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A B S T R A C T

According to ISO 10993 standards for biocompatibility of medical devices, skin irritation is one of the three
toxicological endpoints to be always addressed in a biological risk assessment. This work presents a new protocol
to assess this endpoint in vitro rather than in vivo. The protocol was adapted to medical devices extracts from the
OECD TG 439 with the SkinEthic™ RHE model as test system. It was challenged with irritant chemicals, Sodium
Dodecyl Sulfate, Lactic Acid and Heptanoic Acid spiked in polar solvents, sodium chloride solution or phosphate
buffer saline and non-polar solvent, Sesame Oil. Cell viability measured by MTT reduction after 24 h exposure
was used as readout. Quantification of IL-1α release as secondary readout did not increased performance.
Samples of heat-pressed polyvinyl chloride (PVC) and silicone sheets infused with or without known irritant (4%
Genapol-X80, 6% Genapol-X100 and 15% SDS) were tested after extraction in polar and non-polar solvents.
Medical device extracts are classified irritant when the cell viability is inferior or equal to 50%, compared to the
negative controls tissues, in at least one extraction solvent. The correct classification of all the samples confirmed
the good performance of this new protocol for in vitro skin irritation of medical devices extracts with the
SkinEthic™ RHE model. Seven naïve laboratories were trained in prevision of the Round Robin Study to evaluate
Reconstructed Human Epidermis (RhE) models as in vitro skin irritation test for detection of irritant potential in
medical device extracts.

1. Introduction

Medical devices cover a wide range of health or medical instruments
used in the treatment, mitigation, diagnosis or prevention of a disease.
Since the early 1990's, biocompatibility testing and evaluation to en-
sure safety of medical devices are driven by the ISO 10993 standards.
According to ISO 10993 Part 1 for evaluation and testing within a risk
management process (ISO, 10993-1 Biological evaluation of medical
devices - Part 1: Evaluation and testing within a risk management
process, 2009), skin irritation is one of the three toxicological endpoints
to be always addressed in a biological risk assessment whatever the
category of the device. Irritation testing of medical devices can be
performed with the finished product and/or extracts thereof. The re-
ference test method listed in the ISO10993-10 (ISO, 10993-10
Biological Evaluation of Medical devices - Part 10: Tests for irritation
and skin sensitization, 2010) is based on in vivo testing even if this
standard mentions previous validation by ECVAM Scientific Advisory
Committee (ESAC) of an in vitro method using reconstructed human

epidermis. Indeed, this in vitro test for skin irritation has so far been
validated only for neat chemicals and not for medical device extracts
where potential leached irritants are diluted in a solvent. In order to
apply these assays for the testing of irritant potential of medical de-
vices, further validation for this specific area is essential.

Turning toward alternatives to animal testing is driven by ethical
consideration but also by scientific and economic reasons. In recent
years, new cosmetics regulations, first in Europe (EU, 2003) and then in
other parts of the world, have progressively banned the use of animals
to ensure the safety of ingredients and cosmetics products. In parallel
with these regulatory developments, toxicology is undergoing a pro-
found revolution, with a shift from toxicology based on the observation
of effects in animals to mechanistic approaches based on in vitro and in
silico tests to predict potential adverse effects in humans. Significant
progress has been made with successful replacements, especially for
acute toxicological endpoints, even if systemic endpoints are more
complex to replace. Several validated in vitro test methods were
adopted as OECD test guidelines for these endpoints and Integrated
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Approaches to Testing and Assessment (IATA) provides guidance on
how to integrate and use existing test and non-test data for the as-
sessment of health hazards. Even if successful steps from chemical and
cosmetics industry need to be adapted, previous experience from these
sectors will definitely accelerate the move in medical devices area
(Casas et al., 2013; Coleman et al., 2015).

The purpose of this paper is to present the development and pre-
liminary results of a new in vitro method for evaluating the skin irri-
tation of medical device extracts. This new protocol is adapted from the
OECD test guideline for skin irritation (OECD TG439) of chemicals and
uses the SkinEthic™ RHE model as experimental system. The SkinEthic™
RHE model is reconstructed from human primary keratinocytes and
mimics human epidermal morphology and physiology. This model is
validated as a full in vitro replacement method to animal testing to
assess the skin corrosion and the skin irritation potential of chemicals
(Alépée et al., 2010) (EC-ECVAM, 2006). The protocol for medical
device extracts was developed in preparation of an international Round
Robin Study conducted under the umbrella of the workgroup eight of
the ISO technical committee 194 (ISO/TC 194/WG 8) irritation and
sensitization.

2. Materials and methods

2.1. Functional reconstructed human epidermis model SkinEthic™ RHE

The SkinEthic™ Reconstructed Human Epidermis (RHE) model
(EPISKIN Laboratories, France) consists of normal, human-derived
keratinocytes, cultured to form a fully differentiated three-dimensional
epidermis on a 0.5 cm2 surface inert polycarbonate filter at the air–-
liquid interface in a chemically defined medium (Rosdy and Clauss,
1990; Rosdy et al., 1993) (Fig. 1). SkinEthic™ RHE is produced under
ISO 9001 certification. Quality control data sheet is provided with
every batch of tissue including histology, viability and safety data.

2.2. Exposure protocol

The day of receipt the SkinEthic™ RHE inserts are transferred into a
24-wells plates filled with 0.3mL fresh medium of culture and main-
tained a minimum period of 2 h in an incubator (37 °C, 95% humidity,
5%CO2). This pre-incubation step could be extended to 24 h by using 6-
well plates filled with 1mL of fresh medium. For the experiment,
100 μL of each sample is topically applied concurrently on three tissues
replicates (n=3) for 18 ± 2 h or for 24 ± 2 h at 37 °C. Attention
should be made to ensure a correct distribution of the solution onto the
surface of the tissue. The surface of the stratum corneum being hy-
drophobic, surface tension mechanisms can induce peripheral reparti-
tion of polar solvent. This can be solved by slightly tapping the insert on
the bottom of the well. Solutions of SDS 1% (w/v) in polar solvent,
sodium chloride (NaCl 0.9%) or phosphate-buffered saline without Ca
++ and Mg++ (PBS) and non-polar solvent (sesame oil) are used as
positive controls (PC). Negative control (NC) are PBS-treated tissues.
The solvents alone are tested as vehicle extraction controls (VC). At the
end of the exposure step the SkinEthic™ RHE inserts are rinsed 25 times
with PBS (1mL by 1mL) using a multistep pipette and are manually
dried. Samples of the incubation medium are collected and frozen at
−20 °C for potential future cytokines quantification.

2.3. Cell viability

The cell viability is determined by measuring in the reconstructed
epidermis the formation of insoluble blue formazan crystals by the
dehydrogenase enzyme after addition of 3-[4,5-dimethyl-thiazol-2-yl]-
2,5-diphenyl tetrazolium bromide (MTT, Sigma–Aldrich) to the
medium of culture (Mosmann, 1983; Korting et al., 1994). The tissues
are incubated with 0.3mL MTT solution (1mg/mL) for 3 h (± 15min).
The formazan crystals are extracted using 1.5 mL isopropanol for 2 h
(± 15min) at room temperature. Then 200 μL are transferred three
times per tissue into a 96-well plates and the concentration of formazan
is quantified by measuring the optical density (OD) through

Fig. 1. SkinEthic™ RHE model.
SkinEthic™ RHE model is produced and shipped every week
in 24 well plates (A). Hemalun Eosine-Saffron staining
(HES) show in the reconstructed epidermis (C) the typical
layers of human epidermis (B).
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spectrophotometry at 570 nm wavelength. Isopronanol is used as blank.
After subtracting the blank OD from all raw data, mean OD values and
standard deviations (SD) are calculated. The percentage of cell viability
for each tissue is expressed relative to negative control as: 100×mean
ODtreated / mean ODnegative control. By default, the negative control cell
viability value is set at 100%. For each test substance the mean ± SD
of the triplicate tissues is calculated. When the cell viability value is
under or equal to 50% the sample is classified as irritant.

2.4. Spiked solvents with lactic acid and heptanoic acid

SkinEthic™ RHE tissues in triplicate (n= 3) were exposed 24 h to
100 μL of 0.1%, 1%, 1.25%, 1.5%, 1.75%, 2% and 4% solutions (w/v)
of lactic acid (LA; CAS No.: 50-21-5; 85% purity) in 0.9% sodium
chloride solution (NaCl 0.9%) or Phosphate Buffer Saline (PBS) solution
without Ca++ and Mg++ (polar solvent) or 0.1%, 0.25%, 0.5%,
0.75%, 1%, 2% and 4% solutions (w/v) of heptanoic acid (HA; CAS No.:
111-14-8; P99% purity) (Sigma–Aldrich Company) in pharmaceutical
grade sesame oil (SO) (non-polar solvent). SDS 1% in SO and in NaCL
were used as positive controls (PC) and PBS alone as negative control
(NC). Cell viability and IL-1α release were measured after 24 h of ex-
posure.

2.5. Extraction of medical devices (ISO 10993-12)

Polymer was provided by Arthrex (Naples, USA), Nelson
Laboratories Inc. (Salt Lake City, USA) and the National Institute of
Health Sciences (Tokyo, Japan). Samples were extracted according to
ISO 10993-12:2012 using polar solvent (PBS) and non-polar (Sesame
Oil of pharmaceutical grade, SO) extraction vehicle at a ratio of 3 cm2/
mL, 6 cm2/mL, or 0.2 g/mL at 37 ± 1 °C for 72 ± 2 h with stirring in a
borosilicate tube with tight closure. Vehicle extraction control (VC) is
exposed to the same process, 37 ± 1 °C for 72 ± 2 h. All the extracts
are used maximum 24 h after end of extraction process.

2.6. Cytokine quantification

The inflammatory response was evaluated by quantifying the spe-
cific human cytokine, interleukin-1 alpha (Coquette et al., 1999) using
a commercial enzyme linked immuno-absorbent assay (ELISA) kit
(Quantikine Human IL-1α/IL-1F1 Immunoassay, from R&D systems,
UK). The analyses were performed according to manufacturer's in-
structions. The detection limit of the assay was 1 pg/mL. Mean con-
centrations (pg/mL) ± standard deviations (SD) were calculated (one
replicate per tissue and three tissues per assay).

3. Results

3.1. SkinEthic™ RHE quality controls and reproducibility

Quality and reproducibility of the tissues, batches after batches,
years after years is essential for data interpretation. EPISKIN performs
quality controls for each SkinEthic™ RHE batch by assessing MTT re-
duction viability test using negative control tissues. The mean optical
density (OD) value from 2014 to 2017 is 1.3 ± 0.2, demonstrating the
reproducibility of this assay over the years (Table 1). A resulting OD
value threshold acceptance limit of 0.7 has been established. Prior
testing, the barrier function property of the tissue should also meet the
historical acceptability range defined by EPISKIN. This property is es-
timated by the exposure time required to reduce cell viability by 50%
(ET-50) upon application of 1% Triton X-100. The reproducibility of the
ET-50 on SkinEthic™ RHE model evaluated on the same period has an
overall mean for ET-50 TritonX-100 values of 5.8 ± 1.5 h. An upper
ET-50 threshold acceptance limit has been established for the ET-50
TritonX-100 criteria ranging from 4 to 10 h. The third EPISKIN quality
control criteria, is based on histological examination. The tissues

exhibit four to seven viable layers comprising at least basal, suprabasal,
spinous and granular cell layers, and a stratum corneum. The overall
mean of living cell layers over this 4 years' period is 5.9 ± 0.7.

3.2. Solvents spiked with irritant

We observed a dose response decrease of cell viability of SkinEthic™
RHE exposed to increasing concentrations (0.1% to 4%) of the known
irritants, Lactic acid and Heptanoic acid, in saline and sesame oil sol-
vents, respectively (Fig. 2). The solvents alone have no effect compared
to reference negative control, PBS. The concentration at which the
spiked chemical reduces the viability of the tissues by 50% (IC50) after
a fixed exposure time was calculated. The IC50 for Lactic Acid and for
Heptanoic acid are 1.9% and 0.5%, respectively.

3.3. Reference materials extracted in polar and non-polar solvents

The same protocol used for solvent spiked with irritants is per-
formed on extracts of different samples of heat-pressed polyvinyl
chloride (PVC) and silicone sheets infused with or without known ir-
ritant (Table 2). Polyvinyl chloride (PVC) and silicone are plastics
widely used in medical devices industry and, thanks to partners, we
were provided with several samples with or without irritants added
during the process of fabrication. Y1 and Y-4 were produced by Na-
tional Institute of Health Sciences (NIH, Japan) and provided by Nelson
Laboratories (USA). Silicone-SDS and PVC-Genapol came from Arthrex
(Naples, USA). Using the prediction model of the OECD TG439, ie
classification in category 2 when cell viability is below 50%, the Y-1
medical device extracts is non-irritant and the Silicone-SDS, PVC-Gen-
apol and Y-4 are irritants (Fig. 3). The Silicone-SDS, containing 15%
SDS is classified irritant only when the material is extracted in the polar
solvent (SO). PVC-Genapol and Y-4 materials, containing Genapol are
irritants with the two extraction solvent even if a slight increase is
observed in the non-polar solvent (SO) compared to the polar one
(PBS).

Histological observations were performed for a run with two poly-
mers, Y-1 and Y-4, compared to NC and PC (Fig. 4). It confirms the
strong effect of the PC (SDS1%) especially in the polar solvent (PBS).
The death of the tissues is accompanied by IL-1α release in the medium
with a 10 and 67 fold increase compared to NC for SDS in PBS and in
SO, respectively. Histological observations of NC in PBS and SO re-
vealed no significant effects and there was no increase in IL-1α level for
these conditions. Y-1 exposed tissues are slightly damaged but this is
not correlated to decrease in cell viability nor increase in IL-1α. At 24 h
post-exposure to Y-4 extracts the poor histology of the tissues correlates
with the decrease in cell viability measured with MTT. A 10 fold in-
crease in the IL-1α level was also observed for that condition compared
to NC.

1% SDS as positive control induces a loss of tissue integrity with
sometime detachment of the tissue from the membrane during the
rinsing step. This problem is not observed at a lower concentration
(0.5% SDS) while causing a significant decrease in viability and a high

Table 1
Mean quality controls (2014–2017).

Number of batches (n) Viability
(OD)

ET50 Viable layers

215 1.3 ± 0.2 5.8 ± 1.5 5.9 ± 0.7

Mean of SkinEthic™ RHE Quality Control batches on years 2014, 2015, 2016 and 2017 for
215 batches. Viability of the tissues is expressed by formation of formazan measured by
optical density (OD) after MTT reduction. Barrier function property of the tissue is esti-
mated by the exposure time required to reduce cell viability by 50% (ET-50) upon ap-
plication of 1% Triton X-100. The third EPISKIN quality control criteria, is based on
histological examination. The tissues should exhibit four to seven viable layers com-
prising at least basal, suprabasal, spinous and granular cell layers, and a stratum corneum.
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release of IL-1α.

3.4. 18 h versus 24 h exposure time

To assess the effect of the duration of exposure, SkinEthic™ RHE
tissues were exposed to NC, PC, VC, Y-1, Y-4 samples and a 0.5% SDS
solution for 24 h and 18 h (Fig. 5). No difference between the two ex-
posure times was observed for classification of the different samples
(Fig. 3). PC, SDS 0.5% and Y-4 are classified irritants after both 18 h
and 24 h exposure.

3.5. Cytokine as secondary endpoint

The cytokine IL-1α, which is a marker of skin inflammation, was
quantified in the supernatant of SkinEthic™ RHE models after exposure
to different samples (Fig. 6). The amplitude of measured level goes from
1.7 pg/mL to 184 pg/mL. Results representation for 44 samples with IL-
1α in abscissa and cell viability in ordinate show two main clusters. A

first cluster of 26 irritant samples, with a cell viability lower than 50%,
and a IL-1α level higher than 10 pg/mL. A second cluster of 14 samples
classified non-irritant by the assay, with a cell viability higher or equal
to 50% and a IL-1α level below 10 pg/mL. For these two clusters, the
complementary IL-1α quantification is well correlated to classification
from cell viability.

Four plots are outside these two clusters. Two samples, Silicone 15%
SDS in saline and Heptanoic acid 4% in SO are classified irritant due to
their low cell viability despite a IL-1α level below 10 pg/mL. The low
level of IL-1α, while cell viability is low is surprising and difficult to
explain. We may hypothesize that this could be linked to different
mechanisms such as degradation of the cytokine by the irritant or a fast
kinetic of cell death which prevents a de novo synthesis of cytokine and
accumulation in the medium.

The two other points outside the clusters are in the upper right
quadrant of the figure. The samples, Lactic acid 1% in PBS and Silicone
15% SDS extracted in SO, present a cell viability around 107% but an
IL-1α higher to the cut-off value, 16 pg/mL and 20.7 pg/mL, respec-
tively. The Silicone 15% SDS is clearly irritant in the polar solvent, but
the low solubility of SDS in non-polar solvents can explain the higher
cell viability measured when extracted in SO. In this case, Il-1α seems
to be helpful to detect presence of a potential irritant in SO extraction
solvent. For the sample containing 1% LA in polar solvent, the con-
centration is lower to the calculated IC50 and cell viability correctly
classified it as non-irritant. The slight elevation of IL-1α maybe an in-
dicator of a low the inflammatory effect of LA on the living epidermis.

4. Discussion

The SkinEthic™ RHE model is a reconstructed human epidermis
produced on an industrial scale for 25 years. Quality controls confirm
the high level of reproducibility and stability of this model over time.
Characterization of SkinEthic™ RHE model demonstrating that this test
system reproduces many features of normal human epidermis (Rosdy
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Fig. 2. Dose response assays.
Dose response curve of cell viability of SkinEthic™ RHE exposed
to increasing concentrations (0.1% to 4%) of known irritant,
Lactic acid and Heptanoic acid, in respectively saline and sesame
oil solvents (n= 6 tissues). The solvents alone have no effect
compared to reference negative control, PBS. The concentration
at which the spiked chemical reduces the viability of the tissues
by 50% (IC50) after a fixed exposure time have been calculated.
The IC50 for Lactic Acid and for Heptanoic acid are 1.9% and
0.5%, respectively.

Table 2
Composition of polymers.

Composition Provider

Silicone-SDS Solid SDS (15%)in MED 4210
silicone

Arthrex (USA)

PVC-Genapol Liquid Genapol (4%, X-100) in
PVC

Arthrex (USA)

Y-1 PVC Nelson Lab (USA), NIH
(Japan)

Y-4 PVC w/Genapol (6%, X-80) Nelson Lab (USA), NIH
(Japan)

Polyvinyl chloride (PVC) and silicone are plastics widely used in medical devices in-
dustry. Y1 and Y-4 have been produced by National Institute of Health Sciences (NIH,
Japan) and provided by Nelson Laboratories (USA). Silicone-SDS and PVC-Genapol came
from Arthrex (Naples, USA).
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and Clauss, 1990; Rosdy et al., 1993; Ponec et al., 2000). The assay
developed with the SkinEthic™ RHE model for skin irritation of medical
devices is derived from the validated protocol used for chemicals
(OECD TG439). It was adapted to extracts of medical device from our
experience regarding safety assessment of both ingredients (Alépée
et al., 2010; Tornier et al., 2010) and cosmetics finished products (De
Brugerolle de Fraissinette et al., 1999; Roguet et al., 1998; Damour
et al., 1998; Faller et al., 2002) that are also complex mixtures of di-
luted ingredients. The paper of Casas et al. (Casas et al., 2013) was also
helpful to design the assay. Compared to the OECD TG439, changes
were made to take into account the dilution of potential irritants and to
maximize their effects: The volume of tested product increase from 16
to 100 μL and the time of exposure was extended from 42min to 24 h.
The extended duration of exposure showed to be enough not to require
additional post-exposure step. The negative control, PBS, and positive
controls, SDS, are classical references used in in vitro and in vivo skin
irritation assays (Lee and Maibach, 1995; Coquette et al., 2003;
Basketter et al., 2012). The cut-off value of 50% under which a product
is classified irritant is inherited from the OECD TG439. The same ac-
ceptance criteria was also kept for the positive control with a cell via-
bility < 40% and a standard deviation between the SkinEthic™ RHE
triplicate inferior or equal to 18%.

Using this protocol, we first reproduced the experiments of Casas
et al. with solvents spiked at known concentrations of irritants. From
dose response curves, the calculated IC50 for LA (1.9%) and HA (0.5%)
are close to those observed by Casas et al. The lower IC50 measured with
SkinEthic™ RHE compared to their data may reflect a higher sensitivity
of the model for low concentration of irritants. For further training of
naive laboratories, we decided to use LA and HA as reference irritants at
a concentration higher than the IC50: 4% of LA in saline and 2% of HA
in sesame oil.

After demonstrated capacity of the in vitro method to detect low
concentrations of irritants in extraction solvents we verified perfor-
mance in conditions as close to a realistic scenario with polymer ma-
terials used in medical devices. The Y-4 polymer is a heat-pressed PVC
sheets spiked with 5.8% of Genapol X-080, a known irritant. Y-1 pre-
sents the same composition but without Genapol. Y-1 and Y-4 were
developed as positive reference materials for hemolysis testing

(Haishima et al., 2014) of medical devices (ISO, 10993-4 Biological
evaluation of medical devices - Part 4: Selection of tests for interactions
with blood, 2017). Silicone-SDS is a medical grade silicone elastomer
(MED 4210 silicone) spiked with 15% of SDS. PVC-Genapol, is a PVC
containing 4% of Genapol X-100. These four samples belong to the set
of reference materials used during the Round Robin Study to evaluate
two reconstructed human epidermis models as in vitro skin irritation
test for detection of irritant activity in medical device extracts.

The SkinEthic™ RHE assay classified Y-1 as non-irritant and Y-4 as
irritant. This findings are in agreement with their respective composi-
tion, only Y-4 contents an irritant, and with previous data, including
intra-cutaneous reactivity test in the rabbit (Olsen et al., 2016). Sili-
cone-SDS and PVC-Genapol are classified irritant in the assay which is
also in agreement with the presence of irritants in their composition.
Yet, there is a discrepancy between the two solvents for Silicone-SDS:
the extract is classified irritant in the polar solvent and non-irritant in
the non-polar solvent. This discrepancy between extraction conditions
is not observed with the Genapol containing material (Y-4) even if cell
viability is slightly higher in SO. The difference observed in cell via-
bility between extracts for a given material might be linked to the so-
lubility of the irritant chemical into the selected solvent leading to
variable extraction efficiency. Genapol and SDS are amphiphilic sur-
factants that can be characterized by the hydrophilic-lipophilic balance
(HLB) index calculated from their relative ratio of polar and non-polar
groups (ICI Americas Inc., 1976). The lower the HLB value the more
lipophilic the molecule is and vice versa. With an HLB index of 13–14
(Table 3), Genapol is compatible for extraction in polar and non-polar
solvents and the sample is classified irritant in the two solvents used.
Quite the opposite, SDS has an HLB of 40, reflecting a strong hydro-
philic component compared to its lipophilic part. The resulting lower
solubility in lipophilic solvents could results in a poor extraction effi-
ciency explaining the non-irritant classification of this sample extracted
in SO. This point clearly illustrates the importance of using both polar
and non-polar solvents during the extraction process. The prediction
model of the assay integrates this parameter by classifying irritant a
medical device when the cell viability is inferior or equal to 50% in at
least one solvent or both.

The low solubility of SDS in non-polar solvent is also problematic
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Fig. 3. Tests of medical devices polymer extracts.
The same protocol used for solvent spiked with irritants is performed on extracts of different samples of heat-pressed polyvinyl chloride (PVC) and silicone sheets infused with or without
known irritant (n= 6 tissues). Using the prediction model of the OECD TG439, i.e. classification in category 2 when cell viability is below 50%, the Y-1 medical device extracts is non-
irritant and the Silicone-SDS, PVC-Genapol and Y-4 are irritants. The Silicone-SDS, containing 15% SDS is classified irritant only when the material is extracted in the polar solvent (SO).
PVC-Genapol and Y-4 materials, containing Genapol are irritants with the two extraction solvent even if a slight increase is observed in the non-polar solvent (SO) compared to the polar
one (PBS). Interleukin-1 alpha (IL-1α) released in the medium is represented with red circle. The death of the tissue reflected by cell viability decrease is accompanied by a release of IL-1a
in the medium with a 10 to 67 fold increase compared to NC respectively for SDS1% in PBS and in SO. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

C. Pellevoisin et al. Toxicology in Vitro 50 (2018) 418–425

422



when preparing the 1% SDS positive control (PC) in SO. At this con-
centration, the PC is a suspension of SDS rather than a solution. To limit
the risk of variability related to non-homogeneous distribution of SDS
in the preparation it is recommend to prepare the positive control from
a stock solution of 20% SDS in water and to vortex it just prior to ap-
plication. The concentration of SDS used as positive control is also
questionable. 1% SDS, recommended in the OECD TG439 for a
42minute exposure time, induces 24 h post-exposure an intense dena-
turation of the tissues with occasional detachment and elimination of it
during the rinsing step. We have tested various concentrations and
0.5% SDS in saline or in SO gives the same cell viability reduction
without the side effect observed with 1%. However, discussions with

the workgroup members regarding Round Robin Study execution led to
upholding 1% SDS concentration as positive control since this latter
provided satisfactory and unambiguous results.

During the ISO congress in 2015 in Lund, the duration of the ex-
posure time was discussed by the workgroup and a shorter time ex-
posure of 18 h, was compared to 24 h used in our protocol (Fig. 3). No
significant difference was observed for the classification of the different
samples with the two exposure times. In the non-polar solvent, the cell
viability of 0.5% SDS and Y-4 extracts were slightly higher after 18 h
exposure compared to 24 h. According to the fact that the shorter time
does not present clear advantages in term of results or organization the
24 h protocol was kept for the following Round Robin Study. We
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Tissue damaged, low number of granulosum cells

Y-4 PBS

Dead samples

Y-4 SO

Dead samples

Fig. 4. HES histology of SkinEthicTM RHE model.
Hemalun Eosine-Saffron (HES) staining of the tissues after exposure to medical devices polymers extracts. The histology confirms the strong effect of the PC (SDS1%) especially in the
polar solvent (PBS). No significant effects are observed after exposure to PBS and SO alone. Y-1 exposed tissues exhibit slight damages that are not detected by MTT cell viability assay. Y-
4 extracts induce the death well correlated to the high decrease of cell viability.
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thought that this condition could maximize the effects of low con-
centrations of irritants to obtain clear results for potential border line
materials.

Quantification of IL-1α release in the culture medium was also as-
sessed as a potential complementary endpoint to cell viability for
classifying the tested extracts. In 2007, the ECVAM validation for skin
irritation of chemicals with EpiSkin model (Griesinger et al., 2009) and
more recently the catch-up validation of the SkinEthic™ RHE model
(Alépée et al., 2010) stated that the accuracy was not improved by
measuring IL-1α release even if this endpoint might be considered to
confirm negatives and being of help to better classify the mild to
moderate irritancy potential of some chemicals. From the set of samples
we tested in the medical device protocol, no evidence of added value of
this secondary endpoint was observed. There was one example where a
sample, Silicone 15% SDS, wrongly classified as negative (false nega-
tive) based upon cell viability, was correctly classified as irritant with
IL-1α results. Nevertheless, the concerned polymer was already cor-
rectly classified in the second extraction solvent (NaCl) without the
need of IL-1α quantification. Since results provided in this study

showed that IL-1α release measurements did not improve the perfor-
mances of the assay, no further evaluation of this endpoint was

0.0

20.0

40.0

60.0

80.0

100.0

120.0

18h exposure 24h exposure% cell viability
Fig. 5. 18 h versus 24 h exposure time.
Effect of a shorter time of exposure, 18 h, compared to 24 h
on the classification of different samples (n=2 tissues for
18 h and n=3 tissues for 24 h). SkinEthic™ RHE tissues
were exposed to NC, PC, VC, Y-1, Y-4 and a 0.5% SDS so-
lutions during 24H and 18 h. No significant difference be-
tween the two exposure times has been observed for clas-
sification of the different samples (Fig. 3). PC, SDS 0.5%
and Y-4 are classified irritants after both 18 h and 24 h
exposure.

0.0

20.0

40.0

60.0

80.0

100.0

120.0

1.0 10.0 100.0

% cell viability

IL-1a (pg/ml)

Fig. 6. IL-1alpha vs. cell viability.
Inflammatory response evaluated by the quantification of
the cell viability measured by MTT reduction and expressed
in percentage of control (N=44) represented in function
of the specific human cytokine, interleukin-1 alpha (IL-1α)
on a logarithmic scale. A cut off value of 50% for cell
viability 10 pg/mL for IL-1α allow to identify two main
clusters were prediction based onto IL1-α correlates with
that onto cell viability: A cluster of 26 samples classified
irritants, with a cell viability lower than 50%, and a level of
IL-1α higher than 10 pg/mL. A cluster of 14 samples clas-
sified non-irritant, with a cell viability superior or equal to
50% and Il-1α level inferior to 10 pg/ml. 4 dots are outside
these clusters. 2 in the upper right with a viability higher
than 50% and a IL-1α higher than 10 pg/mL. And 2 in the
lower left part with a viability lower than 50% and IL-1α
level lower than 10 pg/mL.

Table 3
Hydrophilic-lipophilic balance (HLB) of surfactants.

Surfactant HLB
value

Ref

SDS 40 Stavroudis (2009)
Genapol X-100 14,1 MERCK

http://www.merckmillipore.com/FR/fr/product/
GENAPOL-X-100%2C-PROTEIN-GRADE-Detergent
%2C-10%25-Solution%2C-Sterile-Filtered—
Calbiochem,EMD_BIO-345798?bd=1#anchor_PDS

Genapol X-80 13,1 Clariant Produkte (Deutschland) GmbH
http://www.acarchemicals.com/Assets/Documents/
Genapol_X_080_20150608_224444.pdf

Genapol X-80, X-100 and SDS, used as irritant in the polymer samples, are amphiphilic
surfactant that can be characterized by the hydrophilic-lipophilic balance (HLB) calcu-
lated from their relative ratio of polar and non-polar groups.

C. Pellevoisin et al. Toxicology in Vitro 50 (2018) 418–425

424

http://www.merckmillipore.com/FR/fr/product/GENAPOL-X-100%2C-PROTEIN-GRADE-Detergent%2C-10%25-Solution%2C-Sterile-Filtered---Calbiochem,EMD_BIO-345798?bd=1#anchor_PDS
http://www.merckmillipore.com/FR/fr/product/GENAPOL-X-100%2C-PROTEIN-GRADE-Detergent%2C-10%25-Solution%2C-Sterile-Filtered---Calbiochem,EMD_BIO-345798?bd=1#anchor_PDS
http://www.merckmillipore.com/FR/fr/product/GENAPOL-X-100%2C-PROTEIN-GRADE-Detergent%2C-10%25-Solution%2C-Sterile-Filtered---Calbiochem,EMD_BIO-345798?bd=1#anchor_PDS
http://www.merckmillipore.com/FR/fr/product/GENAPOL-X-100%2C-PROTEIN-GRADE-Detergent%2C-10%25-Solution%2C-Sterile-Filtered---Calbiochem,EMD_BIO-345798?bd=1#anchor_PDS
http://www.acarchemicals.com/Assets/Documents/Genapol_X_080_20150608_224444.pdf
http://www.acarchemicals.com/Assets/Documents/Genapol_X_080_20150608_224444.pdf


performed.
To prepare the Round Robin Study performed in 2016, 7 naïve la-

boratories were trained to this protocol. The good results of these
trainings reflect the transferability of this protocol in different types of
laboratories (CRO, medical devices manufacturer and academics la-
boratories) and different countries (France, Italy, Germany, USA, and
Korea). The robustness of such type of assay and its simplicity of im-
plementation were already proved in the context of OECD with the
spread around the world of the TG431 and TG439 for in vitro skin
corrosion/irritation of chemicals. This is an important point for future
deployment of this assay in medical devices industry.

In conclusion, this study confirms the good performance of this new
protocol for in vitro skin irritation of medical devices extracts with the
SkinEthic™ RHE model. This assay is able to detect low concentrations
of irritant spiked in different solvents and in extracts of medical devices
materials containing known concentration of the irritants SDS and
Genapol. In our conditions, cell viability alone appears to be sufficient
for classification without the need to IL-1α as a secondary readout. The
results of the training of 7 naïve laboratories reflect the robustness and
transferability of this assay in preparation of the Round Robin Study to
evaluate Reconstructed Human Epidermis models as in vitro skin irri-
tation test for detection of irritant activity in medical device extracts
(De Jong et al. 2018).

Transparency document

The http://dx.doi.org/10.1016/j.tiv.2018.01.008 associated with
this article can be found, in online version.

Acknowledgments

The authors thank Beau Rollins from Arthrex (USA), Michelle Lee,
Audrey Turley, Daniel Olsen from Nelson Laboratory (USA) and Yuji
Haishima from National Institute of Health Sciences (Japan) for pro-
viding medical devices polymer samples and enriching discussions
throughout the study.

References

Alépée, N., Tornier, C., Robert, C., Amsellem, C., Roux, M.H., Doucet, O., Pachot, J.,
Méloni, M., de Brugerolle de Fraissinette, A., 2010. A catch-up validation study on
reconstructed human epidermis (SkinEthicTM RHE) for full replacement of the Draize
skin irritation test. Toxicol. In Vitro 24 (1), 257–266.

Basketter, D., Jírova, D., Kandárová, H., 2012. Review of skin irritation/corrosion hazards
on the basis of human data: a regulatory perspective. Interdiscip. Toxicol. 5, 98–104.

Casas, J.W., Lewerenz, G.M., Rankin, E.A., Willoughby Sr., J.A., Blakeman, L.C., McKim
Jr., J.M., Coleman, K.P., 2013. In vitro human skin irritation test for evaluation of
medical device extracts. Toxicol. In Vitro 27, 2175–2183.

Coleman, K.P., McNamara, L.R., Grailer, T.P., Willoughby Sr., J.A., Keller, D.J., Patel, P.,
Thomas, S., Dilworth, C., 2015. Evaluation of an in vitro human dermal sensitization
test for use with medical device extracts. Appl. In Vitro. Toxicol. 1 (2), 118–130.

Coquette, A., Berna, N., Vandenbosch, A., Rosdy, M., Poumay, Y., 1999. Differential ex-
pression and release of cytokines by an in vitro reconstituted human epidermis model
following skin irritant and sensitizing compounds. Toxicol. In Vitro 13, 867–877.

Coquette, A., Berna, N., Vandenbosch, A., Rosdy, M., De Wever, B., Poumay, Y., 2003.
Analysis of interleukin-1α (IL-1α) and interleukin-8 (IL-8) expression and release in
in vitro reconstructed human epidermis of the prediction of in vivo skin irritation of
chemicals and/or sensitization. Toxicol. In Vitro 17, 311–321.

Damour, O., Augustin, C., Black, A.F., 1998. Applications of reconstructed skin models in

pharmaco-toxicological trials. Med. Biol. Eng. Comput. 36 (6), 825–832.
De Brugerolle de Fraissinette, A., Picarles, V., Chibout, S., Kolopp, M., Medina, J., Burtin,

P., Ebelin, M.E., Osborne, S., Mayer, F.K., Spake, A., Rosdy, M., DeWever, B., Ettlin,
R.A., Cordier, A., 1999. Predictivity of an in vitro model for acute and chronic skin
irritation (SkinEthic) applied to the testing of topical vehicles. Cell Biol. Toxicol. 15,
121–135.

De Jong, W.H., Hoffmann, S., Lee, M., Kandárová, H., Pellevoisin, C., Haishima, Y.,
Rollins, B., Zdawzcyk, A., Willoughby, J., Bachelor, M., Schatz, T., Skoog, S., Parker,
S., Sawyer, A., Pescio, P., Fant, K., Kim, K.M., Kwon, J.S., Gehrke, H., Hofman-
Hüther, H., Meloni, M., Julius, C., Briotet, D., Letasiova, S., Kato, R., Miyajima, A., De
La Fonteyne, L., Videau, C., Tornier, C., Turley, A., Christiano, N., Rollins, T.,
Coleman, K.P., 2018, Jan 8. Round robin study to evaluate the reconstructed human
epidermis (RhE) model as an in vitroskin irritation test for detection of irritant ac-
tivity in medical device extracts. Toxicol. In Vitro. http://dx.doi.org/10.1016/j.tiv.
2018.01.001. (pii: S0887-2333(18)30001-8). [Epub ahead of print].

EC-ECVAM, 2006. Statement on the Application of the SkinEthicTM Human Skin Model
for Skin Corrosivity Testing, Issued by the ECVAM Scientific Advisory Committee
(ESAC25).

EU, 2003. Directive 2003/15/EC of the European Parliament and the council of 27
February 2003 amending council Directive 76/768/EEC on the approximation of the
laws of the member states relating to cosmetic products. Off. J. Eur. Union L66,
26–35.

Faller, C., Bracher, M., Dami, N., Roguet, R., 2002. Predictive ability of reconstructed
human epidermis equivalents for the assessment of skin irritation of cosmetics.
Toxicol. In Vitro 16 (5), 557–572.

Griesinger, C., Barroso, J., Zuang, V., Cole, T., Genschow, E., Liebsch, M., 2009.
Explanatory Background Document to the OECD Draft Test Guideline on In Vitro Skin
Irritation Testing. European Centre for the Validation of Alternative Methods, Ispra.

Haishima, Y., Hasegawa, C., Nomura, Y., Kawakami, T., Yuba, T., Shindo, T., Sakaguchi,
K., Tanigawa, T., Inukai, K., Takenouchi, M., Isama, K., Matsuoka, M., Niimi, S.,
2014. Development and performance evaluation of a positive reference material for
hemolysis testing. J Biomed Mater Res B Appl Biomater 102, 809–1816.

ICI Americas Inc, 1976. The HLB System - A Time Saving Guide to Emulsifier Selection.
ICI Americas Inc.

ISO, 2009. 10993-1 Biological Evaluation of Medical Devices - Part 1: Evaluation and
Testing Within a Risk Management Process. Standardization, International
Organization for Standardization, Geneva.

ISO, 2010. 10993-10 Biological Evaluation of Medical devices - Part 10: Tests for
Irritation and Skin Sensitization. Standardization, International Organization for
Standardization, Geneva.

ISO, 2017. 10993-4: Biological Evaluation of Medical Devices—Part 4: Selection of Tests
for Interactions With Blood. Standardization, International Organization for
Standardization.

Korting, H.C., Schindler, S., Hartinger, A., Kerscher, M., Angerpointner, T., Maibach, H.I.,
1994. MTT-assay and neutral red release (NRR)-assay: relative role in the prediction
of the irritancy potential of surfactants. Life Sci. 55, 533–540.

Lee, C.H., Maibach, H.I., 1995. The sodium lauryl sulfate model: an overview. Contact
Dermatitis (1), 1–7.

Mosmann, T., 1983. Rapid colorimetric assay for cellular growth and survival: application
to proliferation and cytotoxicity assays. J. Immunol. Methods 63, 55–63.

Olsen, D.S., Lee, M., Turley, A., Sasaki, S., Yamasaki, K., Fukui, C., Nomura, Y., Kato, R.,
Niimi, S., Yuba, T., Sakaguchi, K., Haishima, Y., 2016. Extractable positive control for
in vitro skin irritation testing of medical devices. In: 54th Annual Meeting of Society
of Toxicology.

Ponec, M., Boelsma, E., Weerheim, A., Mulder, A., Bouwstra, J., Mommaas, M., 2000.
Lipid and ultrastructural characterization of reconstructed skin models. Int. J. Pharm.
203, 211–225.

Roguet, R., Cohen, C., Robles, C., Courtellement, P., Tollet, M., Guillot, J.P., Pouradier,
Duteil X., 1998. An interlaboratory study of the reproducibility and relevance of
Episkin, a reconstructed human epidermis, in the assessment of cosmetics irritancy.
Toxicol. In Vitro 12, 295–304.

Rosdy, M., Clauss, L.C., 1990. Terminal epidermal differentiation of human keratinocytes
grown in chemically defined medium on inert filter substrates at the air–liquid in-
terface. J. Investig. Dermatol. 95, 409–414.

Rosdy, M., Pisani, A., Ortonne, J.-P., 1993. Production of basement membrane compo-
nents by a reconstructed epidermis cultured in the absence of serum and dermal
factors. J. Invest. Dermatol. 129, 227–234.

Stavroudis, C., 2009. Sorting out surfactants. WAAC Newsl. 31 (1).
Tornier, C., Amsellem, C., de Brugerolle de Fraissinette, A., Alépée, N., 2010. Assessment

of the optimized SkinEthic™ Reconstructed Human Epidermis (RHE) 42 bis skin ir-
ritation protocol over 39 test substances. Toxicol. In Vitro 24, 245–256.

C. Pellevoisin et al. Toxicology in Vitro 50 (2018) 418–425

425

http://dx.doi.org//10.1016/j.tiv.2018.01.008
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0005
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0005
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0005
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0005
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0010
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0010
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0015
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0015
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0015
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0020
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0020
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0020
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0025
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0025
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0025
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0030
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0030
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0030
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0030
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0035
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0035
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0040
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0040
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0040
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0040
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0040
http://dx.doi.org/10.1016/j.tiv.2018.01.001
http://dx.doi.org/10.1016/j.tiv.2018.01.001
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0050
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0050
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0050
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0055
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0055
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0055
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0055
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0060
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0060
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0060
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0065
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0065
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0065
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0070
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0070
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0070
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0070
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0075
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0075
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0080
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0080
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0080
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0085
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0085
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0085
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0090
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0090
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0090
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0095
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0095
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0095
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0100
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0100
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0105
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0105
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0110
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0110
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0110
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0110
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0115
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0115
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0115
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0120
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0120
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0120
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0120
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0125
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0125
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0125
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0130
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0130
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0130
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0135
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0140
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0140
http://refhub.elsevier.com/S0887-2333(18)30009-2/rf0140

	SkinEthic™ RHE for in vitro evaluation of skin irritation of medical device extracts
	Introduction
	Materials and methods
	Functional reconstructed human epidermis model SkinEthic™ RHE
	Exposure protocol
	Cell viability
	Spiked solvents with lactic acid and heptanoic acid
	Extraction of medical devices (ISO 10993-12)
	Cytokine quantification

	Results
	SkinEthic™ RHE quality controls and reproducibility
	Solvents spiked with irritant
	Reference materials extracted in polar and non-polar solvents
	18 h versus 24 h exposure time
	Cytokine as secondary endpoint

	Discussion
	Transparency document
	Acknowledgments
	References




