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The Amino acid Derivative Reactivity Assay (ADRA) is an in chemico alternative to animal testing for skin
sensitization potential, in which measurements of multi-constituent solutions were sometimes affected by coelution with nucleophilic reagents. So, we established a means of using fluorescence detection and verified the
utility of a newly developed ADRA-fluorescence detection (ADRA-FL) test method. We tested three types of plant
extracts—aloe, green tea, and licorice—and although unable to quantify nucleophilic reagents using ultraviolet
detection due to co-elution of multiple components, the use of fluorescence detection enabled us to detect
nucleophilic reagents selectively and predict each of the extract solutions to be sensitizers. Given that plant
extracts contain immunosuppressants, there is no reason to expect that positive results in ADRA-FL testing will
always be concordant with in vivo results. But given its ability to predict the sensitization potential of cosmetics
and other widely used multi-constituent substances that had previously been difficult to test, the newly developed ADRA-FL is expected to contribute to future assessments of sensitization risks.

1. Introduction
In recent years, increased public awareness of animal welfare issues
has prompted the development of alternatives to test methods that use
laboratory animals, and there are now a number of non-animal test
methods available for assessing the skin sensitization potential of chemicals (OECD TG442C, 2015; OECD TG442D, 2018a, 2018b; OECD
TG442E, 2018c, 2018d, 2018e; OECD TG4429, 2010). The Amino acid
Depletion Reactivity Assay (ADRA), which was developed by the authors of this paper, is an in chemico test method that addresses the
Molecular Initiating Event of covalent binding with proteins and is
currently being considered for adoption as an OECD test guideline
based on the results of validation studies that demonstrate ADRA's
performance to be as good as or superior to DPRA (Fujita et al., 2014;
Yamamoto et al., 2015; Fujita et al., 2019).
In chemico test methods for assessing skin sensitization potential are,
however, basically designed to identify mono-constituent test chemicals
as being either a sensitizer or a non-sensitizer and are not considered
effective for assessing the skin sensitization potential of multi-constituent substances (Gerberick et al., 2004; Gerberick et al., 2007; Fujita

et al., 2014; Yamamoto et al., 2015; OECD TG442C, 2015). In other
words, substances of unknown chemical structure, molecular weight, or
purity have been considered outside the applicability domain of such
tests.
Plant extracts are an example of multi-constituent substances that
are commonly used in cosmetics and other consumer products.
According to the World Health Organization, there are more than
20,000 different medicinal plants produced in 91 countries worldwide,
including 12 biologically diverse countries (Sasidharan et al., 2011).
Plant extracts are multi-constituent substances that include multiple
components extracted from a wide variety of plant matter (Loots et al.,
2007; Eerdunbayaer et al., 2014; Hatano et al., 2000; Alexandr et al.,
2015; Sano et al., 2001; Fernandez et al., 2000; Graham, 1992).
Moreover, the composition of this plant matter varies significantly according to climate and other ambient conditions where it was produced
and when it was harvested (Kumar et al., 2017). Also, the same plant
will yield extracts of significantly different composition according to
whether the leaves, stems, or roots are used and in what proportion
(Widyawati et al., 2014). Because of this, it is necessary to assess the
toxicity of plant extracts according to these various conditions of their

Abbreviations: ADRA, Amino acid Derivative Reactivity Assay; Aloe, Aloe vera; ADRA-FL, ADRA fluorescence detection method; AOP, Adverse Outcome Pathways;
ECG, (−)-Epicatechin gallate; EGC, (−)-Epigallocatechin; EGCG, (−)-Epigallocatechin gallate; DPRA, Direct Peptide Reactivity Assay; EDTA, EthylenediamineN,N,N′,N′-tetraacetic acid; Em, Emission; Ex, Excitation; FL, Fluorescence detection; Green tea, Camellia sinensis; HPLC, High Performance Liquid Chromatography;
Licorice, Glycyrrhiza glabra; NAC, N-(2-(1-naphthyl)acetyl)-L-cysteine; NAL, α-N-(2-(1-naphthyl)acetyl)-L-lysine; TFA, Trifluoroacetic acid; UV, Ultraviolet
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cultivation and manufacture.
There are three major issues that must be overcome to assess the
skin sensitization potential of multi-constituent substances.

Chemical Corporation (Osaka, Japan). The names, CAS numbers, and
suppliers of the reagents used are shown in Table 1. Green tea, aloe, and
licorice (extract powder) are commonly available as foodstuffs in Japan
and were purchased locally.

1. The difficulty of assessing multi-constituent substances containing
components with molecular weights and in concentrations (content)
that are unknown
2. The difficulty of detecting skin sensitizers present in only low concentration
3. The fact that multi-constituent substances are highly likely to exhibit co-elution with nucleophilic reagents during HPLC analysis

2.2. Preparation of multi-constituent chemical substances
Ten sensitizers were each prepared to weight concentrations of
0.5 mg/ml in an acetonitrile solution mixed with 1.0 mg/ml each of the
ten non-sensitizers shown at Table 1.
2.3. Preparation of plant extract solutions

Since ADRA uses highly sensitive nucleophilic reagents, however,
there is a strong possibility that co-elution can be avoided, because the
HPLC-UV measurement wavelength is 281 nm. Also, since test chemical
solutions for ADRA can be prepared based on weight concentration, it is
possible to detect skin sensitizers with an accuracy of 88%, provided
they are present at a concentration of no less than 0.05% and do not coelute during HPLC analysis (Yamamoto et al., 2019). For these and
other reasons, we feel that issues 1 and 2 can be successfully addressed.
Regarding issue 3, however, since extracts from natural plant matter
contain an extremely large number of components (Loots et al., 2007;
Eerdunbayaer et al., 2014; Hatano et al., 2000; Alexandr et al., 2015;
Sano et al., 2001; Fernandez et al., 2000; Graham, 1992), it is highly
likely that some of these components will co-elute with the nucleophilic
reagents at the 281-nm wavelength. Also, since extracts designed to
have antioxidant activity contain polyphenols (Eerdunbayaer et al.,
2014; Alexandr et al., 2015), it could be difficult to avoid co-elution by
such substances.
The nucleophilic reagents used in ADRA, N-(2-(1-naphthyl)acetyl)L-cysteine (NAC) andα-N-(2-(1-naphthyl)acetyl)-L-lysine (NAL), have a
naphthalene ring, which is known to have a fluorescence emission
spectrum of from 310 to 370 nm (Schwarz and Wasik, 1976; Maeda
et al., 2012). In general, the emission of fluorescence requires a chemical structure with high planarity and rigidity, which is why a great
many test chemicals do not emit fluorescence (Nijegorodov and
Downey, 1994; Sauer et al., 2011).
In general, there are few test chemicals that emit fluorescence
themselves during HPLC-fluorescence detection (Cecil and Rutan,
1991), and quite often non-fluorescent substances such as amino acids
and their derivatives are subjected to fluorescence derivatization prior
to analysis (Purcell and Quimby, 1976; Mashat et al., 2008; Zandy
et al., 2017; Muramoto and Kamiyama, 1985; Tapuhi et al., 1981; Imai
and Watanabe, 1981). Additionally, the so called HTS-DYCA assay is a
fluorescence-based, in chemico test method that has been developed as
an alternative to animal testing for skin sensitization potential (Avonto
et al., 2015; Avonto et al., 2018). Unfortunately, fluorescence derivatization is technologically challenging in terms of operability and the
control of reactivity. But because the two nucleophilic reagents used in
ADRA have fluorescence, there is no need for fluorescence derivatization, which means they can be considered superior because there is no
effect on the reaction rate.
In this report, we will focus on this new use of fluorescence detection of NAC and NAL in demonstrating whether or not ADRA is suitable
for assessing the skin sensitization potential not just of mono-constituent test chemicals but for plant extracts and other multi-constituent
substances.

2.3.1. Preparation of three kinds of plant extract solutions
Solutions of aloe, green tea, and licorice were extracted from extract
powder using a modified form of the method published by Fernandez
et al. (2000). Stock solutions were prepared by extraction from 0.5 g of
a sample powder in 100 ml of acetonitrile–water (1:1 v/v) at room
temperature for 40 min with constant stirring. The extract was then
filtered and diluted to volume in a 100 ml calibrated flask. These stock
solutions were then used to prepare 10-fold, 100-fold, and 1000-fold
dilutions.
2.3.2. Preparation of solutions containing components from the three kinds
of plant extracts and a multi-constituent model extract solution comprising
the major components
Of the major components in the plant extracts listed in the reference
literature, we used 20 aloe components as well as six each from green tea
and licorice. Mono-constituent solutions for these components were
prepared by dissolving each in a vehicle and adjusting to a final concentration, as shown in Table 1. These mono-constituent solutions for
the major components of each of these three plant extracts were then
combined into three multi-constituent solutions—one comprising the
20 aloe components, one comprising the six green tea components, and
one comprising the six licorice components—all of which were prepared
in the vehicles and to the final concentrations shown in Table 1. These
three multi-constituent solutions were then used as model extract solutions, which were tested in both undiluted form and in a ten-fold
dilution. Xanthine, however, could not be dissolved at the concentration given in the reference literature, and was used at the concentration
shown in Table 1.
2.4. Outline of the ADRA test method
Testing was performed using the ADRA test method (Fujita et al.,
2019). Test samples were prepared in triplicate by adding 50 μl of a test
chemical solution to 150 μl of the NAC or NAL stock solution with
ethylenediamine-N,N,N′,N′-tetraacetic acid (EDTA) in a 96-well microplate. Additionally, control samples without test chemicals were also
prepared. The 96-well microplate was sealed by using a Resistant Embossed Seal (SHIMADZU GLC Ltd., Tokyo, Japan), shaken gently, and
then incubated in the dark for 24 h at 25 °C. Following incubation, 50 μl
of 2.5% trifluoroacetic acid (TFA) in water was added to all test samples. In addition, standard solutions for defining the calibration curve
were prepared for NAC and NAL at concentrations ranging from 5.0 to
0.156 μM, after which the 96-well microplate was sealed again.
2.5. HPLC analysis of nucleophilic reagents

2. Materials and methods

HPLC analysis was performed according to the method published by
Yamamoto et al. (2015). Acetonitrile and TFA for HPLC mobile phase
preparation were purchased from FUJIFILM Wako Pure Chemical
Corporation. The mobile phase (A) and (B) were prepared to 0.1%TFA
in water and 0.1%TFA in acetonitrile respectively. After incubation,
NAC and NAL in all samples and standards were quantified using a LC20A HPLC system (Prominence, Shimadzu Scientific Instruments,

2.1. Reagents
NAC and NAL synthesized in accordance with the method developed by Fujita et al. (2014) were used. Reagents of an equivalent grade
to the NAC and NAL used in our testing are available commercially in
an ADRA kit for skin sensitization testing from FUJIFILM Wako Pure
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Table 1
Test chemicals, solvents and concentrations used in this study.

Test chemicals

Test chemicals

-Benzoquinone
Perillaldehyde
Diethyl phthalate
4-Hydroxybenzoic acid
Methyl salicylate
Chlorobenzene
Sulfanilamide
Non-sensitizer
Isopropyl myristate
Methylparaben
Propyl paraben
Salicylic acid
Coumarin
and its components
-sitosterol
xanthine
benzoic acid
-toluic acid
uracil
-coumaric acid
thymine
3-methylglutaric acid
2-methyl-1,3-propanediol
glycerol
2,3-butanediol
-salicylic acid
benzyl alchohol
1-propanol
protocatechuic acid
isovaleric acid
lactic acid (L-form)
2,6-dimethyl-4-heptanone
4-hydroxyphenylacetic acid
linoleic acid
and its components
(-)-Epigallocatechin
(+)-Catechin
Caffeine
(-)-Epicatechin
(-)-Epigallocatechin gallate
(-)-Epicatechin gallate
and its components
Glycyrol
Gancanin
Isoangustone A
Glycyrin
Glycycoumarin
6,8-Diprenylorobol
Sensitizer

CAS No.

Source

Solvent

106-51-4
2111-75-3
84-66-2
99-96-7
119-36-8
108-90-7
63-74-1
110-27-0
99-76-3
94-13-3
69-72-7
91-64-5
83-46-5
69-89-6
65-85-0
99-94-5
66-22-8
501-98-4
65-71-4
626-51-7
2163-42-0
56-81-5
513-85-9
99-96-7
100-51-6
71-23-8
99-50-3
503-74-2
79-33-4
108-83-8
156-38-7
60-33-3
970-74-1
154-23-4
58-08-2
490-46-0
989-51-5
1257-08-5
23013-84-5
126716-36-7
129280-34-8
66056-18-6
94805-82-0
66777-70-6

Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Funakoshi
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Sigma-Aldrich
Fujifilm Wako
Alfa Aesar
TCI
Fujifilm Wako
Fujifilm Wako
Fujifilm Wako
Sigma-Aldrich
Fujifilm Wako
Fujifilm Wako
TCI
Sigma-Aldrich
TCI
Fujifilm Wako
Sigma-Aldrich
Fujifilm Wako
Fujifilm Wako
Sigma-Aldrich
TCI
Sigma-Aldrich
TCI
ChemFaces
Ark Pharm
Ark Pharm
Ark Pharm
Ark Pharm
ChemFaces

AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
3.21% IPA / EtOH
2.66% DMSO / EtOH
EtOH
EtOH
1.4% DMSO / EtOH
EtOH
0.43% DMSO / EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
0.83% DMSO / AN
0.83% DMSO / AN
1.17% DMSO / AN
0.83% DMSO / AN
0.83% DMSO / AN
0.83% DMSO / AN
0.4% DMSO / AN
0.4% DMSO / AN
0.4% DMSO / AN
0.4% DMSO / AN
0.4% DMSO / AN
0.4% DMSO / AN

Final concentration in model
stock solutions (mg/ml)
0.5
0.5
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.61
0.03
0.88
0.84
0.70
0.46
0.43
0.39
0.36
0.35
0.34
0.19
0.17
0.16
0.16
0.15
0.15
0.13
0.12
0.11
0.48
0.03
0.34
0.12
0.40
0.06
0.43
0.39
0.27
0.21
0.19
0.08

Abbreviations: Ark Pharm: Ark Pharm, Inc. (Illinois, USA), Funakoshi: Funakoshi Co., Ltd. (Tokyo, Japan), Fujifilm Wako: Fujifilm Wako Pure Chemical Corporation
(Osaka, Japan), TCI: Tokyo Chmeical Industry, Co., Ltd. (Tokyo, Japan), ChemFaces: Wuhan ChemFaces Biochemical CO.,Ltd. (Hubei, Chine), Alfa Aesar
(Massachusetts, USA), Sigma-Aldrich (Missouri, USA)
AN: acetonitrile, IPA: isopropanol, EtOH: ethanol, DMSO: dimethylsulfoxide.

Kyoto, Japan) on a CAPCELL CORE C18 column (2.7 μm,
3.0 × 150 mm, OSAKA SODA CO., LTD., Osaka, Japan). The fluorescence detector used as an A RF10AXL (Shimadzu Scientific Instruments,
Kyoto, Japan). The flow rate was 0.3 mL/min, and the temperature of
the column oven was maintained at 40 °C while that of the auto-sampler
was maintained at 4 °C. 10 μl of each sample was injected, with a linear
gradient from 30% B to 55% B for 9.5 min for NAC and from 20% B to
45% B for 9.5 min for NAL, followed by a rapid increase to 100% B for
0.5 min and holding 100% B for 3.5 min, then back to the initial conditions (30% B for NAC and 20% B for NAL) for a total analysis time of
20 min per sample. Finally, NAC and NAL were quantified using

ultraviolet detection at 281 nm and fluorescence detection at an emission wavelength of 333 nm (excitation wavelength of 284 nm). Additionally, UV-measurement samples were diluted 10-fold with a buffer
solution for FL measurement.
2.6. Prediction of skin sensitization
Reactivity of the test chemical with NAC and NAL was calculated as
the percent depletion based on the decrease in the NAC and NAL concentrations in the samples relative to the average concentration measured in the control. A prediction of either sensitizer or non-sensitizer
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was determined by mean percent depletion of NAC and NAL. The
threshold value of mean percent depletion for prediction was 4.9%,
which is identical with the value used in ADRA with EDTA (Fujita et al.,
2019).

solutions that are commonly used in cosmetics and quasi-drugs. We
prepared these solutions by extraction from the powdered form of these
three substances in acetonitrile–water (1:1 v/v). These extract solutions
were prepared in 10-fold, 100-fold, and 1000-fold dilutions and then
tested using both the ADRA-UV and ADRA-FL test methods.

3. Results

3.3.1. Aloe extract solution
Aloe extract solution in undiluted form as well as 10-fold, 100-fold,
and 1000-fold dilutions were tested using both the ADRA-UV and
ADRA-FL test methods. The results are show in Fig. 4-1 and Table 3.
When tested using the ADRA-UV test method, a large number of
components were detected from the undiluted extract solution at
281 nm, and neither NAC nor NAL could be quantified because of coelution (Fig. 4-1D). And although there was co-elution with NAL from
the 10-fold dilution, there was no other co-elution found in the 10-fold,
100-fold, or 1000-fold dilutions (data not shown). The 10-fold and 100fold dilutions were predicted to be sensitizers, but the 1000-fold dilution was predicted to be a non-sensitizer using the ADRA-UV test
method.
In contrast, when tested using the ADRA-FL test method, there were
virtually no components detected from the undiluted extract solution at
the fluorescence wavelength of 333 nm (Ex. 284 nm), so both NAC and
NAL could be quantified (Fig. 4–1D). With a NAC depletion of 100%
and a NAL depletion of 0.2% for a mean % depletion of 50.1%, the
undiluted extract solution was predicted to be a sensitizer (Table 3).
Also, the 10-fold and 100-fold dilutions were predicted to be sensitizers,
but the 1000-fold dilution was predicted to be a non-sensitizer using the
ADRA-FL test method (Table 3).

3.1. Fluorescence spectra and HPLC elution of NAC and NAL
We verified whether or not NAC and NAL have fluorescence. These
fluorescence spectra are shown in Fig. 1. The results show that both
NAC and NAL exhibit a fluorescence spectrum from roughly 300 to
400 nm when excited at 284 nm. The maximum fluorescence wavelength was at 334.59 nm for NAC (Fig. 1A) and 332.32 for NAL
(Fig. 1B). Accordingly, in all the tests described below, both NAC and
NAL were detected at a wavelength of 333 nm.
Next, standard solutions of NAC and NAL were used to verify elution
behavior and detection sensitivity for both HPLC-UV detection, which is
conventionally used with ADRA, and the newly developed HPLCfluorescence detection. These HPLC charts are shown in Fig. 2. Using
conventional ADRA (ADRA-UV) analysis, the datum for concentration
during injection of the test sample was 4 μM for both NAC and NAL.
Using the newly developed HPLC-FL analysis, however, since the detection sensitivity for fluorescence was ten times that for ultraviolet, the
datum for concentration during injection of the test sample was 0.4 μM.
During HPLC-UV analysis, the peak for NAC dimers generally occurred at roughly the 12.5 min mark. During HPLC-FL analysis, however, no such peak was detected. (Fig. 2.)
3.2. Predictions for multi-constituent substances comprising 10 known nonsensitizers and one known sensitizer

3.3.2. Green tea extract solution
Green tea extract solution in undiluted form as well as 10-fold, 100fold, and 1000-fold dilutions were tested using both the ADRA-UV and
ADRA-FL test methods. The results are show in Fig. 4-2 and Table 3.
When tested using the ADRA-UV test method, a large number of
components were detected from the undiluted extract solution at
281 nm, and neither NAC nor NAL could be quantified because of coelution (Fig. 4-2D).
In contrast, when tested using the ADRA-FL test method, there were
virtually no components detected from the undiluted extract solution at
the fluorescence wavelength of 333 nm (Ex. 284 nm), so both NAC and
NAL could be quantified (Fig. 4-2D, Table 3).

The results of testing liquid mixtures were reported by Yamamoto
et al. (2019), and of the substances they tested, we also tested p-benzoquinone, which is a sensitizer that co-eluted, and perillaldehyde,
which is a sensitizer that did not co-elute. When tested using the ADRA
fluorescence (ADRA-FL) method, p-benzoquinone did not coelute with
either NAC or NAL and these depletions were almost same as those for
the ADRA-UV (Fig. 3, Table 2).
3.3. Predictions for plant extract solutions
We selected aloe, green tea, and licorice as typical plant extract

B

A

Ex: 284 nm
Em: 300-400 nm

Ex: 284 nm
Em: 300-400 nm

NAL standard

NAC standard

Fig. 1. Fluorescence spectrum of NAC and NAL.
Figs.1A and 1B show the standard fluorescence spectrums of both NAC and NAL for emission wavelengths from 300 to 500 nm at an excitation wavelength of 284 nm.
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HPLC-FL detection

A

NAC

NAL

B

No peak
(NAC dimer)

HPLC-UV detection
NAC

C

NAL

D

NAC dimer

NAL standard

NAC standard

Fig. 2. NAC and NAL elution for ADRA-UV and ADRA-FL.
Fig. 2A and B are chromatographs for standard stock solutions of NAC and NAL using fluorescence detection. Fig. 2C and D are chromatographs for standard stock
solutions of NAC and NAL using ultraviolet detection.

aloe components, six green tea components, and six licorice components.
We also combined each of these components at concentrations given in
the reference literature into a multi-constituent model extract solution,
which we then tested together with serial dilutions using both the
ADRA-UV and ADRA-FL test methods to predict the skin sensitization
potentials of these components.

3.3.3. Licorice extract solution
Licorice extract solution in undiluted form as well as 10-fold, 100fold, and 1000-fold dilutions were tested using both the ADRA-UV and
ADRA-FL test methods. The results are show in Fig. 4-3 and Table 3.
When tested using the ADRA-UV test method, a large number of
components were detected from both the undiluted extract solution and
the 10-fold dilution at 281 nm, and neither NAC nor NAL could be
quantified because of co-elution (Fig. 4-3D).
In contrast, when tested using the ADRA-FL test method, there were
virtually no components detected from the undiluted extract solution at
the fluorescence wavelength of 333 nm (Ex. 284 nm), so both NAC and
NAL could be quantified (Fig. 4-3D, Table 3).
Furthermore, in order to verify the effect on fluorescence intensity
of NAC and NAL in extract solution components, the TFA fixing solution
that is conventionally added after a 24-h reaction period was added
immediately before the reaction, after which we also added nucleophilic reagents and extract solution. We then used the ADRA-FL test
method to measure the unreacted nucleophilic reagents, extract solution, and multi-constituent solution. The results show that the peak
areas of the NAC and NAL in the multi-constituent solution are roughly
the same as those for the standard solutions (Figs. 4-1C, 4-2C, and 43C).

3.4.1. 20 aloe components and model extract solution
Of the major components contained in aloe ethanol extract, we selected 20 substances from the literature, as shown in Table 1. First, we
used both the ADRA-UV and ADRA-FL test methods to test mono-constituent solutions of these 20 aloe components, the results of which are
shown in Table 4. Of particular note was protocatechuic acid, which
when tested with ADRA-UV exhibited 60.8% NAC depletion and 18.6%
NAL depletion (with co-elution) or a mean % depletion of 39.7% but
when tested with ADRA-FL exhibited 58.1% NAC depletion and 38.3%
NAL depletion or a mean % depletion of 48.2%. In either case, it was
predicted to be a sensitizer. The remaining 19 aloe components were all
predicted to be non-sensitizers (Table 4).
Next, we used the ADRA-UV and ADRA-FL test methods to test both
an undiluted sample and a 10-fold dilution of a model extract solution
comprising the 20 aloe components, the results of which are shown in
Table 7. Elution behavior during HPLC for both ADRA-UV and ADRAFL is shown in Fig. 5. The 10-fold dilution of the model extract solution
exhibited somewhat lower depletion values but was also predicted to be
a sensitizer.

3.4. Predictions for individual components of plant extract solutions and
multi-constituent solutions
There are virtually no published reports on the skin sensitization
potential of the plant extract solutions used in this study. We therefore
looked to the reference literature for information on the major components of plant extract solutions and used both the ADRA-UV and
ADRA-FL test methods to predict the skin sensitization potential of 20

3.4.2. Six green tea components and model extract solution
Of the major components contained in green tea ethyl acetate extract, we selected six substances from the literature, as shown in
Table 1. First, we first used both the ADRA-UV and ADRA-FL test
165
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Fig. 3. Detection by ADRA-FL of a single sensitizer in a multi-constituent substance containing 10 non-sensitizers.
Fig. 3A shows NAC and NAL, Fig. 3B shows a multi-constituent substance containing 10 non-sensitizers, Fig. 3C shows the sensitizer p-benzoquinone added to the
multi-constituent substance containing 10 non-sensitizers plus NAC and NAL, and Fig. 3D shows the sensitizer perillaldehyde added to the multi-constituent substance containing 10 non-sensitizers plus NAC and NAL. In each figure, the two upper chromatographs use ultraviolet detection and the two lower chromatographs
use fluorescence detection.

methods to test mono-constituent solutions for these six green tea
components, the results of which are shown in Table 5. When tested
with ADRA-UV, caffeine exhibited 4.9% NAC depletion and 0.2% NAL
depletion or a mean % depletion of 2.5%, but when tested with ADRAFL, exhibited 2.4% NAC depletion and 0.0% NAL depletion or a mean %
depletion of 1.2%. In either case, it was predicted to be a non-sensitizer.
The remaining five green tea components, however, were all predicted
to be sensitizers.
Next, we used the ADRA-UV and ADRA-FL test methods to test both
an undiluted sample and a 10-fold dilution of a model stock solution
comprising the six green tea components, the results of which are shown
in Table 7. Elution behavior during HPLC for both ADRA-UV and
ADRA-FL is shown in Fig. 6. The 10-fold dilution of the model stock
solution exhibited somewhat lower depletion values but was also predicted to be a sensitizer.

an undiluted sample and a 10-fold dilution of a model stock solution
comprising the six licorice components, the results of which are shown
in Table 7. Elution behavior during HPLC for both ADRA-UV and
ADRA-FL is shown in Fig. 7. The 10-fold dilution of the model stock
solution exhibited somewhat lower depletion values but was within
measurement tolerances and was also predicted to be a sensitizer.
4. Discussion
As previously reported, ADRA achieved an accuracy of 88% when
predicting the skin sensitization potential of mono-constituent test
chemicals (Fujita et al., 2019). Of the many chemical substances in use
around the world, however, there are a great many that are not monoconstituent and comprise mixtures of more than one substance. These
include polymers that comprise different kinds of highly functional
monomers, plant extracts that comprise different kinds of naturally
derived components, and other mixtures that comprise aromatic substances or refined oils. At present, however, no one has developed an
alternative to animal testing for predicting the skin sensitization potential of such multi-constituent substances (Andres et al., 2013; Avont
et al. 2018).
The nucleophilic reagents used in ADRA are called NAC and NAL
and are synthesized by introducing naphthalene rings to the N-termini
of cysteine and lysine, respectively. Naphthalene is known to have a
fluorescence emission spectrum of from 310 to 370 nm (Schwarz and
Wasik, 1976; Maeda et al., 2012). As shown in Fig. 1, the results of
measuring the fluorescence spectrum of NAC and NAL indicated that
the optimum parameters would be an excitation wavelength of 284 nm
and an emission wavelength of 333 nm. Naphthalene is known to

3.4.3. Six licorice components and model extract solution
Of the major components contained in licorice ethyl acetate extract,
we selected six substances from the literature, as shown in Table 1.
First, we used both the ADRA-UV and ADRA-FL test methods to test
mono-constituent solutions for these six licorice components, the results
of which are shown in Table 6. When tested with ADRA-UV, isoangustone A exhibited 100% NAC depletion and 96.4% NAL depletion
or a mean % depletion of 98.2%, but when tested with ADRA-FL, exhibited 100% NAC depletion and 96.3% NAL depletion or a mean %
depletion of 98.2%. In either case, it was predicted to be a sensitizer.
The remaining five licorice components, however, were all predicted to
be non-sensitizers.
Next, we used the ADRA-UV and ADRA-FL test methods to test both

Table 2
ADRA-UV and ADRA-FL results for multi-constituent substances comprising a single sensitizer and ten non-sensitizers.

Note: S: Sensitizer, NS: Non-sensitizer, FL: Fluorescence detection method, UV: Ultra-violet detection method. “*” indicates the reported values in the published
article (Yamamoto et al., 2019). “Mixture” indicates the mixture of ten non-sensitizers with or without one sensitizer shown in Table 1.S (pink cells) and NS (blue
cells) indicate sensitizers and non-sensitizers,respectively.
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Fig. 4. Chromatographs for three plant extract solutions.
Aloe, green tea, and licorice were each extracted in a 1:1 solution of acetonitrile and water and then tested using both ADRA-UV and ADRA-FL, the results of which are
shown in Figs. 4-1, 4-2, and 4-3, respectively.
Each figure comprises four chromatographs, labeled A–D. Chromatograph A shows standard stock solutions of the nucleophilic reagents, B shows the plant extract
solution, C shows the plant extract solution plus the nucleophilic reagents immediately after preparation, and D shows the plant extract solution plus the nucleophilic
reagents following a 24-h incubation after preparation.

exhibit an intense fluorescence spectrum from roughly 320 to 340 nm
(Frederick et al. 1976), which also supports the results of the NAC and
NAL measurements. As shown in Fig. 2, we found that using fluorescence detection for HPLC analysis of NAC and NAL reveals a single
sharp peak, just as fluorescence detection does. Furthermore, the peak
intensity of NAC and NAL when using fluorescence detection is extremely high relative to that of ultraviolet detection, which necessitates
the reaction solution be diluted 10-fold immediately prior to HPLC
injection. Even after 10-fold dilution, we expected that the signal-tonoise ratio during HPLC-FL will be at least 10 times that of HPLC-UV,
and indeed found that HPLC-FL affords extremely high sensitivity and
signal-to-noise ratio for measuring NAC and NAL relative to the HPLCUV used in the conventional ADRA method.
Although NAC dimers were detected at the 12.5 min mark using UV
detection, as shown in Fig. 2, no dimers were detected using fluorescence detection. One reason for this could be that there are 13 long
single bonds between two naphthalene rings, which predominantly
return to their ground state due to vibrational or rotational energy and
fail to emit fluorescence even under fluorescence excitation (Jaffe and
Miller, 1966).
We used the following procedure to verify whether or not fluorescence detection can be used to assess multi-constituent substances.
First, we added a sensitizer to a multi-constituent substance containing
multiple non-sensitizers to determine whether or not the sensitizer
would be predicted correctly. Next, we prepared three kinds of plant
extract solution to determine whether or not any sensitizers would be
predicted correctly. Finally, we prepared mono-constituent solutions of
some of the major components of the three plant extracts as well as
multi-constituent model extract solutions containing these major components to determine whether or not the predictions obtained from the
substances were concordant with predictions from the plant extracts
themselves.
Yamamoto et al. (2019) has reported the testing of multi-constituent
substances comprising 10 non-sensitizers and a single sensitizer, and
because we used these to verify that ADRA-FL demonstrates sensitivity
equivalent to that of ADRA-UV, we compared the results of measurements made using HPLC-UV with those made using HPLC-FL for two
such multi-constituent substances: one containing p-benzoquinone,
which co-eluted and could not be predicted correctly using HPLC-UV,
and one containing perillaldehyde, which was predicted correctly using
HPLC-UV.
As can be seen in Fig. 3C, we found that when a test sample (positive
control 1) containing p-benzoquinone was measured using ultraviolet
detection, there were a significant number of peaks not only from degradation products, oxidation products, and these reactants of p-benzoquinone but from reaction products of the nucleophilic reagents with
p-benzoquinone, which made it impossible to avoid co-elution with
unreacted nucleophilic reagents. In contrast to this, when measured
using fluorescence detection, most of these peaks disappeared and
quantification of the peaks of the nucleophilic reagents was possible
without interference from co-elution. In this case, however, since the
depletion was nearly 0%, there are no peaks to be seen.
As can be seen in Fig. 3D, when a test sample (positive control 2)
containing perillaldehyde was measured using ultraviolet detection,
there is a single peak of a nucleophilic reagent in the midst of a number
of other peaks from impurities. And although perillaldehyde was correctly predicted to be a sensitizer using HPLC-UV, there are large peaks
that tail toward the baseline prior to the NAC peak, which, strictly
speaking, should be called co-elution. In contrast to this, we found that

when measured using fluorescence detection, despite the appearance of
multiple peaks from the test chemical, there were single, clearly defined
peaks for both NAC and NAL, resulting in accurate quantification of
depletion.
As shown in Table 2, a comparison of measurement results from
ADRA-UV with those from ADRA-FL shows that both are within measurement tolerances and that both yield roughly the same value. We
consider these results to show that, in addition to ADRA-FL achieving
the same sensitivity and yielding the same results as ADRA-UV, ADRAFL is capable of correctly predicting sensitization potential of mixtures,
which are positive control 1, 2 and negative control shown in Table 2,
containing these chemicals.
The plant extracts that are commonly used in cosmetics and other
consumer products are multi-constituent substances for which the
names and content of components are largely unknown. In order to
verify that it would be possible to identify, selectively and with high
sensitivity, even minute quantities of sensitizers contained in such
multi-constituent substances as long as we utilize the ADRA-FL, we
selected for study three commonly used plant extracts: aloe, green tea,
and licorice.
4.1. Aloe
As shown in Fig. 4-1, when tested using ADRA-UV, the chromatogram of the aloe extract solution contained such an extremely large
number of components that it was virtually impossible to identify the
peaks of unreacted NAC and NAL due to co-elution, and thus NAC and
NAL depletion could not be quantified. In contrast, as shown in Fig. 4-1
and Table 7, when tested using ADRA-FL, absolutely no peaks appeared
during the measurement time, NAC and NAL were quantified without
problem, and the aloe extract solution was predicted to be a sensitizer.
This result indicates that ADRA-FL is an excellent means of assessing
the skin sensitization potential of aloe extract.
We were also able to quantify the depletion of nucleophilic reagents
in the 10-fold, 100-fold, and 1000-fold dilutions using both HPLC-UV
and HPLC-FL analysis. As shown in Table 3, the depletion values obtained using HPLC-UV are almost the same as those obtained using
HPLC-FL.
Since there are few reports of in vivo testing of aloe for skin sensitization potential, and in order to predict the sensitization potential of
aloe, we selected 20 of the highest-content aloe components from a list
of 51 components obtained using a 95% ethanol leaf gel extract of aloe
and reported by Loots et al. (2007) for use in testing. We then prepared
and tested mono-constituent solutions of these 20 components as well
as a model extract solution comprising all 20.
The results of testing these mono-constituent solutions using both
ADRA-UV and ADRA-FL show that 19 of these 20 components were
predicted to be non-sensitizers. As shown in Table 4, only protocatechuic acid was predicted to be a sensitizer. Because protocatechuic
acid is a derivative of catechol, it readily generates through air oxidation α,β-unsaturated ketons, which can be expected to react with NAC
and NAL per Michael addition (Friedman et al., 1965). In fact, 4-methyl
catechol is also a derivative of catechol and is a known skin sensitizer
(Fedorowicz et al., 2005), which is another reason we consider it reasonable for protocatechuic acid to have been predicted a sensitizer. As
shown in Fig. 5 and Table 7, the results of testing the model extract
solution comprising all 20 aloe components, both in undiluted form and
in a 10-fold dilution and using both ADRA-UV and ADRA-FL, show that
it was predicted to be a sensitizer in all instances. As described above,
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Table 3
ADRA-UV and ADRA-FL test results for three plant extract solutions.

Abbreviations: UV: Ultraviolet detection, FL: Fluorescence detection, −: Not quanified due to co-elution, ND: Not determined, S: Sensitizer (pink), NS: Non-Sensitizer
(blue).

we consider the fact that protocatechuic acid readily reacts with both
NAC and NAL to be a sufficient explanation for the model extract solution to have been predicted a sensitizer. We therefore also consider it
reasonable that the aloe extract solution was predicted to be a sensitizer
using both ADRA-UV and ADRA-FL.
More specifically, although measurement of NAC and NAL depletion
in the mono-constituent solution of protocatechuic acid using ADRA-FL

resulted in a NAC depletion of 58.1% and a NAL depletion of 38.3%, the
same values were only 45.9% and 1.8% for the model extract solution.
It is notable that NAL depletion for the model extract solution was
significantly lower. We consider the likely cause of this to have been the
generation of α,β-unsaturated ketons through air oxidation, which then
react with NAL per Michael addition, as described above.
On the other hand, hydroxy groups also contribute to Michael

Table 4
ADRA-UV and ADRA-FL test results for twenty major Aloe components.

p

p

p

Abbreviations: UV: Ultraviolet detection, FL: Fluorescence detection, S: Sensitizer (pink), NS: Non-Sensitizer (blue), *: co-elution.
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Fig. 5. Chromatographs for 20 aloe components as well as a model extract solution comprising all 20 components.
Fig. 5 shows the results for 20 aloe components as well as a model extract solution comprising all 20 components tested using ADRA. In each figure, the two upper
chromatographs use ultraviolet detection and the two lower chromatographs use fluorescence detection.

addition (Yoneda et al., 2014). Since most of the other 19 components
comprising the model extract solution have hydroxy groups in their
structure and given the high concentration of the model extract

solution, it is also conceivable that some of these reacted competitively
with oxidative dimers of protocatechuic acid, so that the reaction of
protocatechuic acid and NAL appeared to decrease. Also, as shown in
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Table 1, the content of protocatechuic acid in the model extract solution
was a mere 0.0016%, which would mean that protocatechuic acid was
detected at a much lower concentration than the minimum 0.05%
weight concentration ordinarily required for ADRA to predict skin
sensitization potential to an accuracy of 88% (Yamamoto et al., 2019).
Obviously, given the high reactivity of the test chemical with the nucleophilic reagents, there is no contradiction in it having been detected
at concentrations lower than those recommended for ADRA weight
concentrations.

4.3. Licorice
As shown in Fig. 4-3 and just as with aloe and green tea, when tested
using ADRA-UV, the chromatogram of the licorice extract solution
contained such an extremely large number of components that it was
virtually impossible to identify the peaks of unreacted NAC and NAL
due to co-elution, and thus NAC and NAL depletion could not be
quantified. In contrast, when tested using ADRA-FL, absolutely no
peaks appeared during the measurement time, NAC and NAL were
quantified without problem, as shown in Table 3, and the licorice extract solution was predicted to be a skin sensitizer. This result indicates
that ADRA-FL is an excellent means of assessing the skin sensitization
potential of licorice extract. Also shown in Table 3, the results of testing
the 10-fold, 100-fold, and 1000-fold dilutions of the stock extract solution were the same as for aloe.
Since there are few reports of in vivo testing of licorice for skin
sensitization potential, and in order to predict the sensitization potential of licorice, we selected six components that are available commercially from a list of eight major licorice phenolics obtained using an
ethyl acetate extract of G. uralensis (Tohoku licorice) and reported by
Fernandez et al. (2000) for use in testing. We then prepared and tested
mono-constituent solutions of these 20 components as well as a model
extract solution comprising all six.
The results of testing these mono-constituent solutions using both
ADRA-UV and ADRA-FL show that five of these six components were
predicted to be non-sensitizers. As shown in Table 6, only isoangustone
A was predicted to be a sensitizer. Because isoangustone A is a derivative of catechol, it can be expected to react with NAC and NAL, as
described above (Friedman et al., 1965).
As shown in Table 7, depletion values for nucleophilic reagent acquired through testing performed for this study using both ADRA-UV
and ADRA-FL are all within measurement tolerances and roughly concordant, leading us to conclude that the ADRA-FL is capable of producing results that are concordant with those produced by the conventional ADRA-UV. Aloe, green tea, and licorice are typical plant extract
solutions that are commonly used for a wide variety of purposes, all
three of which were predicted to be sensitizers by both ADRA-UV and
ADRA-FL.
Although Kubo et al. (1987) has reported that the needle shape of
calcium oxalate is the reason aloe appears to be a skin irritant in vivo,
there are few reports of in vivo skin sensitization potential for any of the
three plant extracts used in our testing. What is known, however, is that
aloe contains alprogen (Hansel et al., 1994; Surjushe et al., 2008), green
tea contains epigallocatechin-3-O-(3-O-methyl) gallate (MaedaYamamoto et al., 2007), and licorice contains glycyrrhizin, 18β-

4.2. Green tea
As shown in Fig. 4-2 and just as with aloe, when tested using ADRAUV, the chromatogram of the green tea extract solution contained such
an extremely large number of components that NAC and NAL depletion
could not be quantified, but when tested using ADRA-FL, absolutely no
peaks appeared during the measurement time, NAC and NAL were
quantified without problem, as shown in Table 3. As a result, the green
tea extract solution was predicted to be a skin sensitizer. This result
indicates that ADRA-FL is an excellent means of assessing the skin
sensitization potential of green tea extract.
There are few reports of in vivo testing of green tea for skin sensitization potential, but epigallocatechin gallate is one of the main components of the extract solution and was reported to be a mild skin
sensitizer when tested using the guinea pig maximization test
(Isbrucher et al., 2006). Additionally, catechins are the most common
green tea component, generally accounting for 10 to 30% of content
(Alexandr et al., 2015), which is the most likely reason it was predicted
to be a sensitizer. In order to obtain more detailed information, we
selected caffeine and five more of the highest-content catechin components reported by Fernandez et al. (2000) for use in testing. We then
prepared and tested mono-constituent solutions of these six components
as well as a model extract solution comprising all six. As shown in
Table 5, all five catechins were predicted to be sensitizers and only
caffeine was predicted to be a non-sensitizer. All five catechins are
derivatives of catechol, of which three—namely, (−)-epicatechin gallate, (−)-epigallocatechin, and (−)-epigallocatechin gallate—are also
pyrogallols. For this reason, as described above, they readily generate
through air oxidation α,β-unsaturated ketons, which are considered a
potential sensitizer structure and thought capable of causing skin sensitization (Friedman et al., 1965). In fact, pyrogallol is also a skin
sensitizer (Guo et al., 2013). On the other hand, insofar as caffeine does
not have a potential sensitizer structure, we consider it logical that it
did not exhibit reactivity with NAC or NAL.
Table 5
ADRA-UV and ADRA-FL test results for six major Green tea components.

Abbreviations: UV: Ultraviolet detection, FL: Fluorescence detection, S: Sensitizer (pink), NS: Non-Sensitizer (blue).
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Fig. 6. Chromatographs for six green tea components as well as a model extract solution comprising all six components.
Fig. 6 shows the results for six green tea components as well as a model extract solution comprising all six components tested using ADRA. In each figure, the two
upper chromatographs use ultraviolet detection and the two lower chromatographs use fluorescence detection.

glycyrrhetinic acid, isoliquiritin, and liquiritigenin (Shin et al., 2007),
all of which act on immune cells to exhibit anti-allergic action. It is
conceivable that one reason these three plant extracts do not exhibit

sensitization potential in vivo is because they contain components that
exhibit immunosuppressive effects, which we think could also explain
why our results seemingly contradict this fact, since ADRA was
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Table 6
ADRA-UV and ADRA-FL test results for six major Licorice components.

Abbreviation: UV: Ultraviolet detection, FL: Fluorescence detection, S: Sensitizer (pink), NS: Non-sensitizer (blue), *: co-elution.

designed only to test for reactivity with sensitizers. Thus, it is desirable
that any in vitro test intended to assess sensitization potential of plant
extract solutions as an alternative to animal testing should also take
into account immunosuppressive effects. Although ADRA is an in chemico test method that is unable to assess immunosuppressive effects,
given its ability to assess the sensitization potential of multi-constituent
substances that previously had been difficult to test, the newly developed ADRA-FL is expected to be a major step forward in the assessment
of sensitization risks.
Neither ADRA nor DPRA, from which it was derived, were suitable
for assessing multi-constituent substances. And although we believe
ADRA to be capable of predicting the skin sensitization potential of
some multi-constituent substances, Yamamoto et al. (2019) have reported that co-elution from test samples prevents quantification. The
newly developed ADRA-FL has been shown to be capable of predicting
sensitization potential of plant extract solutions and other multi-constituent substances comprising unknown substances in unknown

concentrations that previously had been considered outside the ADRA
applicability domain. At present there are no reports of alternatives to
animal testing for assessing the skin sensitization potential of plant
extracts or other substances with complex combinations of ingredients
or otherwise complex composition. For this reason, the fact that ADRAFL is able to test these substances holds promise for testing cosmetic
ingredients, industrial commodities, and a wide range of other multiconstituent substances, making ADRA-FL both useful and uniquely
capable of filling the need for such a test method. Moreover, because
ADRA-FL is considerably more sensitive than ADRA-UV, it requires that
test chemical solutions will be at concentrations that are between just
10% and 1% of those used for ADRA-UV, which we think will help
expand its applicability domain to include even highly insoluble chemicals. Future studies will include confirmation that the applicability
domain of ADRA-FL includes an expanded range of chemical substances.

Table 7
ADRA-UV and ADRA-FL test results for three model extract solutions.

Abbreviations: UV: Ultraviolet detection, FL: Fluorescence detection, S: Sensitizer (pink).
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Fig. 7. Chromatographs for six licorice components as well as a model extract solution comprising all six components.
Fig. 7 shows the results for six licorice components as well as a model extract solution comprising all six components tested using ADRA. In each figure, the two upper
chromatographs use ultraviolet detection and the two lower chromatographs use fluorescence detection.
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