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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Lesa Aylward The dermal absorption potential of *C-Caffeine applied as a 4 mg/mL concentration (10 pL/cm? finite dose) was
investigated in six laboratories under Good Laboratory Practice conditions using an OECD TG 428-compliant in

Keywords: vitro assay with flow-through cells and split-thickness human skin. Potential sources of variation were reduced by
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over two repeats and between labs in a non-random, stratified design. Very similar recovery was achieved in the

Human skin preparations . . .
various assay compartments between laboratories, repeats and donors, demonstrating that the assay can be
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Ring trial potential absorption (recovery in receptor fluid and skin except tape strips 1 and 2) and mass balance of caffeine
was 6.99%, 7.14% and 99.13%, respectively, across all and 3.87%, 3.96% and 99.00% in the subset of five
laboratories.
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F.M. Kluxen et al.
1. Introduction

Dermal absorption estimates are used in non-dietary risk assessment
to convert dermal doses into systemic exposures. For this, dermal
penetration studies are conducted to determine a suitable fraction, the
relative dermal absorption value, which is the fraction that reaches the
systemic compartment surrogate, based on the applied dose. Today,
most regulatory studies for pesticide registration purposes are con-
ducted according to the in vitro Organisation for Economic Co-operation
and Development test guideline (OECD TG) 428 (OECD, 2004) using
human skin and radioactive-labeled material.

The absorption value used for risk assessment is the sum of receptor
fluid recovery and, based on the regulation or guidance, additionally
recovery in different skin strata, i.e., dermis, epidermis and stratum
corneum. Stratum corneum recovery is determined by tape-stripping,
which provides an approximate residue distribution in the stratum cor-
neum; tape stripping does not result in exact or reproducible single skin
layers. The layers’ thickness may vary based on the tape strip material,
applied pressure, residual material or moisture, etc. Assays are con-
ducted usually considering 6-10 h (hr) exposure with a follow-up
observation period resulting in a total assay time of 24 h to mimic the
daily exposure of workers. As the penetration assay using radioactive-
labeled material does not consider absorption, distribution, meta-
bolism or excretion (ADME) processes, it has to be considered to be
conservative per se (Kluxen et al., 2021), i.e., it most likely overpredicts
the absorbed fraction available to induce toxic effects.

While an internationally accepted test guideline (OECD, 2004) and
further international (OECD, 2011) and regional guidance (EFSA, 2017)
is available, the assay’s robustness and reliability has not been formally
validated.

The methodology has significantly evolved from its status at the time
of OECD guideline development and is under continuous further
development (Fabian et al., 2017; Hewitt et al., 2020; Heylings et al.,
2018; Hopf et al., 2020; SCCS, 2010; Sullivan et al., 2017). Further, due
to improvements in detections limits and specificity of high-pressure
liquid chromatography/mass spectrometry (HPLC-MS/MS) these
analytical methods play a more and more important role in these kind of
studies (Gerstel et al., 2016; Wargniez et al., 2017) as an alternative to
the former “gold standard” of radiolabel analytics by liquid scintillation
counting (LSC)(Gerstel et al., 2016; Wargniez et al., 2017). To assess the
methodology some limited inter-laboratory ring trials have been pub-
lished but comparing different methodologies (Gerstel et al., 2016; Liu
et al., 2018; Wargniez et al., 2017) and not necessarily conducting
state-of-the-art fully OECD guideline compliant studies (Schafer-Korting
etal., 2008; van de Sandt et al., 2004) or having another focus like e.g. to
assess skin sub-compartment distribution (Liu et al., 2018) or estab-
lishing alternatives to human skin as a suitable surrogate (Liu et al.,
2018; Schafer-Korting et al., 2006, 2008). Further, several laboratories
have reported individual study results with the reference compounds
mentioned in the OECD TG usually when assessing particular aspects of
the methodology (Abd et al., 2019; Dreher et al., 2002; Guth et al., 2015;
Hewitt et al., 2020; Heylings et al., 2018; Hui and Maibach, 2020; Im
et al., 2021; Wilkinson et al., 2006).

Between 2016 and 2017, a multicenter ring trial (1st ring trial) was
organized by CropLife Europe (CLE, previously the European Crop
Protection Association, ECPA) and has been performed to test the in vitro
dermal absorption of testosterone across 12 laboratories according to
OECD TG 428 using human split-thickness skin. The testosterone
application dose was 1 mg/mL in 40% aqueous ethanol vehicle and
physiological saline solution (PBS) with 5% bovine serum albumin was
used as the receptor fluid. The intra-laboratory repeatability was not
intended to be evaluated in the 1st ring trial therefore, the participating
laboratories performed a single experimental run. For the 1st ring trial
many factors varied across the participant laboratories including, the
diffusion cell type and size, reagent sources, the skin tissue suppliers, the
skin origin and the skin membrane preparation. The outcome from the
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1st ring trial showed unexpectedly high variability, for which no clear
reason could be identified due to multifactorial variants in study design.
However, it was hypothesized that the lipophilic properties of the test
material in the context of the selected vehicle could have biased the
results. It was discussed whether the evaporative properties of the sol-
vent (containing ethanol), in relation to the size and dimension of the
diffusion cells donor compartment could have influenced the speed of
evaporation thus leading to variance of skin surface distributed solubi-
lized testosterone available for penetration during the course of the
study. Another potentially relevant variant debated, was the efficiency
of the washing procedure. The results of the 1st ring trial are summa-
rized in supplementary material 1.

Hence, there was a need to design and conduct a more controlled
multicenter study in order to assess the robustness of the methodology
and identify the main factors that could contribute to variability when
conducting in vitro dermal absorption studies. Donor variability is one
factor that is considered to have a relevant impact on the study outcome
and thus was acknowledged by recent study conduct recommendations
(EFSA et al., 2017; EFSA, 2012; SCCS, 2010).

Hence, CLE in collaboration with six laboratories, which regularly
conduct dermal absorption studies, initiated a 2nd ring trial managed by
the University of Surrey (United Kingdom). The studies were conducted
under Good Laboratory Practice (GLP) conditions using an OECD TG
428-compliant in vitro assay with flow-through cells and split-thickness
human skin. Potential sources of variation were reduced by a common
protocol, test item and skin source. Particularly, skin samples from the
same donors were distributed over two repeats and between labs in a
non-random, stratified design to assess potential impact of the donor.

The methods and results are extensively described in a dedicated
report available as supplementary material 2. The current manuscript
summarizes the ring trial report.

2. Methods

The 2nd ring trail was conducted according to a common protocol,
test item and skin source.

Please refer to supplementary material 2 for detailed methods and
materials.

2.1. Test substance preparation and application

1-Methyl -'*C-Caffeine (PerkinElmer) was used as the testing com-
pound. The batch number of *C-Caffeine has been standardised across
the laboratories, to avoid any batch-to batch variability. 1*C- Caffeine
was dissolved in Phosphate Buffered Saline (PBS, Merck) at a dose
concentration of 4 mg/mL. The radioactivity applied to the skin was ca.
10 kBq/cm?. This corresponds to a desired specific activity of the testing
compound preparation of ca. 1 MBq/mL. *C-Caffeine was applied to the
skin membranes uniformly with a pipette at a dose of 10 pL/cmz.

2.2. Preparation of skin membranes and donor distribution across the
laboratories

16 mm frozen abdominal skin membranes (Biopredic) donated post-
surgery were used in the ring trial caffeine study. The skin membranes
were dermatomed, with 300-400 pm thickness, without stretch marks,
hair or marks and had been tested negative for human immunodefi-
ciency virus (HIV), hepatitis C virus (HCV) and hepatitis B virus (HBV).
The skin samples were delivered to the laboratories on dry ice and were
stored at —20 °C until the conduct of the experimental runs. Fig. 1 shows
the shipping times in 2020. Due to the Covid-19 pandemic there was a
significant shipping delay for the samples shipped to laboratory “a”,
where the samples were stored in a storage center of a 3rd country.
Laboratory f received the samples in two shipments (indicated as f and f
rest) (see Fig. 1).

On the day of dosing or the day before, according to laboratories’
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standard operation procedures (SOPs), skin membranes were removed
from the freezer and brought at room temperature. The skin membranes
were hydrated in physiological saline for about 10 min before mounting
on the diffusion cells. The laboratories that removed the skin mem-
branes from the freezer the day before dosing, followed the same pro-
cedure keeping the skin membranes mounted on the diffusion cells at
approximately 32 °C. Skin integrity was assessed both visually and by
different experimental methods (Fig. 2) depending on the laboratory
default methods: Tritiated Water Flux (TWF, cut-off >1.5 x 1073 cm/h,
for laboratories a, d, f) or Trans Epidermal Electrical Resistance (TEER,
cut off >17 kQ, for laboratory c-cut-off >7.7 kQ for laboratory e) or
Trans Epidermal Water Loss (TEWL, acceptable range >0.5 and < 13 g
x m~2 x h™!ie. cut-off < 13 g x m2 x h™! for laboratory b) tests.
Although the respective integrity measures were determined, mem-
branes not fulfilling the acceptance criteria were not excluded from the
below shown comparative data-analysis. Instead, potentially impact of
impaired skin integrity was addressed in the results interpretation.

A semi-automatic design of experiments for the assessment of inter-
laboratory and intra-laboratory variability has been followed for the
skin donor distribution across the laboratories. The study design was
developed to fulfil the specific study requirements and facilitate the
statistical data analysis. In particular, the design was suitable for anal-
ysis of the intra- and inter-laboratory variabilities whilst meeting the
constraints of the number of experiments that can be conducted at each
lab, and the number of skin samples that can be obtained from a single
donor. However, while it was planned to distribute the samples between
runs, this was not achieved by all laboratories, see Table 1.

Due to the scarcity of samples, i.e., donated human skin, the study
design is unbalanced (see Table 1). However, it was intended that each
laboratory performed two experimental runs, utilizing 4 donors per
experiment, each donor in duplicate. For the experimental repeat, the
planned design considered that 2 out of the 4 donors were the same with
the donors used in the first experimental run. Further, the donor dis-
tribution was aimed in a way that 3 labs tested the same donor in
duplicate at least once. However, the intended design was not fully
applied by all participating laboratories leading to some deviations as
illustrated in Table 1.

2.3. Diffusion cells and receptor fluid

Flow-through diffusion cells with 0.64 cm? exposure area were used
for the study. Laboratory b conducted the caffeine dermal absorption
study with 1 cm? diffusion cells. The flow rate was maintained at 1.5
mL/h and the skin surface temperature was maintained at 32 + 1 °C.
PBS solution with 0.01% wt. sodium azide (NaN3 Merck) was used as a
receptor fluid.

2.4. Exposure time, skin washings and tape stripping

The exposure time was 8 h, during which the donor compartment
remained un-occluded. The receptor fluid samples were collected at
various time intervals (hourly intervals from 0 to 8 h after application
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and 2 h intervals until 24 h). Following completion of the 7-8 h sample
of receptor fluid, the skin membrane surface was washed thrice with
100 pL of a 3% w/v soap solution (Estesol® Hair and Body, SC Johnson
Professional GmbH, Krefeld Germany) by pipetting up and down, fol-
lowed by twice gentle cleaning with liquid soap soaked Q-Tips. The
washing solution was removed by skin membrane rinse using 100 pL tap
water then dried with a further Q-tip. Following completion of 24 h, the
skin membrane surface was washed as described before. Tape stripping
was performed with D-Squame sampling discs (CuDerm Corporation).
Each tape was pressed onto the skin surface with a pressure device (D-
Squame Pressure Device) to achieve a standardized pressure of
approximately 225 g/m? for approximately 5 s. All tape strips have been
analyzed separately for radioactivity.

2.5. Compartment analysis

The amount of radioactivity was determined in the samples taken
from the receptor fluid for the different time intervals, samples taken
from the remaining receptor fluid after 24 h (the receptor fluid which is
still left in the system at the time of study termination), extraction fluid
from pipette tips and Q-tips obtained during washings and the washing
fluid from skin washes, extracting fluid from tape strips, extraction fluid
from the remaining skin preparations, extraction fluid from the receptor
chamber, extracting fluid from the donor chamber.

2.6. Definitions

Depending on the regulation or guidance document, dermal ab-
sorption values can be differently defined. The following describes the
definitions used in the manuscript.

e Receptor fluid is the amount recovered in receptor fluid, i.e. the re-
ceptor part of the dermal absorption cell, collected during the study
conduct and at study termination after 24 h, including receptor cell
wash.

e Potentially absorbed is the receptor fluid and amount recovered in
dermis, epidermis and stratum corneum excluding tape-strips 1 and 2.

2.7. Manuscript software

The free statistical software R (R Core Team, 2020) was used for
calculations and plots (Wickham, 2016) in this manuscript.

3. Results

Mean absorption results of the participating laboratories are
sumarized in Table 2. Selected results from the ring trial are graphically
assessed in the following. A graphical assessment allows an abstract
evaluation of the overall response differences and between the partici-
pating labs. A more refined statistical assessment of the ring trial data is
available in supplementary material 2.

a- G

CA c-e
dA

e

Labs

f_restq

c—e
c—e

Jan

Apr Jul

Total shipment time in 2020

Fig. 1. Total shipment time in 2020 from Biopredic to the laboratories.
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3.1. Skin integrity

Results of the skin integrity tests of the supplied skin samples ac-
cording to internal laboratory validity criteria are shown in Fig. 2. While
several samples failed the individual labs’ quality assessment, the sam-
ples were used for the ring trial, as it was hypothesized that the different
quality criteria could have influenced assay outcome. The difference of
acceptability criteria is most pronounced in run 2 of lab c and e, which
all show similar TEER values. For example, lab ¢ would have discarded
most of the received samples, while lab e received mostly acceptable
samples, according to their internal TEER thresholds. Further, interest-
ingly, about half of the samples for run 1 in lab a were below the quality
criterion while those of run 2 were mostly acceptable. Adherence to
acceptability criteria of individual donors over laboratories is discussed
below.

3.2. Kinetics

The cumulative absorption into the receptor fluid over 24 h assay
duration is shown in Fig. 3. Receptor cell rinse or recoveries in other
compartments is only assessed after the final 24 h time point. The cu-
mulative absorption pattern shows the kinetics of the absorption pro-
cess. It also allows the identification of outliers, e.g. due to insufficient
sealing of the donor compartment, which may allow rapid penetration in
the receptor fluid without penetrating the skin membrane.

Notable is the difference in the kinetic pattern between laboratory a
and the other laboratories. A CLE current project on the interpretation of
dermal absorption studies discusses options to detect and handle outliers
(Kluxen et al., unpublished). In short, outliers are values that deviate
substancially in response from other replicates in the same experimental
treatment group. This deviation may occur due to an experimental error
or a “normal” but extreme response, which however only occurs with a
low probability in random sampling. Either way, outliers skew the
general response pattern and thus obscure general underlying effects.

All laboratories and runs contain outlier responses that substancially
deviate from the others.

Obvious outliers are.

e cell 5 in the first experimental study (b1) (ID b1.5),
e cell 7 in the repeat study (b2) (ID b2.7).
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These two outliers probably occur due a mistake during washing, as
the penetration spikes at 8 h (ID numbers are generated by considering
lab, run number and cell number).

Also, the high response in run 2 of lab ¢ (ID c2.4) is noticeably
different from the rest of the values in the lab, which occurs directly after
study initiation and probably indicates insufficient sealing. Similarly,
the two high responses in laboratory f (IDs f2.1, f2.5), already show
substantial receptor fluid penetration at study initiation. Further, the
two high responses from run 1 in laboratory d (IDsd1.4, d1.3) show a
very different absorption pattern, as compared to the rest of the
responses.

While all noted responses may affect individual bioassay evaluation,
and would presumably be excluded from individual assay evaluations,
only the outliers in lab b were excluded from calculating summary sta-
tistics for receptor fluid recovery and potential absorption in this ring
trial. The reason for this is that the high responses observed in the
studies of the other labs are within range of the responses in the other
labs.

The outliers are excluded from calculating the overall summary
statistics but were included in the plots of the following sections.

Fig. 4 shows the maximum flux calculated based on the slope of the
linear portion of the cumulative caffeine mass in the receptor fluid,
excluding the lag time and the plateau, as recommended by OECD TG
428. The mean maximum flux for lab a was 2.66 + 0.79 pg cm~2-h ! for
the 1st experimental run (R1) and 1.78 + 0.79 pg cm~2h~! for the
second experimental run (R2). The maximum mean fluxes of laboratory
a in both experiments are higher than maximum mean fluxes reported
by the rest of the laboratories, which is 0.34 pg cm~2-h~.

3.3. Overview of compartment recovery distribution

Fig. 5 shows the overall residue distribution in the various com-
partments that are assessed in a dermal absorption study by individual
cell. The figure shows a comparable distribution pattern between all
laboratories except laboratory a, which shows a higher amount in re-
ceptor fluid and skin associated material. Individual extreme values can
be identified in several runs and can be related to those identified
earlier.
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Fig. 2. Results of the skin integrity tests of the supplied skin samples according to internal laboratory validity criteria. While several samples failed the quality
assessment, the samples were used for the ring trial. TWF = Tritiated Water Flux; TEER = Trans Epidermal Electrical Resistance; TEWL = Trans Epidermal

Water Loss.
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Table 1
Skin sample allocation between laboratories.
Lab | Run Donor
1 2 3 4 5 6 7 8 9 10 11 12
a R1 XXXX | XXXX
R2 XX XX XX XX
b R1 XX XX XX XX
R2 XX XX XX XX
c R1 XX XX XX XX
R2 XX XX XX XX
d R1 x x XX XXX x
R2 X x b33 X XXX
e R1 XX x XXX x x
R2 X x XXXX x X
f R1 XX XX XX XX
R2 XX XX XX XX

Table 2
Absorption results of the participating laboratories.

Labo- Experimental Run Mean Receptor Mean Receptor fluid +
ratory fluid (%) after 24 h skin + tape strips 3-x (%)
(SD) after 24 h (SD)

a’ R1 22.09 (5.38) 22.77 (5.44)
R2 21.68 (7.17) 22.13 (7.25)
Mean (R1, R2) 21.88 (6.13) 22.44 (6.20)
Historical data 1 run 5.08% (1.30) 5.84% (1.53)
with 8 replicates

b R1 2.80 (2.48) 2.92 (2.56)
R2 2.05 (0.60) 2.17 (0.70)
Mean (R1, R2) 2.42 (1.78) 2.55 (1.85)

c R1 3.40 (1.28) 3.46 (1.31)
R2 3.58 (2.46) 3.65 (2.46)
Mean (R1, R2) 3.48 (1.90) 3.56 (1.91)

d R1 4.72 (3.06) 4.78 (3.13)
R2 3.41 (1.20) 3.41 (1.20)
Mean (R1, R2) 4.07 (2.35) 4.09 (2.39)

e R1 5.54 (5.67) 5.75 (6.00)
R2 6.22 (3.35) 6.23 (3.35)
Mean (R1, R2) 5.86 (4.58) 5.98 (4.79)

f R1 3.06 (0.76) 3.06 (0.76)
R2 4.07 (2.87) 4.08 (2.88)
Mean (R1, R2) 3.56 (2.09) 3.57 (2.10)

# The systematically deviating results obtained for laboratory a are attributed
to a COVID-19 associated impaired skin sample shipment. The shown lab in-
ternal data historical data are comparable to the data of the other laboratories
obtained in this ring-trial.

3.4. Mass balance

The total mass balance is shown in Fig. 6. Mass balance is a quality
criterion used in dermal absorption studies, which must achieve certain
limits for the study being considered acceptable. For studies using
radioactive material, OECD TG 428 requires a mass balance between 90
and 110% and EFSA considered 95-105% necessary for studies

investigating pesticides.

Before application, the labelled material is assessed by scintillation
counting and an appropriate dose calculated based on the scintillation
results, which is then considered to be 100%. However, since less ma-
terial can be applied than pulled into a pipette, a certain inherent loss by
pipetting maybe relevant at low doses where study analytics in such
studies are close to the border of detection. Often less material can be
extracted from the used materials like biological membranes, swabs,
test-system surfaces. Therefore, recovery should be on average < 100%.
Further, experimental variation affects mass balance. When pipetting
the intended dose, the experimenter aims to fully apply and evenly
spread the dose over the entire skin surface within the diffusion cell, but
this is subject to individual variation. Also, the skin washing procedure
albeit aimed to be harmonized as much as possible is dependent on the
experimenter’s behavior.

All laboratories achieve mean mass balances >95%, while the
overall mass balance is below 100%, which is expected if insufficient
dosing is assumed (Kluxen et al., 2019). The mass balance variation,
when determined by the 25th to 75th interquartile size (box size in the
plot), was notably higher in run 1 of laboratory f, when compared to the
other results. Also, the variation in laboratory a was slightly higher than
in the other laboratories, but on average very close to 100%. Overall,
this indicates that the laboratories have the experimental procedures
well in control.

3.5. Absorption

While the outliers identified in the kinetic penetration profiles of run
bl and b2 were included in the figures investigating receptor fluid re-
covery (Fig. 7) and potentially absorbed dose (Fig. 8), they are clearly
distinct from most of the responses within the run and between groups.
Similarly, the curiously shaped penetration profiles of c2 and d1 (in
previous Figs. 3 and 4) are identified as outliers in the plots.

The figures also show the huge difference of laboratory’s a response



F.M. Kluxen et al.

Regulatory Toxicology and Pharmacology 132 (2022) 105184

a b c d e f
| R Rkl 7
40 5
€ !
S ]
o H
= E
© ]
[0 .
= :
© i
= i
: -
AR I I
o T T 1 [+ 8 —3 | .
! ; = £ e
R o
=
0 812 24 0 812 24 0 812 24 0 812 24 0 812 24

Perfusate fraction

Run

1 -e- 2

Fig. 3. Cumulative amount penetrated in receptor fluid [in % applied] over time. Overall, the runs were very consistent between labs. Outlier responses can be
clearly identified. The response from laboratory a is very different from the profiles observed in the other labs. Cell numbers are added after the final observation time

point (not all numbers can be shown due to overplotting).

6
&
<
N
§ 41
L2
[=))
=
x
=
Y
- I
E 27 x
> Iy
© H
= [
. ” b
N = = ke o o = Giﬁ---'--=---h“-EiEf-
a b c d e f

Run

R1 B9 R2

Fig. 4. Comparison of maximum flux [in pg/crnz/h] between laboratories and runs (red/blue), as individual values (dots), boxplots and means (multiplication sign).
Boxplot outliers are highlighted with a diamond shape. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

towards the responses from the other laboratories.

Curiously the high response in one replicate of el (ID e1.4 see Figs. 5
and 7) does not occur in its corresponding kinetic profile after 24 h
(Figs. 3 and 4). It thus stems from the post sampling receptor cell wash
step. Its relevance for a reliable dermal absorption estimate may thus be
scrutinized and one may consider this replicate to be an outlier, as well.
Figs. 7 and 8 are very similar as the contribution of the skin fraction is
overall negligible <1%.

3.6. Donor effect

To understand why the results in laboratory a are different to those of
the others, the potential absorption was plotted by donor and colored by

laboratory, see Fig. 9. A red rectangle was added to the plot to highlight
that the results of laboratory a are consistently higher than those of the
other laboratories, independent of the donor.

The donor effect is further investigated in Fig. 10 by faceting labo-
ratories over donors and vice-versa. It shows that the laboratories ach-
ieve very consistent results independent of the donor used. However, all
donors show individual outliers, when compared to the rest of the data
distributed over laboratories. Interestingly, those values are not
different to the other cells by the respective laboratory’s acceptance
criteria. Only donor 3 has consistently higher absorption values than the
other donors independent of laboratory. This may indicate that indi-
vidual donors have on average different absorption properties, however,
also this donor shows an outlier. Here, the very high response for donor
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receptor fluid and skin membrane is much higher. Individual extreme values can be clearly identified.

6 Fig. 6. Mass balance [% applied] between labora-
¢ tories and runs (red/blue), as individual values (dots),
boxplots and means (multiplication sign). Boxplot
outliers are highlighted with a diamond shape. Very
g high mass balance was achieved by all laboratories.
NE Only run 1 in laboratory f was notably different,
O 47 however, still within test guideline requirements.
=4 Mass balance of laboratory a is more variable be-
';' tween the cells than in the other laboratories, other-
“_? I wise the response is not noticeable different. Dashed
= horizontal grey line: overall mass balance; black line
= 2 o laboratory a excluded. (For interpretation of the ref-
g x erences to color in this figure legend, the reader is
g E referred to the Web version of this article.)
. x :
S = o =2 B R = = Eé"
a b ¢ d e f
Lab
Run R1 B9 R2
3 occurs to a high receptor fluid wash recovery and not due to amount ANOM (Pallmann and Hothorn, 2016). It is investigated whether the
penetrated into the receptor fluid within 24 h and might thus occur due means of the potentially absorbed dose in the different laboratories is
to an experimental error. compatible to the grand mean over all laboratories, i.e., whether the
Further, interesting are the differences between donor 7 and 9, where laboratories report similar dermal absorption results for the penetration
the laboratories respective acceptability criteria would result in very of 4C- caffeine.
different dermal absorption estimates. Further, donor 12 was not For this analysis the values from laboratory “a” were excluded, and
acceptable to either laboratory but resulted in similar absorption values similarly values that are indicated to be outliers throughout the manu-
of the other laboratories. script, i.e., values with the IDs b1.5, b2.7, c2.4, d1.3, d1.4, el.4, f2.1,
f2.5 (see Fig. 11A for the resulting dataset). The mixed-effects model
considers “Runs” as the random effect, i.e. a correlated slope and
3.7. Compatibility of responses between laboratories intercept with the formula potentially. absorbed ~ Lab + (Lab |Run).
The obvious weakness of the model is that the random factor has only
To forrnally investigate whether the results between laboratories and two levels and is strong]y correlated. However, the model’s residuals
runs are comparable with a grand mean, an analysis of means (Ott, appear to be normal distributed when investigated by graphical analysis
1983) was performed on a linear mixed effects model, using the R (plot not shown).

packages Imer (Bates et al., 2015), multcomp (Hothorn et al., 2008) and
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Fig. 7. Receptor fluid recovery [% applied] between
laboratories and runs (red/blue), as individual values
(dots), boxplots and means (multiplication sign).
Boxplot outliers are highlighted with a diamond
shape. Very similar receptor fluid values are observed
between labs and runs, with the exception of the re-
sults from lab a. Dashed horizontal grey line: overall
receptor fluid value; black line laboratory a excluded.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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Fig. 8. Recovery [% applied] in receptor fluid, skin
without tape strips 1 and 2, i.e. potentially absorbed
dose, between laboratories and runs (red/blue), as
individual values (dots), boxplots and means (multi-
plication sign). Boxplot outliers are highlighted with
a diamond shape. Since skin residue «1% the values
are almost identical to the receptor fluid values.
Dashed horizontal grey line: overall potentially
absorbed value; black line laboratory a excluded. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Run

The analysis is presented in Fig. 11B. It shows that the results of all
laboratories are comparable to the grand mean of 3.37%, when runs are
considered as a random effect.

Further, the laboratories have compatible means when compared to
each other with a Tukey test (Tukey, 1949) on the same mixed-effect
model (data not shown).

4. Discussion

The 2nd ring trial demonstrates that the OECD TG 428-compliant in
vitro assay can be robustly and reliably performed in different labora-
tories. This applies for both the intra-laboratory as well as the inter-
laboratory reproducibility (Table 2). Within all the participating labo-
ratories the outcome of the first and second study repeat was very
consistent and without evidence for significant donor driven variability.
Also, when comparing the inter-lab repeatability, a very good concor-
dance was evident except for one laboratory.

Due to a COVID-19 pandemic-associated delay in shipment and thus

induced systematic difference in laboratory “a”, the experiment further
indicates that skin associated factors other than internal integrity testing
may affect absorption and variation. This is also evident when individual
donor absorption is compared over laboratories. While one out of 12
donors shows a notably higher absorption than the others, all donors
showed outlier responses independent of the respective laboratory’s
acceptability criteria. These skin integrity determinations are routinely
lab specific and differ with measurement device, cell size and mea-
surement technique as detailed in the labs standard operation procedure
applied. This indicates again that the current acceptability criteria may
have to be reviewed. This observation is in line with comparative in-
vestigations on different skin integrity tests reported by Guth et al.
(2015). Cells that are acceptable in one laboratory may be deemed un-
acceptable in another, while the absorption results are comparable.
Hence, it seems unclear how the current acceptability criteria relate to
the biological relevance of the observed absorption values.

A factor that is generally considered major contributor to high
variability during dermal absorption studies is the skin tissue (Finnin
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Fig. 9. Potentially absorbed material [% applied] between donors and colored by labs. The red rectangle with dashed lines highlights responses from lab a, which are
consistently higher than those of the other labs. Responses from cells that did not achieve internal validity criteria are depicted overplotted with a crossed-out box.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

et al., 2012; van de Sandt et al., 2004). For the 2nd ring trial, abdominal
skin tissues from 12 donors sourced from a single supplier have been
utilized across 6 laboratories, with skin samples from the same donor
distributed across 2 or 3 laboratories. It should be stated that the skin
characteristics (abdominal origin, split-thickness skin prepared by the
skin supplier, Caucasian female donors) were standardized for the study.
Statistical evaluation of the donor effect on the caffeine dermal ab-
sorption showed that when the outliers are excluded, skin donor
significantly contributed to the result variability.

While some donors may show generally higher absorption patterns
(in the ring trial only 1 of 12 donors, i.e., donor 3), extreme absorption
values are observed in almost all laboratory runs and independently of
donors. Hence, isolated high responses need to be carefully investigated
before including them into a dermal absorption estimate. The ring trial
shows consistent responses when the isolated extreme values are
excluded from an overall absorption value.

Laboratory a also participated the previous 1st ring trial (data pro-
vided in the Supplement), where it was designated as laboratory “i”. In
the 1st ring trial, the laboratory produced the lowest absorption values
of all participating laboratories. Further, the laboratory’s internal data
on '*C-Caffeine are compatible with the results of the 2nd ring trial for
laboratories b-f (see Fig. 5 in the supplementary material, historical
internal data is indicated as a circle-cross symbol). This again indicates
that skin quality may be the driving factor for the results of laboratory a
in the current ring trial and that its performance is robust. Fig. 5 in the
supplementary material shows further that the variation in the 2nd ring
trial was substantially decreased compared to the 1st ring trial and that
the variation within the 1st ring trial is grouped in a higher (labs a, c, d,
e) and a lower response group (labs b, f - 1). The higher response group in
the 1st ring trial is compatible with the high response group in the 2nd
ring trial, where an effect on skin quality can be inferred from the sys-
tematic difference in shipment.

There is currently no robust methodology in place to compare the
skin quality between laboratories except for standard skin integrity
testing (Guth et al., 2015; Schafer-Korting et al., 2008). Hence, it is
unclear whether the high response group in the 1st ring trial is poten-
tially also associated with skin sample quality, like the high responses in
the 2nd ring trial.

There are currently no high quality intra- and interlaboratory studies

on dermal absorption publicly available that can be directly compared to
our results. The in vitro dermal absorption method was not formally
validated, when developed and implemented as an OECD test guideline
in 2004 (OECD, 2004). In the multicenter comparison study of van de
Sandt et al., (2004), many variants were not harmonized. All partici-
pating laboratories did the study according to their own procedures.
Differences lie for example with the skin origin because both
post-mortem and surgical waste material was tested. Further, skin
thickness ranged from 300 to 1800 pM as both split thickness and full
thickness skin were investigated. Flow-through and static diffusion cells
systems were used with exposed skin areas from 0.3 to 3.14 cm?
Further, the number of replicates per test-run and/or lab and the number
of donors was not standardized, and different detection systems were
used (LSC and HPLC-UV). Moreover, the exposure duration in the van de
Sandt study was 24 h, i.e. different to the meanwhile recommended
duration for pesticidal products testing, and did not include a skin wash
after 6-10 h. Also, the applied volume was 25 pL/cm? instead of the
recommended 10 pL/cm?. Due to the 24-hr exposure and the multiple
differences the reported caffeine results differ significantly from what is
reported here.

The later reported interlaboratory study (Schafer-Korting et al.,
2006, 2008) did not aim to investigate methodological aspects relevant
for GLP studies for pesticidal products. It investigated the applicability
of reconstructed skin models for dermal absorption testing in compari-
son to human or pig split thickness skin and the study design focused on
permeation assessment only. Both finite and infinite exposure were
assessed, but no skin wash was implemented. Receptor fluid was
compared at 6- and 24-hrs collection timepoints only. No mass-balance
was conducted. Thus, the study does not allow a comparison to this ring
trial.

The interlaboratory comparative studies using human and pig skin
(Gerstel et al., 2016; Liu et al., 2018; Wargniez et al., 2017) focused on
the species comparison and a high qualitative analytical method by
HPLC-MS to be consistently applied. It is however noteworthy that the
conducted in-depth analytical method validation and the subsequent
assessment of study techniques allows some very valuable insights into
methodological aspects of application protocol, washing protocol and
tape-stripping procedure (Wargniez et al., 2017).

Overall, since the initial OECD guideline development, criteria on
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Fig. 10. Similar to Fig. 9, but A) laboratories are shown in facets b-f or B) donors are shown in facets 1-12. The high response for donor 3 in laboratory e (ID68)

occurs due to a high receptor fluid wash value.

study conduct and interpretation have evolved (Fabian et al., 2017;
Wargniez et al., 2017). The routinely generated registration studies
today, which correspond to the studies generated in the 2nd ring trial,
likely differ in many details from the procedure at the time the guideline
was developed and released (Aggarwal et al., 2019; Fabian et al., 2017;
Hewitt et al., 2020; Heylings et al., 2018; Wargniez et al., 2017). This is
also reflected in recent reviews expressing the need of a guideline
revision (So et al., 2014; Sullivan et al., 2017; Hopf et al., 2020).

Several laboratories have reported individual study results with the
reference compounds mentioned in the OECD test guideline. Their
intend was usually to assess particular aspects of the methodology or
assessing the impact of vehicle components and thus not necessarily
aiming to apply an across laboratories routinely standardized method-
ology (Abd et al., 2019; Dreher et al., 2002; Guth et al., 2015; Hewitt
et al., 2020; Heylings et al., 2018; Hui and Maibach, 2020; Im et al.,
2021; Wilkinson et al., 2006). Therefore, it is not surprising that re-
ported caffeine absorption values in % of the applied dose vary generally
in the literature.

Even the recently reported caffeine testing in the cosmetic compo-
nent database (Hewitt et al., 2020), where a standardized routine
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methodology was applied, is not directly comparable to the above re-
ported results. While most of the methodological details are well in line,
the major difference is that no 8-hr skin wash was included in the study
design and thus the here reported results refer to a 24-hr exposure
period. In addition, a different concentration of 0.1 mg/L instead of the
tested 4 mg/L was applied. Consequently, it is not surprising that the
absorbed dose with about 40% of the applied dose is much higher than
what was determined in our study. Nonetheless, the results of this recent
Cosmetics Europe project also demonstrate good reproducibility of
dermal absorption estimates with OECD TG 428 for 56 cosmetic-related
chemicals.

Caffeine is a small hydrophilic and thus the understanding obtained
from this ring-trial with caffeine cannot easily be transferred without
further investigation to more hydrophobic compounds like testosterone,
bigger molecules or even complex mixtures. There is likely further de-
mand to conduct such or similar comparative studies to support the
conclusions drawn in here, to elaborate the impact of potential meth-
odological aspects on variability of study outcome and to improve the
method as such.
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Fig. 11. Analysis of means on potentially absorbed dose of a refined dataset, excluding additional outliers as highlighted in the manuscript. A) Boxplot similar to
Fig. 1, B) analysis of means on a mixed effect model with considering run as a random factor. The grey area shows the region of compatibility with the grand mean.

5. Conclusion

The ring trial demonstrates that the OECD TG 428 assay can be
robustly and reliably performed by different laboratories. However, the
experiment indicates that other skin associated factors than internal
integrity testing may affect absorption and variation. Skin quality
criteria not routinely assessed or considered in the current method may
explain dermal absorption variations observed in practice regulatory
testing, i.e., outliers within a dataset or differences between datasets.
Hence, it is suggested to explore further quality control measures for the
used skin samples.
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Corrigendum
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Corrigendum to “An OECD TG 428 study ring trial with 14C-Caffeine | e
demonstrating repeatability and robustness of the dermal absorption in
vitro method” [Regul. Toxicol. Pharmacol. 132 (2022) 105184]
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The authors regret that a wrong figure is shown as Fig. 6. In the
published manuscript Fig. 4 is shown twice, i.e., as Fig. 4 and as Fig. 6;
the error occurred during re-formatting the manuscript after peer-
review. Thus, the correct figure was available to the reviewers.

The correct Fig. 6 is given below:

In addition, in the legend of Fig. 10 a change in the outlier assign-
ment adopted during the peer-review is not correctly reflected. The
legend should thus read:

Fig. 10. Similar to Fig. 9, but A) laboratories are shown in facets b-f or
B) donors are shown in facets 1-12. The high response for donor 3 in
laboratory e (ID el.4) occurs due to a high receptor fluid wash value.

Further the authors noted that in the published version a mismatch of
some affiliations of authors has happened:

DOI of original article: https://doi.org/10.1016/j.yrtph.2022.105184.
* Corresponding author.
E-mail address: christiane.wiemann@basf.com (C. Wiemann).

https://doi.org/10.1016/j.yrtph.2022.105213

Available online 8 July 2022

John Kendrick is affiliated with Labcorp Drug Development, Harro-
gate, United Kingdom.

Camille Egron and Camille Imart are affiliated with Eurofins Agro-
science Services Chem SAS, Vergeze, France.

Attached to this corrigendum is also the Supplement 2 which was
missed to be uploaded along with the corrected manuscript after the
peer review but has been available for the reviewers.

The authors would like to apologise for any inconvenience caused.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.yrtph.2022.105184.
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Fig. 6. Mass balance [% applied] between labo-
ratories and runs (red/blue), as individual values
(dots), boxplots and means (multiplication sign).
Boxplot outliers are highlighted with a diamond
shape. Very high mass balance was achieved by all
laboratories. Only run 1 in laboratory f was notably
different, however, still within test guideline re-
quirements. Mass balance of laboratory a is more
variable between the cells than in the other labo-
ratories, other-wise the response is not noticeable
different. Dashed horizontal grey line: overall mass
balance; black line laboratory a excluded (note the
lines are very close). (For interpretation of the
references to color in this figure legend, the reader
is referred to the Web version of this article.)
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