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ABSTRACT
Background: Test methods to inform hazard characterization and labeling of pesticides to protect 
human health are typically conducted using laboratory animals, and for skin irritation/corrosion the 
rabbit Draize test is currently required by many regulatory agencies. Although the Draize test is 
generally regarded to provide protective classifications for human health, new approach 
methodologies (NAMs) have been developed that offer more human relevant models that circumvent 
the uncertainty associated with species differences that exist between rabbits and humans. Despite 
wide applicability and use of these test methods across a broad range of chemicals, they have not 
been widely adopted for testing pesticides and pesticidal formulations. One of the barriers to 
adoption of these methods in this sector is low concordance with results from the Draize rabbit 
test, particularly for chemicals within the mild to moderate irritation spectrum.
Methods: This review compares and contrasts the extent to which available models used in skin 
irritation testing mimic the anatomy and physiology of human skin, and how each aligns with the 
known key events leading to chemically-induced adverse skin irritation and corrosion. Doing so fully 
characterizes the human relevance of each method.
Results: As alternatives to the rabbit Draize test, several protocols using ex vivo, in chemico, and in vitro 
skin models are available as internationally harmonized test guidelines. These methods rely on a variety 
of models of human skin, including excised rodent skin, synthetic biochemical models of barrier function, 
cell culture systems, and reconstructed human tissue models. We find these models exhibit biological 
and mechanistic relevance aligned with human skin irritation responses. Further, recent retrospective 
analyses have shown that the reproducibility of the Draize test is less than 50% for mild and moderate 
responses, with many of the replicate predictions spanning more than one category (e.g., a moderate 
response reported in one study followed by a non-irritant response reported in another study).
Conclusions: Based on this comparative evaluation, we recommend top-down and bottom-up 
testing strategies that use the most human relevant in vitro test methods for skin irritation and 
corrosion classification of pesticides and pesticide formulations. To further discriminate among mild 
and non-irritant formulations, optimization of a cytokine release protocol and subsequent analyses 
of reference formulation test results is recommended.

Introduction

Pesticidal products are currently required to undergo a bat-
tery of acute mammalian assessments informally known as 
the acute ‘six-pack’, comprised of acute lethality via oral, der-
mal, and inhalation exposure routes, skin sensitisation, and 
irritation and corrosion testing of both the eye and skin. Tests 
evaluating both individual active ingredients and end-use for-
mulations are used by regulatory agencies tasked with deter-
mining which hazard classifications, precautionary statements, 
first aid language, and/or personal protective equipment are 

necessary to protect consumers, professional handlers, and 
applicators. Historically, these are in vivo tests in mammals, 
but due to growing ethical and scientific concerns surround-
ing animal-based test methods, many alternatives for the 
acute ‘six-pack’ have been developed and evaluated. To vali-
date alternatives for regulatory purposes, the expectation has 
been for alternative methods to show predictive performance 
as good as or better than the animal-based test. Whereas a 
comparison of predictive performance and human relevance 
would require a comparison of how well each method 
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predicted human responses, sufficient human data are rarely 
available for comparison. As a surrogate, concordance with 
reference data obtained from testing of chemicals in the 
established animal tests has been used to evaluate the use-
fulness and limitations of the alternative assays.

Significant progress has been made towards the development 
of new approaches to replace animal tests. Recent examples 
include defined approaches for predicting skin sensitisation [1–4] 
and the GHS Mixtures Equation for determining the acute sys-
temic toxicity of pesticide formulations [5]. Additionally, animal 
tests can be waived in certain circumstances, e.g. for acute dermal 
toxicity evaluation [6–9]. For assessing the eye irritation potential 
of cleaning products with antimicrobial claims (also known as 
antimicrobial cleaning products, or AMCPs), US EPA’s Office of 
Pesticide Programs (US EPA OPP) has formally adopted an alterna-
tive test method framework which utilised in vitro and ex vivo eye 
irritation test methods in an integrated testing strategy [10]. More 
recently, a review of the human relevance and reliability of in vivo, 
in vitro, and ex vivo eye irritation and corrosion test methods for 
pesticides was conducted and found that in vitro and ex vivo 
methods are reflective of human biology, capture the necessary 
endpoints needed to assess the ocular toxicity of pesticide formu-
lations, and are less variable than in vivo methods [11].

This review provides an assessment of the human rele-
vance and reliability of the currently available skin irritation 
test methods, both the Draize rabbit skin test, and alterna-
tives that have been developed and in many cases, adopted 
as OECD health effects test guidelines. Herein we identify the 
key anatomical structures and functional characteristics of 
human skin, as well as the biochemical mechanisms of skin 
damage, and the extent to which they are addressed by each 
test method. Doing so objectively demonstrates their applica-
bility to identifying and classifying the acute skin irritation 
and corrosion potential of pesticide formulations.

Structure and function of human skin

In order to understand the human relevance of available in vivo, 
ex vivo, and in vitro methods, it is critical to first provide a charac-
terisation of the structure and function of human skin, and how 

they relate to the key events in chemically-induced skin irritation 
and corrosion. This can then be compared and contrasted to rab-
bit, rat, and mouse skin, as well as artificial biobarrier, cell, and 
tissue models used in irritation and corrosion testing.

Vertebrate skin is comprised of two major functional layers: 
the nonvascular epidermis and the connective dermis, which is 
anchored to the subcutaneous hypodermis. Skin provides pro-
tection from excessive water and electrolyte loss, as well as 
protection from mechanical injury and exposure to xenobiotics, 
foreign materials, and UV light. In mammals, these functions 
are performed to varying degrees both by skin and hair, which 
necessarily vary with body location as well as the phenotype 
of the individual, leading to substantial inter- and intra-species 
differences in skin morphology [12].

In humans, the full thickness of skin is comprised of both 
the epidermis and underlying dermis and is reported to be 
approximately 3 mm [13]. The epidermis is divided into four to 
five distinct layers, with a total thickness of ca. 50 µm [13] com-
prised of ca. 10 to 20 cell layers deep at varying levels of differ-
entiation depending upon the location on the body [14]. In 
vivo, the layers in the epidermis are continually produced, orig-
inating from the innermost epidermal layer, the stratum basale 
(also referred to as the s. germinativum) which is comprised of 
proliferative basal epidermal keratinocytes (Figure 1). As kerati-
nocytes in the s. basale layer divide and are displaced superfi-
cially, they begin terminal differentiation to establish a series of 
strata: s. spinosum, s. granulosum, s. lucidum, and the outermost 
s. corneum. The s. corneum, formed by dead, keratinised cells, is 
characterised as a cross-linked network of intercellular lipids, 
ceramides, and cholesterol which provide the primary barrier 
against chemical penetration into the skin to protect the under-
lying viable epidermal and dermal cells. The s. corneum in 
humans can vary in thickness depending upon the location of 
the body; Jung and Maibach [13] report a representative thick-
ness of 17 µm. Barrier function is a major factor in the ability of 
skin to tolerate exposures to irritating chemicals more effec-
tively than other external tissues such as ocular or mucosal epi-
thelia. In effect, the degree of barrier function determines the 
level of exposure of the underlying viable skin cells to offend-
ing chemicals. Other cell types including melanocytes, 

Figure 1. S tructure of human skin. Diagrammatic cross section of human skin displaying epidermal layers, dermis, and appendageal skin structures. © Can Stock 
Photo Inc. / 10051252.
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Langerhans cells, Merkel cells, and sensory nerves are resident 
in the epidermis in addition to keratinocytes; however, they do 
not contribute significantly to the skin’s essential barrier func-
tion or biomass.

Just beneath the mammalian epidermis lie the two zones of 
the dermis: the superficial papillary dermis immediately beneath 
the epidermis, and the deeper reticular dermis. The papillary 
dermis consists of a dense population of fibroblasts, featuring 
numerous ridges (papillae) and valleys that create an irregular 
border between the epidermis and dermis [15]. The primary 
functions of the papillary layer are to provide nutrients to the 
epidermis and to regulate temperature, both of which are 
accomplished via the fine capillary network within the papillary 
layer. The reticular layer is the thickest layer of skin and is com-
prised of dense collagen fibres supported by sparse dermal 
fibroblasts. The dermis also contains the blood vessels, lymphat-
ics, nerves, and nerve endings that sustain the organ.

Appendageal (or adnexal) skin structures arise from the 
reticular dermis; in humans these include hair, sweat glands, 
and sebaceous glands, the first two of which are lined by 
epidermal cells and pass through the epidermis via follicles 
and ducts, respectively (Figure 1). Hair follicle density in 
human skin is notably less than in most other mammals, 
and is reported to be 0.2 to 0.3 follicles per mm2 on the 
arms and legs [16]. Appendageal structures are relevant to 
chemical-induced skin irritation in that they provide an alter-
nate avenue for chemicals to bypass the defensive barrier of 
the s. corneum. While the relative contributions of follicular 
and intracellular skin penetration pathways vary among spe-
cies, follicular penetration has been shown to be a poten-
tially significant pathway of absorption for topical applications 
of certain chemicals [17–19]. Notably, in furred mammals, 
densely packed hairs extend above the epidermal surface to 
minimise dermal exposure to xenobiotics. In humans, how-
ever, thicker epidermal and dermal layers exist in the 

absence of fur to provide increased barrier function to the 
exposed epidermis.

Key events involved in skin irritation and corrosion

Skin exposure to neat chemicals, mixtures, and formulations 
can lead to a wide range of adverse responses, from mild 
inflammation reactions such as transient erythema and 
edoema, to severe reactions resulting in necrosis and subse-
quent scar formation [20]. Chemicals fall onto a continuum of 
cytotoxic and tissue lytic potencies, thus defining whether 
they are likely mild or moderate skin irritants or corrosives 
[21]. Chemicals with corrosive potential are both highly cyto-
toxic and can rapidly penetrate into the dermis [21], while 
irritant chemicals may be less cytotoxic and/or less likely to 
permeate beyond the epidermis. Skin corrosion and irritation 
are manifestations covering a spectrum of tissue responses 
with varying degrees of severity, persistence and depth of 
injury. Consequently, highly irritant/marginally corrosive 
chemicals may manifest as either corrosive or highly irritated 
tissue responses under varying circumstances and exposure 
conditions.

The redness, swelling, and blistering that define irritant 
contact dermatitis, clinically known as erythema and edoema, 
result from the signalling cascade initiated by the penetration 
of the chemical through the s. corneum and into the epider-
mal cells. Irritation and corrosion are delineated from allergy 
by exclusion, encompassing any localised inflammatory 
response not due to an immune response, while irritation is 
distinguished from corrosion based on the reversibility of the 
tissue damage. In clinical testing, irritant contact dermatitis is 
diagnosed by a lack of T-cell involvement in the aetiology, 
rather than the involvement of a specified process or path-
way [22]. Consequently, there are numerous biochemical 
pathways that can contribute to irritation [23,24]. Despite this 
complexity, it is useful to organise relevant mechanistic key 

Figure 2. G eneralised mechanisms of skin irritation and corrosion in mammals. Key events upstream of erythema and edoema that can be measured quantitatively 
include cytotoxicity, tissue dehydration, and cytokine release.
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events into the framework of a generalised adverse outcome 
pathway (Figure 2), to help understand how available test 
methods might inform on the likelihood of an irritation or 
corrosion response in humans.

At the molecular level, initiating events causing membrane 
disruption and macromolecule dysfunction can occur through 
direct binding, inhibition, oxidation, precipitation, dissolution, 
or saponification of intracellular or extracellular components. 
Lipids, organic solvents, and surfactants can intercalate mem-
brane bilayers and dissolve lipids that make up the extracel-
lular matrix of the s. corneum. Oxidants and alkylators can 
affect lipids and proteins, inducing structural changes that 
lead to loss of macromolecular function. Bases saponify lipids, 
while acids can induce protein precipitation. While these 
mechanisms represent numerous possible initiating events, 
they inform directly on the types of materials that pose a risk 
to epithelial cells – electrophiles and oxidants, strong acids 
and bases, lipophilic solvents, et cetera.

Upon damaging or breaching the barrier function of the s. 
corneum, chemicals can injure the keratinocytes in the epider-
mis [22,25], and in more severe cases penetrate deeper affect-
ing the stromal fibroblasts and accessory cells originating in 
the dermis. As denatured proteins and disrupted membranes 
fail to protect the underlying cells, these effects can increase 
the depth of penetration through epidermal and dermal tis-
sues leading to enhanced damage. At the cellular level, the 
same molecular mechanisms that disrupt the barrier also dis-
rupt cellular structures and organelles, leading to cell death. 
Following sufficient damage to cellular processes, local inflam-
mation of dermal tissue is facilitated by the keratinocyte 
release of pre-formed membrane bound cytokine Interleukin-1 
alpha (IL-1α) [26], as well as by local activation of small mol-
ecule, protein-based and lipid-based autacoids, reactive oxy-
gen species, and other interleukins, and glycolipids [20,27]. 
IL-1α is a unique member of the IL-1 family, behaving as a 
dual-function cytokine and transcription factor that is consti-
tutively present in healthy cells [28,29]. Its precursor can rap-
idly shuttle between cytosol and the nucleus, activating 
inflammatory cascades in the cytosol, while nuclear localisa-
tion inhibits inflammation [30]. Extracellularly, when released 
from cells under necrotic or hypoxic stress, IL-1α binds to the 
IL-1R1 receptor, activating neighbouring cells to produce a 
protective response to cell stress [31]. In response to these 
stress signals from dying epidermal cells, nearby cells rapidly 
induce transcription of secondary inflammatory mediators 
such as IL-6, IL-8, and Tumour Necrosis Factor alpha (TNF-α) 
[32,33] in neighbouring keratinocytes.

While damaged epidermal cells are the initiators of inflam-
matory cascades, the ultimate targets of these mediators are 
the endothelial and stromal layers of local blood vessels in 
the dermal layer. Circulating macrophages and neutrophils 
are recruited locally in response to IL-8, while IL-1α and TNF-α 
induce expression of intercellular adhesion molecules (ICAM-1) 
on endothelial cells and fibroblasts to allow adhesion and 
migration of the neutrophils to the site of chemical injury. 
These signalling cascades result in increased permeability of 
endothelia, allowing for dilation of capillaries and fluid accu-
mulation leading to erythema and edoema, which are the 
observable primary apical events in skin irritation.

Skin corrosion is differentiated from skin irritation based 
on the lack of reversibility of the tissue damage. In corro-
sion, the depth of the cellular damage and necrosis sub-
stantially involves cellular and architectural components of 
the dermis including dermal fibroblasts and the collagen 
matrix. Whereas the epidermis can rapidly recover by epi-
dermal keratinocyte sheet migration from surrounding 
unaffected epidermal tissues to cover the site of the 
wound, chemical damage into the dermis can induce fibro-
blast collagen deposition and scar formation. Furthermore, 
significant damage into the dermis may cause permanent 
local loss of accessory structures including hair follicles, 
sweat and sebaceous glands, and in extreme cases induce 
destruction of the capillary beds. While eschar is typically 
observed at the site of exposure to corrosives, it is not 
unusual for edoema and erythema to be observed at the 
periphery to the corrosive damage, as one would expect a 
gradient of decreasing concentration of the offending 
chemical distally from the site of exposure with progres-
sively less tissue damage.

Structure and function of skin models used for 
irritation and corrosion testing

Having characterised the structure and function of human skin 
and identified both the upstream key events and the down-
stream apical manifestations associated with chemical-induced 
skin irritation and corrosion, in this section the similarities and 
differences between human skin and that of the in vivo, ex 
vivo, in chemico and in vitro models used for skin irritation and 
corrosion testing are described. Additionally, the mechanistic 
basis for each of the models as they are used to inform on 
skin irritation and corrosion are presented, as well as the key 
events and endpoints utilised.

The current test methods addressing skin corrosion and 
irritation in regulatory guidelines as well as those in develop-
ment are listed in Tables 1–3. The test methods are divided 
into three tables to facilitate comparison of methods that 
have similar advantages and limitations. The regulatory use 
(where applicable) is described alongside assay and protocol 
characteristics influencing human relevance for comparative 
reference. For most of the alternative test methods, sensitiv-
ity, specificity and accuracy data were determined relative to 
the available rabbit Draize data, and consequently these per-
formance statistics do not directly convey their abilities to 
predict human skin irritation potential. Whereas most of the 
alternative test methods listed have undergone varying levels 
of evaluation or validation for their ability to replace the 
Draize test, not all test methods are used for regulatory sub-
missions. This review seeks to present the available methods 
to inform the endpoint of skin irritation and corrosion, 
whether or not they have undergone a specific validation 
process or are included in OECD test guidelines, as such 
methods may still be useful towards our efforts.

All of the models used for skin irritation/corrosion testing 
differ from native human skin to various degrees in their 
structural and functional characteristics. Histological images 
of mammalian skin models that are used in irritation and 



Cutaneous and Ocular Toxicology 5

Table 1.  In Vivo and Ex Vivo Test Methods.

Test Method

Description and Applications

i.	 Overview
ii.	 Classification
iii.	 Performance

Characteristics

i.	 Test system
ii.	 Mode of action
iii.	 Exposure time and washing
iv.	 Test material limitations
v.	 Human relevance

OECD TG 404: Acute Dermal 
Irritation/Corrosion [57] / EPA 
OPPTS 870.2500

Overview: The test method was developed in 1944 
[34]. The test involves clipping away dorsal fur 
approximately 24 hours before applying test 
material to the newly exposed skin. The skin is 
then covered with a gauze patch, which is held in 
place for up to 4 hours [35]. The test results are 
qualitatively assigned to skin irritation scores 
based on subjective examination of the nature 
and severity of lesions; reversibility of lesions is 
assessed for up to 14 days.

Classification: The test method is used to assign one 
of four EPA categories (I, II, III, or IV), or one of 
three GHS categories (1, 2, 3, or No Category). The 
EPA and GHS criteria for designation are 
independent and are not harmonised. While the 
Draize test is conducted identically for both OECD 
[35] and US EPA submissions, the evaluation of 
the dermal irritation scores are ultimately 
interpreted in a different manner by the two 
regulatory systems [36].

For GHS and EPA, dermal corrosion in one animal can 
trigger the category 1 classification, however, in 
the GHS system the results are averaged over 
several animals. The Office of Pesticide Program 
(OPP) within US EPA previously provided two 
options for the calculation of the Primary Irritation 
Index (PII) for Dermal Irritation studies: 1) each 
animal’s erythema and edoema scores for the 1, 
24, 48 and 72 hours scoring intervals are added 
separately; then all six values are added together 
and divided by the (number of test sites x 4 
scoring intervals); 2) the 1, 24, 48, and 72 hours 
erythema and edoema scores for all animals are 
added and divided by the (number of test sites x 
4 scoring intervals)[37]. However, the current 
harmonised guideline does not recommend 
averages but rather a full reporting of individual 
rabbit scores and full description of observations 
during the entire timespan of the test for each 
animal to assist in interpreting the numeric scores 
recorded [38].

The GHS also provides two options for the calculation 
of the PII as follows: 1) for both erythema and 
edoema end points, all 24, 48 and 72 hours scores 
for each animal are added together and divided 
by the (number of test sites x 3 scoring intervals); 
2) for both erythema and edoema, all 24, 48, and 
72 hours scores of each animal individually are 
added and divided by the number of scoring 
intervals [39].

Performance: Qualitative scoring of erythema and 
edoema is subjective and not particularly 
reproducible. A recent analysis of over 900 
substances tested in vivo more than once found 
that chemicals classified as moderate or mild 
irritants at least once (in both US EPA and GHS 
schemes) have approximately a 40-60% chance of 
that same classification being reported in a 
subsequent study. Substances were often 
re-classified to a non-adjacent category, including 
a considerable proportion (5-10%) of 
re-classification between corrosive and mild or 
non-irritant categories [40].

Test system: The test is conducted in live albino rabbits.
Mode of action: The test method evaluates apical outcomes in 

rabbit skin, typically including erythema, edoema, and eschar 
formation, and any other notable lesions or changes.

Exposure time and washing: Three test patches are applied to 
rabbit skin at a dose rate of 500  µL or 500 mg/6 cm2 – generally 
under semi-occlusive conditions. Up to three rabbits may be 
used. The first patch is removed after 3 min. If no serious skin 
reaction is observed, the second patch is removed after 1 hour. 
If observations indicate that exposure can be continued 
humanely, the third patch is removed after 4 hours and the 
responses graded. If a corrosive effect is observed after either 
3 min or 1 hour of exposure, the test is immediately terminated 
by removal of the remaining patches and euthanasia of the 
animal. The skin may be rinsed after 4 hours, and the exposure 
sites evaluated and scored after 60 minutes, 24, 48, and 
72 hours, and up to 14 days to evaluate for reversibility of effects 
[35]. According to EPA TG OPPTS 870.2500 and OECD TG 404, 
the post-treatment evaluation period should be sufficient to 
fully evaluate the reversibility or irreversibility of the effects 
observed to delineate between corrosion and irritation.

Test material limitations: The subjectivity of visual evaluation is 
especially prominent in the case of compounds that colour the 
skin [20]. Volatility may affect the amount of chemical in 
contact with skin, and the test is not considered applicable to 
the testing of gases and aerosols [41].

Human relevance: the endpoints of the test method include apical 
outcomes similar to those observed clinically in humans. The 
mode of action for corrosivity is expected to be highly relevant, 
but the pathways for skin irritation may differ between species. 
The model uses native non-human mammalian skin complete 
with adnexal structures similar to those observed in human skin, 
but the significantly thinner skin, and high density of hair 
follicles relative to humans makes the test method prone to 
notable over-prediction.

(Continued)
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corrosion test methods are shown for comparison to human 
skin in Figure 3.

Structure and function of Rabbit and rodent skin

Non-human mammalian species have been used historically 
for determining the skin irritation and corrosion potential of 
chemicals, and the in vivo rabbit has been used extensively 
following the methods first described by Draize [34] to cover 
the full spectrum of irritation potentials from identifying 
non-irritants to discriminating among corrosive subcategories. 
Test methods utilising ex vivo rodent skin have been devel-
oped, namely, the Transcutaneous Electrical Resistance test 
method (TER) for skin corrosion testing, and the Skin Integrity 

Function Test (SIFT) for skin irritation, using ex vivo rat and 
mouse skin, respectively. These methods offer improvements 
over the Draize rabbit test in both animal welfare and quan-
titative measurement.

Rabbit and rodent skin differ from human skin due to 
major species differences in the structure and function of the 
epidermis (Figure 3A). In rabbits, the epidermis develops from 
the germination layer (s. basale, or s. germinativum), but it dif-
fers from human epidermis in that it is limited to three strata: 
s. basale, s. spinosum, and s. corneum. Further, the rabbit s. cor-
neum, as well as the full epidermis and dermis, are observed 
to be thinner than in humans, with the most substantial dif-
ferences observed in the s. corneum and dermis. The thick-
ness of New Zealand White rabbit skin tissue was reported to 

Test Method

Description and Applications

i.	 Overview
ii.	 Classification
iii.	 Performance

Characteristics

i.	 Test system
ii.	 Mode of action
iii.	 Exposure time and washing
iv.	 Test material limitations
v.	 Human relevance

OECD TG 430: In Vitro Skin 
Corrosion: Transcutaneous 
Electrical Resistance Test 
Method (TER) [42]

Overview: This test method utilises ex vivo rat skin 
discs to identify corrosives by their ability to 
produce a loss of normal s.  corneum integrity and 
barrier function as measured by decreases in 
transcutaneous electrical resistance (TER) below a 
threshold. Since as many as fifteen skin discs can 
be obtained from one rat, the test method allows 
for a reduction and refinement in animal use for 
corrosion testing [42].

Classification: The test method can discriminate 
between corrosive (GHS Category 1) and 
non-corrosive substances but cannot further 
subcategorise corrosive substances. For 
non-corrosive substances, other test methods must 
be utilised to delineate the categories of irritation 
[42].

Performance: Based upon a validation study [43] and 
other published studies [44,45], an overall 
sensitivity of 94% (51/54) and specificity of 71% 
(48/68) when compared to the in vivo rabbit test 
is presented for a database of 122 substances.

Test system: The test method uses skin discs, harvested 
post-mortem from 28 to 30-day old rats.

Mode of action: Intact skin discs exhibit high (ca. ≥10 kΩ) TER. The 
rat skin discs undergo breakdown and breach of the s.  corneum 
barrier function following exposure to corrosive material.

Exposure time and washing: Test substances are applied to the 
epidermal side of the skin discs and maintained at room 
temperature for 24 hours, after which the substances are rinsed 
with copious water, and prepared for post-treatment TER 
determinations.

Test material limitations: Incomplete removal of test material can 
interfere with TER measurements and lead to readings > 20 kΩ 
[42]. Further, non-corrosive detergents, surfactants and other 
materials can lead to reduced TER by masking lipids and making 
the ex vivo skin discs more ion-permeable. When TER readings 
are near or below 5 kΩ but visual damage to the skin disc is 
not observed, the penetration of sulforhodamine B dye can be 
assessed to identify such false positives [42].

Human relevance: the mode of action for corrosivity is expected to 
be highly relevant, but the test method endpoint may not be 
highly relevant. The model uses native non-human mammalian 
skin complete with adnexal structures similar to those observed 
in human skin, but the significantly thinner skin, and high 
density of hair follicles relative to humans makes the test 
method prone to notable over-prediction.

Skin Integrity Function Test (SIFT) 
for Skin Irritation

Overview: The test method is based upon measuring 
changes in the barrier function in ex vivo mouse 
skin using the endpoints of trans-epidermal water 
loss (TEWL) and electrical resistance (ER).

Classification: Chemicals tested in the SIFT assay are 
predicted skin irritants if the ratios of the pre- and 
post-application values for either TEWL or ER are 
greater than five-fold. Conversely, if the ratio of 
both parameters is less than five-fold then the 
chemical is deemed non-irritant [46,47].

Performance: The test method was initially 
evaluated by ECVAM in a multiphase validation. 
Twenty chemicals (9 irritants and 11 
non-irritants) were tested in Phase I in the lead 
lab to evaluate protocol improvements made as 
a result of prevalidation activities. Based upon 
the results of Phase I, the Validation 
Management Team concluded that the predictive 
ability of the test method was not sufficient to 
proceed Phase II [48].

Test system: The test system uses ex vivo mouse skin.
Mode of action: The test measures TEWL and changes in electrical 

resistance as the barrier function of the s.  corneum is 
compromised [20].

Exposure time and washing: A validated protocol has not yet been 
developed for this test method.

Test material limitations: Incomplete removal of test material can 
interfere with TER and TEWL measurements.

Human relevance: neither the single mode of action for skin 
irritation, nor the test method endpoint are relevant. The model 
uses native non-human mammalian skin complete with adnexal 
structures similar to those observed in human skin, but the 
significantly thinner skin, and high density of hair follicles 
relative to humans makes the test method prone to notable 
over-prediction.

Table 1.  Continued.
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be 1.21 ± 0.04 mm, while the epidermis and dermis were 
reported to be approximately 0.03 and 1.18 mm, respectively 
[74]. Similarly, the full thickness of rat skin is reported to be 
ca. 2.1 mm, and the epidermis and s. corneum are reported to 
be 0.032 and 0.018 mm, respectively, while for mouse skin the 
full thickness is reported to be 0.8 mm, and the epidermis 
and s. corneum are reported to be 0.013 and 0.005 mm, 
respectively [13,75]. Whereas these metrics are representative 
of adult skin derived from the ventral or dorsal tissues and 
may vary considerably with location on the body and age of 
the animals, the test method protocols for the rat TER and 
mouse SIFT specify the age of the animals and body location 
for collection. In contrast, these layers are two- to three-fold 
thicker in human skin in order to provide sufficient protection 
from xenobiotics [76].

Further, methods utilising mammalian skin necessitate the 
removal of fur by shaving or shearing to allow for application 
of test material to the skin surface, exposing not only the epi-
dermis but also inadvertently exposing hair follicles to test 
material application. Hair follicle density differs significantly 
between rabbit, rodent, and human skin: in humans, hair fol-
licle density is reported to be 0.2 to 0.3 follicles per mm2 on 
the arms and legs [16], while in rabbits and rodents, the der-
mis contains approximately 20-fold higher density of hair fol-
licles, with 4 to 5 follicles per mm2 [76]. Similarly, the 
trans-epidermal permeation rates measured for key reference 
chemicals differ by well over 10-fold between rodent and 
human skin [77] with the following general rank order of per-
meability determined for select chemicals: permeability in 
rabbit > rat > human [78,79]. In summary, all of the 

Table 2.  In Chemico Membrane Test Methods.

Test Method

Description and Applications

i.	 Overview
ii.	 Classification
iii.	 Performance

Characteristics

i.	 Test system
ii.	 Mode of action
iii.	 Exposure time and washing
iv.	 Test material limitations
v.	 Human relevance

OECD TG 435: In 
Vitro Membrane 
Barrier Test 
Method for Skin 
Corrosion 
(Corrositex®) [49]

Overview: The test method uses an in chemico 
membrane barrier that can be used to identify 
corrosive chemicals and allows the sub-categorisation 
of corrosive test chemicals according to the GHS and 
US Department of Transportation (DOT) classification 
systems. Prior to routine use of this method, 
laboratories must test twelve proficiency substances to 
demonstrate technical proficiency.

Classification: Based upon the breakthrough time, the 
test method can classify into all three GHS corrosion 
subcategories, as well as identify non-corrosive 
substances. Those highly corrosive substances that 
penetrate the bio-barrier in ≤ 3 minutes are predicted 
to be GHS Category 1 A corrosive, while substances 
that do not penetrate the bio-barrier within the 
established observation time of up to 4 hours are 
predicted non-corrosive. However, for non-corrosive 
substances the test method does not provide further 
information on the skin irritation potential; other test 
methods must be utilised to discriminate the irritation 
potential of non-corrosive substances [49].

Performance: Validation studies have been completed for 
the Corrositex® test method [50] showing an overall 
accuracy to predict skin corrosivity of 79% (128/163), 
a sensitivity of 85% (76/89), and a specificity of 70% 
(52/74) for a database of 163 substances and mixtures 
[51]. Corrositex® meets the performance standards 
outlined by the National Toxicology Program 
Interagency Centre for the Evaluation of Alternative 
Toxicological Methods [52].

Test system: The test system comprises two components: a synthetic 
macromolecular bio-barrier and a chemical detection system (CDS). The 
bio-barrier membrane model is composed of lipids, proteins, 
glycoproteins, and low molecular weight substances that model the 
s.  corneum barrier of skin.

Mode of action: The test method addresses the rate of bio-barrier 
membrane penetration as a result of dissolution, denaturation, or other 
mechanisms associated with skin barrier protein and lipid denaturation. 
The rates for breaching the bio-barrier are correlated to the corrosion 
subcategories.

Exposure time and washing: A test chemical is applied to the bio-barrier 
membrane and the test system is monitored for up to 4 hours for the 
first indications of test substance breakthrough into the CDS. No rinsing 
is performed.

Test material limitations: The assay principle is limited to chemicals that 
can disrupt the bio-barrier. Chemicals tested must be outside the pH 
range 4.5 − 8.5. Multiple colorimetric indicators are compatible to 
overcome spectral interference with coloured test materials.

Human relevance: the mode of action for corrosivity is expected to be 
highly relevant. The model is not based upon any cellular or biological 
structure and is not human relevant.

In Vitro 
Macromolecular 
DERMAL 
Irritection® Test 
Method

Overview: The Dermal Irritection® assay utilises an in 
chemico membrane substrate comprised of a 
covalently crosslinked mixture of keratin and collagen 
in the presence of an indicator dye as a model of skin 
barrier function.

Classification: The extent of indicator dye release and 
protein denaturation may be quantitated by 
measuring the changes in optical density of the 
reagent solution at 450 nm. The changes in the optical 
density of the reagent solution are evaluated to 
determine a skin irritancy score designed to relate to 
the potential skin irritancy of the test chemical [53].

Performance: This test method has not undergone formal 
validation for regulatory application and is not 
currently approved for international regulatory 
classification and labelling purposes.

Test system: The test system comprises a covalently crosslinked protein 
membrane of keratin and collagen in the presence of an indicator dye.

Mode of action: When applied to the synthetic membrane, irritant chemicals 
disrupt the ordered structure of keratin and collagen and thereby release 
the bound indicator dye into the indicator reagent solution under the 
membrane. Additionally, irritant chemicals also induce conformational 
changes in the globular proteins found in the reagent solution.

Exposure time and washing: A validated protocol has not yet been 
developed for this test method.

Test material limitations: Although this test method is not yet approved for 
use to identify skin irritants, test material limitations will likely be similar 
to those for the Ocular Irritection® assay, namely some coloured 
chemicals, protein precipitating chemicals, concentrated surfactants, and 
highly volatile chemicals [54].

Human relevance: the single mode of action for skin irritation is not 
expected to be especially relevant. The model is not based upon any 
cellular or biological structure and is not human relevant.
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Table 3.  In Vitro Cell Culture Test Methods.

Test Method

Description and Applications

i.	 Overview
ii.	 Classification
iii.	 Performance

Characteristics

i.	 Test system
ii.	 Mode of action
iii.	 Exposure time and washing
iv.	 Test material limitations
v.	 Human relevance

OECD TG 431: In 
Vitro Skin 
Corrosion: 
Reconstructed 
Human Epidermis 
(RhE) Test 
Method [55]

Overview: This test method quantitatively measures a substance’s ability 
to induce cytotoxicity in three-dimensional reconstructed human 
epidermis (RhE) models, based on the premise that corrosive 
chemicals are able to rapidly penetrate the s.  corneum and are highly 
cytotoxic to the cells in the underlying layers.

Currently five commercially-available RhE tissues (EpiSkin™ Standard 
Model, EpiDerm™ SCT, SkinEthic™ RHE1, epiCS®, and LabCyte 
EPI-MODEL24) have been approved within the OECD Test Guidelines 
program for identifying corrosive (Category 1) and non-corrosive (No 
Category) substances, as well as subcategorization (between Category 
1 A and 1B/1C) of corrosive substances within the GHS classification 
system [55].

Classification: Chemicals which do not reduce tissue viability below the 
test method-specific threshold can be identified as non-corrosive 
according to both the GHS and EPA classification systems. For 
non-corrosive substances, other test methods must be utilised to 
identify irritation potential. OECD TG 431 can be used in a bottom-up 
or top-down approach [41].

Performance: Validation studies of ca. 79 substances in the 5 tissue 
models demonstrated that the overall accuracy varied from 69.8% to 
78.8%; the rate of correct non-corrosive predictions varied from 71.6% 
to 79.3%; the rate of correct GHS 1B/1C predictions varied from 
60.7% to 76.3%; and the rate of correct 1 A predictions varied from 
83.3% to 87.5%. Furthermore, no GHS 1 A substances were 
under-predicted as non-corrosive [55].

Test system: This test method uses a reconstructed human epidermis 
derived from human keratinocytes cultured at the air-liquid 
interface, complete with an intact s.  corneum.

Mode of action: The RhE tissue models essential events in skin 
corrosion (i.e. breach of the s.  corneum barrier function and 
keratinocyte cell death), by measuring changes in cellular 
respiratory metabolism after a fixed exposure (via quantitative 
succinate dehydrogenase activity using MTT).

Exposure time and washing: Exposure times vary for different RhE 
models, but are generally short exposures ranging from 3 to 
60 minutes where discrimination between non-corrosives, and 
subcategories of corrosive substances is relevant (the EpiSkin™ 
test method also includes a 240 minute exposure time). After 
exposure, the RhE models are thoroughly rinsed prior to 
conducting the MTT viability assessment. No post-treatment 
expression incubations are conducted.

Test material limitations: While coloured compounds and those that 
interact directly with the MTT molecule can interfere with results, 
these confounding effects can be measured and corrected using 
specific controls when necessary. Where indicated, 
high-performance liquid chromatography is used to separate 
interfering compounds before quantifying the absorption of the 
formazan product. OECD TG 431 indicates that physicochemical 
properties are otherwise not excluded from applicability [55].

Human relevance: The mode of action for corrosivity is expected to 
be highly relevant. The model uses human-sourced cells to 
reconstruct human skin architecture. Although the skin models 
are generally more permeable than native human skin, and no 
adnexal structures are present, the model is highly human 
relevant.

OECD TG 439: In 
Vitro Skin 
Irritation: 
Reconstructed 
Human Epidermis 
(RhE) Test 
Method [56]

Overview: This test method quantitatively measures a substance’s ability 
to induce cytotoxicity in RhE tissue models, based on the premise that 
skin irritant chemicals are able to penetrate the s.  corneum and 
induce cytotoxic effects in the cells within the epidermis. Also known 
as the Skin Irritation Test (SIT).

Currently seven commercially-available RhE tissues (EpiSkin™, EpiDerm™ SIT 
EPI-200, SkinEthic™ RHE, epiCS®, LabCyte EPI-MODEL24 SIT, Skin+®, and 
KeraSkin™ SIT) have been approved within the OECD Test Guidelines 
program for discriminating between GHS Category 2 skin irritants and 
those not requiring classification within the GHS classification system 
and within the framework of an Integrated Approach to Testing and 
Assessment (IATA) [41, 56].

Classification: Chemicals which do not reduce tissue viability below the 
test method-specific threshold post-exposure are classified as No 
Category by GHS. For remaining substances, the test method does not 
provide further information on the skin corrosion potential; thus other 
test methods must be utilised to discriminate between GHS Category 2 
skin irritants and GHS Category 1 corrosive substances. The test method 
cannot independently distinguish between GHS Category 2 and 
Category 3, but can be used to identify Category 2 irritants when used 
within an IATA framework. Furthermore, this method has not been 
formally evaluated for its ability to classify substances into EPA 
categories, although efforts are ongoing [57]. OECD TG 439 can be 
used in a bottom-up or top-down approach [41].

Performance: Each of the approved tissue-specific protocols have 
achieved the following minimum performance criteria: sensitivity 80%, 
specificity 70%, and accuracy 75% [56], and as such a wide range of 
chemicals and products have been tested in these assays.

Of relevance to certain pesticides and mixtures, a study comparing in 
vitro and in vivo data for 65 agrochemical formulations revealed an 
overall accuracy of 54% (based on 65 agrochemical formulations), a 
sensitivity of 44% (based on 25 formulations) and a specificity of 60% 
(based on 40 formulations) as compared to the rabbit test [58]. 
Further analyses reveal that of the 14 formulations classified as Cat  2 
by the rabbit test, but predicted as non-irritant by the in vitro SIT, 7 
formulations resulted in <85% relative viability demonstrating 
induction of cytotoxic effects, albeit above the prediction threshold.

Test system: This test method uses a reconstructed human 
epidermis derived from human keratinocytes cultured at the 
air-liquid interface, complete with an intact s.  corneum.

Mode of action: The RhE tissues model essential events in skin 
irritation (i.e. breach of the s.  corneum barrier function and 
keratinocyte cytotoxicity), by measuring changes in cellular 
respiratory metabolism after a fixed exposure (via quantitative 
succinate dehydrogenase activity using MTT).

Exposure time and washing: Single fixed exposure times vary for 
the different RhE models but are generally shorter exposures 
ranging from 15 to 60 minutes where discrimination between 
moderate skin irritants and mild/non-irritants is relevant. After 
exposure, the RhE models are thoroughly rinsed, and incubated 
in a post-treatment expression incubation of 42 hours, prior to 
conducting the MTT viability assessment.

Test material limitations: While coloured compounds and those 
that interact directly with the MTT molecule can interfere with 
results, these confounding effects can be measured and 
corrected using specific controls when necessary. Where 
indicated, high-performance liquid chromatography (HPLC) is 
used to separate interfering compounds before quantifying the 
absorption of the formazan product. OECD TG 439 indicates that 
physicochemical properties are otherwise not excluded from 
applicability [56].

Human relevance: The modes of action modelled for skin irritation 
are expected to be highly relevant. The model uses 
human-sourced cells to reconstruct human skin architecture. 
Although the skin models are generally more permeable than 
native human skin, and no adnexal structures are present, the 
model is highly human relevant. Furthermore, the combination 
of the initial chemical exposure time, and the subsequent 
post-treatment expression incubation time allows for multiple 
mechanisms of skin irritation to be modelled. This protocol lends 
itself well to adding downstream cell response endpoints such as 
induction of gene expression changes and protein / cytokine 
production.

(Continued)
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Test Method

Description and Applications

i.	 Overview
ii.	 Classification
iii.	 Performance

Characteristics

i.	 Test system
ii.	 Mode of action
iii.	 Exposure time and washing
iv.	 Test material limitations
v.	 Human relevance

Time-to-Toxicity 
(ET50) Methods 
using RhE models

Overview: The Time-to-Toxicity protocol quantitatively measures a 
substance’s ability to induce cytotoxicity in three-dimensional 
reconstructed human epidermis (RhE) models, based on the 
premise that highly irritant or corrosive chemicals will more rapidly 
penetrate the s.  corneum and induce cytotoxic effects in epidermal 
cells relative to less irritant chemicals. Whereas highly irritant 
chemicals will be tolerated by the RhE tissues for relatively short 
exposure times, mild or non-irritant chemicals will be tolerated 
over notably longer exposure times [21]. By testing typically 3 to 5 
exposure times covering a range of exposure times up to 24 hours, 
an ET50 value (the exposure time found to reduce cell viability by 
50%) may be determined.

The time-to-toxicity approach using a reconstructed human corneal 
epithelium is utilised in the US EPA eye irritation classification of 
antimicrobial cleaning products [10].

This test has been broadly used by industry for rank ordering of 
irritation potential and general irritation categorisation of 
substances and candidate formulations, particularly when used in 
conjunction with well-characterised benchmark materials [59,60].

Classification: No test methods utilising a Time-to-Toxicity protocol 
have been approved for any regulatory applications. However, a 
specific protocol using the MatTek EpiDerm™ EPI-200 was 
prevalidated for identifying skin irritants using an ET50 threshold of 
60 minutes to discriminate R38 from non-classified substances [47]. 
(The authors note that risk-phrase categories like R38 (irritating to 
skin) are no longer used in the EU and can be interpreted as UN 
GHS Category 2.) This method has not been evaluated for its ability 
to classify substances into EPA or GHS categories.

Performance: Since the pre-validation results cited above showed an 
overall accuracy of 58%, with an over-prediction rate of 37% and 
an under-prediction rate of 47%, no further test method 
refinement or validation was conducted.

Test system: This test method uses a reconstructed human 
epidermis derived from human keratinocytes cultured at the 
air-liquid interface, complete with an intact s.  corneum.

Mode of action: The RhE tissues model essential events in skin 
irritation (i.e. breach of the s.  corneum barrier function and 
keratinocyte cytotoxicity, as well as cytokine release or 
expression), by measuring changes in cellular respiratory 
metabolism after a fixed exposure (e.g. MTT assay). The 
supplemental quantitation of cytokines in the culture medium 
by enzyme-linked immunoassays may be utilised where 
discrimination between mild and non-irritants is relevant.

Exposure time and washing: Whereas the standard test method 
utilises a range of exposure times where the irritancy potential 
is unknown, single fixed exposure times of 24 hours 
continuous exposure for expected mild materials [61], or a 
1 hour exposure, followed by 24 hours of a post-exposure [62] 
are conducted. After exposure, the RhE models are thoroughly 
rinsed. After 24 hours post-exposure, viability is assessed by 
the MTT assay. For optional cytokine analyses, the medium 
from under the tissues is collected and evaluated for cytokine 
content.

Test material limitations: The same previously-mentioned 
limitations of the RhE-based test methods apply, and MTT 
interference can be overcome by using HPLC.

Human relevance: The modes of action modelled for skin 
irritation are expected to be highly relevant. The model uses 
human-sourced cells to reconstruct human skin architecture. 
Although the skin models are generally more permeable than 
native human skin, and no adnexal structures are present, the 
model is highly human relevant. The concept of a time-to-
toxicity is highly relevant as it recapitulates the exposure 
time-dependent chemical impacts observed in vivo, and is the 
basis for exposure time selections used subsequently in the 
RhE corrosivity and skin irritation test methods.

Phenion® 
Open-Source 
Reconstructed 
Epidermis 
(OS-Rep) in vitro 
Skin Irritation 
Test

Overview: The Phenion® OS-REep is a reconstructed epidermis method 
that has not been evaluated for inclusion in OECD Test Guidelines.

Classification: According to GHS classification system, a chemical that 
reduces the relative tissue viability ≤ 50% is classified as skin 
irritant. If the relative tissue viability > 50%, a chemical is classified 
as a non-irritant [63,64].

Performance: The test method was assessed in a two-phase validation 
by multiple labs. Phase II validation study used 20 reference 
chemicals (10 non-irritants and 10 irritants) to evaluate the 
reliability and predictive ability of OS-REp test. The results revealed 
that the overall sensitivity of 90%, specificity of 70% and accuracy 
of 80%, which met the OECD PS criteria. The results of phase II 
validation study were comparable to the results of the phase I 
study [63,64].

Test system: This test method quantitatively measures a 
substance’s ability to induce cytotoxicity in open-source 
reconstructed epidermis (OS-REp) model. The open-source 
model is cultured similarly to the commercially available RhE 
models defined in RhE Test Guidelines.

Mode of action: The OS-REp models essential events in skin 
irritation (i.e. breach of the s.  corneum barrier function and 
keratinocyte cytotoxicity), by measuring changes in cellular 
respiratory metabolism after a fixed exposure (e.g. MTT assay) 
where discrimination between skin irritants and non-irritants is 
relevant.

Exposure time and washing: Test substances are applied to the 
epidermal tissue at room temperature for 35 minutes. After the 
exposure period, the tissue is rinsed 8 times and incubated at 
37 °C/5% CO2 for 42-hour post-exposure incubation before 
performing the MTT viability assessment.

Test material limitations: This method relies on the RhE model 
and uses the same MTT endpoint as multiple OECD Test 
Guidelines for skin toxicology, so limitations of the RhE model 
will apply, and MTT interference can be overcome by using 
HPLC.

Human relevance: The modes of action modelled for skin 
irritation are expected to be highly relevant. The model uses 
human-sourced cells to reconstruct human skin architecture. 
Although the skin models are generally more permeable than 
native human skin, and no adnexal structures are present, the 
model is highly human relevant. Furthermore, the combination 
of the initial chemical exposure time, and the subsequent 
post-treatment expression incubation time allows for multiple 
mechanisms of skin irritation to be modelled. This protocol 
lends itself well to adding downstream cell response 
endpoints such as induction of gene expression changes and 
protein / cytokine production.

Table 3.  Continued.
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Test Method

Description and Applications

i.	 Overview
ii.	 Classification
iii.	 Performance

Characteristics

i.	 Test system
ii.	 Mode of action
iii.	 Exposure time and washing
iv.	 Test material limitations
v.	 Human relevance

Phenion® FT in vitro 
Skin Irritation 
Test

Overview: The Phenion® FT is a reconstructed full-thickness skin 
model. The use of the full thickness model in the skin irritation test 
method has not been evaluated for inclusion in OECD Test 
Guidelines.

Classification: According to a recent publication, this method was 
designed to classify antimicrobial mixtures according to the EPA 
classification system (> 70% relative tissue viability is classified EPA 
Category IV, ≤70% relative viability no category determination can 
be made). The typical GHS viability method can also be applied (≤ 
50% relative tissue viability identifies a skin irritant, > 50% relative 
viability identifies a non-irritant) [65].

Performance: In a recent study using 24 antimicrobial formulations (6 
non-irritants and 18 irritants), the predictivity of the Phenion® FT 
test was assessed. The results revealed an overall sensitivity of 78%, 
specificity of 83% and accuracy of 79%.

Test system: This test method quantitatively measures a 
substance’s ability to induce cytotoxicity in a full-thickness 
(Phenion® FT) model. The FT model is cultured from 
keratinocytes and fibroblasts isolated from human skin samples, 
amplified in 2-D cell culture systems, and then subsequently 
seeded onto a collagen sponge. After a short interval under 
submersed conditions, the developing tissue equivalents are 
lifted to the air-liquid interface where they grow and 
differentiate into a 3-D reconstruction complete with a 
multi-layer epidermis and dermis [66].

Mode of action: The Phenion® FT models essential events in skin 
irritation (i.e. breach of the s.  corneum barrier function and 
keratinocyte cytotoxicity), by measuring changes in cellular 
respiratory metabolism after a fixed exposure (e.g. MTT assay) 
where discrimination between skin irritants and non-irritants is 
relevant.

Exposure time and washing: Test substances are applied to the 
epidermal tissue at room temperature for 15 minutes. After the 
exposure period, the tissue is rinsed and incubated at 37 °C/5% 
CO2 for a 42-hour post-exposure incubation before cutting the 
tissue and performing the MTT viability assessment.

Test material limitations: This method relies on the RhE model 
with minor differences, so limitations of the RhE model will 
apply, and MTT interference can be overcome by using HPLC. 
Additionally, the method has so far been tested with a limited 
number of substances.

Human relevance: The model uses human-sourced cells to 
reconstruct human skin architecture. Although the skin models 
are generally more permeable than native human skin, the 
model is highly human relevant. Furthermore, the combination 
of the initial chemical exposure time, and the subsequent 
post-treatment expression incubation time allows for multiple 
mechanisms of skin irritation to be modelled. This protocol 
lends itself well to adding downstream cell response endpoints 
such as induction of gene expression changes and protein / 
cytokine production, especially with the presence of the dermis.

Neutral Red Uptake 
(NRU) 
Keratinocyte 
Cytotoxicity Test

Overview: The test quantitatively measures a substance’s ability to 
induce damage to cell membranes in a monolayer of normal 
human epidermal keratinocytes (NHEK). NHEK cells are treated with 
a dilution series of test substance for 48 hours, followed by an 
assessment of viability using the neutral red uptake endpoint. 
Neutral red uptake can be used to determine the relative amount 
of viable cell-dependent accumulation of neutral red dye into 
lysosomes [67]. A dose-dependent relationship between test 
substance and relative neutral red uptake is used to rank order 
skin irritancy potential of aqueous-soluble chemicals.

Classification: No classification schemes have been formally 
developed. Whereas the test method showed potential to provide a 
screening approach to rank ordering skin irritancy potential of 
ingredients, the test method performed poorly in relating human 
clinical data of personal care product formulations [67].

Performance: Information on reproducibility and repeatability is not 
currently available.

Test System: Human epidermal keratinocytes are cultured in vitro 
as a two-dimensional monolayer in multiwall tissue culture 
plates immersed in culture medium. Variations of this 
keratinocyte-based protocol include the use of normal human 
dermal fibroblasts.

Mode of action: This assay is relevant to the epidermal cell death 
key event by directly assessing cell viability. Variations of this 
basic protocol have also included the collection of the culture 
medium and analyses of cytokines released from the 
keratinocytes.

Exposure time and washing: Cells are cultured in 96-well plates 
and treated with a dilution series of test substance for 
48 hours. Following the test substance treatments, cultures are 
rinsed and incubated with a neutral red solution for 3 hours. 
The amount of neutral red taken up by the cultures is 
determined spectrophotometrically [68].

Test material limitations: Aqueous-insoluble chemicals may not 
be compatible with the test method. Substances which absorb 
in the assay wavelength (540 nm) may interfere with the 
neutral red quantitation if test substance residues persist after 
rinsing. Spectrofluorimetric detection with excitation and 
emission at 530 and 645 nm can be used alternatively. Also, 
any chemical having a localised effect on the lysosomes can 
also cause non-cytotoxic effects on neutral red uptake [69].

Human relevance: Since the test method uses human-derived 
skin cells, the cellular responses to skin irritants are expected 
to be highly relevant. However, due to the lack of skin 
architecture and barrier function, the exposure kinetics are not 
human relevant, and thus may not be ideal for discriminating 
irritants from corrosives.

Table 3.  Continued.
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aforementioned mammalian skin models tend to be thinner 
than that of human skin and allow more rapid chemical per-
meation into the epidermal and dermal tissue. Skin perme-
ation rates are directly related to the amount of chemical 
able to target viable tissues, and thus also directly related to 
skin irritation and corrosion potential.

Structure and function of in chemico and in vitro 
models of skin

In recent decades, several in chemico and in vitro models have 
been developed and implemented for irritation and corrosion 
testing, each with differing structural characteristics and 
mechanistically-based endpoints which can inform on the skin 
irritation and corrosion potential of chemicals and products 
[44,67,80–82]. The need for test methods that are more rele-
vant to human biology and more reliable in performance has 
led to the refinement and optimisation efforts such that sev-
eral of these methods have been validated and accepted 
within the OECD Guidelines for the Testing of Chemicals [50, 
55,56, 83–87]. In contrast to the in vivo test method, in which 
a full spectrum of irritant and corrosive apical outcomes can 
be observed, in chemico and in vitro protocols address either 
corrosion or irritation endpoints separately by focusing on 
specific key events in the aetiology of skin irritation/corrosion. 

The in chemico models are characterised as biochemically rel-
evant synthetic membranes or ‘biobarriers’ comprised of mac-
romolecules similar or analogous to those found in human 
skin, and currently there are only two vendors providing these 
test methods (Table 2). In contrast, the in vitro methods are 
more diverse with human and mammalian cell-based 
2-dimensional (monolayer) cell culture systems and 
3-dimensional reconstructed skin models using human-derived 
cells (Table 3).

Discussion

Human relevance of skin irritation and corrosion test 
methods

Within global regulatory categorisation systems, substances 
are classified based upon the severity and persistence of skin 
reactions observed in rabbits. Whereas the specific responses 
observed in the rabbit test may not be highly relevant to pre-
dicting human responses, a framework which categorises 
substances based upon the likely severity and persistence of 
skin reactions in humans is a universal goal. As an example 
of a practical application, such a framework may discriminate 
between substances that are corrosive to skin and those that 
may cause reversible skin irritation, to inform the levels of 

Test Method

Description and Applications

i.	 Overview
ii.	 Classification
iii.	 Performance

Characteristics

i.	 Test system
ii.	 Mode of action
iii.	 Exposure time and washing
iv.	 Test material limitations
v.	 Human relevance

Cytosensor 
Microphysiometer 
(CM) Test

Overview: The Cytosensor Microphysiometer (CM) test quantitatively 
measures the concentration of test material that causes a 50% 
decrease in the acidification rate (MRD50) in a sub-confluent 
monolayer of mouse L929 fibroblasts, using a pH metre to detect 
changes in acidity. The MRD50 concentrations are used to compare 
and rank order skin irritancy potential of chemicals and ingredients, 
and the inclusion of benchmark materials can aid in irritation 
categorisation. This test method requires specialised equipment 
that currently is not readily available.

Classification: Whereas the essential CM procedures were used by 
industry for both skin and eye irritation evaluations, only the eye 
irritation test method has undergone validation for identification of 
GHS category 1 substances using a top-down approach, and 
aqueous-soluble substances not classified by GHS using a 
bottom-up approach [70]. No comparable skin irritation 
classification scheme has been developed such that the method 
would not be useful for regulatory classification.

Performance: A specific application compared the MRD50 values from 
testing surfactant containing products to the chronic toxicity in the 
21-day cumulative irritancy patch test (CIPT). When predicting 
21-day CIPT scores for surfactant containing products, MRD50 values 
of 50 mg/mL were found to be associated with acceptable market 
histories, while MRD50 values of greater than 78 mg/mL were found 
to have no positive reactions (NOEL) in the clinical test [71].

Performance parameters of the eye irritation application: 
inter-laboratory reproducibility for bottom-up assessments were 
100% for GHS classification and 94.44% for EPA, and, for top-down 
assessments, were 87.62% for GHS with no values provided for EPA 
classification. Intra-laboratory repeatability was assessed based on 
calculated CVs for MRD50 scores from two different studies. Mean 
CVs tended to be higher for surfactant substances than 
non-surfactant substances, ranging from 10% to 24% [70].

Test system: Mouse L929 fibroblasts are cultured in vitro as a 
confluent monolayer on permeable tissue culture inserts 
immersed in culture medium. The non-human cell line is used 
as a model to evaluate non-specific cytotoxic events in 
epidermal keratinocytes and fibroblasts.

Mode of action: This assay is relevant to the epidermal cell death 
key event by assessing changes in cellular metabolic rate (e.g. 
by changes in release of acidic metabolites). Since the test 
method does not include a skin-relevant barrier function, it is 
limited mechanistically in its ability to apply skin permeation 
kinetics to fully discriminate among the spectrum of skin 
irritants and corrosives.

Exposure time and washing: Increasing concentrations of the 
substance are introduced, via flow-through, to the cells over 
13.5 minutes, and then the cells are washed [70].

Test material limitations: The principle of the CM relies on 
measurable changes in pH to infer interference with metabolic 
activity, which limits this test to aqueous-soluble materials and 
stable aqueous suspensions that do not directly affect the pH 
of the medium.

Human relevance: The test method uses non-human mammalian 
cells, such that the cellular responses to skin irritants may not 
be highly relevant. Furthermore, due to the lack of skin 
architecture and barrier function, the exposure kinetics are not 
human relevant, and thus may not be ideal for discriminating 
irritants from corrosives.

Table 3.  Continued.
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personal protective equipment needed in an industrial 
hygiene setting. Depending upon the regulatory purpose, fur-
ther discrimination amongst moderate and mild skin irritants 

may be desired. Although the available test methods evalu-
ated for use within the GHS classification scheme were eval-
uated relative to the rabbit reference data, the utility and 

Figure 3.  Haematoxylin and eosin-stained sections of in vivo full thickness skin from non-human mammalian species, human, and in vitro human epidermal 
cultures. (A) Comparative histology of mouse, rat, rabbit, and human skin. Epidermal layers (purple) and the dermis (pink) differ in structure and thickness across 
species. Modified with permission [72,73] (B) Histology of reconstructed human epidermis (RhE) cultures showing differentiation of epidermal strata. SkinEthic™ 
RHE model (EpiSkin, Lyon, France) (upper) and EpiDerm™ model (MatTek, Ashland, MA) (lower). Scale bars indicate 100 μm. (C) Cross section through human skin 
(left) and Phenion ® FT Full Thickness Skin Model (right) [65].
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applications of the various test methods are presented here 
relative to the mechanistic bases of the methods and their 
relevance to predicting human outcomes.

The in vivo and ex vivo test methods described in Table 1 
utilise responses observed in rabbit, rat, and mouse skin to 
inform hazards to humans from chemical exposures. Regarding 
animal welfare, it is important to note that live animals are 
used for both in vivo and ex vivo methods at some point within 
the test procedures; the former utilises live animals throughout 
the testing procedures, while the latter requires the sacrifice of 
animals (albeit typically fewer in number) to obtain sufficient 
skin for subsequent testing. Whereas the endpoints for the rab-
bit test include a range of apical outcomes, the endpoints for 
the ex vivo rodent skin test methods focus on the single 
upstream key event of barrier function disruption that is fre-
quently associated with the aetiology of skin irritation and cor-
rosion. The in chemico membrane test methods described in 
Table 2 model the essential key event of barrier function dis-
ruption by irritant or corrosive substances in biochemically rel-
evant synthetic membranes. All of the in vitro cell and tissue 
culture methods described in Table 3 utilise the common key 
event of cytotoxicity to approximate the response of human 
skin to irritant or corrosive substances. The cell-based methods 
are further subdivided into either 2-D monolayer cell cultures 
submerged in aqueous media or as complex 3-D reconstruc-
tions of skin tissue. The 2-D monolayer systems typically lack a 
functional barrier and require that chemicals and products are 
diluted in the aqueous medium prior to dosing, which in par-
ticular can be problematic for testing hydrophobic substances 
and complex formulations. In contrast, owing to the presence 
of an s. corneum barrier, the 3-D reconstructed human epider-
mis (RhE)-based methods model highly relevant chemical 
exposure and permeation kinetics, and thus allow substances 
and formulations to be applied topically on the model just as 
they occur in vivo.

Use and performance of rabbit and rodent skin in skin 
irritation and corrosion testing
The Draize method (Table 1) was adopted as Organisation for 
Economic Co-operation and Development (OECD) Test 
Guideline 404 (TG 404) in 1981 [34,35] and has been used to 
meet the various classification and labelling needs for indus-
trial and regulatory purposes. Of the available test methods 
for skin irritation, only the Draize rabbit test shares the same 
observable apical endpoints of erythema and edoema that 
are included in human patch tests. Furthermore, only the 
Draize rabbit test has the capacity to demonstrate reversal of 
chemically-induced irritation, thus providing a basis for dis-
criminating between recoverable skin irritation and irrevers-
ible corrosive outcomes.

The Draize test has long been considered to be a protec-
tive method for identifying irritation and corrosion hazards 
due to the increased sensitivity to irritants in rabbits relative 
to humans [80, 88]. Indeed, the over-prediction rate of the 
rabbit test when compared to human patch test data has 
been shown to be approximately two-fold for many irritation 
classifications. For example, in one study of 40 common cos-
metic ingredients (mostly oils and surfactants), the rabbit test 

showed a positive predictive value of only 57%. [89]. However, 
Nixon et  al. [90] and Marzulli and Maibach [91] (1975) 
reported early on in the implementation of the Draize test 
that some ingredients in household products [90] and sun-
screen products [91], respectively, were found to be more 
irritating in human skin irritation tests than in the rabbit test.

Further, the low reproducibility of the rabbit test has been 
recently highlighted. When comparing results of monoconstit-
uent substances that were tested in vivo more than once, a 
surprising lack of concordance was observed for corrosion 
and irritation categories using both EPA and GHS classifica-
tions. For both systems, the middle categories (EPA Category 
II and III, GHS Category 2 and 3) were only able to be repro-
duced in a second test approximately half the time. For 
example, only 64% of mono-constituent substances identified 
as GHS Category 2 by the rabbit test once were identified as 
such in the subsequent in vivo tests. When using the EPA 
classification system, the observed reproducibility was even 
poorer, with less than half of Category II substances being 
classified in Category II again [40]. For these substances, EPA 
Category IV/GHS No Category determinations were of similar 
likelihood as EPA Category III/GHS Category 3 determinations 
when evaluating the substance data from subsequent studies. 
Similarly, only 45% and 54% of irritants classified as GHS 
Category 3 and EPA Category III, respectively, maintained that 
classification upon retesting in vivo [40]. Most concerning, 
substances were often classified into a non-adjacent category, 
including a considerable proportion of inconsistent classifica-
tions into either corrosive or mild or non-irritant categories. 
In both datasets, substances first labelled as EPA Category II/
GHS Category 2 had an approximately 1 in 5 chance of being 
labelled as EPA Category IV/GHS No Category.

In all of the alternatives to the in vivo rabbit test, quantita-
tive endpoints measure key events upstream of the apical out-
comes of erythema, edoema, and eschar formation. As such, 
these methods have the minimum complexity necessary to 
assess a specified key event using a given protocol. For the ex 
vivo test methods such as the rat TER and mouse SIFT, the 
endpoints inform on the loss of tight junction integrity and 
disruption in skin barrier function, by objectively measuring 
reductions in trans-epidermal resistance and increases in 
trans-epidermal water loss shortly after chemical exposure 
(Table 1). These upstream endpoints are generally relevant to 
the tissue barrier-disrupting effects of many skin irritants and 
corrosives, but given this common mode of action, the meth-
ods may not provide a mechanistic basis for discriminating 
between skin irritants limited to inducing epidermal tissue 
damage versus those corrosives inducing damage into the der-
mis, nor do they identify skin irritant or corrosive effects due 
to disruption of cellular functions in the absence of necrotic 
tissue destruction. As a consequence, in the absence of other 
data, positive results from these latter methods may only be 
used to conservatively classify materials as corrosives.

In practice, the ex vivo Rat Skin TER test for skin corrosion 
was approved based on an acceptably high 94% sensitivity 
and otherwise general alignment with the rabbit corrosion 
reference data [43, 48]. The high concordance of the rat skin 
TER with corrosive chemicals is likely based on both the rat 
skin TER’s ability to quantitatively measure the rapid 
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breakdown of the skin barrier function as an initial requisite 
key event in skin corrosion, and the generally high reliability 
of the Draize reference test method in identifying corrosive 
materials (EPA Category I/GHS Category 1).

The ex vivo mouse skin test was not found to be suffi-
ciently concordant with European Risk phrase R38 skin irri-
tants1, and those chemicals not requiring classification in the 
initial phase of a multiphase validation study by the European 
Centre for the Validation of Alternative Methods (ECVAM) 
[47,48].

In chemico models used in skin irritation and corrosion 
testing
There are currently two commercially available in chemico test 
methods; the Corrositex® skin corrosivity test method and the 
Dermal Irritection® Assay System for skin irritation (In Vitro 
International, Placentia, CA) (Table 2). While not a living sys-
tem, the Corrositex® test system is a synthetic biobarrier 
membrane comprised of a proprietary homogeneous protein-
aceous mixture of keratins, collagen, and lipids, in a stable gel 
that serves as an analogous model of the organised biochem-
istry of the cell layers in the epidermis [49] and which pro-
vides for a standardised barrier function model. In this 
method, chemical disruption of the biobarrier serves as a 
model of membrane disruption, a cellular key event that 
would necessarily result in severe damage to epithelial cells. 
Otherwise, the homogeneous acellular biobarrier membrane 
does not resemble the stratified structure of human or mam-
malian skin. The test method determines the corrosive poten-
tial of a chemical based upon the chemical’s potential to 
degrade the biobarrier sufficiently to penetrate the model. 
Furthermore, the test method can be used to subcategorise 
corrosive chemicals based upon the elapsed time for biobar-
rier breakthrough. Thus, the relevance of the model is based 
upon the analogous barrier function to that of skin in vivo. 
This in chemico test method has been validated and approved 
for the identification and subcategorization of corrosive sub-
stances as described in OECD TG 435 [49]. Similar to the pro-
posed reasons the rat skin TER method correlates well to the 
in vivo corrosivity data, the Corrositex® also quantitatively 
measures the rapid breakdown of the skin barrier function as 
the requisite key event in skin corrosion. Based upon the 
endpoint method, the applicability domain of the test method 
is generally limited to chemicals that can induce a colour 
change in a buffered pH indicator solution. It should be 
noted that Corrositex® was calibrated to available rabbit-derived 
corrosivity data during the development and validation of 
the method.

The Dermal Irritection® test system is similar in composition 
to the Corrositex® test system which includes a membrane 
matrix of keratins and collagens (and an indicator dye) which 
mimics the epidermal barrier function, as well as a reagent 
substrate consisting of a highly organised globulin/protein 
macromolecular solution [53]. The Dermal Irritection® test has 
currently not undergone validation for regulatory application, 
however, the mechanistically-similar method for eye irritation 
(Ocular Irritection®) by the same test method developer has 
been validated and approved for identifying chemicals that 

can induce serious eye damage and those not requiring clas-
sification within the United Nations Globally Harmonised 
System (GHS) [54]. Irritants are determined by the ability to 
degrade the membrane matrix and induce conformational 
changes in the organised globulin/protein matrix. Although 
neither the membrane matrix nor the reagent substrate resem-
ble the stratified structure of human or mammalian skin, the 
relevance of the model is based upon the modelling of similar 
chemical-induced changes in skin proteins as occurs in vivo. 
Although the relevance of the acellular test method is mecha-
nistically based on the ability to quantitatively measure the 
chemical disruption of tissue and cellular proteins and lipids, 
that key event may not be sufficient for modelling the various 
cellular responses involved in skin irritation, and in particular 
for those non-lethal, non-necrotic cellular responses such as 
changes in gene and cytokine expression at the milder end of 
the irritation continuum.

In vitro models used in skin irritation and corrosion 
testing
Cell membrane perturbations, altered cell metabolism, and 
cell death are generally accepted as key cellular mechanisms 
and events (Figure 2) in skin irritation and corrosion after 
acute exposure and skin penetration [22], and accordingly, 
early in vitro cell-based cytotoxicity test methods were devel-
oped to measure increases in cytotoxicity (i.e. reductions in 
cell viability). Initial cell-based methods utilised available 
mammalian cell lines cultured as 2-dimensional (2-D) mono-
layers immersed in aqueous medium in culture dishes or 
multi-well plates and compared the cytotoxicity of serial 
dilutions of test chemical to control values. Various cell death 
(e.g. lactate dehydrogenase release) and viability (e.g. neutral 
red uptake, succinate dehydrogenase activity, glucose metab-
olism acidification rate) biomarkers can be measured quanti-
tatively to determine cytotoxicity. Based upon the successful 
validation of the Cytosensor Microphysiometer test method 
for identifying ocular irritants by measuring changes in the 
baseline acidification rates in murine L929 cells, a modifica-
tion of the test method was applied to provide rank order 
skin irritation characterisation of raw materials for personal 
care paper products [71]. To increase the relevance of these 
2-D systems for human skin irritation predictions, cytotoxicity 
assays using human-derived epidermal keratinocytes and 
dermal fibroblasts were utilised, each employing a neutral 
red uptake (NRU) endpoint [81]. Although some of the test 
methods used human-derived cells, the 2-D monolayer cell 
culture systems do not reflect the stratified structure of 
human or mammalian skin, nor do they provide a 
skin-relevant barrier function, and thus are limited in their 
relevance to skin irritation characterisation in humans. 
Accordingly, most of the 2-D methods were generally found 
to be limited to rank ordering the irritation potential of indi-
vidual chemicals [92].

The reconstructed human epidermis (RhE)-based test 
methods utilise a tissue model of epidermal function to pre-
dict human corrosion responses directly based on cytotoxic-
ity [43]. RhE models are comprised of human-derived 
epidermal keratinocytes cultured at the air-liquid interface 
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to replicate the differentiated epidermal keratinocyte layers 
complete with viable cells and an effective barrier. The same 
process of terminal differentiation described for human skin 
in vivo is used to recapitulate human epidermal tissue in 
vitro, starting with the culturing of a proliferative basal layer 
of keratinocytes at an air-liquid interface and subsequent 
upward displacement and differentiation into distinct layers. 
In RhE models, the full differentiation of epidermal layers 
from the s. basale to a functional s. corneum layer is histo-
logically evident (Figure 3B). Just as occurs in vivo, it is the 
barrier function of the RhE models that provide the barrier 
to chemical insults, such that individual chemicals as well as 
complex formulations can be applied topically onto the api-
cal surfaces to model in vivo exposures. As the composition 
of the RhE barrier layers more closely models that of human 
skin, the diffusion kinetics of individual ingredients out of a 
formulation and into the skin would be expected to be 
more similar between human skin and the reconstructed 
models than for any of the aforementioned in vivo, ex vivo 
or in vitro models.

There are several commercially available RhE models glob-
ally, with most based upon a relatively simple differentiated 
keratinocyte architecture. Bespoke epidermal models are 
available with specific accessory cells, and some are adapted 
to specialised tissue culture support systems, and other more 
complex full thickness reconstructed skin models incorporat-
ing a fibroblast-based dermis are also available (Table 3). The 
RhE models validated for use in skin irritation and corrosion 
test guidelines lack other accessory cell types like melano-
cytes, Langerhans cells, and Merkel cells, as well as innerva-
tion, vasculature, and other appendages that originate in the 
dermis. However, these adnexal features are not needed to 
model epidermal cell death following s. corneum penetration, 
and thus the basic RhE models are highly relevant to address-
ing the key events relevant to skin irritation and corrosion. 
Lastly, although the commercially available RhE models are 
human relevant in terms of cell sourcing and general tissue 
architecture, the models are generally more permeable to a 
range of chemicals relative to excised human skin [93]. To 
compensate for the less robust barrier function, the specific 
skin irritation test method exposure kinetics (i.e. dose volume 
and exposure times) were optimised for each tissue model 
during test method development to calibrate the test system 
responses to the reference skin irritation data.

In vitro test methods for skin irritation and corrosion 
performance.  Several commercially available RhE models have 
undergone formal validation for use in either skin corrosion 
and/or skin irritation applications. Test methods included in 
OECD TG 431 can discriminate among corrosives (GHS 1) and 
non-corrosives and provide subcategorization to discriminate 
between GHS 1 A vs GHS 1B/1C combined, and those test 
methods included in OECD TG 439 can discriminate GHS 
Category 2 and No Category across a variety of materials, 
including organic acids, surfactants, and electrophiles, oily and 
aqueous chemicals, as well as solids and liquids. Performance 
standards for within-laboratory and between-laboratory 
reproducibility as well as sensitivity, specificity, and accuracy 

have been met or exceeded using defined reference data [52]. 
Since the mandate for the performance of alternative methods 
was to be as good as or better than the Draize rabbit test (i.e. 
at least as protective), the current regulatory-accepted methods 
are more likely to be over-predictive than under-predictive 
relative to human hazard potential.

A complete evaluation of the RhE method performance for 
identifying corrosives within the agrochemical sector is not 
practical given that very few products are indeed corrosive. 
For example, a retrospective analysis of one company’s agro-
chemical formulations revealed only two corrosive (GHS 
Category 1) materials [94] out of 207. In a separate analysis 
of 81 agrochemical formulations, four corrosives (GHS 
Category 1) were identified by the in vitro RhE method that 
were not identified by the in vivo method. Although this is 
not a sufficient number of positives to draw a conclusion on 
overall method performance, these data suggest that the RhE 
method performance is capable of identifying corrosive agro-
chemical formulations.

There are also limited published data assessing the skin 
irritation potential of pesticide formulations with in vitro 
methods. In a comparison of test results from 25 irritating 
(GHS Category 2) agrochemical formulations, 44% (11/25) of 
formulations which were found to be severely irritating in the 
rabbit test were also found to be irritating in the in vitro RhE 
test, using the OECD TG 439 protocol [58]. Further analyses 
reveal that of the 14 formulations classified as Cat 2 by the 
rabbit test, but predicted as non-irritant by the in vitro SIT, 7 
formulations resulted in <85% relative viability demonstrating 
the ability of the test method to detect the induction of cyto-
toxic effects, albeit above the prediction threshold. 
Additionally, of the 8 formulations classified by the animal 
test to be mildly irritating (GHS Category 3), 6 resulted in 
positive predictions in the in vitro test. Thus, it should not be 
immediately inferred that agrochemical formulations are out-
side of the applicability domain of the in vitro RhE test meth-
ods, without questioning both the relevance and reliability of 
the in vivo reference data, as it is unclear whether the low 
apparent sensitivity of the RhE method more reasonably 
implies the presence of false positives in the rabbit test or 
false negatives in the RhE method, as the aforementioned 
sensitivity rate is in proportion with observed false positive 
rates in the rabbit test [89]. It should also be noted that this 
observed sensitivity is not unexpected given the low level of 
reproducibility of the rabbit test for this same category, 
including significant re-classifications between GHS Category 
2 and No Category [40]. Even among the reference chemicals 
used to validate new RhE methods are two chemicals consid-
ered to represent false-positive Category 2 classifications in 
rabbits [56]. Another recent study used 24 antimicrobial for-
mulations (6 non-irritants and 18 irritants) to evaluate the 
predictivity of the Phenion® FT test. The results revealed an 
overall sensitivity of 78%, specificity of 83% and accuracy of 
79% [65].

Pesticidal formulations represent a broad class of chemis-
tries and complex mixtures, including mineral clays, wetting 
agents, foaming agents, and/or dispersing agents designed to 
optimise the activity of the active ingredients. The great 
majority of formulations are broadly grouped as water- or 
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organic solvent-based, or solid formulations, which generally 
fall within the RhE-based test method applicability domains 
[41]. Taking the above into account, in general RhE-based 
methods not only provide human relevant structure and 
function of the endpoint-relative features of human skin, they 
also exhibit good technical performance. While published 
comparative data for pesticide formulations are currently 
limited, quantitative RhE methods have been demonstrated 
to be reliable, reproducible, and protective of human health 
for substances representing a diversity of physicochemical 
properties [89,95].

Applicability of current methods for decision making

An evaluation of methods for regulatory application should 
consider their fitness for the intended purpose, assess human 
biological and mechanistic relevance, and ensure appropriate 
technical performance [95]. With this in mind, there are sev-
eral non-animal test methods and testing strategies that can 
be utilised without further development or validation to 
address a portion of the skin irritation/corrosion continuum. 

By applying a top-down testing strategy within an Integrated 
Approach to Testing and Assessment (IATA) (Figure 4A), the 
corrosive potential of test substances can readily be evalu-
ated using either the in chemico Corrositex® test method fol-
lowing procedures described in OECD TG 435, or using any of 
the available in vitro RhE models following procedures 
described in OECD TG 431 [41,96]. The ex vivo TER assay 
(OECD TG 430) [42] could also be used but it is not based on 
human skin. Selection of the appropriate platform may be 
dictated in part by compatibility of the test substance with 
the specific corrosivity test method; for example, substances 
or components of mixtures tested in Corrositex® must be out-
side the pH range 4.5 − 8.5. These methods can be used to 
identify a corrosive, and further subcategorise if needed, or 
can be used to rule out corrosive potential. If the test sub-
stance is not found to be corrosive, in vitro RhE models may 
be used to identify whether the substance is likely to be a 
GHS 2 or EPA Category II skin irritant, following the SIT pro-
cedures described in OECD TG 439. The SIT was validated to 
discriminate between GHS category 2 skin irritants, and those 
substances that do not require classification within the GHS, 

Figure 4. T esting strategies for irritants and corrosives using currently available OECD-approved in chemico and in vitro test methods. (A) Top-down testing 
strategy. (B) Bottom-up testing strategy.
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the latter of which include minimally or mildly irritating sub-
stances. Consequently, the SIT has not been validated to dis-
criminate between EPA Categories II, III and IV, such that a 
positive outcome would conservatively drive an EPA Category 
II classification, at the risk of potential over-prediction of 
some mildly irritating substances. Similarly, a negative out-
come in the SIT without any further evidence may drive a 
conservative EPA Cat III classification.

Alternatively, a bottom-up testing strategy may be 
employed if the substance is not expected to be highly irri-
tating (Figure 4B), wherein the irritant potential of the test 
substance is first evaluated in the SIT, following the proce-
dures described in OECD TG 439, as described above. A pos-
itive prediction in the SIT would require conducting one of 
the corrosion test methods to determine if the irritant sub-
stance also has the potential to be corrosive.

Next steps: Approaches to utilize non-animal test 
methods for predicting mild skin irritation

The RhE corrosion and SIT test endpoints rely on measuring 
overt cytotoxic effects in the tissue models, which is mecha-
nistically relevant for the vast majority of highly irritant and 
corrosive substances. However, for milder irritants the cyto-
toxicity endpoint may not be fully useful for identifying the 
majority of mild irritants where comparatively fewer cells are 
damaged or lysed upon skin exposure. Fortunately given the 
biological relevance of the RhE models, various approaches 
and endpoints can be applied to allow for improvements in 
the prediction of mild and moderate irritants. For example, 
sensitivity to milder materials can be enhanced in the 
cytotoxicity-based assays by increasing the duration of the 
exposure times, by enhancing the exposure kinetics, and by 
modifying the positivity prediction thresholds. In cases where 
cytotoxicity is not prominent, and the aforementioned modi-
fications to the exposure and expression kinetics are not 
desired, the release of inflammatory cytokines can be 
evaluated.

The upregulation and release of pro-inflammatory cyto-
kines in epidermal cells has been implemented in 
non-regulatory testing especially in the consumer product 
arena as an additional endpoint for identifying milder irritants 
[62,85,97], and is recognised as one of the key cellular events 
that occur upstream of overt cytotoxicity. Specifically, the 
release of the primary cytokine IL-1α by epidermal cells after 
chemical insult in vivo can be modelled in the in vitro RhE 
and reconstructed full thickness skin models by quantifying 
the amount of IL-1α released into the culture medium using 
available ELISA technologies. IL-1α released into the medium 
has shown utility in the identification of mild irritants and 
confirmation of non-irritant results [85,98]. Correlation to 
measured IL-1α has also been observed for both clinical 
trans-epidermal water loss measurements and classification of 
commercial cleansers [62] and detergents [99], and because 
the IL-1α endpoint has shown to be highly reproducible in 
routine use, it was established as the primary criterion for dis-
criminating amongst candidate ingredients [62]. During the 
optimisation of the SIT test method IL-1α release was 

evaluated for consideration as an additional endpoint to the 
MTT viability assessment to identify R38 skin irritants but was 
not included as it did not further add to identifying R38 irri-
tants [85], and in fact was found to be released by milder 
non-R38 reference substances in addition to the R38 refer-
ence materials2. This finding further supports the hypothesis 
that IL-1α release is an upstream key event in common with 
both mild and more severe irritants and could be used to 
discriminate mild irritants from non-irritants in the absence of 
overt cytotoxicity. Lastly, the full range of erythema scores in 
vivo in hairless rats were highly correlated to increasing levels 
of expression of the secondary cytokines IL-6 and IL-8 in a full 
thickness skin model after exposure to aliphatic hydrocar-
bons, thus demonstrating the relevance of cytokine signalling 
events in vitro to apical outcomes in vivo [87]. While the data 
cited here are not from testing pesticide formulations, the 
breadth of types of products and ingredients (surfactants, 
detergents, neat chemicals, and medical device extracts) used 
indicates utility of the marker across product types and 
demonstrates that test protocols can be modified to fit the 
relevant physicochemical properties of test materials. Indeed 
many of the same aforementioned classes of chemicals such 
as surfactants and solvents may also be used in agrochemical 
formulations to improve the dissolution/suspension, dispersal, 
and adhesion properties of active ingredients in the formula-
tion [58].

Based upon the endpoints and human-relevant mechanis-
tic justifications presented above an approach for consider-
ation would be to include measurement of IL-1α released into 
the culture medium during the post-treatment expression 
incubation of the SIT assay. An envisioned prediction model 
would allow for categorisation into three categories allowing 
discrimination between moderate skin irritants (consistent 
with GHS 2 criteria), milder irritants likely inducing only tran-
sient erythema and/or edoema, and those substances not 
likely to induce notable clinical effects. Upon testing, those 
substances which result in a cytotoxic response as deter-
mined by the MTT viability assay would be categorised as 
moderate skin irritants, regardless of cytokine release; those 
substances which result in a positive response in the IL-1α 
release endpoint in the absence of overt cytotoxicity would 
be categorised as mild skin irritants, and those substances 
which result in negative responses in both the MTT viability 
and IL-1α release assays would be characterised as non-irritants 
to skin. Establishing the appropriate thresholds for cytokine 
release could be done based upon available human clinical 
data to better discriminate between non-irritants and those 
that showed positive reactions in humans. This approach, 
where feasible, would apply human-relevant mechanistic-based 
methodologies to fit the human-derived data in establishing 
useful EPA category III and IV criteria. Accordingly, in a 
top-down testing strategy, the corrosive potential of test sub-
stances would be evaluated following the procedures in 
OECD TG 435 or TG 431, as described previously (Figure 5A), 
or by applying a bottom-up testing strategy utilising a mod-
ified TG 439 with cytokine analyses (Figure 5B) to allow for 
further discrimination between mild and non-irritants; an 
enhancement that is not provided in the first strategy 
described above. Regardless of whether a top-down or 
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bottom up strategy is utilised, the testing results should give 
rise to the same predictions.

Conclusions

Several considerations, including major species differences in 
the structure and function of the epidermis relative to 
humans, high subjectivity in evaluation, and concomitant 
poor reproducibility especially in the mild to moderate irrita-
tion range, have illustrated the limitations in the Draize rabbit 
test for the categorisation of substances for skin irritation. In 
contrast, several non-animal test methods, and in particular 
RhE-based test methods, have a distinct advantage in the 
ability to monitor human tissue responses in vitro with mech-
anistically based, quantitative protocols designed to reflect 
the expected responses in humans. The current 
regulatory-approved in chemico and in vitro tests for identify-
ing moderate to severe skin irritation and corrosion can be 
used today to make human-relevant regulatory decisions for 

substances and mixtures, including pesticidal formulations, 
following current OECD Test Guidelines and IATA guidance 
documents [41,55,56]. Several in vitro methods are accepted 
for many applications for hazard classification and have been 
included in the GHS Revision 8, conferring acceptance by 
countries using the GHS [100]. Further, in the future, RhE-based 
test methods can improve prediction of relevant endpoints 
by providing quantitative hazard classification for mild irri-
tants based on cytokine release. Additional investigations into 
the dynamics of cytokine signalling could provide mechanis-
tic insight that could increase confidence in delineating mild 
and moderate irritants.

Notes

	 1.	 The authors note that risk-phrase categories like R38 (irritating to 
skin) are no longer used in the EU.

	 2.	 The authors note that risk-phrase categories like R38 (irritating to 
skin) are no longer used in the EU.

Figure 5.  Potential testing strategies using cytokine release in conjunction with currently available test methods to allow for additional discrimination between 
mild and non-irritants. (A) Top-down testing strategy. (B) Bottom-up testing strategy.
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