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ABSTRACT — Cosmetic ingredients often comprise complex mixtures, such as botanical extracts, 
which may contain skin sensitizing constituents. In our previous study for the sensitivity of the eval-
uations of skin sensitizing constituents in mixtures using the binary in vitro test battery with  
KeratinoSensTM and h-CLAT, some sensitizers showed higher detection limits in in vitro test methods 
than in murine local lymph node assays (LLNA). Thus, to minimize the uncertainty associated with 
decreased sensitivity for these sensitizers, a risk assessment strategy was developed for mixtures with 
negative results from the binary test battery. Assuming that the no expected sensitization induction level 
of mixtures (mixture NESIL) can be derived for mixtures with negative in vitro test results, we assessed  
146 sensitizers with in vitro and LLNA data according to the assumption of indeterminate constituents in 
mixtures. Finally, we calculated 95th percentile probabilities of mixture NESILs and derived dermal sen-
sitization thresholds for mixtures (mixture DST) with negative in vitro test results of 6010 μg/cm2. Fea-
sibility studies indicated that this approach was practical for risk assessments of products in the cosmet-
ic industry. This approach would be a novel risk assessment strategy for incorporating the DST approach 
and information from in vitro test methods.
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INTRODUCTION

Allergic contact dermatitis (ACD) is a delayed-type 
hypersensitivity reaction of the skin, caused by contact 
with skin sensitizing substances. Because ACD frequent-
ly decreases quality of life for workers and consumers, a 
standard requirement of cosmetic ingredients is that their 
potential to induce skin sensitization is assessed under 
product-use conditions that may lead to ACD in humans. 
Skin-sensitizing potentials of ingredients are typically 
identified using animal experiments, such as the guinea 
pig maximization test (Magnusson and Kligman, 1969) 
and murine local lymph node assays (LLNA; Basketter et 
al., 2002). Non-animal test methods, however, are desira-
ble due to regulatory requirements and ethical issues.

In the cosmetic industry, various complex mixtures 
have been used. Among these, botanical extracts are fre-
quently extracted and solubilized into vehicles, including 
water, ethanol, and 1,3-butylene glycol, and some contain 

skin-sensitizing constituents that may contribute to ACD 
(Kiken and Cohen, 2002; Lalko and Api, 2006).

Non-animal test methods for skin sensitization have 
been previously developed for the first three key events 
(protein binding, keratinocyte activation, and dendritic-
cell activation) of the adverse outcome pathway (AOP) of 
the sensitization induction phase (OECD, 2012). Among 
non-animal test methods that are accepted in the OECD 
test guidelines, KeratinoSensTM is addressing keratinoc-
yte activation (Emter et al., 2010), and the human Cell 
Line Activation Test (h-CLAT) is addressing dendritic-
cell activation (Ashikaga et al., 2010). These methods are 
technically applicable to the testing of multi-constituent 
substances and mixtures. As a proof-of-concept for the 
applicability of the binary test battery with KeratinoSen-
sTM and h-CLAT (Otsubo et al., 2017) to mixtures such as 
botanical extracts, the detection limits (DL) of sensitizing 
constituents in mixtures have been defined (Nishijo et al.,  
2019). Positive results from these test methods indicate 
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that a skin sensitizer may be present in the tested mixture 
at a concentration that exceeds the respective DL. For 
example, if a tested mixture gives a positive result in the 
LLNA after application to mouse ears at 100%, the con-
centration of the sensitizer in the mixture likely exceeds 
the EC3 value, which is the estimated concentration 
of the sensitizer that produces a stimulation index of 3  
(Fig. 1). Herein, we developed a feasible skin-sensitiza-
tion testing strategy using nonanimal test methods. Fol-
lowing positive results in in vitro tests of mixtures, we 
compared DLs of skin sensitizers in mixtures between 
LLNA and in vitro test methods. We identified 146 sen-
sitizers with positive results in KeratinoSensTM, h-CLAT, 
and LLNA, and considered these as potential constituents 
in mixtures. We showed that 86% of the analyzed sensi-
tizers had DLs in the binary test battery that were low-
er than those in LLNA, and 14% of these had higher DLs 
in the binary test battery than in LLNA. When sensitiz-
ers had ≥ DL in LLNA but < DL in the binary test battery 
the mixture may give a false negative result on the bina-
ry test battery versus LLNA. To evaluate mixtures using 
KeratinoSensTM and h-CLAT and to formulate into cos-
metic products, the presence of these sensitizers should 
be considered.

The risk of skin sensitization to a particular ingredi-
ent in a product under specific usage conditions can be 
determined based on the evaluation of hazard (i.e., the 
sensitization potency which is inversely proportion-
al to a no effect level (No Expected Sensitization Induc-
tion Level, NESIL)) and the quantification of the actu-
al consumer exposure. For skin sensitization assessment 
methods without animal testing, the concept of Dermal 
Sensitization Threshold (DST) approach has been pro-
posed where skin exposure is low (Safford et al., 2008, 
2011, 2015). The DST approach is based on the princi-

ples of the Threshold of Toxicological Concern (TTC) 
concept which is a risk assessment approach intended to 
identify exposure levels below which there is a low prob-
ability of risk to human health (Rulis, 1986), such that 
a level can be determined for any chemical where there 
is no appreciable risk of skin sensitization, even when 
the sensitization hazard of chemical has not been iden-
tified. It has been proposed that non-reactive DST value  
(900 μg/cm2) or reactive DST value (64 μg/cm2), which 
should be selected based on chemical structures and prop-
erties, and were values are used as default NESILs for 
chemicals for which sensitization data had not been deter-
mined (Safford et al., 2015). A strategy using non-target 
analytical screening techniques and the DST approach has 
been proposed (Koster et al., 2015; Antignac et al, 2011), 
however, non-target qualitative and qualitative screening 
analyses of skin-sensitizing constituents in complex mix-
tures such as ingredient containing indeterminate impu-
rities or botanical extract are often difficult and resource 
intensive. Hence, the existing DST approach is not appli-
cable to mixtures with constituents that lack chemical 
structural information. Moreover, skin-sensitization risks 
of constituents in complex mixtures could not be assessed 
by exposure assessments alone, even if skin exposures are 
low.

To address this problem, we developed a risk assess-
ment strategy for undetermined constituents of complex 
mixtures by combining exposure assessment in addition 
to the hazard identification using the binary test battery 
with KeratinoSensTM and h-CLAT. Initially, we assumed 
that the concentration of the sensitizer in the mixture was 
negative in the binary test battery despite the likely pres-
ence of sensitizers at low concentrations. When the test-
ed mixture is positive in sensitization tests, it is expect-
ed that the concentration of the sensitizer exceeds the DL. 

Fig. 1. 	 Expected results from murine local lymph node assays (LLNA) based on the concentration of a sensitizer present in the 
mixture; (a) If the concentration of a sensitizer in the mixture is below the EC3 value, the mixture is expected to be negative 
in LLNA. (b) If the concentration of a sensitizer in the mixture exceeds the EC3 value, the mixture is expected to be posi-
tive in LLNA.
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If the concentration of the sensitizer in the mixture can be 
estimated, the exposure level of the sensitizer can be cal-
culated based on the exposure level of the mixture. Using 
thresholds for the induction of skin sensitization (Kimber 
et al., 2008), we then derived NESILs for each sensitizer. 
Exposure levels below the NESIL of a sensitizer should 
fail to induce skin sensitization, even if the sensitizer is 
present in the mixture. Moreover, if the concentration of 
the sensitizer in the mixture can be estimated, the NESIL 
of the mixture can be calculated based on that of the sen-
sitizer. Thus, we defined the mixture NESIL as an expo-
sure level that does not induce skin sensitization accord-
ing to the NESIL of the sensitizer. If a tested mixture is 
negative in the binary test battery, the mixture NESIL can 
be calculated based on the DL from the same analyses. 
Herein, mixture NESILs were calculated for 146 sensitiz-
ers for which in vitro and LLNA data were available, and 
that were assumed as indeterminate constituents in mix-
tures. A DST value was derived for mixture that was neg-
ative in the binary test battery by taking the 95th percen-
tile of calculated mixture NESILs. Finally, we performed 
feasibility studies of this mixture DST value as an accept-
able formulation ratio of mixture evaluated as negative 
in the binary test battery and performed the mixture DST 
approach for practical product examples.

MATERIALS AND METHODS

Chemicals
A compilation of currently available data was retrieved 

from published datasets (Otsubo et al., 2017; Takenouchi 
et al., 2015; Urbisch et al., 2015; Jaworska et al., 2015). 
We then selected a total of 147 chemicals with original 
references that had been evaluated and were positive in 
LLNA and the binary test battery. Benzo(a)pyrene was 
excluded from the dataset because its EC3 value came 
from an extrapolation with a high stimulation index  
(> 15), suggesting unreliability (Kern et al., 2010). 
Collectively, a total of 146 chemicals were analyzed  
(Supplemental Table 1) in this study.

In vitro test methods
KeratinoSensTM: OECD test guideline 442D

KeratinoSensTM addresses keratinocyte activation 
according to activation of the keap1–Nrf2–ARE pathway 
(Emter et al., 2010) and is a reporter cell–based assay 
using HaCaT cells that exploits luciferase activity as an 
indicator of ARE activation. KeratinoSensTM is technical-
ly applicable to the testing of multiconstituent substanc-
es and mixtures.

HaCaT cells were incubated with test chemicals for  

48 hr, and luciferase activity was measured using a lumi-
nometer. Test chemicals were classified as positive if luci-
ferase activity was significantly increased by ≥ 1.5-fold 
compared with vehicle control for test chemicals with no 
defined molecular weight. The concentration of sensitiz-
er that leads to a 1.5-fold induction of luciferase (EC1.5) 
was then calculated using linear interpolation.

h-CLAT: OECD test guideline 442E
h-CLAT addresses the activation of dendritic cells, 

which are known to up-regulate the expression of the cell 
surface proteins CD86 and CD54 following exposure to 
sensitizers. In the present experiments, THP-1 cells were 
used to represent dendritic cells (Ashikaga et al., 2006, 
2010; Sakaguchi et al., 2006) and were treated with test 
chemicals for 24 hr at concentrations that were based on 
predetermined concentrations that yield 75% cell viabili-
ty (CV75). After staining with fluorescence-labeled anti-
CD86 and anti-CD54 antibodies, expression levels were 
determined using flow cytometry. Relative fluorescence 
intensities (RFI) were compared with those of the vehi-
cle control using flow cytometry. Chemicals were classi-
fied as positive when CD86 RFI was ≥ 150% or CD54 
RFI was ≥ 200%, and the corresponding concentrations 
(EC150 for CD86 or EC200 for CD54) were calculated 
as for EC3 values from LLNA. The lower EC value of 
EC150 or EC200 was chosen as the minimal induction 
threshold (MIT). h-CLAT is technically applicable to the 
testing of multi-constituent substances and mixtures.

DLs of skin sensitizers in mixtures
DLs of skin sensitizers in mixtures were calculat-

ed from exposure concentrations that exceeded the posi-
tive criteria for each test method, representing EC3 val-
ues from LLNA, EC1.5 values from KeratinoSensTM, and 
MIT values from h-CLAT (Table 1). DLs of skin sensitiz-
ers that were assumed present in the mixtures for LLNA 
were calculated as EC3 values if the tested mixture gave 
positive LLNA results following application to ears at 
100%. For non-cytotoxic mixtures with unknown molecu-
lar weights, desired final concentrations of the test chem-
icals were identified using serial dilutions from a maxi-
mum concentration of 400 μg/mL for KeratinoSensTM.  
Finally, mixtures were diluted by a factor of 2500 
for testing. Thus, the DLs of skin sensitizers in mix-
tures were calculated as EC1.5 × 2500 μg/mL. Similar-
ly, serial dilutions from a maximum concentration of  
5000 μg/mL were prepared for h-CLAT. Mixtures 
were then diluted by a factor of 200 for testing. DLs 
of skin sensitizers in the mixture were calculated as  
MIT × 200 μg/mL. Lower DL values from Keratino 
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SensTM and h-CLAT analyses were defined as the minimal 
detection concentration (MDC) for the DL of the binary 
test battery. Subsequently, ratios of MDC/EC3 were cal-
culated for 146 sensitizers, and log(10) ratios were plot-
ted in a probability distribution.

For complex mixtures, it may be difficult to identify 
constituent skin sensitizers. Nonetheless, we assumed that 
skin sensitizers that were positive in in vitro tests may be 
present in mixtures, that the mixtures were water soluble 
and noncytotoxic, and that they did not have a masking or 
boosting effect on the DLs of their constituent skin sensi-
tizers.

NESIL of mixture evaluated as negative in the 
binary test battery with KeratinoSensTM and 
h-CLAT; Mixture NESIL

The present risk-assessment strategy was developed 
with consideration of exposure assessments and the haz-
ard identification using the binary test battery (Fig. 2). 
The major elements that were used to derive mixture 
NESILs are briefly described as follows:

1. For a mixture evaluated as negative in the binary test 
battery at all tested concentration (≤ 400 μg/mL in Kerat-
inoSensTM and ≤ 5000 μg/mL in h-CLAT), the concentra-
tion of sensitizer is expected to be less than the MDC value  

Table 1.   �DLs of skin sensitizers that may be present in mixtures were calculated from estimated concentrations that 
exceeded the positive criteria for each test method (EC3, EC1.5, and MIT).

Sensitization test Estimated concentration 
exceeding positive criteria

Maximum tested 
concentration Dilution rate

Detection limit of skin 
sensitizer in water soluble 
and non-cytotoxic mixture

LLNA EC3 100 [%] 1 EC3 [%]
KeratinoSensTM EC1.5 400 [μg/mL] 2500 EC1.5 × 2500 [μg/mL]
h-CLAT MIT 5000 [μg/mL] 200 MIT × 200 [μg/mL]

Fig. 2. 	 Derivation of mixture NESIL values; (a) for a mixture evaluated as negative in the binary test battery, it is expected that 
the concentration of the constituent sensitizer is less than the DL for the binary test battery. (b) NESIL values are derived 
from intrinsic sensitization potencies of each sensitizer and are estimated from corresponding EC3 values by extrapolating 
as EC3 × 250 μg/cm2. (c) Taking account of (a) and (b), we derived NESILs of mixtures evaluated as negative in the binary 
test battery (mixture NESIL) is derived.
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(DL for the binary test battery; Fig. 2a).
2. There exist thresholds for the induction of skin sen-

sitization (Kimber et al., 2008), and NESILs were derived 
from intrinsic sensitization potencies of each sensitiz-
er. NESILs were then estimated from EC3 values by 
extrapolating EC3 × 250 μg/cm2 based on the applica-
tion of 25-μL test solutions to 1 cm2 areas of mouse ears  
(Fig. 2b). Because sensitization potencies in mouse LLNA 
correlated well with those determined in human HRIPT 
(Basketter et al., 2005, 2018), no additional extrapolation 
was made to accommodate differences between mice and 
humans, as in a previous DST study (Safford et al., 2008, 
2011, 2015).

3. Considering the above elements, NESILs of mix-
tures evaluated as negative in the binary test battery (mix-
ture NESIL) were derived as follows (Fig. 2c):

�Mixture �NESIL [μg/cm2] = NESIL [μg/cm2 (of putative 
sensitizer in mixture)] / (MDC / 100)

Mixture NESILs are those of the whole mixture and 
are defined as the exposure level that produces no skin 
sensitization mixture (i.e., not to exceed NESIL of the 
putative sensitizer in mixture). Thus the mixture NESIL 
is not applicable to the sensitizing constituent.

In addition, the mixture NESIL is calculated from 
MDC values for each sensitizer (DL from the binary test 
battery) and from corresponding NESILs, which were 
estimated using EC3 values from LLNA. Accordingly, 
the mixture NESIL is inversely proportional to the MDC/
EC3 ratio, as indicated by the following equations:

NESIL = EC3 × 250 μg/cm2 (1)

�Mixture �NESIL [μg/cm2] = NESIL [μg/cm2 (of putative 
sensitizer in mixture)] / (MDC /100) (2)

Based on (1) and (2), the mixture NESIL [μg/cm2] = 
EC3 × 250 μg/cm2 / (MDC /100) = EC3/MDC × 25000

Thus, log(10) MDC/EC3 and negative log(10) mixture 
NESIL values have similar distributions.

For example, mixture containing sensitizer A is sum-
marized as follows:

Sensitizer A,
EC3 = 0.1% (25 μg/cm2 = 0.1 × 250)
MDC (DL for the binary test battery) = 0.5%
The mixture NESIL could be calculated as 5000 μg/

cm2 = 25 μg/cm2 / (0.5 / 100). Accordingly, the expo-
sure level of sensitizer A is expected to be less than 25 
μg/cm2 if the exposure level of the mixture is less than  
5000 μg/cm2. Mixture NESILs were calculated for 146 

analyzed sensitizers, and negative log(10) values were 
plotted in a probability distribution.

Probability distribution analyses
Normal and gamma probability distributions were fit-

ted for log(10) values of MDC/EC3 ratios and negative 
log(10) values of mixture NESILs. Mixture DST values 
are those of mixtures evaluated as negative values in the 
binary test battery and were derived by determining 95th 
percentiles of mixture NESILs.

Quantitative risk assessment (QRA)
In the QRA approach, an acceptable exposure level 

(AEL) in μg/cm2/day is estimated to protect consumers 
from skin sensitization (Api et al., 2008). To derive AELs, 
NESILs were modified using various sensitization assess-
ment factors (SAFs; Felter et al., 2002, 2003; Basketter 
and Safford, 2016). Generally, NESILs are derived from 
EC3 values in LLNA or from no observed effect levels 
(NOEL) in human sensitization tests, such as the human 
repeated insult patch test (HRIPT) and human maximi-
zation test (HMT). SAFs were applied to extrapolate 
NESILs from controlled experimental conditions to lev-
els that were safe during exposure of consumers to prod-
ucts. The consumer exposure level (CEL) is an essential 
element of QRA and was determined in exposure assess-
ments of frequencies of use, habits, practices, durations of 
use, and amounts of product used per application. If AEL 
> CEL for a particular ingredient, the proposed exposure 
to the ingredient is considered acceptable in terms of the 
risk of skin sensitization.

Case studies for practical examples in the 
cosmetic industry

To assess the practical feasibility of the mixture DST 
approach, the mixture DST needs to be converted to a 
product formulation ratio by considering specific prod-
ucts and exposure situations. Shower gel, rinse-off hair 
conditioner, body lotion, hand cream and deodorant non-
spray were selected as practical examples of rinse-off and 
leave-on products in the cosmetic industry. CELs of these 
products were derived from SCCS (2016). For each prod-
uct example, acceptable formulation ratios of mixtures 
evaluated as negative in the binary test battery were cal-
culated using the mixture DST approach.

RESULTS

Ratios of MDC/EC3
In the histogram of log(10) MDC/EC3 ratios for 146 

analyzed sensitizers (Fig. 3), 14% (21/146) of the ana-
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lyzed sensitizers with positive log(10) MDC/EC3 ratios 
had higher DLs in the binary test battery than in LLNA 
(Nishijo et al., 2019). Of the 146 analyzed sensitizers, 
that with the highest MDC/EC3 ratio (37.3) was maleic 
anhydride.

DST of mixtures evaluated as negative in the 
binary test battery with KeratinoSensTM and 
h-CLAT; Mixture DST

The histogram of negative log(10) mixture NESIL 
values are shown in Fig. 4. As described above, the 
mixture NESIL is inversely proportional to the MDC/
EC3 ratio. Thus, log(10) MDC/EC3 and negative 
log(10) mixture NESIL values had similar distributions  
(Fig. 3 and 4). And cumulative probability distributions 
of negative log(10) mixture NESIL values are shown in  
Fig. 5. Normal (Fig. 4a) and gamma (Fig. 4b) distribu-
tions fitted well with respective experimental data. The 
mixture NESIL values corresponding to the percen-
tiles from the distributions depicted in Fig. 4 are listed  
(Table 2).

Comparing the actual data points to the fitted theoreti-
cal data points in a probability plot (a graphical technique 
to determine the goodness of fit of the data set to a spe-

cific distribution) showed that the gamma distribution 
fits better at the top end (i.e. the lower mixture NESIL) 
(data not shown). Thus, a gamma distribution was used 
to derive the mixture DST. Because the mixture DST val-
ue of 6010 μg/cm2 was calculated as the 95th percentile 
of mixture NESIL values from 146 analyzed sensitizers, 
it is expected that 5% of sensitizers have lower mixture 
NESILs than this value. Among the 146 analyzed sensi-
tizers, nine had lower mixture NESILs than 6010 μg/cm2 
(Table 3). A workflow for the mixture DST approach for 
mixtures evaluated as negative in the binary test battery is 
proposed in Fig. 6.

Case studies
Shower gel

The CEL value of 0.011 μg/cm2/day for shower gel 
from SCCS (2016) was used in this study. The accept-
able exposure level of mixture evaluated as negative in 
the binary test battery (mixture AEL, 60.1 μg/cm2) was 
determined by dividing the mixture DST of 6010 μg/cm2 
by SAF = 100 (Api et al., 2008). Therefore, the accepta-
ble formulation ratio of the mixture was calculated as > 
100% (60.1 / (0.011 × 1000); Table 4).

Fig. 3. 	 Histogram of log(10) MDC/EC3 values for 146 ana-
lyzed sensitizers.

Fig. 4. 	 Histogram of negative log(10) mixture NESIL for 146 
analyzed sensitizers.

Table 2.   95th percentiles of mixture NESILs from the distributions shown in Fig. 5.
Normal Distribution Gamma Distribution 

Negative Log(10) mixture 
NESIL  [μg/cm2]

Mixture 
NESIL  [μg/cm2]

Negative Log(10) mixture 
NESIL [μg/cm2]

Mixture NESIL
 [μg/cm2]

95th Percentile -3.90 7894 -3.78 6010
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Rinse-off hair conditioner
The CEL of 0.027 μg/cm2/day for rinse-off hair condi-

tioner was retrieved from SCCS (2016). A mixture AEL 
of 60.1 μg/cm2 was determined by dividing the mixture 
DST of 6010 μg/cm2 by SAF = 100 (Api et al., 2008). 
Therefore, the acceptable formulation ratio of the mix-
ture was calculated as > 100% (60.1 / (0.027 × 1000);  
Table 4).

Body lotion
The CEL of 0.50 μg/cm2/day for body lotion was 

retrieved from SCCS (2016). A mixture AEL of 60.1 μg/
cm2 was determined by dividing the mixture DST of 6010 
μg/cm2 by SAF = 100 (Api et al., 2008). Therefore, the 
acceptable formulation ratio of the mixture was calculat-
ed as > 12.0% (60.1/ (0.50 × 1000); Table 4).

Fig. 5. 	 Cumulative probability distribution of negative log(10) mixture NESIL values from the 146 analyzed sensitizers.

Fig. 6. 	 Proposed workflow for the Dermal Sensitization Threshold (mixture DST) approach for mixtures evaluated as negative in 
the binary test battery with KeratinoSensTM and h-CLAT. Mixture is considered as negative in the binary test battery if nega-
tive results are obtained at all tested concentration (≤ 400 μg/mL in KeratinoSensTM and ≤ 5000 μg/mL in h-CLAT).
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Hand cream
The CEL of 2.5 μg/cm2/day for hand cream was retrieved 

from SCCS (2016). A mixture AEL of 60.1 μg/cm2 was 
determined by dividing the mixture DST of 6010 μg/cm2 
by SAF = 100 (Api et al., 2008). Therefore, the acceptable 
formulation ratio of the mixture was calculated as > 2.4%  
(60.1/ (2.5 × 1000); Table 4).

Deodorant non-spray
The CEL of 7.5 μg/cm2/day for deodorant non-spray 

was retrieved from SCCS (2016). A mixture AEL of 20.0 
μg/cm2 was determined by dividing the mixture DST of 
6010 μg/cm2 by SAF = 300  (Api et al., 2008). Therefore, 
the acceptable formulation ratio of the mixture was calcu-
lated as > 0.3% (20.0/ (7.5 × 1000); Table 4).

DISCUSSION

For skin sensitization assessment methods of com-
plex mixtures such as botanical extracts without ani-
mal testing, a strategy using analytical screening tech-
niques has been proposed (Koster et al., 2015; Antignac 
et al., 2011). However, non-target qualitative and quali-
tative screening analyses of skin-sensitizing constituents 
in complex mixture are often difficult and resource inten-
sive. To address this problem, we developed a risk assess-
ment strategy using in vitro test methods. In our previous 
sensitivity study of the binary test battery with Keratino-
SensTM and h-CLAT for detecting sensitizing constituents 
in mixtures, some sensitizers showed higher DLs in the 
binary test battery than in LLNA (Nishijo et al., 2019). 
We developed a risk assessment strategy for mixtures 
that had been evaluated using the binary test battery. To 
this end, the risk that the tested mixture contains sensi-
tizers at concentrations below the DLs of the binary test 

battery should be considered, even if the tested mixtures 
have negative values in the binary test battery. There exist 
thresholds for the induction of skin sensitization and each 
sensitizer has NESIL. Thus we focused that the NESIL of 
mixture (Mixture NESIL) can be calculated based on the 
NESIL of sensitizer in mixture if the concentration of the 
sensitizer in the mixture could be estimated. If the tested 
mixture was negative in the binary test battery, the mix-
ture NESIL can be calculated based on the corresponding 
DL. In this way, mixture NESILs were calculated for sen-
sitizers that were assumed indeterminate constituents of 
mixture. We also assumed that the mixtures were water 
soluble and noncytotoxic and that the DLs of skin sen-
sitizers were not masked in the mixtures. Subsequently, 
using 95th percentiles of calculated mixture NESILs, we 
calculated a corresponding DST of 6010 μg/cm2 for mix-
tures evaluated as negative in the binary test battery.

The mixture DST is defined as a threshold at which the 
whole mixture does not induce skin sensitization. How-
ever, this value is not applicable to each constituent, thus 
distinguishing this approach from TTC and DST. In addi-
tion, the mixture NESIL needs to be applied for just mix-
ture evaluated as negative in the binary test battery. This 
is an essential difference from existing DST approach-
es, which give nonreactive and reactive DST values of  
900 and 64 μg/cm2, respectively, following selection 
based on chemical structures and chemical property infor-
mation. On the other hand, the mixture DST approach 
can be applied to the complex mixture such as botani-
cal extract containing indeterminate constituent or impu-
rity without chemical information as long as the mixture 
is negative in the binary test battery. It was suggested that 
the mixture DST approach could be a novel risk assess-
ment strategy using the DST approach incorporating the 
information from in vitro test methods.

Table 3.   �Nine sensitizers had lower mixture NESILs than the mixture DST of 6010 μg/cm2 based on 95th percentiles in 
the gamma distributions shown in Fig. 5.

Chemicals CAS LLNA
EC3 [%]

NESIL
 [μg/cm2]

Binary test 
battery MDC [%]

Mixture NESIL
 [μg/cm2]

Maleic anhydride 108-31-6 0.16 40 5.97 670
Oxazolone 15646-46-5 0.003 0.75 0.05 1384
Allyl phenoxyacetate 7493-74-5 3.1 775 33.51 2313

MCI/MI   26172-55-4
& 2682-20-4 0.005 1.25 0.04 2828

Diphenylcyclopropenone 886-38-4 0.003 0.75 0.03 2909
chloramine T 127-65-1 0.6 150 4.68 3203
2-Methyl-4H,3,1-benzoxazin-4-one 525-76-8 0.7 175 5.44 3217
Hexyl salicylate 6259-76-3 0.18 45 1.05 4267
1,4-Benzoquinone 106-51-4 0.0099 2.48 0.04 5525
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In the present case study, using the mixture DST 
approach for practical product examples, acceptable for-
mulation ratios of mixture evaluated as negative in the 
binary test battery were calculated as > 100% for rinse-off 
products and 0.3 - 12 percent for leave-on products, with 
the exception of circumstances such as aggregate expo-
sure. It was suggested that the mixture DST is a practi-
cal approach for risk assessments of many products in the 
cosmetic industry. If for assessed mixture the relationship 
was CEL > AEL from mixture DST, further assessment 
approach (e,g. reduce indeterminate constituents by per-
forming analytical approach) is needed. Qualitative and 
qualitative analyses of sensitizing constituents in mix-
tures would permit to perform the existing DST approach 
(Safford et al., 2015) if skin exposure to sensitizing con-
stituent was low.

It should be considered that there are uncertainties in 
this study due to limited analyzed sensitizers against inde-
terminate constituents with illimitable variety in complex 
mixture. It should be remembered that the mixture DST 
approach, however, is probabilistic and may not be pro-
tective against all sensitizing constituents, as is also the 
case for TTC and DST approaches. Because the mixture 
DST was set at the 95th percentile, it follows that there is 
a 5% probability that a sensitizing constituent causes skin 
sensitization. Based on an examination of the Europe-
an List of Notified Chemical Substances database, it was 
previously suggested that sensitizers comprise approxi-
mately 20% of all chemicals (Safford, 2008). This figure 
was also validated in an examination of the database of 
Annex I of Directive 67/548 EEC, the European Flavour 
and Fragrance Association database, and the IFRA/RIFM 
dataset of fragrance ingredients (Keller et al., 2009). Giv-
en this assumption, to achieve a 95% chance of not fall-
ing below the threshold, the DST was devised around 
75th percentiles, corresponding with 25% probabilities 
that an untested chemical might be a sensitizer among 
analyzed sensitizers (1 − (0.20 × 0.25) = 0.95; Safford, 
2008). In contrast, our probabilistic assessment uses the 
95th percentile of mixture NESIL values from analyzed 
sensitizers. This is more conservative than taking the 95th 
percentile of all substances and is equivalent to a 1%  
(20% × (1 − 0.95)) probability that indeterminate constitu-
ents in mixtures will cause skin sensitization. Of 146 ana-
lyzed sensitizers, nine had mixture NESILs of less than  
6010 μg/cm2 (Table 3). Hexyl salicylate was falsely posi-
tive in LLNA, as confirmed in HRIPT and HMT analyses, 
which showed no induction at 35,433 and 20,654 μg/cm2, 
respectively, in the database of the Research Institute for 
Fragrance Materials (Urbisch et al., 2015). Maleic anhy-
dride is susceptible to hydrolysis, and might be hydro-

lyzed and changed to non-sensitizing hydrolyzates dur-
ing formulation into water-based final cosmetic products. 
Remaining seven sensitizers in analyzed sensitizers might 
give the risk of skin sensitization. However, it should be 
noted that these chemicals are unlikely to be present in 
complex mixtures.

To validate LLNA, Hoffmann (2015) analyzed data 
variability for a set of chemicals that have been described 
in multiple studies. They suggested the importance of 
considering variability in reference data. On the oth-
er hand, this study provides a proof of principle using a 
probabilistic approach to risk assessments of minor sen-
sitizers in mixtures without considering the variability of 
NESIL, EC3, EC1.5, and MIT values. Thus, further inves-
tigation on the variability of EC3, EC1.5, and MIT val-
ues may be needed. Moreover, to derive NESILs for each 
analyzed sensitizer, we did not extrapolate from mouse 
to human data, because LLNA have been shown to cor-
relate well with human skin-sensitization threshold data  
(Basketter et al., 2005, 2018). This is the same approach 
as in previous DST studies (Safford et al., 2008, 2011, 
2015). However, an interspecies assessment factor of 
15 was recently suggested (Bil et al., 2017) and this is 
controversial discussion (Basketter et al., 2018; SCCS, 
2018). In addition, one thing we can say for sure is that 
a case-by-case evaluation taking account of specific cir-
cumstances and chemical properties that can lead to over/
under-prediction (e.g. Roberts and Api, 2018) and fur-
ther investigation is thus needed for more robust thresh-
old values. To minimize the risk of these uncertainties, 
clinical and epidemiological studies, post marketing sur-
veillance data and case reports also might need to be con-
sidered carefully. One final note is that the mixture DST 
would be protective for the induction of sensitization, and 
not for the elicitation of sensitization because it is based 
on AELs, which are exposure levels that do not induce 
sensitization. It is generally accepted that, in subjects 
already sensitized to chemicals, elicitation reactions occur 
at lower levels of exposure than those required to induce 
the sensitization.

In this study, we developed a novel DST approach for 
mixtures evaluated as negative in the binary test battery 
with KeratinoSensTM and h-CLAT. A probabilistic assess-
ment using 95th percentiles of calculated NESILs for 
mixtures (mixture NESILs) was performed, and a DST 
of 6010 μg/cm2 was derived for mixtures that were neg-
ative in the binary test battery. However, a 5% probabil-
ity that a sensitizing constituent (1% probability that all 
indeterminate constituents) will cause skin sensitization 
remains. In addition, the mixture DST would be protec-
tive not for the elicitation of sensitization. Further evalu-
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ations that incorporate human skin sensitization threshold 
data are warranted to minimize uncertainty and derive a 
more robust threshold value.
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