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A B S T R A C T   

The skin is a potential route of exposure to antimicrobial cleaning products (ACP). Skin irritation, reversible 
damage to the skin, is an endpoint for protecting consumers and operators accidently exposed to these complex 
mixtures. To assess skin irritation of 24 ACP formulations, a new protocol was developed and adapted from 
OECD Test Guideline No. 439 with EpiDerm™ (epidermis model) replaced by Phenion® FT (full thickness tissue, 
including epidermis and dermis) as the test system. A full thickness tissue was utilized to provide a more human 
in vivo-like model. Formulations were applied to Phenion® FT and cell viability measured by MTT reduction after 
a 15-min exposure and 42 h post exposure period. A prediction model was applied, and results compared with in 
vivo rabbit skin irritation data. Concordance between in vivo and in vitro was demonstrated to be suitable (i.e., 
sensitivity 78%, specificity 83%, and accuracy 79%) using this modified OECD Test Guideline No. 439 method 
with a 70% cell viability selected as the most reasonable cut off for discriminating non-irritants (EPA Class IV). 
These results were considered suitable to develop a draft IATA i.e., with any ACP formulation identified as EPA 
Category IV in this test. The method will be further refined to distinguish irritant categories.   

1. Introduction 

The skin is a potential route of exposure to chemicals that are present 
in commonly used household and professional products, such as anti-
microbial cleaning products (ACP). Skin irritation, i.e., reversible dam-
age to the skin, is an important endpoint for protecting consumers and 
operators exposed to these complex mixtures. Therefore, assessment of 
skin irritation toxicity potential is an important requirement for ACP 
manufacturers, as well as government regulatory agencies charged with 
overseeing the safety of chemicals and consumer products. Skin 

irritation testing is required in the U.S. and Europe for hazard identifi-
cation and product labelling for pesticides and other industrial chem-
icals, and to determine levels of personal protective equipment for safe 
handling (US EPA, 2016). 

The irritation tests are based on the experience that irritant chem-
icals show cytotoxic effects following short term exposure to the stratum 
corneum of the epidermis. Methods for assessing skin irritation, which 
are currently accepted by regulatory authorities either rely on use of 
rabbits in vivo, a test first proposed by Draize et al. (1944) and subse-
quently refined as OECD Test Guideline (TG) No. 404 (OECD, 2015), or 
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by various reconstructed human epidermis (RhE) in vitro models (OECD, 
2021). The results of these tests are currently utilized to assign chemicals 
to specific hazard categories with global regulatory labelling implica-
tions according to the Globally Harmonized System (GHS) of Classifi-
cation and Labeling of Chemicals (UN GHS, 2021) and the US EPA 
classification system (US EPA, 2018). The US EPA categorizes irritant 
substances into Category II, III, or IV (Category IV being equivalent to 
UN GHS No Category). Most global regulatory authorities classify irri-
tants as GHS Category 2 only. The US EPA identify Category II (moderate 
irritant) and Category III (mild irritant). All other substances do not 
require classification for labelling for skin irritation hazard (GHS No 
category and EPA Category IV). 

In an initial proof-of-concept test (unpublished) with MatTek Epi-
Derm™ using the OECD TG No. 439 (OECD, 2021) and 10 ACP for-
mulations, compared with the rabbit in vivo classification, the 
sensitivity, specificity, and accuracy were 100, 33 and 60%, respec-
tively. The specificity was considered too low with this set of ACP for-
mulations for further evaluation. Optimization of existing prediction 
models within OECD TG No. 439 (e.g., modifications of exposure time or 
cut off values) may also improve productivity and these are under 
investigation in similar efforts. Other reconstructed human epidermis 
models approved for use in OECD TG No. 439 (OECD, 2021) were ex-
pected to perform similarly. All these test systems are reconstructed 
human epidermal skin models, have been cross validated against the 
reference test model and are assumed to have a similar skin barrier 
function. Therefore, a novel approach was investigated using the 
Phenion® FT skin model. 

The Phenion® FT skin model consists of both a fully differentiated 
epidermis, the outermost layer of the skin, and the underlying dermis 
that contains a natural, collagen-based connective tissue. In conse-
quence, the model resembles human native skin in a variety of 
anatomical and physiological properties, making it an ideal tool for 
research projects as well as for the development of innovative, 
replacement test methods. Each batch of the Phenion® FT model is well 
characterised for quality and is supplied with a Certificate of Analysis 
(CoA) and a Material Safety Data Sheet (MSDS). The CoA includes the 
production lot, matrix lot, fibroblast lot, keratinocyte lot, date of ship-
ment, a contamination and quality assessment and a lactate dehydro-
genase (LDH) release test. The serological test results identify that the 
batch is negative for Hepatitis B, Hepatitis C, HIV-1/HIV-2, and myco-
plasma. The LDH release assay confirms that the batch has passed a 24 h 
LDH release assay confirming that the non-stressed cells display an LDH 
activity of <5% of the Triton-X-100 (1%) stressed cells so confirming 
that they have passed the quality control test. The MSDS contains a 
description of the model (i.e., in vitro full thickness, epidermis and 
dermis, skin model), state of differentiation (e.g., Air Liquid Interface 
Day 10), storage conditions (i.e., sterile, 37 ◦C, 5% CO2 (v/v)), produc-
tion batch, matrix batch and cell batches. The virus status of the cells, 
the cell type (e.g., non-modified human basic primary keratinocytes and 
fibroblasts obtained from foreskin from the same donor and a confir-
mation that all four typical layers (including stratum corneum) are 
present. 

The main difference between the reconstructed human epidermal 
test systems; MatTek EpiDerm™, EpiSkin SkinEthic™ RHE and Phenion 
epiCS®, and the reconstructed human full thickness test system, Phen-
ion® FT, is that the EpiDerm, SkinEthic™ RHE and epiCS® are 
epidermis only and the Phenion® FT test system contains dermis un-
derneath the epidermis. For the 3 reconstructed human epidermis test 
systems, the epidermis is constructed from human keratinocytes and are 
grown on the polycarbonate membrane at the air liquid interface on 
Transwell® plates. For the Phenion® FT full thickness model, human 
keratinocytes are also used to build the epidermis, and primary human 
fibroblasts are used to populate the collagen sponge and generate the 
dermis (Mewes et al., 2007). All 4 test systems are sold in 24-well plate 
formats and develop a stratum corneum with similar structural properties 
to human skin. The presence of the dermis in the Phenion® FT test 

system provides this model with a more in vivo-like structure since the 
human epidermis (in vivo) is embedded onto the dermis. The structural 
similarities between human skin (Fig. 1A) and the Phenion® FT model 
(Fig. 1B) can be seen clearly seen. 

The aim of this proof-of-concept test was to determine if a modified 
protocol, based on the EpiDerm™ protocol identified in OECD TG No. 
439 (OECD, 2021), using the Phenion® FT test system could accurately 
predict ACP formulations with known non-irritant animal hazard 
categorizations. 

2. Materials and methods 

2.1. In vivo reference data 

No new animal tests were performed; historically, generated con-
ventional in vivo data were used. These in vivo studies were conducted 
under US EPA Good Laboratory Practice regulations, or equivalent. 

2.2. In vitro skin irritation test protocol 

The design of the in vitro test protocol was based on OECD TG No. 
439 (OECD, 2021). The modifications to this standard test are described 
and highlighted in this manuscript. Since the work was conducted over a 
period of 2 years and the test guideline was updated frequently, there 
were different versions of the test guideline issued during the work, 
although none of them resulted in changes to the method initiated at the 
start of the programme. The latest version included additional test sys-
tems that have been validated for this purpose. All variations to the test 
guideline are described in detail below and summarised in Table 1. The 
application volume and exposure time comply with the guideline but are 
highlighted as they do differ across the individual RhE compliant 
protocols. 

The test system, Phenion® FT skin model, was supplied by Phenion, 
Düsseldorf, Germany. The accompanied CofAs demonstrated that the 
models complied with the acceptance criteria set by Phenion. All 
Phenion® FT production lot numbers complied with the acceptance 
criteria applied by Phenion and these are identified in Table 2. The use 
of this full thickness human-derived tissue construct was a critical 
change from the OECD TG No. 439 (OECD, 2021) which uses recon-
structed human epidermal test systems. All other changes were a 
consequence of the decision to use this test system. A cross section 
through normal human skin is shown in Fig. 1(A) and is compared with a 
cross section of the Phenion® FT model in Fig. 1(B). The Phenion® FT 
model is produced on a Transwell® insert (Fig. 2). The Phenion® FT skin 
irritation tests were performed at Charles River Laboratories, ‘s-Herto-
genbosch, The Netherlands. The study did not claim GLP compliance, 
but the experimental phase of the study was conducted in the quality 
assured environment of Charles River Laboratories ‘s-Hertogenbosch 
GLP Test Facility. 

The ACP formulations were prepared by The Clorox Company, 
Pleasanton, CA, USA. The formulations were prepared to have the same 
composition to formulations used to generate hazard classifications in 
the conventional animal test. Formulation details, including their main 
active ingredient, are summarised in Table 3. 

The ACP formulations, which were all supplied as liquids, were 
stored at room temperature, or maintained at ca 4 ◦C in a refrigerator, 
according to the manufacturer’s (The Clorox Company) instructions 
prior to use. The ACP formulations were not supplied with a CoA. Expiry 
dates were assigned as a default of 1 year from preparation, and all were 
evaluated within this timeframe. The negative control was phosphate 
buffered saline (PBS) obtained from Merck KGaA, Darmstadt, Germany. 
The positive control was sodium dodecyl sulphate (SDS) obtained from 
Sigma-Aldrich Chemie GmbH, Steinheim, Germany diluted in PBS (5%, 
v/v). 

A formulation or chemical may interfere with the 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) endpoint if it 
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is coloured and/or is able to directly reduce MTT. The cell viability 
measurement is affected only if the chemical or formulation is present 
on the tissues when the MTT viability test is performed. The ACP for-
mulations were checked for possible colour interference before the study 
was started. A non-coloured chemical or formulation may change into a 
coloured solution in aqueous conditions and thus stain the skin tissues 
during the exposure. To assess the colour interference, an ACP formu-
lation (10 μL) was added to Milli-Q water (90 μL). This was mixed for ca 
15 min. A negative control, Milli-Q water (10 μL), was evaluated 
concurrently. At the end of the shaking period a visual colour check was 
performed. The formulation was checked for possible direct MTT 
reduction before the study was started. To assess the ability of the ACP 
formulations to reduce MTT, each ACP formulation (39 μL) was added to 
MTT solution (2 mL, 0.5 mg/mL in PBS). The mixture was incubated for 
3 h at 37 ◦C. A negative control, sterile Milli-Q water (25 μL) was 
evaluated concurrently. At the end of the incubation period a visual 
colour check was performed. 

On the day of tissue receipt, the Phenion® FT tissues were 

transferred to 12-well plates and pre-incubated with pre-warmed 
Maintenance Medium (Phenion, Düsseldorf, Germany) for 18 to 24 h 
at 37 ◦C. The production lot numbers used were identified against the 
ACP formulations assessed. When a sample failed any of the acceptance 
criteria, it was repeated with the next available batch. 

Three replicate tissues were treated (39 μL) with either the negative 
control (PBS), positive control (SDS; 5%, v/v) or with an ACP formula-
tion. These were topically applied, undiluted, on to the stratum corneum 
surface of the Phenion® FT skin tissue. The positive control was re- 
spread after ca 7 min contact time. Negative and positive controls 
were shared with parallel studies. After the exposure period (15 ± 0.5 
min) at room temperature, the tissues were washed with PBS to remove 
residual control or ACP formulation. After rinsing, the cell culture in-
serts were each dried carefully and moved to a new well on pre-warmed 
Maintenance Medium (2 mL) until all tissues were dosed and rinsed. 
Subsequently, the skin tissues were incubated for 42 h under a standard 
controlled environment (standard conditions). The standard conditions 
were a humid atmosphere (80–100%) containing carbon dioxide (CO2; 
5.0 ± 0.5%) in air in the dark maintained at an optimal temperature 
(37.0 ± 1.0 ◦C). The temperature and humidity were continuously 
monitored throughout the experiment. The CO2 percentage was 

Fig. 1. Cross Section Through (A) Human Skin and (B) Phenion® FT Skin Model. 
Photo supplied by https://www.phenion.com 

Table 1 
Modifications to OECD TG No. 439 (OECD, 2021).  

Model Step OECD TG No. 439 
Requirement 

Adaptation 

Test System Approved RhE Models Phenion® FT 
Model 

Application Volume 10–40 μL 39 μL 
Exposure Time 15–60 min 15 min 
Cutting Tissue Prior to MTT Test Not Applicable Additional Step 
Tissue Viability for Irritant 

Classification 
≤50% (GHS 2) ≤70% (EPA I/II/ 

III)¥ 

Tissue Viability for Non-Irritant 
Classification 

>50% (GHS No 
Category) 

>70% (EPA IV)¥  

¥ Derived from the results generated herein. 

Table 2 
Phenion FT Production Lot No. Acceptance Data.  

Production Lot No. *LDH Release (%) 

Phe-HM-21-14 0.8 
Phe-HM-22-01 1.6 
Phe-HM-19-24 1.0 
Phe-HM-19-23 0.8  

* The acceptance criterion for LDH release for non-stressed 
tissues was <5% of the Triton-X-100 stressed tissues. 

Fig. 2. Phenion® FT Skin Model in Transwell® Insert Format. 
Photo supplied by https://www.phenion.com 
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monitored once on each working day. Temporary deviations from the 
temperature, humidity and CO2 percentage may occur due to opening 
and closing of the incubator door. Any variations to these conditions in 
any single experimental run were evaluated and were not considered to 
have resulted in an adverse impact on the study integrity. 

After incubation, cell culture inserts were dried carefully to remove 
excess medium. Tissues were cut twice with a sharp scalpel in a roughly 
crucifix cross shape (Fig. 3). This procedure enabled the MTT solution to 
better penetrate the complete tissue and allow for improved extraction 

of reduced MTT (formazan) out of the skin during the MTT tissue 
viability assay. This additional step was a change from OECD TG No. 439 
(OECD, 2021). 

Cytotoxicity is expressed as the reduction of mitochondrial dehy-
drogenase activity measured by formazan production from MTT at the 
end of the treatment. The cut tissues were transferred into wells of a 12- 
or 24-well plate, filled with fresh MTT working solution (1–2 mL) pre-
pared from MTT concentrate (Sigma Aldrich, Zwijndrecht, The 
Netherlands) diluted in Assay Medium (final concentration 0.5 mg/mL). 
The wells with tissues were placed into an incubator and incubated for 3 
h under standard conditions. After this incubation time, the tissues were 
carefully washed eight times with Dulbecco’s PBS (600 μL). Excess 
liquid was removed while placing the tissues on to dry Kleenex filter 
paper. The dried tissues were transferred into new wells of a 12- or 24- 
well plate filled with 2-propanol (1–2 mL). Plates were closed with the 
lid and sealed with Parafilm® or adhesive foils. The formazan was 
eluted, refrigerated, and protected from light for 18 to 72 h. Before 
analysing the formazan extracts, the extracts were diluted four times 
with isopropanol. The extracts were mixed to obtain homogeneous so-
lutions. From each tissue sample formazan extraction solution (2 × 200 
μL) were transferred to the wells of a translucent 96-well flat-bottom 
microtiter plate. The blank was 2-propanol. The amount of extracted 
formazan was determined spectrophotometrically at 570 nm, in dupli-
cate, with a TECAN Infinite® M200 Pro Plate Reader. 

Each in vitro skin irritation test run was considered acceptable if it 
met all the following three acceptability criteria; (i) The absolute mean 
OD570 of the three tissues of the negative control should reasonably be 
within the acceptance limits based on OECD TG No. 439 (OECD, 2021) 
or modified to a lower acceptance limit (≥0.6) and upper acceptance 
limit (≤2) and the standard deviation (SD) of the % viability was ≤18%. 
(ii) The mean relative tissue viability of the positive control was ≤40% 
relative to the negative control and the SD of the % viability was ≤18%. 
(iii) The SD calculated from individual % tissue viabilities of the three 
identically treated replicates were ≤ 18%. 

Cell viability was calculated using the optical density (OD) readings 
and calculations. The corrected OD (ODc) for each sample or control 
(ODraw) was calculated by subtracting the value of the blank mean 
(ODbl) from each reading (ODraw). The OD value representing 100% cell 
viability was the average OD of the negative controls (ODlt_u+MTT). The 
percentage viability for each sample and positive control was calculated 
by ODc divided by mean ODlt_u+MTT x 100%. 

OECD TG No. 439 (OECD, 2021) uses these irritation prediction in-
terpretations to identify the categorization of the chemical or formula-
tion. A chemical is categorized to be an irritant (i.e., GHS Category 1 or 
2) in the in vitro skin irritation test using the EpiSkin™ model, if the 
relative mean tissue viability of three individual tissues after 15 min of 

Table 3 
ACP Formulation Information.  

ACP 
Formulation 

Batch Appearance/ 
Colour 

Active Ingredient(s) 

F19950660 PS# 
2019.199 

Clear Light 
Yellow 

Sodium Hypochlorite 

82-65C PS# 
2019.200 

Clear Light 
Yellow 

Sodium Hypochlorite 

F20040111 PS# 
2019.201 

Clear Colourless Hydrogen Peroxide 

83-48C PS# 
2019.202 

Clear Light 
Yellow 

Sodium Hypochlorite 

TA214–88 PS# 
2019.203 

Clear Colourless Quaternary Ammonium 
Compounds 

F20010053 PS# 
2019.204 

Clear Blue Quaternary Ammonium 
Compounds 

F20100130 PS# 
2019.205 

Clear Amber Glycolic Acid 

FIS20160164 PS# 
2019.206 

Clear Colourless Quaternary Ammonium 
Compounds 

F19950616 PS# 
2019.207 

Clear Light 
Yellow 

Sodium Hypochlorite 

FIS20190037 PS# 
2019.208 

Turbid White Citric Acid 

F19950198 2021,041 Thick Green CTAC 
F19950406 2021,045 Thin Pale Yellow Hydrogen Peroxide 
FIS20170076 PS2021,040 Thin Clear Sodium Hypochlorite 
F20140084 PS2021,038 Thin Amber ADBAC 
FIS20150266 PS2021,036 Thin Blue ADBAC & DDAC 
F20100130 PS2021,037 Thin Amber Glycolic Acid 
FIS20170080 PS2021,039 Thin Purple ADBAC & DDAC 
F20040124 PS2021,035 Thick Blue Benzalkonium Chloride 
F19950616 2021,043 Clear Pale 

Yellow 
Sodium Hypochlorite 

F19950010 2021,046 Slightly Thick 
Green 

Sodium Hypochlorite 

F19950354 2021,042 Very Thick Green CTAC 
F19950166 2021,044 Thin Brown Isopropanol 
F19950114 20,200,112–1 Clear Pale 

Yellow 
Sodium Hypochlorite 

F19950380 20,200,112–2 Clear Pale 
Yellow 

Sodium Hypochlorite  

Fig. 3. Cutting of Phenion® FT Skin Tissue Prior to MTT Test. The Schematic Picture Shows the Cuts (1, 2, and 3). Cuts are shown in an example Phenion FT® unit 
with Cut 1. and then with All 3 Cuts. 
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exposure to the chemical and 42 h of post incubation, is ≤50% of the 
mean viability of the negative controls. A chemical is categorized to be 
non-irritant (i.e., No Category) in the in vitro skin irritation test if the 
relative mean tissue viability of three individual tissues after 15 min of 
exposure to the chemical and 42 h of post incubation is >50% of the 
mean viability of the negative controls. This prediction model was not 
suitable as the Phenion® FT model is a full thickness model, compared to 
the RhE models accepted for use in the guideline. There is more tissue to 
damage in a full thickness skin model than in an epidermal skin model. 
Consequently, the irritation prediction model interpretations were 
adjusted using the current study results. To assess the irritation predic-
tion interpretations with the best fit to identify the categorization of the 
ACP formulations, concordance between the in vivo and in vitro irritation 
data was determined using the following three methods. Method A used 
a ≤ 60% cell viability to identify combined GHS Category 2/ EPA 
Category II and GHS Category 3/EPA Category III and > 60% cell 
viability to identify GHS No Category/EPA Category IV. Method B used 
a ≤ 70% cell viability to identify combined GHS Category 2/ EPA 
Category II and GHS Category 3/EPA Category III and > 70 to identify 
GHS No Category/EPA Category IV. Method C used a ≤ 50% cell 
viability to identify GHS Category 2/ EPA Category II and > 50% and ≤
70% to identify GHS Category 3/EPA Category III and > 70% cell 
viability to identify GHS No Category/EPA Category IV. 

3. Results 

The ACP formulations were checked for colour interference in 
aqueous conditions and possible direct MTT reduction by mixing the 
ACP formulation with MTT medium. Because no colour changes were 
observed for any of these ACP formulations, it was considered that none 
of these formulations would interact with MTT, therefore, these ACP 
formulations were not considered to impact on the measured endpoint. 

Based on the tissue viability (% of negative control) results, the 
concordance of the cell viability cut off value of 50% defined in OECD 
TG No. 439 (OECD, 2021) was compared to the three proposed cut off 
values for irritation prediction. The OECD TG No.439 (OECD, 2021) cut 
off value of 50% gave a sensitivity of 78%, specificity of 73% and an 
overall accuracy of 75%. The method for irritation prediction interpre-
tation criteria was selected based on best fit of the three evaluated 
methods, as well as the standard OECD TG No. 439 (OECD, 2021) 
criteria (Table 4). The three methods were: Method A gave a sensitivity 
of 72% (13/18) when GHS Category 2 and 3 were combined, a speci-
ficity of 100% (6/6) and accuracy of 75%. Method A also predicted 7/9 
GHS Category 2 and 2/3 EPA Category II concordant with in vivo, which 
was considered moderately protective for severe irritants identified in 
vivo. Method B gave a sensitivity of 78% (14/18), a specificity of 83% 
(5/6) and accuracy of 79% (19/24). Method B also predicted 8/9 GHS 
Category 2 and 2/3 EPA Category II concordant with in vivo, which was 
considered highly protective for severe irritants identified in vivo. Due to 
the non-concordance with EPA and GHS Categories II/2 and III/3, 
Method C was evaluated separately for the EPA and GHS Categories. 

Method C, using EPA Categories, gave a sensitivity of 100% (2/2) when 
identifying EPA Category II and 19% (3/16) when identifying Category 
III. Method C, using GHS Categories, gave a sensitivity of 78% (7/9) 
when identifying GHS Category 2 and 22% (2/9) when identifying 
Category III. Method C for both EPA and GHS gave an 83% specificity 
when predicting EPA IV/ GHS No Category (5/6). The accuracy of 
Method C, when predicting EPA Categories, was 42% (10/24), and 58% 
(14/24) when predicting GHS Categories. 

These models were not a priori expectations, but instead were iden-
tified by the results generated in this project. Indeed, all cut off values 
are derived from observations from experiments including the in vivo 
rabbit assay classifications. 

Therefore, based on the concordance between in vivo and in vitro 
irritation data in the assessed models, 70% cell viability (Model B, with 
an overall accuracy of 79%) was selected as the most suitable cut off 
value for discriminating non-irritants (Class IV) from mild and moderate 
irritants (EPA Class III and II). The logic behind the 70% cut off was that 
the Phenion® FT test system was full thickness skin, whereas the other 
test systems used in the OECD Test Guideline No. 439 (OECD, 2021) test 
are epidermis only. Therefore, there are more cells that would need to be 
killed by any components of an antimicrobial formulation to result in an 
irritant prediction. Using the 50% cut off (OECD, 2021) would have 
resulted in a test less able to identify irritants. 

Method B was chosen for the prediction model in this study. 
Tissue viability was expressed as the remaining cell viability after 

exposure to the formulation and normalised against the negative control 
viability. The mean tissue viability for the ACP formulations compared 
to the negative control tissues is presented in Fig. 4. ACP formulations, 
F19950660, 82-65C, F20040111, 83-48C and F20010053, were tested 
in Phenion® FT Lot No. Phe-HM-19-23. ACP formulations, TA214–88, 
F20100130, FIS20160164, F19950616 and FIS20190037, were tested in 
Phenion® FT Lot No. Phe-HM-19-24. ACP formulations, FIS20170076, 
F20140084, FIS20150266, F20100130, FIS20170080, F20040124, 
F19950616, F19950010, F19950354, F19950166, F19950198, 
F19950406, were tested in Phenion® FT Lot No. Phe-HM-21-14. ACP 
formulations, F19950114 and F19950380, were tested in Phenion® FT 
Lot No. Phe-HM-22-01. All positive and negative controls fulfilled the 
acceptance criteria on each testing day. Fig. 4 shows two horizontal 
lines; the first is at 70% which was the prediction model (Method B). The 
second is at 100% which shows the mean negative control (n = 3) for 
each batch. 

Green and red bars are the negative and positive control tissue 
viability (% of negative control) for each batch of formulations tested. 
The different shades of blue bars identify formulations tested in the same 
Phenion® FT Production Lot No. Formulations F19950660, 82-65C, 
F20040111, 83-48C and F20010053 were tested on Phenion® FT Pro-
duction Lot No. Phe-HM-19-23. Formulations TA214–88, F20100130, 
FIS20160164, F19950616 and FIS20190037 were tested on Phenion® 
FT Production Lot No. Phe-HM-19-24. Formulations FIS20170076, 
F20140084, FIS20150266, F20100130, FIS20170080, F20040124, 
F19950616, F19950010, F19950354, F19950166, F19950198 and 

Table 4 
Accuracy of tested irritation prediction models.  

Prediction Method Irritant Non-Irritant Method Concordance 

GHS: 2 3 None 

EPA: II III IV Sensitivity Specificity Accuracy 
OECD TG (GHS only) ≤50% N/A >50% 78% 73% 75% 
Method A ≤60% >60% 72% 100% 75% 
Method B ≤70% >70% 78% 83% 79% 
Method C (EPA) ≤50% >50% ≤70% >70% 100%1 83% 42% 

19%2 

Method C (GHS) ≤50% >50% ≤70% >70% 78%1 83% 58% 
22%2  

1 Denotes the accuracy of predicting the in vivo Category 2/II. 
2 Denotes the in vivo Category 3/III. 
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F19950406 were tested on Phenion® FT Production Lot No. Phe-HM-21- 
14. Formulations F19950114 and F19950380 were tested on Phenion® 
FT Production Lot No. Phe-HM-22-01. 

The ACP formulations tested passed all OECD TG No. 439 (OECD, 
2021) acceptance criteria except for ACP formulation No. TA214–88 
(Batch No. PS# 2019.203) where the variation (SD) for the test item 
group was 20%, i.e., greater than the 18% acceptance criterion. There-
fore, this ACP formulation was tested again, and the repeat data set was 

accepted as it fulfilled all acceptance criteria and is reported here. The 
absolute mean OD570 of the three tissues of the negative control was 
within the acceptance limits (lower acceptance limit ≥0.6 and upper 
acceptance limit ≤2). The mean cell viability after 15 ± 0.5 min expo-
sure of the positive control was ≤40% for all tissue lots. The SD value of 
the percentage viability of the three tissues treated identically with the 
positive controls were ≤ 18% for all tissue lots. Therefore, the positive 
control irritant chemical, SDS, caused toxicity to the Phenion® FT cells 

Fig. 4. Tissue Viability (% of Negative Control) in the Phenion® FT Model for 24 ACP Formulations and Respective Positive and Negative Controls.  

Table 5 
Comparison of Phenion® FT Category with EPA and GHS Categories for 24 ACP Formulations.  

Formulation GHS Category 
(OECD TG 404) 

Phenion® FT 
Category (OECD 439)* 

EPA Category 
(OPPTS 870.2500)¥ 

Phenion® FT 
EPA Category 

EPA 
Prediction 

82-65C No Category No Category IV IV Yes 
F20040111 No Category No Category IV IV Yes 
83-48C No Category No Category IV IV Yes 
TA214–88 No Category No Category IV IV Yes 
FIS20190037 No Category No Category IV IV Yes 
FIS20160164 No Category Category 1/2 IV I, II, III No 
F20010053 Category 3* No Category III IV No 
FIS20170076 Category 3* No Category III IV No 
F19950198 Category 3* No Category III IV No 
F19950010 Category 2 No Category III IV No 
F20140084 Category 3* Category 1/2 III I, II, III Yes 
FIS20170080 Category 3* Category 1/2 III I, II, III Yes 
F20040124 Category 3* Category 1/2 III I, II, III Yes 
F19950354 Category 3* Category 1/2 III I, II, III Yes 
F20100130 Category 3* Category 1/2 III I, II, III Yes 
F20100130 Category 3* Category 1/2 III I, II, III Yes 
F19950616 Category 2 Category 1/2 III I, II, III Yes 
F19950616 Category 2 Category 1/2 III I, II, III Yes 
FIS20150266 Category 2 Category 1/2 III I, II, III Yes 
F19950166 Category 2 Category 1/2 III I, II, III Yes 
F19950406 Category 2 Category 1/2 III I, II, III Yes 
F19950380 Category 2 Category 1/2 III I, II, III Yes 
F19950114 Category 2 Category 1/2 II I, II, III Yes 
F19950660 Category 2 Category 1/2 II I, II, III Yes  

* OECD TG No. 439 (OECD, 2021) has not been validated to predict GHS Category 3. 
¥ U.S. EPA Health Effects Test Guidelines, OPPTS 870.2500. 
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within the acceptable variability limits of the assay. The SD value of the 
percentage viability of the three tissues treated identically with the 
negative controls were ≤ 18% for all tissue lots. Therefore, the test 
system was confirmed to be functioned within the acceptability criteria 
set out for this assay. 

Based on the concordance between in vivo and in vitro irritation data 
in the assessed models, 70% cell viability (Method B, with an overall 
accuracy of 79%) was selected as the most suitable cut off for discrim-
inating non-irritants (Class IV) from mild and moderate irritants (EPA 
Class III and II). The results are summarised in Table 5 against the EPA 
and GHS Categorizations using the original conventional animal results. 

Since the objective was to be able to identify EPA Class IV (GHS No 
Category) ACP formulations, the sensitivity, specificity, and accuracy 
was calculated based on a combined EPA Category I (corrosive), II 
(moderate irritant) and III (mild irritant) against EPA Category IV (non- 
irritant) and compared with the conventional EPA in vivo categoriza-
tions. The sensitivity, specificity, and accuracy were 78% (14/18), 83% 
5/6) and 79% (19/24), respectively. 

Two of the test formulations were tested twice. F20100130 (in vivo 
GHS Category 3, EPA Class III) was identified as a GHS Category 1/2 
(EPA Class I, II, III) on both occasions with mean viability of 35% and 
44%. F19950616 (in vivo GHS Category 2, EPA Class III) was identified 
as a Category 1/2 (EPA Class I, II, III) on both occasions with mean 
viability of 24% and 41%. In total, there were 4 batches of Phenion® FT 
tested with the positive control, SDS. The mean viability (calculated as 
the mean of the mean of each of the 4 triplicate tests) was 23% (SD 4%) 
with a CV of 16%, and all values were well below the 70% viability cut 
off for the positive control. This confirmed that the cutting technique 
either supported the access of the MTT to the keratinocytes or egress of 
the reduced MTT back into the MTT solution, or there was no need for 
this additional step. Although more repeatability testing would be rec-
ommended as the assay gains wider use, these data and the reproduc-
ibility of the positive control samples demonstrates that the assay was 
repeatable, inferring the suitable assay robustness criterion for NAM 
confidence (van der Zalm et al., 2022) and outperforming the rabbit in 
vivo test (Rooney et al., 2021). 

4. Discussion 

The existing humanised 3D in vitro test method for skin irritation 
(OECD, 2021) has been extensively validated for single chemicals. 
However, while these models have been used for internal decision- 
making, there is less experience and data to support their use for ACP 
mixtures in a regulatory context. Therefore, a direct comparison be-
tween the EpiDerm™ protocol (EpiDerm™ (2009)) and historical data 
from studies performed according to OECD TG No. 404 (OECD, 2015) 
was initiated. The results for this first set of ACP formulations demon-
strated that the EpiDerm™ model, using OECD TG No. 439 (OECD, 
2021), resulted in skin irritation categorizations much higher (i.e., 
indicating a higher hazard) than the corresponding in vivo test data using 
OECD TG No. 404 (OECD, 2015). The results are summarised in Table 6. 

The same binary system i.e., EPA Category I, II, III versus EPA Cate-
gory IV was performed. The sensitivity, specificity, and accuracy were 
calculated to be 100% (4/4) 33% (2/6) and 60% (6/10). The specificity 
was considered too low for further evaluation. The reasons for the lower 
performance were not investigated further and should not be considered 
as a reason not to use the standard RhE test method for other formula-
tions and mixtures. Other reconstructed human epidermis models 
approved for use in OECD TG No. 439 (OECD, 2021) were expected to 
perform similarly since their performance has been compared in their 
“me-too” validation tests (Zuang et al., 2002; Spielmann et al., 2007). 

The ACP chemistry is important to consider. These formulations 
contain water, ethanol, short and long chain alcohols, and anionic, 
cationic, and non-ionic surfactants. Skin hydration has long been known 
to increase skin penetration (Behl et al., 1980). Ethanol is a good 
penetration enhancer for dermal absorption (Schmook et al., 2001; 

Gupta et al., 2020). Short and long chain alcohols and anionic, cationic, 
and non-ionic surfactants are also penetration enhancers (Lane, 2013). 
Since inert ingredients including solvents and surfactants have the po-
tential for increasing cytotoxicity (Rhein, 2007), this can result in higher 
levels of cytotoxic chemicals reaching the keratinocytes resulting in 
lower viability scores in RhE models, which would not be expected in 
humans with a more robust dermal barrier function. As a full thickness 
model containing keratinocytes and fibroblasts with more cells overall 
than the epidermal RhE models, the Phenion® FT model is expected to 
have a more robust barrier function. In addition, the Phenion® FT model 
was deemed to express good levels of skin metabolising enzymes (Wie-
gand et al., 2014). 

The stratum corneum barrier function of the approved RhE model test 
systems was considered important for the ACP formulations. In an early 
skin absorption pre-validation study (Schäfer-Korting et al., 2006), the 
absorption of caffeine and testosterone was compared between three 
RhE models, EpiDerm™, EpiSkin™ and SkinEthic™ and with human 
epidermis over a 6 h exposure period using methods based on OECD TG 
No. 428 (OECD, 2004). The lag time for the RhE models were shorter, or 
non-existent for EpiDerm™ with testosterone than with human 
epidermis for both chemicals. Caffeine absorption through EpiDerm™ 
(4.87 μg/cm2) was 4.3-fold greater than through human epidermis 
(1.12 μg/cm2). Testosterone absorption through EpiDerm™ (2.36 μg/ 
cm2) was 7.4-fold greater than through human epidermis (0.32 μg/cm2). 
The absorption of these chemicals was overestimated when using RhE 
and the higher absorption values suggested that the barrier functions of 
the reconstructed tissues were considerably less developed than the 
human epidermis (Mertsching et al., 2008). Although the Phenion® FT 
model has not been extensively tested as a model for skin absorption, as 
this is a full thickness model and the manufacturers have developed a 
version of this for skin absorption testing, it is anticipated that this test 
system will have an enhanced barrier function when compared to the 

Table 6 
Comparison of EpiDerm™ Categorization of Skin Irritation to Classification from 
an In Vivo Animal Test for 10 ACP Formulations.  

Formulation Active Ingredient EPA 
Category 
(OECD TG 
404) 

GHS 
Category 
(OPPTS 
870.2500) 

EpiDerm™ 
Category 
(OECD 439)¥ 

82-65C Sodium 
hypochlorite 

IV No Category Category 1/ 
2¥ 

F20040111 Hydrogen 
peroxide 

IV No Category No Category 

83-48C Sodium 
hypochlorite 

IV No Category Category 1/ 
2¥ 

TA214–88 Quaternary 
Ammonium 
Compounds 

IV No Category Category 1/ 
2¥ 

FIS20160164 Quaternary 
Ammonium 
Compounds 

IV No Category Category 1/ 
2¥ 

FIS20190037 Citric acid IV No Category No Category 
F20010053 Quaternary 

Ammonium 
Compounds 

III Category 3* Category 1/ 
2¥ 

F20100130 Glycolic acid III Category 3* Category 1/ 
2¥ 

F19950660 Sodium 
hypochlorite 

II Category 2 Category 1/ 
2¥ 

F19950616 Sodium 
hypochlorite 

III Category 2 Category 1/ 
2¥  

* OECD TG No. 439 (OECD, 2021) has not been validated to predict GHS 
Category 3. 

¥ When the EpiDerm™ test identifies a positive result, a definitive categori-
zation is not possible. According to the guideline, this will be categorized as 
Category 1 or Category 2. An additional in vitro corrosion test, OECD Test 
Guideline No. 431 (OECD, 2014) is needed to distinguish between these cate-
gories and give a definitive categorization, i.e., Category 1 or Category 2, and 
this is detailed in the OECD IATA for skin corrosion and irritation (OECD, 2017). 
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RhE model. The Phenion® FT model showed an improved ratio of ab-
sorption for testosterone, caffeine, benzoic acid, and nicotine than the 
RhE models when standardized to pig skin (Ackermann et al., 2010). 

Species differences in the skin permeability of animal and human 
skin have been identified to be related to skin structure; stratum corneum 
thickness and number of cell layers, epidermal and dermal thickness, 
and area of hair follicle openings (Scott et al., 1991). These differences 
are also observed for rabbit skin’s higher hair follicle density and more 
permeable stratum corneum (Bartek et al., 1972). Therefore, the rabbit 
test is already overly conservative with relation to human hazard/ irri-
tation potential. Further, the Draize skin irritation test has been shown 
to have especially poor reproducibility (<50%) for mild and moderate 
irritation predictions (Rooney et al., 2021). The Draize rabbit test 
accurately predicted severe human skin irritants and non-irritants but 
failed to separate the mild and moderate skin irritants when compared 
to a similar protocol with human volunteers (Phillips et al., 1972). This 
was confirmed more recently, when the Draize rabbit skin irritation test 
was evaluated for its robustness (Rooney et al., 2021). The authors 
stated “Chemicals classified as moderate irritants at least once were 
classified as mild or non-irritants at least 40% of the time when tested 
repeatedly. Variability was greatest between mild and moderate irri-
tants, which both had less than a 50% likelihood of being replicated”. 
They also suggested “variability present in the rabbit skin irritation test 
should be considered when evaluating nonanimal alternative methods 
as potential replacements”. 

van der Zalm et al. (2022) suggests that fitness for purpose, human 
biological and, if appropriate, mechanistic relevance, technical charac-
terization, data integrity and transparency, and independent review are 
all essential when establishing scientific confidence in new approach 
methodologies for regulatory use. The Phenion® FT test system, with a 
new % viability cut off, does fulfil the fitness for purpose for ACP for-
mulations and human biological relevance criteria (Phenion® FT is 
derived from human keratinocytes and fibroblasts). The model is also 
aligned mechanistically with skin irritation processes. The toxic com-
ponents of the ACP formulations must first cross the skin barrier, i.e., the 
stratum corneum and once in the viable epidermis, these toxicants can 
produce their cytotoxic effects on the dermal keratinocytes. It is the 
viability of keratinocytes as well as fibroblasts that are measured in this 
assay. 

A 2-tier testing integrated approaches to testing and assessment 
(IATA) can be visualised with all formulations evaluated using the 
modified OECD TG No. 439 (OECD, 2021) using Phenion® FT as the test 
system and an EPA Category IV acceptance criterion of >70% cell 
viability. In this proposed IATA, any ACP formulation identified as EPA 
Category IV would not require further testing. However, if the formu-
lation was identified as an irritant, since this model does not yet 
discriminate between classes, further evaluation would be required, or 
an EPA Category I/II waiver could be applied. Although it is not possible 
to identify a cut-off value to distinguish between a Category 1/2 or 
Category 3, an arbitrary mean viability of, for example, <50% could be 
used to choose the latter option. This <50% cut off is used in OECD 
(2021), which adds an additional weight to this suggestion. This work 
could fit into the current skin corrosion and irritation IATA (OECD, 
2017) taking into consideration the effects that antimicrobial formula-
tion mixtures have on the epidermal in vitro test systems with the 
improved skin barrier function properties of the Phenion FT® test sys-
tem. This approach will reduce animal use whilst maintaining a rigorous 
hazard classification and minimising harm to animals in the Draize test. 

The differences observed between some of the classifications be-
tween the in vitro and in vivo results were further considered. Other than 
in vitro-in vivo, the most obvious difference between the tests is the 
species difference, i.e., rabbit versus human and this has been long 
known in skin irritation testing (Phillips et al., 1972). In this work, the 
rabbit test accurately predicted severe human skin irritation, but failed 
to discriminate the mild and moderate skin irritants. Dermal irritation 
potential for antimicrobial formulations range from EPA category IV 

(mild or slight irritation), to EPA category III (moderate irritation), and 
EPA category II (severe irritation); EPA Category I denotes dermal 
corrosion potential. The in vivo studies were performed to regulatory 
standards using relevant EPA/OECD test guidelines. However, in vivo 
tests are subjective, i.e., analysis is performed by a pathologist, albeit 
using a standardized pathology scaling, however, the interpretation of 
the scale is subjective for any individual pathologist. Conversely, the in 
vitro tests are objective as they use analytical measurements, i.e., the 
spectrophotometric colour changes measuring the MTT reduction by the 
viable cells using the TECAN Infinite® M200 Pro Plate Reader. Vast 
variability is known to be present in the in vivo tests (Rooney et al., 
2021). For example, even regulatory compliant tests may use animals of 
a slightly different age or weight range, or different strain. The food 
provided to the animals may be different and there can be differences in 
water quality and housing conditions (e.g., European housing have been 
traditionally more spacious than other geographies). These test method 
differences were considered to be attributable to the differences 
observed between in vitro human and in vivo rabbit data. 

5. Conclusions 

In conclusion, concordance between in vivo and in vitro irritation data 
was demonstrated to be suitable (i.e., sensitivity 76%, specificity 83%, 
and accuracy 78%) using the modified OECD Test Guideline No. 439 
using the Phenion® FT test system with a 70% cell viability selected as 
the most appropriate cut off for discriminating non-irritants (Class IV). 
These results were considered suitable to develop a draft IATA i.e., with 
any ACP formulation identified as EPA Category IV in this test, then no 
further testing would be required and if identified as an irritant, then a 
waiver would be used to accept an EPA Category I, II, III. 
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