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INTRODUCTION
 
The eye irritation potential of new drug candidates or phar-

maceutical ingredients should be evaluated during the pre-
clinical stage of development process if there is a possibility of 
ocular exposure. The representative example is benzalkonium 
chloride which is the most widely used preservative in the eye 
drop (Okahara and Kawazu, 2013). In order to evaluate eye 
irritation potential of ophthalmic agents and other substances 
with the possibility of direct ocular exposure, the rabbit Draize 
test (OECD, 2002) has been commonly employed. However, 
rabbit eyes are more sensitive to eye irritation than human 
eyes therefore, overestimation of eye irritation potential is un-
avoidable (Prinsen, 2006; Adriaens et al., 2014). In addition, 
consideration of animal welfare have been increased recently 
(Jang et al., 2014), demanding a new alternative test method 
to replace rabbit eye Draize test.

 

Many alternative approaches to rabbit eye Draize test have 
been developed such as bovine corneal opacity permeability 
(BCOP) test (Cater and Harbell, 2006) and hen’s egg cho-
rioallantonic membrane (HET-CAM) test (Spielmann et al., 
1993). Validation study for BCOP test (OECD, 2013a), iso-
lated chicken eye test (OECD, 2013b) and fl uorescein leak-
age  test (OECD, 2012) had been successfully completed by 
the European Center for the Validation of Alternative Methods 
(ECVAM) and the Interagency Coordinating Committee on the 
Validation of Alternative Methods (ICCVAM) and these were 
registered in the ‘Organization for Economic Cooperation and 
Development (OECD) Guidelines for the Testing of Chemi-
cals’. However, these test methods still have many shortcom-
ings such as use of non-human tissue, applicability limited 
to ocular corrosives and severe irritants, and unsatisfactory 
predictive capacity for human ocular irritation, refl ecting a con-
siderable demand for novel and more human-like alternative 
tests.
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The eye irritation potential of drug candidates or pharmaceutical ingredients should be evaluated if there is a possibility of ocular 
exposure. Traditionally, the ocular irritation has been evaluated by the rabbit Draize test. However, rabbit eyes are more sensi-
tive to irritants than human eyes, therefore substantial level of false positives are unavoidable. To resolve this species difference, 
several three-dimensional human corneal epithelial (HCE) models have been developed as alternative eye irritation test methods. 
Recently, we introduced a new HCE model, MCTT HCETM which is reconstructed with non-transformed human corneal cells 
from limbal tissues. Here, we examined if MCTT HCETM can be employed to evaluate eye irritation potential of solid substances. 
Through optimization of washing method and exposure time, treatment time was established as 10 min and washing procedure 
was set up as 4 times of washing with 10 mL of PBS and shaking in 30 mL of PBS in a beaker. With the established eye irritation 
test protocol, 11 solid substances (5 non-irritants, 6 irritants) were evaluated which demonstrated an excellent predictive capacity 
(100% accuracy, 100% specifi city and 100% sensitivity). We also compared the performance of our test method with rabbit Draize 
test results and in vitro cytotoxicity test with 2D human corneal epithelial cell lines.
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Since eye irritants affect corneal epithelium directly, the 
disruption of structural integrity, and decreased viability of 
the cornea are important indices of eye irritation. Eye irritants 
can cause lysis of membranes or denaturation of proteins or 
interaction with macromolecules in the cornea (Kaluzhny et 
al., 2011). In this background, in vitro eye irritation tests were 
developed using human corneal epithelium cell line (Cho et 
al., 2012) or reconstructed human corneal epithelium (HCE). 
Especially, reconstructed HCE models well recapitulate the 
stratifi ed and differentiated human cornea epithelium and can 
be applied to solid substances that are prevalent in ophthal-
mologic drugs (Liang et al., 2011) or medical devices (Post-
nikoff et al., 2014). Three HCE models have been reported up 
to now; EpiOcularTM (MatTek, Ashland, MA, USA) model pre-
pared with normal human epidermal keratinocyte (Stern et al., 
1998; Kaluzhny et al., 2011), SkinEthicTM Reconstituted Hu-
man Corneal Epithelium (SkinEthic, Lyon, France) model with 
immortalized human corneal epithelial cell line (Van Goethem 
et al., 2006) and LabCyte CORNEA-MODEL (Japan Tissue 
Engineering Co., Ltd, Gamagori, Aichi, Japan) with normal hu-
man corneal epithelial cells (Katoh et al., 2013). 

Recently, we have reported a new HCE model, MCTT 
HCETM (Modern Cell & Tissue Technologies, Seoul, Korea), 
which is reconstructed from primary-cultured human corneal 
epithelial cells (Jung et al., 2011). MCTT HCETM model has 
human cornea-like structure with 3 distinct differentiated lay-
ers, i.e., basal cell layer, wing cell layer and superfi cial squa-
mous cells layer. And the biomarkers for cornea such as 
CD44v6 and MUC1 are well-expressed. Eye irritation test with 
MCTT HCETM model showed the accuracy of 88%, sensitivity 
of 100% and specifi city of 77% for 25 liquid reference com-
pounds but its utility in the evaluation of solid substances has 
not been demonstrated. In the present study, we established 
eye irritation test method with MCTT HCETM model for solid 
substances and evaluated the predictive capacity of the devel-
oped method with 11 known references (Table 1).

MATERIALS AND METHODS

Tissues
MCTTTM HCE, Reconstituted human corneal epithelium 

tissue, was supplied by MCTT Co. (Seoul, Korea). Human 

primary limbal epithelial cells obtained from corneal trans-
plantation were cultured on an insert (0.6 cm2 polycarbonate 
Millicell® cell culture insert, Millipore, Darmstadt, Germany) for 
14 days. 

Media and reagents
Maintenance medium was supplied by MCTT Co. Sodium 

lauryl sulfate for positive control, quinacrine, chlorhexidine, pr-
omethazine hydrochloride, potassium tetrafl uoroborate, phe-
nothiazine, aluminum hydroxide, t-cinnamic acid, glyceryl ste-
arate, ammonium nitrate, citric acid, zinc gluconate, pyridine 
and PBS for washing was obtained from Sigma (St. Louis, 
MO, USA). WST-1 (4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-
5-tetrazolio]-1,3-benzene disulfonate) for measuring cell vi-
ability was supplied by Roche (Basel, Switzerland).

Experimental protocol refi nement
Overall experimental protocol: After MCTTTM HCE was 

incubated 22 ± 2 hr at 37oC in 5% CO2 incubator, 40 mg of 
solid test article was topically applied on the HCE pre-wetted 
with 40 μL of PBS (Fig. 1C). Tissues were rinsed with PBS 
after treatment and post-incubated for 16 ± 1 hr at 37oC in 5% 
CO2 incubator. And then HCE was incubated with WST-1 for 3 
hr to measure cell viability. Absorbance of formazan was mea-
sured at 450 nm using the UV spectrophotometer. The mean 
of 2 wells for each test substance was calculated.

Determination of the treatment time: Test articles were 
treated for 10 or 30 min at 37oC in 5% CO2 incubator. Other 
procedure was performed as above.

Determination of washing method: Test articles were 
treated for 10 min and rinsed with several conditions using 
PBS. For rinsing the tissues, ‘Wash 1’ method was followed by 
retention with PBS for 1 min and washing 2 times with 10 mL 
of PBS and shaking in 4 mL of PBS in the 12 well plate. ‘Wash 
2’ method was followed by washing 4 times with 10 mL of PBS 
and shaking in 30 mL of PBS in the beaker. ‘Wash 3’ method 
was followed by rinsing 4 times with 10 mL of PBS and shak-
ing in 30 mL of PBS in the beaker 2 times, after that soaking in 
4 mL of media in the 12 well plate for 10 min at 37oC in 5% CO2 
incubator. Other procedure was performed as above.

Prediction model
OD of negative control was converted to 100% of cell vi-

Table 1. List of solid test substances

Test substance  Abbreviation CAS No. MMAS GHS Ref.

Phenothiazine P 92-84-2 0 NI (1) (2)
Aluminum hydroxide AH 21645-51-2 12.7 (1) (2)
Potassium tetrafl uoroborate PT 14075-53-7 0 (1)
trans-cinnamic acid t-CA 140-10-3 - (2)
Glyceryl stearate (Glycerol triisostearate) GS 123-94-4 2.0 (2)
Ammonium nitrate AN 6484-52-2 18.3 Cat 2 (1)
Citric acid CA 77-92-9 17.4 (2)
Chlorhexidine CH 55-56-1 82.3 Cat I (1)

Quinacrine Q 69-05-6 82 (1) (2)
Promethazine hydrochloride PH 58-33-3 71.7/84.0 (1)
Zinc gluconate ZG 4468-02-4 - (2)

(1) Kaluzhny et al., 2011, (2) Alépée et al., 2013.
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ability and OD of test material was changed into a percentage. 
If the cell viability was above than 50%, the test substance 
was judged to be a non-irritant, otherwise, it was determined 
an eye-irritant.

Cytotoxicity assessment of human corneal epithelial cells 
(HCE-T)

Cytotoxicity of some irritants were done according to Cho et 
al. (2012). Human corneal epithelial cells (HCE-T) which were 
transformed with SV-40 adenovirus vector (Araki-Sasaki et al., 
1995) established by Dr. Kaoru Araki-Sasaki (Osaka Univer-
sity, Osaka, Japan), were kindly provided by Dr. Choun-Ki Joo 
(Catholic University of Korea, Seoul, Korea). The cells were 
cultured in DMEM/F-12 medium (Lonza, NJ, USA) containing 
5% FBS (Gibco, California, USA), 5 μg/mL recombinant hu-
man insulin (Sigma-Aldrich), 10 ng/mL human EGF (Sigma-
Aldrich), 100 ng/ml cholera toxin (Biomol, Allemagne, Ger-
many), and 0.5% DMSO (Sigma-Aldrich) (Seomun and Joo, 
2008). HCE-T cells were seeded in 96-well plates(2×104 cells/
well), and grown for 48 hr in a humidifi ed atmosphere of 5% 
CO2 at 37oC until the cells attained full confl uence. The cells 
in the 96-well plates were exposed to 200 μL of test material 
solution for 1 h. After the exposure, the cells were washed 3 
times with 200 μL of phosphate-buffered saline (PBS) (Lon-
za), and then, 100 μL of methylthiazolyldiphenyl tetrazolium 
bromide (MTT) (Sigma-Aldrich) solution (0.5 mg/mL in cell 
culture medium) was added. After 3-h incubation, the cells 
were washed 3 times with PBS. MTT formazan was extracted 
with 100 μL of 0.04 N HCl-isopropanol (Sigma-Aldrich) for 30 
min, and the absorbance of the extract was measured at 570 
nm with a spectrophotometer (Molecular Devices, Sunnyvale, 
USA).

Statistics
Values are mean and error bars indicates absolute differ-

ence between duplicate tissue ([Tissue1-Tissue2]/2) (n=2)

RESULTS

Optimization of treatment time of test substance
Firstly, experiments were performed according to the meth-

od developed for liquid test articles, i.e., exposure periods of 10 
min and 4 times of washing and post-incubation time of 16 hr 
(Jung et al., 2011). In order to optimize treatment time for solid 
substance, test articles were treated for 10 or 30 min and post-
incubated for 16 hr after washing. As a result, the exposure 
time appeared not to affect the assay results (Fig. 1A). The 
tissue viabilities following the treatment of aluminum hydroxide 
were determined to be 93.0 ± 1.0% and 85.3 ± 1.2% for the 
treatment times of 10 and 30 min, respectively. And the viabili-
ties of potassium tetrafl uoroborate were measured to be 90.4 
± 1.4% and 79.6 ± 10.0% for the treatment times of 10 and 30 
min, respectively. Modifi ed Maximum Average Score (MMAS) 
represents the average scoring of severity observed on cornea 
(0-80), iris (0-10) and conjunctiva (0-20) at 24, 48 and 72 hr af-
ter chemical treatment. MMAS of phenothiazine and potassium 
tetrafl uoroborate is 0.0, and MMAS of aluminum hydroxide is 
12.7 (Kaluzhny et al., 2011). c.f. No/mild irritation MMAS <25; 
moderate irritation 25≤MMAS<59; and strong irritant MMAS ≥ 
59. Moreover, tissue viability of these 3 test articles was about 
100% in the EpiOcularTM and SkinEthic HCETM model. Our 
results fell within the range of non-irritant, however, we fi xed 
treatment time to 10 min to be identical to the method used in 
liquid substances. Fig. 1C shows the treatment of solid sub-
stances (with PBS pre-loading) and washing procedure.

Fig. 1. Optimization of treatment time of test substance and washing method. (A) Effects of application time (B) and washing method on 
tissue viability (n=2-3). (C) Photographs of treatment of solid substance and washing procedure. Values are mean and error bars indicates 
absolute value ([Tissue1-Tissue2]/2) (n=2~3).
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Modifi cation of washing method
Some of solid chemicals, aluminum hydroxide, quinacrine 

and chlorhexidine, were diffi cult to wash off remaining pow-
ders from the treated tissue with the original washing method 
(wash 1). In order to wash powder cleaner for the correct 
prediction of eye irritant, we tried to modify washing proto-
col as shown as ‘materials and method’. As quinacrine and 
chlorhexidine are severe eye irritants (Cat 1), these were not 
affected by washing methods (Fig. 1B). However, cell viability 
of phenothiazine-treated tissues diverged substantially to 99.8 
± 3.0% and 62.7 ± 8.1% following ‘wash 2’ and ‘wash 3’ proto-
col, respectively. Likewise, cell viability of aluminum hydroxide 
was 93.0 ± 1.0% and 28.4 ± 0.2% with ‘wash 2’ and ‘wash 3’, 
respectively. Although aluminum hydroxide was not removed 
completely, ‘wash 3’ method was thought to be too harsh for 

non-irritants, so ‘wash 2’ protocol was selected for washing 
solid substances.

Predictive capacity of the eye irritation model 
Additional 7 solid test materials were evaluated with this 

modifi ed eye irritation test. When 50% of cell viability was set 
as the criteria for eye irritation potential evaluation according 
to that for liquid substances, all of the solid chemicals were 
predicted correctly (Fig. 2A, Table 2). Histological examination 
also supported the clear manifestation of irritation on the tis-
sue (Fig. 2B). Moreover, repeated runs showed an excellent 
consistency between runs (Fig. 2A). This approach resulted 
in excellent sensitivity (100%) and specifi city (100%). Conse-
quently, an overall accuracy of 100% was obtained (Table 2). 
Pearson correlation analysis of tissue viability versus MMAS 
exhibited a high and signifi cant correlation (Fig. 3A, correlation 
coeffi cient=-0.771, p=0.009) but the test appears to overesti-
mate the toxicity of Cat 2 irritants compared to MMAS, which 
may refl ect potential risk of high false negative rates (high 
sensitivity but low specifi city). In addition, we also evaluated 
the cytotoxicity of several irritants that could be solubilized in 
culture medium (Fig. 3B). The results showed that cytotoxic-
ity and tissue viability obtained in MCTT HCETM for the solid 
substances were comparable. However, since test articles are 
applied as it is (i.e., at 100% concentration) in MCTT HCETM, it 
was diffi cult to discriminate Cat 2 from Cat 1. Overall protocol 
for eye irritation test is described in Fig. 4.

DISCUSSION

Many in vitro alternative test methods have been developed 
to replace conventional animal tests. However, for the most of 
in vitro cell-based assays, solid substances cannot be tested 
as it is but should be dissolved and diluted in appropriate ve-
hicles for treatment. Poor solubility can pose a critical obstacle 
to the test conduct and the results can vary substantially de-
pending on vehicles. In HCE models, solid test substances 
can be directly applied, circumventing these problems. How-
ever, to apply tissue engineered models to real in vitro test, the 

Table 2. Predictive capacity of eye irritation test with MCTT HCETM for 
11 solid substances

Test substance GHS MCTT HCE

Phenothiazine NI NI
Aluminum hydroxide NI NI
Potassium tetrafl uoroborate NI NI
t-cinnamic acid NI NI
Glyceryl stearate NI NI
Ammonium nitrate Cat 2 I
Citric acid Cat 2 I
Chlorhexidine Cat I I
Quinacrine Cat I I
Promethazine hydrochloride Cat I I
Zinc gluconate Cat I I
Sensitivity (%) 100 (6/6)
Specifi city (%) 100 (5/5)
Accuracy (%) 100 (11/11)

Fig. 2. Tissue viability obtained with the optimized eye irritation 
protocol. (A) Tissue viability results for 11 reference substances 
(n=3). (B) Histology of treated tissues (representative photograph). 
2% SLS: 2% Sodium Lauryl Sulfate for positive control.
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development of optimized test method and refi nement of test 
protocol is indispensable to attain appropriate performance 
and accuracy of the test results (Jung et al., 2014). Here we 
developed a new test method for the determination of eye ir-
ritation of solid substances with MCTT HCETM model and with 
the developed method, we demonstrated that MCTT HCETM 
model could predict the eye irritation of 11 solid chemicals 
quickly and correctly in comparison with other HCE models. 

Solid test materials are supposed to be applied for 90 min 
and then post-incubated for 18 hr in the EpiOcularTM model 
(Kaluzhny et al., 2011; Pfannenbecker et al., 2013). And in the 
LabCyte CORNEA-MODEL, another recently de veloped HCE 

model, solid substances are treated for 24 hr without post-
incubation (Katoh et al., 2013), refl ecting that considerable 
time can be saved with MCTT HCETM model. In addition, in 
MCTT HCETM model, we could employ identical treatment time 
and post-incubation time for solid as used in liquid test sub-
stances through deploying separate washing schemes, which 
would be convenient and practical for the conduct of test. Most 
HCE models need separate treatment procedures for solid 
substances except for SkinEthic HCETM where different treat-
ment time is applied according to eye peptide reactivity assay 
(EPRA) results (Alepee et al., 2013). Generally, HCE models 
are provided in a 24 well format and 12 test substances can 
be tested in one kit of HCE model (duplicate). However, time 
setting for solid different from that for liquid substances can 
be problematic in terms of sample treatment layout and re-
sultantly, models can be unnecessarily wasted. In this regard, 
eye irritation test using MCTT HCETM model can be more eco-
nomic than other HCE models.

BCOP and ICE tests can only identify Category 1 (severe) 
eye irritants which is a critical limitation for the application to 
the evaluation of drug substances and cosmetic ingredients. 
The eye irritation test with MCTT HCETM could distinguish se-
vere to moderate eye irritants (Category 1 & Category 2) from 
non-irritants, yet the substances of Category 2, moderate to 
weak eye irritants, showed somewhat low cell viability, sug-
gesting a potential risk of high false positive rate. This was 
further corroborated by additional test with 2D monolayer cell 
system, where substance of Category 2 could be differenti-
ated. More substances of Category 2 and NI should be evalu-
ated to clearly assess the predictive capacity of this model for 
the discrimination of Category 2 irritants. In addition, incorpo-
ration of secondary markers like IL-8 (Debbasch et al., 2005), 
cornifelin expression (Choi et al., 2014) or occludin expression 
(Meloni et al., 2010) along with cell viability measurement may 
be helpful to enhance predictive capacity of this model for the 
determination of Category 2 eye irritants although further stud-
ies are necessary to confi rm it. 

Along with the accuracy of 88% for liquid chemicals with 
MCT HCETM model (Jung et al., 2011), this test method showed 
high accuracy of 100% for solid substances, refl ecting that 
this model may be versatile for the test of diverse substances. 
We are continuing to expand the reference data employing 
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Fig. 4. Overview of the optimized eye irritation test method for 
MCTT HCETM model.
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various test substances to prove the predictive capacity and 
wide applicability of this model.  Furthermore, intra- and inter-
laboratory validation with 3 participating laboratories and the 
evaluation of accuracy are currently in progress. 

In conclusion, we optimized in vitro eye irritation test with 
MCTT HCETM model for solid substances through modifying 
the time of application and the methods of washing. Ten min 
was fi xed for the application time of solid chemicals and suit-
able washing method (wash 2) was established for rinsing 
off solid substances on condition that test article was well-
removed and cell viability was not decreased rapidly. Through 
this effort, we could demonstrate that this model could pre-
dict the eye irritation potential of 11 solid test substances with 
high accuracy (~100% accuracy), which suggests that MCTT 
HCETM can be useful for the test of diverse drug candidates 
and cosmetic ingredients.
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