. Thus, it is
considered that there is a variability of hydrolysis for palmitoyl chloride when acetone was used as the
solvent, and the reactivity of NAC also varied. On the other hand, it is considered that since the
reactivity with NAL is very high, most of NAL reacts with palmitoyl chloride in a short time, and the
reaction was not affected by hydrolysis. The variability in depletion for farnesal in NISSAN was
observed by UV detection only. This is because the accurate NAC depletion could not be calculated
because of the coelution of the test chemical and NAC. Therefore, no variation in NAC depletion was
observed in the fluorescence measurement without coelution.
Similarly, variability in NAL depletion across the 3 replicate tests that met test acceptance criteria
was 8% or less for all 8 test chemicals in all laboratories.
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3-3. Conclusion
Within-laboratory reproducibility was 100% (8/8) at all the participating laboratories. All results
met the 85% minimum target value established by the RST, indicating excellent within-laboratory
reproducibility for ADRA (4 mM).
4. Between-Laboratory Reproducibility
4-1. Between-laboratory reproducibility (concordance in prediction)
Between-laboratory reproducibility was evaluated on the basis of the test results from 8 coded test
chemicals. Final predictions for these test chemicals were determined by majority of the 3 independent
test results.
Prediction of the sensitization potential for all test chemicals was concordant at all 5 participating
laboratories. According to the formula below, the between-laboratory reproducibility was calculated to
be 100% using both UV and FL detection, which exceeded the minimum target value of 85% set by the
RST.
(1) BLR by HPLC-UV
8/8 × 100 = 100 (%)
(2) BLR by HPLC-FL
8/8 × 100 = 100 (%)
4-2. Reproducibility in the test chemicals
The results showed good overall reproducibility, and variability in the NAC depletion across the
tests at 5 participating laboratory was ≤5% for all 8 test chemicals, except palmitoyl chloride and
farnesal. The variability of depletion for palmitoyl chloride is considered to be due to the difference in
the solvent used as described in Section 3-2 “Reproducibility in the test chemicals”. In addition to the
coelution at NISSAN, farnesal is an aldehyde compound, which makes it particularly sensitive to
variations in the testing conditions, which could explain the variability in depletion.
Similarly, variability in NAL depletion across the tests at the 5 participating laboratories was ≤5%
for all 8 test chemicals, except palmitoyl chloride and farnesal. The reason of variability in NAL
depletion for these two test chemicals is same as that for NAC mentioned above.
4-3 . Conclusion
The concordant predictions of the skin sensitization potential of the 8 test chemicals by the 5
participating laboratories are a measure of the between-laboratory reproducibility. Between-laboratory
reproducibility, indicating the concordance of sensitizers and non-sensitizers, was 100%, which shows
high reproducibility similar to that of ADRA (1 mM).
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The RST confirmed that the results satisfied the 85% minimum target value for between-laboratory
reproducibility specified in the ADRA (4 mM) study plan. Thus, since the between-laboratory
reproducibility was more than 90%, ADRA (4 mM), like ADRA (1 mM), is suitable as an alternative
method to animal testing in combination with other non-animal test methods.
5. Reproducibility between ultraviolet and fluorescence detection
Prediction of the sensitization potential for all test chemicals was concordant between UV and FL
detection at all 5 participating laboratories. Variability in the NAC depletion between UV and FL
detection was ≤7% for all 8 test chemicals except coeluted result for farnesal. Similarly, variability in
NAL depletion between UV and FL detection was ≤7% for all 8 test chemicals.
6. Explanation of retesting
There were disparate instances of retesting at the 4 of 5 participating laboratories whenever 1 of the
3 replicate tests of the 12 test chemicals (8 proficiency substances and 4 substances, which are judged
as false negatives in ADRA (1 mM)) failed to satisfy the test acceptance criteria. The reasons for
retesting are summarized below in Table 8. The cells highlighted in pink indicate instances in which
the test acceptance criterion shown on the left was not satisfied (6 instances in total), and the cells
highlighted in blue indicate instances by other reason (the test acceptance criteria were satisfied but the
value for Reference Control C was so low that the apparent depletion was less than -10% (1 instance)
or human error of test operation (1 instance)).
Retesting was performed on one occasion at MITSUI because the NAC sample was mistaken for
palmitoyl chloride because of human error.
One retest was performed for two reasons at SUMITOMO. The first is that the SD of NAC depletion
for dimethyl isophthalate was 43.5% by UV detection and 43.4% by FL detection, which falls outside
the acceptance criteria of <10%. The second is that the CV of the peak area for NAL of Reference
Control C in acetone solution was 10.8% by UV detection and 11.5% by FL detection, which falls
outside the acceptance criteria of <10%.
Retesting was performed once for 3 reasons at NISSAN. The first is that the SD of NAC depletion
for palmitoyl chloride was 46.0% by UV detection and 45.1% by FL detection, which falls outside the
acceptance criteria of <10%. The second and third is that the SD of NAL depletion for palmitoyl
chloride was 50.8% by UV detection and 49.2% by FL detection, which falls outside the acceptance
criteria of <10%. The third is that NAC depletion of dimethyl isophthalate and propyl paraben were all
less than -10%.
Retesting was performed on one occasion at FUJIFilm because the SD of NAC depletion for
m-aminophenol was 12.7% by both UV and FL detection, which falls outside the acceptance criteria of
<10%.
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Table 8. Reasons for retesting at each participating laboratory

LION: Lion Corp. MITSUI: Mitsui Chemicals, Inc. SUMITOMO: Sumitomo Chemical Co. Ltd.
NISSAN: Nissan Chemical Corp. FUJIFILM: Fujifilm Corp.
NAC: N-(2-(1-naphthyl)acetyl)-l-cysteine, NAL: α-N-(2-(1-naphthyl)acetyl)-l-lysine, SD: Standard deviation
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Predictive Capacity
1. Chemicals with different results at 1 mM and 4 mM
In this study, 4 test chemicals with different results at 1 and 4 mM were selected to confirm the
predictive capacity for chemicals that indicate depletion close to the criteria. The results for these test
chemicals are described in Tables 9 and 10.
The target accuracy for the 4 test chemicals is 50% at each participating laboratory. Final predictions
for these test chemicals were determined by majority of the 3 independent test results. All laboratories
provided 4/4 × 100 = 100 (%) accuracy for both UV and fluorescence detection, which exceeded the
minimum target value of 50%.
SUMITOMO provided the inconsistent result for m-aminophenol (i.e., 2 positive results and 1
negative result). Since the chemicals that exhibit depletion near the criteria were originally selected,
this inconsistent result is in the range of possible varieties.
2. Predictive capacity for published data of 136 chemicals
Results published studies indicate that ADRA (4 mM) identified sensitizers and non-sensitizers with
an accuracy of 76% (104/136), a sensitivity of 76% (74/98), and a specificity of 79% (30/38) relative
to LLNA results (Imamura et al., 2021). Compared with ADRA with 1 mM test chemical solutions,
testing with ADRA (4 mM) showed an 11 percentage point increase in sensitivity (64/98 vs 74/98) and
a 4 percentage point increase in accuracy (98/136 vs 104/136) but a 10 percentage point decrease in
specificity (34/38 vs 30/38). It should be noted that this data set contains chemicals outside the
applicability domain.
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Table 9. Depletion of 4 test chemicals with different judgments at 1 and 4 mM at the 5 laboratories using UV detection

LION: Lion Corp. MITSUI: Mitsui Chemicals, Inc. SUMITOMO: Sumitomo Chemical Co. Ltd. NISSAN: Nissan Chemical Corp.
FUJIFILM: Fujifilm Corp. ■Positive, ■Negative
NAC: N-(2-(1-naphthyl)acetyl)-l-cysteine, NAL: α-N-(2-(1-naphthyl)acetyl)-l-lysine

Table 10. Depletion of 4 test chemicals with different results at 1 and 4 mM at the 5 laboratories using FL detection

LION: Lion Corp. MITSUI: Mitsui Chemicals, Inc. SUMITOMO: Sumitomo Chemical Co. Ltd. NISSAN: Nissan Chemical Corp.
FUJIFILM: Fujifilm Corp. ■Positive, ■Negative
NAC: N-(2-(1-naphthyl)acetyl)-l-cysteine, NAL: α-N-(2-(1-naphthyl)acetyl)-l-lysine
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Positive control (results and establishing the control range)
1. Reproducibility of positive control
In this ring study, 2 kinds of positive controls were used, namely, phenylacetaldehyde and squaric
acid diethylester. These positive controls were tested 3 times at each participating laboratory.
NAC depletion was 25.1–70.6% for phenylacetaldehyde and 18.9–65.6% for squaric acid
diethylester, both of which showed high variability (Tables 11 and 12). The minimum depletion was
observed at SUMITOMO for both phenylacetaldehyde (25.1%) and squaric acid diethylester (18.9%).
These depletion values are less than half of the mean depletion (27.7% for phenylacetaldehyde and
25.9% for squaric acid diethylester) and less than mean-3SD, excluding this minimum depletion
(31.1% for phenylacetaldehyde and 33.7% for squaric acid diethylester). Although not clear from these
results, it is possible that the reactivity of the positive control to NAC was underestimated in the first
SUMITOMO.
On the other hand, NAL depletion was 80.8–100% for phenylacetaldehyde and 99.5–100% for
squaric acid diethylester, both of which showed good reproducibility.
2. Establishing the control range
Data on depletion of the positive control reagent from each of the participating laboratories was
used to calculate the mean ± 3 standard deviation (SD), which was used as a control criterion. Since
phenylacetaldehyde and squaric acid diethylester have moderate levels of reactivity and can easily
exhibit variability in reactivity with even a slight change in the reaction conditions can cause
variability in depletion, the mean ± 3SD for each participating laboratory was used as a control
criterion. As mentioned above, however, since NAC depletion in the first set at SUMITOMO may be
underestimated for some reason, the mean ± 3SD was calculated from the data excluding this. Thus,
the control range for positive control reagents at 4 mM was established as follows:

・NAC depletion
Phenylacetaldehyde: 30–80%; Squaric acid diethyl ester: 30–80%
・NAL depletion
Phenylacetaldehyde: 70–100%; Squaric acid diethyl ester: 70–100%
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Table 11. Depletion of 2 positive controls at 5 laboratories using UV detection

LION: Lion Corp. MITSUI: Mitsui Chemicals, Inc. SUMITOMO: Sumitomo Chemical Co. Ltd. NISSAN: Nissan Chemical Corp.
FUJIFILM: Fujifilm Corp.
NAC: N-(2-(1-naphthyl)acetyl)-l-cysteine, NAL: α-N-(2-(1-naphthyl)acetyl)-l-lysine

Table 12. Depletion of 2 positive controls at 5 laboratories using FL detection

LION: Lion Corp. MITSUI: Mitsui Chemicals, Inc. SUMITOMO: Sumitomo Chemical Co. Ltd. NISSAN: Nissan Chemical Corp.
FUJIFILM: Fujifilm Corp.
NAC: N-(2-(1-naphthyl)acetyl)-l-cysteine, NAL: α-N-(2-(1-naphthyl)acetyl)-l-lysine
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RST overall conclusions and recommendations
1. Overall conclusions
The object of this ring study was to assess the within-laboratory reproducibility and
between-laboratory reproducibility of ADRA (4 mM) using coded test chemicals and to determine
whether ADRA (4 mM) can accurately identify 4 chemicals with different results at 1 and 4 mM
concentration of test chemical solution. Thus, the results of the RST can provide sufficient evidence
for and against ADRA (4 mM) and deem it as a scientifically validated and appropriate method to be
included in the OECD TG.
The RST has concluded that the results of this ring study show that ADRA (4 mM) satisfies the
requirements of Modules 1 to 4 of the ECVAM Modular Approach to Validation—namely, for test
definition, within-laboratory reproducibility, between laboratory reproducibility, and transferability.
Additionally, based on these results and published data, the RST considers that requirements of
Module 5, predictive capacity, and Module 6, applicability domain, have also been satisfied when
assessed against other validated test methods for assessing the skin sensitization potential of chemicals.
The RST considers the results of this ring study to demonstrate conclusively that ADRA (4 mM) is a
scientifically sound a highly reliable in chemico alternative to testing using laboratory animals.
2. Recommendations
ADRA (4 mM) is recommended for use as an alternative to existing in vivo tests within an integrated
testing strategy that utilizes multiple alternative testing methods to conduct a comprehensive
assessment of the skin sensitization potential rather than as a standalone test. ADRA (4 mM) is more
suitable than ADRA (1 mM) for determining the skin sensitization potential.
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