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a b s t r a c t

Measurement of ocular irritancy is a necessary step in the safety evaluation of both industrial and con-
sumer products. Assessment of the acute eye irritation potential is therefore part of the international reg-
ulatory requirements for testing of chemicals.

The Bovine Corneal Opacity and Permeability (BCOP) assay is generally accepted as a valid in vitro alter-
native method to the Draize eye irritation test to detect corrosive and severe eye irritants (category 1),
but has not proven sensitive enough to discriminate accurately moderate (category 2A/2B) to mild and
non-irritating compounds. In the currently accepted BCOP assay, opacity is determined by the amount
of light transmission through the cornea, and permeability is determined by the amount of sodium fluo-
rescein dye that passes through all corneal cell layers. Both measurements are used to assign an In Vitro
Irritancy Score (IVIS) for prediction of the in vivo ocular irritation potential of a test substance. Nowadays,
opacity is measured by an OP-KIT opacitometer providing a center-weighted reading of light transmis-
sion by measuring changes in voltage when the transmission of white light passes through the cornea
alters. As a consequence, this may underestimate opacity that develops as spots or heterogeneous opaque
areas on the periphery of an isolated cornea.

A prototype of a laser light-based opacitometer (PLLBO) allowing better measurement of opacities was
developed by Van Goethem et al. (2010). This new device showed improved sensitivity to detect subtle
changes in corneal transparency. Furthermore, the new opacitometer allowed the analysis of the com-
plete corneal surface and was able to detect more efficiently opaque spots located along the sides of
the excised corneas.

A further improved prototype of the PLLBO was constructed in combination with a camera and a
speckle noise reducer. Treatment conditions of the corneas in the cornea holders were optimized in order
to mimic more the real in vivo situation. A set of test compounds with irritancy potencies especially in the
mild and moderate range was tested. The improved LLBO showed some promising features which poten-
tially could improve the usefulness of the BCOP test. Adaptation of cornea holders showed to be of limited
value and only restricted to concentrations up to 15% which mimics more test conditions in industry.

This 3-year research project was sponsored by the Stavros Niarchos Foundation (Greece).
� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The human eye is a complex organ comprised of various differ-
ent tissues and cell types. The cornea, constituting the outer barrier
of the eye, and the conjunctivae are the tissues which are most of-
ten affected after exposure of the eye to ocular irritants (Hackett
and McDonald, 1991). Eye irritation is the result of changes in
the eye following the application of a test chemical to the anterior

surface of the eye and which are fully reversible within 21 days of
application. Measurement of ocular irritancy is a necessary step in
the safety evaluation of both industrial and consumer products.

Irritation testing using laboratory animals has largely remained
unchanged for many years. The Draize eye irritation test (Draize
et al., 1944) became a governmentally endorsed methodology
and is described in OECD testing guideline (TG) 405 (OECD,
2002). Advances in ocular toxicology are challenging the validity,
precision, and relevance of the Draize eye irritation test (Wilhel-
mus, 2001). Significant levels of variability were observed since
the test is based on a subjective scoring procedure (Weil and Scala,
1971). Besides the fact that the test causes considerable discomfort
and pain to animals, it is also recognized that the response in the
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rabbit is not always predictive of that found in humans (Curren and
Harbell, 2002; Freeberg et al., 1986; Griffith et al., 1980). Taken to-
gether, both ethical and scientific reasons stimulated the develop-
ment and validation of several alternative in vitro methods to
assess eye irritation (Balls et al., 1999; Worth and Balls, 2002).

The status of alternative methods for eye irritation was de-
scribed by Eskes et al. (2005) (Eskes et al., 2005) and although
some of the assays showed considerable promise as screens for
ocular irritancy, the outcome of many validation studies concluded
that no single test was capable of replacing the range of injuries
measured in the Draize rabbit eye test. The main reason for this
is the difficulty of comparing in vitro test results with historical
animal data which are often of insufficient quality for validation
purposes. Further, one should realize that the in vitro tests only
partially models the complex in vivo eye irritation response. How-
ever, a number of tests, including the BCOP (Bovine Corneal Opac-
ity and Permeability), HET-CAM (Hen’s Egg Test-ChorioAllantoic
Membrane), IRE (Isolated Rabbit Eye), and ICE (Isolated Chicken
Eye) tests, are accepted by European Union (EU) national regula-
tory authorities, on a case-by-case basis, for the identification of
corrosive and severe eye irritants (EU, 2004).

The BCOP assay is an in vitro alternative which is routinely used
in several industrial and contract testing laboratories in the con-
text of workplace safety and product safety applications and is de-
scribed in OECD TG 437 (OECD, 2009). However, the BCOP assay
seems to be not sensitive enough to discriminate among moderate
and mildly irritating materials when applying the standard proto-
col (Cooper et al., 2001; Eskes et al., 2005; Jones et al., 2001).

The assay is based on the methods described by Muir (1984,
1985, 1987) and Tchao (1988) and was developed by Gautheron
et al. (1992) for the prediction of the irritation potential of process
intermediates and compounds in development. In general, the
BCOP assay can test a wide range of physical forms and solubility
characteristics. For example, Vanparys et al. (1993) showed that
when fifty pharmaceutical and commercially available substances
were evaluated representing both liquids (miscible and immisci-
ble) and solids (soluble and insoluble), a concordance of 96% was
obtained when irritants were discriminated from non-irritants.

Up to now opacity readings are performed by using the OP-KIT
opacitometer, which is a white (polychromatic) light, dual-beam
opacitometer. This type of opacitometer provides a center-
weighted reading of light transmission through the cornea. It was
found that with the OP-KIT opacitometer different values on opac-
ity were obtained (specially with alcohols and solids) depending
where the spot was located, leading to misclassification of com-
pounds for their eye irritating potential (Van Goethem et al.,
2010). Another observation was that the OP-KIT opacitometer is
not sensitive enough to differentiate between moderate (category
2A/2B), mild, and non-irritating compounds (narrow scale for
ranking compounds). Furthermore, the OP-KIT device is difficult
to calibrate and is not stable over time.

Recognizing the limitations of the conventional OP-KIT opaci-
tometer, a prototype laser light-based opacitometer (PLLBO) was
developed that uses an adjustable laser beam in combination with
a calibrated photocell instead of visible light. This new opacitome-
ter was designed to provide a more even distribution of light across
the corneal surface which resulted in an improved method of opac-
ity assessment when optical linearity and local effects (opaque
spot induction) were analyzed (Van Goethem et al., 2010). Addi-
tional studies are required to determine if such instruments pro-
vide an improvement over the conventional opacitometer. This
proof of concept should be considered as a first step towards a
technical optimization in which further possible advantages of la-
ser light technology should be investigated. For that reason, an im-
proved PLLBO was constructed by using the laser light-based
opacitometer (LLBO) in combination with a camera and a speckle

noise reducer and by modifying the cornea holders so that test
compounds and formulations can be diluted whether or not in
function of time as happens in vivo by excessive tearing in the
eye of man at exposure which attempt to wash out irritants that
may have come into contact with the eye.

A set of compounds with irritancy potencies especially in the
mild and moderate range were tested and compared with the re-
sults of the original PLLBO when possible. The improved LLBO
showed promising features which potentially could improve the
usefulness and applicability domain of the BCOP test.

2. Materials and methods

2.1. Test compounds

The eye irritating potential of nine reference chemicals (Table 1)
selected from the recommended substances list for demonstrating
technical proficiency with BCOP of OECD TG 437 (OECD, 2009) was
assessed. The selected reference chemicals, for which high quality
in vivo rabbit eye test data (ECETOC, 1998; Gautheron et al., 1994)
and high quality in vitro BCOP data (Balls et al., 1999; Gautheron
et al., 1994) exist, covered the range of irritant categories from
non to severe (category 1) and represent different chemical classes.

The eye irritating potential of another 20 compounds (Table 2)
selected from literature was assessed to evaluate further the per-
formance of the new LLBO (Balls et al., 1999; Gautheron et al.,
1994). The selection of test compounds focused on the non- to
moderate (category 2A/2B) irritant categories and represent differ-
ent chemical classes.

To determine the suitability of the adapted cornea holders, con-
centration series (15–100%) of ethyl acetoacetate (Table 2) and
N,N-dimethylformamide (DMF, CAS: 68-12-2) were used. The lat-
ter is also used as positive control for liquid test items in the BCOP
assay.

Also cosmetic formulations and simple formulations with dif-
ferent irritancy potencies were tested. Since it was not possible
to obtain formulations from industry, it was decided to test three
commercial kids shampoos labeled as ‘does not sting the eyes’.
The shampoos were tested as the actual formulation as they are
on the market. Simple formulations were made of irritating com-
pounds diluted in artificial tear fluid (Hyabak). A concentration ser-
ies was tested for one severely irritating (pyridine), one moderately
irritating (c-butyrolactone), and one mildly irritating (1,2,4-trim-
ethylbenzene) compound. All three compounds were previously
tested as pure products (100%) by others.

2.2. BCOP assay

The BCOP assay was performed according to OECD TG 437
(OECD, 2009). A brief overview can be found in the paper of Van
Goethem et al. (2010).

2.3. Construction of an improved laser light-based opacitometer
(LLBO)

2.3.1. Conventional opacitometer (OP-KIT)
Up to now, opacity readings are performed by using the OP-KIT

opacitometer (MC2, Clermont Ferrand Cedex, France), which is
based on the use of a white (polychromatic) light, dual-beam opac-
itometer. This type of opacitometer provides a center-weighted
reading of light transmission through the cornea. More detailed
technical information on this device can be found in the paper of
Van Goethem et al. (2010).
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2.3.2. Prototype laser light-based opacitometer (PLLBO)
A new opacitometer (PLLBO) was designed at Janssen Pharma-

ceutica N.V. with laser light as light source instead of visible light.
The characteristics of visible versus laser light-based opacitome-
ters are shown in Table 3. A helium–neon (HeNe) laser (Melles
Griot BV, The Netherlands) was used. Its operation wavelength is
632.8 nm producing a 5.0 mW coherent, random polarized mono-
chromatic light beam (0.8 mm) in the red portion of the visible
spectrum. A photometer (Minolta certified lux meter) was used
with following specifications: digital read-out, 2% accuracy, range
between 0.01 and 99,900 lux, silicon photocell. The unit of mea-
surement is lux, the International System of Units of illuminance.
Start values were routinely set at 1210 lux when an empty cornea

holder was placed in the PLLBO, since intensity can be regulated by
an adjustable neutral density filter (NDF). The technical optimiza-
tion and optical characteristics of this device can be found in the
paper of Van Goethem et al. (2010).

2.3.3. Technical specifications improved LLBO
A copy of the PLLBO of Janssen Pharmaceutica N.V. was con-

structed with further technical improvement of the equipment
for opacity measurements regarding type and specifications. A he-
lium–neon (HeNe) green laser (Melles Griot BV, The Netherlands)
was selected instead of a red laser to enlarge the sensitivity. Its
operation wave-length is 543.5 nm producing a 10.0 mW coherent,
random polarized monochromatic light beam (0.81 mm) in the
green portion of the visible spectrum. Furthermore, the LLBO was
constructed in combination with a camera (12 bit TXG50 5 Mega-
pixel from Baumer) and a speckle noise reducer. Also a Bi-Telecen-
triclens for 2/300 chips was used to prevent distortion on the 2D
picture. Both the Minolta lux measurement device and digital cam-
era were constructed on a linear slide to obtain a more flexible set-
ting. The advantages of including a camera on top of a calibrated
photocell allowing the possibility to capture images to obtain extra
information on possible injury (data not shown) and the possibility
to perform densitometry measurements (future perspectives). La-
ser light is coherent with the induction of speckle noise, which dis-
turbs image analysis with a camera. A speckle noise reducer is
necessary to reduce the noise and to obtain a perfect sharp image.

Table 1
Reference chemicals selected from OECD test guideline 437.

Chemical CAS Chemical classa Physical form

Benzalkonium chloride (5%) 8001-54-5 Onium compound Liquid
Dibenzoyl-L-tartaric acid 2743-38-6 Carboxylic acid, ester Solid
Imidazole 288-32-4 Herterocyclic Solid
Trichloroacetic acid (30%) 76-03-9 Carboxylic acid Liquid
2,6-Dichlorobenzoyl chloride 4659-45-4 Acyl halide Liquid
Ethyl-2-methylacetoacetate 609-14-3 Ketone, ester Liquid
Ammonium nitrate 6484-52-2 Inorganic salt Solid
Glycerol 56-81-5 Alcohol Liquid
n-Hexane 110-54-3 Hydrocarbon (acyclic) Liquid

a Chemical classes were assigned to each test substance using a standard classification
scheme, based on the National Library of Medicine Medical Subject Headings classification
system.

Table 2
Twenty chemicals selected from literature [9, 23].

In vitro irritation class Chemical CAS Chemical class Physical form

Non L-Aspartic acid 70-47-3 Amino acids Solid

Polyethylene glycol 400 25322-68-3 Alcohol, polyether Liquid
2-Mercaptopyrimidine 1450-85-7 Acyl halide Solid
EDTA, dipotassium salt 25102-12-9 Amine, carboxylic acid (salt) Solid
Anthracene 120-12-7 Polycyclic Solid

Mild Cetylpyridinium bromide 140-72-7 Heterocyclic, onium compound Liquid
Methyl cyanoacetate 105-34-0 Ester, nitrile compound Liquid
Potassium cyanate 590-28-3 Inorganic salt Solid
Tetraaminopyrimidine sulfate 5392-28-9 Amine, heterocyclic, inorganic salt Solid
Propyl-4-hydroxybenzoate 94-13-3 Carboxylic acid, phenol Solid
1-Nitropropane 108-03-2 Hydrocarbon (acyclic), nitro compound Liquid
3-Glycidyloxypropyltrimethoxysilane 2530-83-8 Organosilicon compound Liquid
Dimethyl sulfoxide 67-68-5 Organic sulfur compound Liquid
Methylisobutylketone 108-10-1 Ketone Liquid
Petroleum ether 8032-32-4 Hydrocarbon (acyclic) Liquid

Moderate Parafluoraniline 371-40-4 Amine/amidine Liquid
Ethyl acetoacetate 141-97-9 Carboxylic acid, ketone Liquid
Hexadecyltrimethylammonium bromide 57-09-0 Organic salt, onium compound Liquid
Butyl acetate 123-86-4 Ester Liquid
Sodium lauryl sulfate (3%) 151-21-3 Carboxylic acid (salt) Liquid

Table 3
Characteristics of OP-KIT and laser-light based opacitometers.

Visible light-based opacitometer
(OP-KIT)

Laser light-based opacitometers

Polychromatic Monochromatic
Non-linear Linear
Two light sources of different life

time
One light source

Only a part of the cornea is analyzed The whole cornea is analyzed
– The width of the light beam can be

adjusted

1300 S. Verstraelen et al. / Toxicology in Vitro 27 (2013) 1298–1311



Author's personal copy

Peira Scientific Instruments (Beerse, Belgium) constructed the
LLBO as detailed in Fig. 1A. Intensity of laser light can be regulated
by an adjustable NDF. Based on preliminary experiments start val-
ues were routinely set at 2000 lux with placement of an empty cor-
nea holder.

2.3.4. Heterogeneous opacity measurement
The correctness of opacity measurement when using a center-

weighted reading was evaluated by heterogeneous opacity induc-
tion of the cornea using three different approaches in analogy as
described in Van Goethem et al. (2010). A first approach was per-
formed by blocking the maximum amount of light with artificial
black spots of different diameters. The black spots were placed
on different locations on a transparent filter and held in front of
a cornea when opacity values were recorded. Secondly, local opac-
ity was induced by a 10 min exposure of the corneas to DMF-satu-
rated absorbent paper (6 mm diameter) at the center or periphery.
Opacity was assessed with the OP-KIT and LLBO after 2 h recovery.
Thirdly, the effect of inaccurate cornea treatment was reproduced
by heterogeneous exposure of corneas to methanol. In this exper-
iment three corneas were completely treated and three corneas
were only treated at the periphery with methanol. Results were
compared with those obtained using the PLLBO.

2.3.5. Performance assessment of LLBO
To evaluate the performance of the improved LLBO and to built

a new prediction model to classify the test compounds, the eye irri-
tating potential of 29 reference chemicals (Tables 1 and 2) was as-
sessed. Three corneas per concentration were treated for 10 min
(liquids) or 4 h (solids) and opacity was assessed with the OP-KIT
and LLBO after 2 h recovery (liquids) or immediately (solids). At
least two independent experiments were performed for each
chemical. In Vitro Scores and classifications were calculated accord-
ing to the proposed prediction models (Table 4). For each experi-

ment, the average IVIS of three treated corneas with
corresponding standard deviations (SD) are presented. To compare
the IVIS results of the LLBO with those of the OP-KIT, only absolute
lux values were considered. It is important to mention that only
one direction, namely the increase of opacity in time, was taken
into account. This means that when corneas show an improvement
in light permeability (negative value) in time, the lux values were
set to zero.

2.3.6. Prediction models
The In Vitro Irritation Score (IVIS) was calculated by combining

both opacity and permeability results and three different predic-
tion models are used for the three devices (OP-KIT, LLBO, and
PLLBO) (Table 4). For the LLBO, opacity was defined as the amount
of lux divided by 7 (lux/7) in order to transform the obtained illu-
minance values in the range of the standard OP-KIT prediction
model.

2.4. Adaptation of cornea holders

The adapted cornea holder was designed by Peira Scientific
Instruments (Fig. 1B). There are two extra small holes foreseen in
the cornea holder. If the cornea holder is fielded horizontally with
the two small round holes facing to the top then the flush tool can
be installed. In this flush tool are two small holes (sideward posi-
tioned). If the flush tool is mounted in the two small holes of the
cornea holder then the two small holes of the flush tool are in
the center of the mounted cornea. Herewith is assured when the
flushing starts that there is an immediate impact on the cornea
and thus this is an attempt to mimic tears.

In the BCOP assay, opacity and permeability measurements are
used to assign an IVIS for prediction of the in vivo ocular irritation
potential of a test substance. For the experiments with the adapted
cornea holder, only opacity was determined assumed that this

Fig. 1. Design laser light-based opacitometer (A), and adapted cornea holder (B).
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endpoint is the first affected by dilution of the test compound. To
determine the suitability of the adapted cornea holders, concentra-
tion series (15–100%) of compounds were used as detailed in Sec-
tion 2.1. For practical reasons, 0.9% sodium chloride was used for
dilution of the compounds. Here, concentrations up to 15% were
tested for practical considerations (volume restriction of cornea
holder of 5 ml). Three corneas were treated with a volume of
750 ll test compound. Opacity was determined at baseline and
after 2 h post-treatment using the OP-KIT device and LLBO. Other
sets of three corneas were used to analyze the effect of dilution
of the test items on average opacity readings. After 1 out of
10 min exposure of the corneas to the test compound, the latter
was diluted in the cornea holder by adding different volumes of
0.9% sodium chloride to obtain a concentration series from 100%
to 15%. In addition, a dilution (15–66.7%) with 0.9% sodium chlo-
ride was added to a set of three corneas already after 5, 10, 20,
or 30 s to have an idea if timing of dilution has an impact on opac-
ity readings. It was also checked if removing of the substance after
injection may have an impact on opacity readings for a moderate
eye irritant. After substracting the baseline opacity from the
post-treatment opacity reading for each individual cornea, the
average opacity reading and corresponding SD was calculated for
each set of three corneas. A Student’s t-Test (two-tailed distribu-
tion, unequal variance) was performed to determine if dilution of
the test compound is significantly different (p < 0.05) compared
to the initial concentration of the compound.

2.5. Testing an expanded set of formulations

Commercially available baby shampoos labeled as ‘does not
sting the eyes’ and simple formulations of pyridine, c-butyrolac-
tone, and 1,2,4-trimethylbenzene with different irritancy potencies
were tested using the LLBO and OP-KIT. The shampoos are tested as
the actual formulation as it is on the market. Four concentrations
(25–50–75–100%) were tested of the simple formulations to com-
pare the irritancy ranking. In Vitro Scores and classifications were
calculated according to the proposed prediction models (Table 4).
For each experiment, the average IVIS of three treated corneas with
corresponding SD are presented.

3. Results

3.1. Construction of an improved laser light-based opacitometer
(LLBO)

Using the improved LLBO, we observed that laser light was sub-
ject to some minor variation (±1.5%), but this fluctuation is negligi-
ble in the BCOP assay. In an experimental setup, each of the three
corneas are treated with test substance. This means that we also
have to deal with biological variation between the three corneas
measured. To avoid interference of the light source, it was decided

to switch on the laser light-based device 30 min before starting the
experiments to improve stability of the laser light.

3.1.1. Heterogeneous opacity readings
In order to evaluate if heterogeneous opacity induction can re-

sult in the underestimation of the irritating potential of test sub-
stances, peripheral effects on the cornea were mimicked by three
different approaches.

First, artificial black spots with different diameters were placed
on different locations of a transparent filter and opacity measure-
ments were performed both with the OP-KIT and LLBO. Results
were also compared with those using the PLLBO. When opacity val-
ues of peripheral spots were compared with opacity values of spots
(same size) in the center (Table 5), both opacitometers showed
unbalanced readings (although the effect is more pronounced with
the OP-KIT), especially for smaller spots (3 and 6 mm). To aid in
data interpretation, the opacity values of each peripheral spot
was calculated as a percentage of the respective central reading,
which was set at 100%. Differences were observed between the
OP-KIT and the LLBO for these weighted data points. A spot of
3 mm was almost totally underestimated with the OP-KIT, when
located at the periphery since opacity values ranged between 0%
and 2.6%. Also with the larger spots, a marked lower opacity read-
ing was noted when the spots are located at the periphery of the
cornea.

Unbalanced readings also occurred with the LLBO and PLLBO
when a spot was located at the periphery. Nevertheless, when lo-
cated at the periphery, a spot of 3 mm was less underestimated
with the LLBO. Peripheral values ranged from 64% to 85% in com-
parison with 28.2% to 49.3% for the PLLBO. The same conclusion
can be made for the larger peripheral spots (6, 9, and 12 mm). With
the LLBO, a spot of 6, 9, and 12 mm had a peripheral range of

Table 4
Calculations and prediction models opacity was measured with the conventional OP-
KIT, the laser light-based opacitometer (LLBO), and the prototype laser light-based
opacitometer (PLLBO). In Vitro Irritation Scores (IVIS) were calculated.

IVIS OP-KIT IVIS LLBO IVIS PLLBO In vitro classification

63 620 610 Non-irritant
3.1–25 20.1–75 10.1–50 Mild irritant
25.1–55 75.1–125 50.1–100 Moderate irritant
>55 >125 >100 Severe irritant

IVIS OP-KIT: Opacity + 15 times OD490.
IVIS LLBO: Laser light-based opacitometer IVIS = (lux/7) + 15 times OD490.
IVIS PLLBO: Prototype laser light-based opacitometer IVIS = (lux/6) + 15 times
OD490.

Table 5
Induced opacity values when artificial black spots were placed on the periphery and
center of a transparent filter, measured with the OP-KIT and laser light-based
opacitometer (LLBO). Results were compared with the results obtained using the
prototype laser light-based opacitometer (PLLBO). Values in bold are the measured
values, while those in normal format are the% compared to the concurrent middle
spot measurement set at 100%. Legend: AU = arbitrary units.

Diameter (mm) Opacity values

Left Right Top Bottom Center

OP-KIT
(AU)

3 0.3 0.0 �0.1 0.2 11.6
2.6 0.0 0.0 1.7 100.0

6 2.4 4.0 2.7 3.4 27.5
8.7 14.5 9.8 12.4 100.0

9 22.7 17.1 24.1 23.2 65.4
34.7 26.1 36.9 35.5 100.0

12 67.9 78.3 76.0 109.9 189.1
35.9 41.4 40.3 58.1 100.0

LLBO (lux) 3 85.0 64.0 76.0 69.0 100.0
85.0 64.0 76.0 69.0 100.0

6 383.0 145.0 244.0 207.0 414.0
92.5 35.0 58.9 50.0 100.0

9 680.0 269.0 635.0 385.0 791.0
86.0 34.0 80.3 48.7 100.0

12 1120.0 780.0 996.0 856.0 1007.0
111.2 77.5 98.9 85.0 100.0

PLLBO
(lux)

3 40.0 50.0 70.0 40.0 142.0
28.2 35.2 49.3 28.2 100.0

6 110.0 110.0 168.0 140.0 336.0
32.7 32.7 50.0 41.7 100.0

9 345.0 416.0 488.0 354.0 614.0
56.2 67.8 79.5 57.7 100.0

12 798.0 817.0 826.0 736.0 915.0
87.2 89.3 90.3 80.4 100.0

1302 S. Verstraelen et al. / Toxicology in Vitro 27 (2013) 1298–1311
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respectively 35.0% to 92.5%, 34% to 86%, and 77.5% to 111.2%. With
the PLLBO the values of a spot of 6, 9, and 12 mm ranged from
32.7% to 50.0%, 56.2% to 79.5%, and 80.4% to 90.3%, respectively.

Secondly, local opacity was induced by a 10 min exposure of the
corneas to DMF-saturated absorbent paper at the center or periph-
ery. Opacity was assessed with the OP-KIT and the LLBO after 2 h
recovery and results were compared with those of the PLLBO.
Unbalanced opacity values were seen depending on the location
of the spot (Table 6). In analogy with the previous calculations,
peripheral values were 19.9% (OP-KIT) and 41.7% (LLBO). This con-
firms the improved balanced output of the LLBO. Permeability was
less dependent on the location of the spot and was used to calcu-
late the IVIS. A shift in irritation category (form moderate (category
2A/2B) to mild) was observed for the OP-KIT when comparing cen-
tral induced IVIS with peripheral induced IVIS. This shift was not
observed for the LLBO thus supporting the technical improvements
of this new opacitometer in comparison with the OP-KIT. In the
study of Van Goethem, the peripheral values of the corneas after
a 10 min treatment with DMF-saturated absorbent paper were
comparable to the results of the LLBO. Based on a peripheral value
of 20.0% for the OP-KIT (data not shown) and 60.2% for the PLLBO
they also confirmed the improved balanced output of the PLLBO.
However, based on the specific prediction models, corneal effects
were classified in different categories depending on the location
of the spot. A shift occurred from moderate (category 2A/2B) to
mild when peripheral opacity was induced.

Finally, inaccurate cornea treatment was reproduced by par-
tially exposing the cornea to methanol for 10 min and comparing
these results with the IVIS induced after full cornea treatment (Ta-
ble 7). The results demonstrated the center-weighted reading tech-
nique of the OP-KIT, as the OP-KIT determined a mean opacity
value of 11.0 for the partial treatment and 51.3 when the complete
cornea was exposed. In analogy with the previous calculations the
weight of the partial treatment was 21.4%. When comparing the
OP-KIT with the LLBO, the LLBO underestimated less the peripheral
induced opacity as the weight of the partial treatment was 61.5%.
As expected, the permeability decreased when only the peripheral
zone of the cornea was damaged, an IVIS classification shift from

severe (category 1) to mild was observed for the OP-KIT, and from
severe (category 1) to moderate (category 2A/2B) for the LLBO. The
same classification shifts were observed for the PLLBO. However, a
slightly lower weight for the partial treatment was observed for
the PLLBO (54.4%).

3.1.2. Performance assessment
The eye irritating potential of nine reference chemicals (Table 1)

was assessed to evaluate the performance of the improved LLBO.
Data on opacity was generated with the LLBO and in parallel also
data was generated with the OP-KIT opacitometer. Both sets of
data were compared with each other and with existing in vivo
(OECD TG 405) and in vitro (OECD TG 437 and 438) classifications
(Table 8).

Following in vivo classification, 2 chemicals are not labeled, 3
chemicals are classified in category 2A/2B (A = irritating to the
eye, which is reversible in 21 days and B = mildly irritating to the
eye, which is reversible in 7 days), and 4 chemicals are classified
in category 1 (irreversible effects on the eye). The in vitro classifi-
cation identified 5 non-corrosive/non-severe eye irritants and 4
corrosive/severe (category 1) eye irritants according to the OECD
TGs. The in vitro BCOP IVIS data obtained with the OP-KIT device
identified 3 non-irritants, 2 mild irritants, no moderate (category
2A/2B) irritants, and 4 severe (category 1) irritants. The in vitro
BCOP IVIS data obtained with the LLBO identified 2 non-irritants,
2 mild irritants, 1 moderate irritant, and 4 severe irritants. Accord-
ing to OECD TG 437, all IVIS data generated by both devices are
classified correctly as (non)-corrosive/(non)-severe eye irritants
compared to the in vitro classification. Three independent experi-
ments were performed for the chemical 2,6-dichlorobenzoyl chlo-
ride and one out of three experiments gave an LLBO IVIS of
borderline non-irritant, close to mild-irritating, whereas in the
standard OP-KIT all three independent experiments classified this
chemical as a non-eye irritant. Ammonium nitrate, also tested in
triplicate, was classified as mild and moderately irritating to the
eye, respectively in the OP-KIT and LLBO.

Furthermore, the eye irritating potential of another 20 com-
pounds (Table 2) in the non- to moderate (category 2A/2B)

Table 6
Corneal opacity and permeability induction after 10 min treatment at the center or periphery with a N,N-dimethylformamide (DMF)-saturated filter paper (6 mm diameter).
opacity was measured with the OP-KIT and laser light-based opacitometer (LLBO) and results were compared with data of the prototype laser light-based opacitometer (PLLBO).
In vitro Irritation Scores (IVIS) were calculated according to Table 4.

Device DMF treatment Opacity Permeability IVIS Irritation class

OP-KIT Center 27.6 ± 15.4 0.298 ± 0.323 32.1 ± 18.1 Moderate
Periphery 5.5 ± 1.7 (19.9%) 0.272 ± 0.424 9.5 ± 7.9 Mild

LLBO Center 346.7 ± 137.9 0.298 ± 0.323 56.2 ± 31.1 Mild
Periphery 144.7 ± 37.0 (41.7%) 0.272 ± 0.424 30.3 ± 8.2 Mild

PLLBO Center 298.6 ± 120.7 0.175 ± 0.072 52.4 ± 19.0 Moderate
Periphery 179.6 ± 24.7 (60.2%) 0.145 ± 0.116 32.1 ± 5.6 Mild

Table 7
Corneal opacity and permeability induction after complete and partial 10 min treatment with methanol. Corneal opacity and permeability were measured with the OP-KIT and
the laser light-based opacitometer (LLBO) and results were compared with data of the prototype laser light-based opacitometer (PLLBO). In vitro Irritation Scores (IVIS) were
calculated according to Table 4.

Device Methanol treatment Opacity Permeability IVIS Irritation class

OP-KIT Complete cornea 51.3 ± 21.3 1.466 ± 0.927 73.0 ± 13.2 Severe
Periphery 11.0 ± 3.3 (21.4%) 0.185 ± 0.069 13.8 ± 2.6 Mild

LLBO Complete cornea 1279.2 ± 143.4 1.466 ± 0.927 202.8 ± 18.1 Severe
Periphery 786.3 ± 96.4 (61.5%) 0.185 ± 0.069 111.3 ± 14.2 Moderate

PLLBO Complete cornea 860.3 ± 33.3 2.585 ± 0.228 182.2 ± 7.6 Severe
Periphery 468.3 ± 99.5 (54.4%) 0.462 ± 0.115 85.0 ± 17.6 Moderate
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irritation range was assessed to evaluate further the performance
of the improved LLBO. IVIS were compared with the in vitro (BCOP
data from literature) and in vivo Global Harmonized System (GHS)
classification. Data on opacity was generated with the LLBO and in
parallel also data was generated with the OP-KIT opacitometer
(Table 9).

The five non-irritating compounds were classified correctly
compared to in vitro and in vivo data using both the OP-KIT and
LLBO device. In the ICCVAM DRP of the BCOP test (ICCVAM,
2006), no in vivo GHS irritation category was given for L-aspartic
acid as the study criteria were not met for assigning an in vivo
GHS category. However, in the ECETOC database, L-aspartic acid in-
duced opacity in 2 out of 3 animals over the 3-day observation per-
iod (ECETOC, 1998). On basis of these findings we classified L-
aspartic acid as an in vivo GHS category 2A.

Four out of 10 mildly irritating compounds (i.e. cet-
ylpyridiniuim bromide, 1-nitropropane, dimethyl sulfoxide, and
methylisobutylketone) were classified correctly using LLBO and
OP-KIT compared to the provided in vitro classification and
in vivo GHS. Methyl cyanoacetate showed different results ob-
tained with the LLBO. Two experiments classified methyl cyanoac-
etate as a mildly irritating compound. The latter is in agreement
with the results of the OP-KIT and according to the provided
in vitro classification. Another two experiments classified this
chemical as a moderate eye irritating compound corresponding
to the in vivo GHS classification (category 2A). Petroleum ether is
classified as a mildly irritating chemical according to the in vitro
classification, but this could not be confirmed using the OP-KIT
and LLBO in this study. Both devices classified this chemical as a
non-irritating compound. The latter can be due to the volatile char-
acteristics of the chemical. Two chemicals i.e. potassium cyanate
and 3-glycidyloxypropyl-trimethoxysilane are classified as mildly
irritating compounds using the OP-KIT. This is not in agreement

with the classification obtained with the LLBO, which classified
both chemicals as moderately (category 2A/2B) irritating. No
in vivo GHS irritation category was assigned to potassium cyanate
in the ICCVAM BRD of the BCOP test (ICCVAM, 2006). However, in
the ECETOC database, a mild irritation mainly on the conjunctiva
but no opacity was reported over the 3-day observation period
(ECETOC, 1998). For this reason we assigned potassium cyanate
an in vivo GHS irritation category 2B. Tetraaminopyrimidine sulfate
and propyl-4-hydroxybenzoate showed different results obtained
with the LLBO. One experiment classified both chemicals as mildly
irritating compounds. The latter is in agreement with the results of
the OP-KIT and according to the provided in vitro classification. The
other three experiments classified both chemicals as moderate eye
irritating compounds using the LLBO.

According to in vitro classification from literature, hexadecy-
trimethyl-ammonium bromide is classified as a moderate (cate-
gory 2A/2B) eye irritant. The compound was classified as severely
(category 1) irritating with LLBO and according to in vivo GHS clas-
sification. With the OP-KIT, a moderate and severe irritation classi-
fication was found. Parafluoraniline is classified as category 1
irritating with LLBO. But according to the OPKIT, parafluoraniline
is classified as moderately (category 2A/2B) irritating compared
to the provided in vitro classification. No in vivo GHS category
was assigned to parafluoraniline in the ICCVAM DRP of the BCOP
test as the criteria were not met to assign an in vivo GHS category
(ICCVAM, 2006). But as the 6 rabbits showed the highest grade on
opacity over the whole cornea with invisible iris during the 3 day
observation period, we assigned to parafluoraniline an in vivo
GHS irritation category 1. It is not expected that with such a strong
corneal opacity, the corneas would recover over a 21 day period.
The Draize study with parafluoraniline had to be terminated at
day 3. Sodium lauryl sulfate (3%) and butyl acetate are not classi-
fied by GHS. Both chemicals are classified as moderately irritating

Table 8
In Vitro Irritancy Scores of 9 reference chemicals (Table 1).

Chemical Study 
number

IVIS OP-KIT IVIS LLBO In vitro
classification

In vivo
classificationAverage SD Average SD

Benzalkonium chloride (5%) 1 119.4 4.5 257.8 7.9 Corrosive/
Severe eye irritant Category 12 126.9 12.6 257.9 11.8

Dibenzoyl-L-tartaric acid 1 128.7 15.2 234.4 3.6 Corrosive/
Severe eye irritant Category 12 142 30.5 223.9 8.0

Imidazole 1 89.5 9.1 235.7 20.0 Corrosive/
Severe eye irritant Category 12 84.9 2.1 204.4 3.3

Trichloroacetic acid (30%) 1 211.8 41.8 275.5 2.5 Corrosive/
Severe eye irritant Category 12 181.1 5.1 275.4 15.2

2,6-Dichlorobenzoyl chloride
1 2.5 1.9 37.2 4.1 Non-corrosive/

non-severe eye irritant Category 2A2 1.5 0.7 21.2 2.9
3 2.3 2.1 19.4 9.6

Ethyl-2-methylacetoacetate 1 9.3 0.5 52.1 8.9 Non-corrosive/
non-severe eye irritant Category 2B2 6.9 2.1 63.2 1.4

Ammonium  nitrate
1 10.2 1.3 90.9 7.8

Non-corrosive/
non-severe eye irritant Category 2A2 8.3 0.7 104.2 3.8

3 11.2 4.1 79.9 7.1

Glycerol 1 0.1 0.18 -0.8 0.5 Non-corrosive/
non-severe eye irritant Not Labeled2 1.7 0.8 0.0 0.0

n-Hexane
1 2.3 1.1 18.9 8.2

Non-corrosive/
non-severe eye irritant Not Labeled2 2.5 0.6 12.0 7.4

3 0.6 0.3 0.6 1.1
In Vitro Irritancy Scores (IVIS) classifications after measurement of opacity with the standard OP-KIT and laser light-based opacitometer (IVIS LLBO), calculated according to
Table 4, were compared with high quality in vivo data (based on results from the in vivo rabbit eye test (OECD TG 405) and using Global Harmonized System (GHS)
classification) and in vitro data (based on results in Bovine Corneal Opacity test (OECD TG 437) and Isolated Chicken Eye test (OECD TG 438)). At least two independent
experiments were performed for each chemical for the calculations of IVIS OP-KIT and LLBO and for each experiment, the average IVIS of three treated corneas with
corresponding standard deviations (SD) are presented. The eye irritation classes for the OP-KIT and LLBO are visualized by a color gradient. Green color: non-eye irritant;
yellow color: mild eye irritant; orange color: moderate eye irritant, and red color: severe eye irritant. For in vitro classification according to OECD TG437, only two colors (red
and green) are shown, respectively to indicate corrosive/severe eye irritants and non-corrosive/non-severe eye irritants. For in vivo classification, a different color gradient is
used. Green/yellow color: not labeled; orange color: category 2A and 2B; red color: category 1.
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according to in vitro classification reported in literature, but this
cannot be confirmed by results obtained with OP-KIT and LLBO.
Ethyl acetoacetate is classified as moderately irritating according
the OP-KIT results and is not classified by GHS. In contrast, accord-
ing to LLBO data, this chemical is classified as severely irritating to
the eyes.

In Fig. 2 an overview is given of the ranking of the twenty com-
pounds on a IVIS scoring scale from �12.3 to 173.1 for LLBO data
and from �1.2 to 51.7 for OP-KIT data. It is clear that the chemicals
are nicely spread in the LLBO scaling compared to the OP-KIT scal-
ing, which is an indication the LLBO can be used for more sensitive
measurements in the mild range.

3.2. Adaptation of cornea holders

Adaptations to the standard cornea holders (Fig. 1B) were made
in order to be able to mimic more the real in vivo situation when
eyes are exposed to compounds.

The liquid category 1 eye irritant DMF was used to determine
the suitability of the adapted cornea holder (Fig. 3). It can be con-
cluded that dilution of DMF after 1 min exposure resulted in a
dose-dependent decrease of opacity readings using the OP-KIT
and LLBO, as expected for dilution of a severe eye irritant, which
was statistically significant for dilutions of 33% to 15% of DMF. Fur-
thermore, dilution to 50% of DMF after 20 s exposure gave a more

Table 9
In Vitro Irritancy Scores of twenty reference chemicals (Table 2).

In Vitro Irritancy Scores (IVIS) classifications after measurement of opacity with the standard OP-KIT and LLBO, calculated according to Table 4,
were compared with high quality in vivo GHS. At least two independent experiments were performed for each chemical for the calculations of
IVIS OP-KIT and LLBO and for each experiment, the average IVIS of three treated corneas with corresponding standard deviations (SD) are
presented. The eye irritation classes are visualized by a color gradient. Green color: non-eye irritant; yellow color: mild eye irritant; orange color:
moderate eye irritant, and red color: severe eye irritant, (�) Personal assignment of an GHS category on basis of ECETOC data. For in vivo Global
Harmonized System (GHS) classification, a different color gradient is used. Green color: not classified; orange color: category 2A or 2B; red color:
category 1.
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pronounced decrease of opacity value in both devices, which was
statistically significant (p = 0.01 for OP-KIT and p = 0.002 for LLBO)
compared to 50% dilution after 1 min exposure.

Modifications to the classical BCOP assay should allow a more
accurate definition of the eye irritating potential of compounds
and a more precise ranking of moderate to mild and non-irritating
compounds. For that reason, the suitability of the adapted cornea
holder was determined using the liquid moderate (category 2A/
2B) eye irritant ethyl acetoacetate (Fig. 4). It can be concluded that
dilution of ethyl acetoacetate after 1 min exposure to the com-
pound has no distinct influence on opacity readings using the
OP-KIT and LLBO. No steady decrease of average opacity values
were noted with increasing dilution. A dilution of 27% of ethyl ace-
toacetate was statistically significant only for the LLBO (p = 0.03).

Another experiment was performed to determine if timing of
dilution may have an impact on opacity readings for ethyl acetoac-
etate (100%) (Fig. 5). After 30 and 10 s of exposure of the corneas to
ethyl acetoacetate, the test item was diluted in the adapted cornea
holder. After 30 s exposure to ethyl acetoacetate, a slight decrease
of opacity readings was observed for a dilution to 67% of test item,
with a small increase for a dilution to 33% and again a decrease for
15% dilution of ethyl acetoacetate measured with the OP-KIT. The
latter dilution was statistically significant (p < 0.01). A small de-
crease of opacity was observed using the LLBO, which was almost
the same for all dilutions. A dilution of 15% using the LLBO was also
statistically significant (p = 0.004). After only 10 s exposure to the

test compound, a slight increase of average opacity readings was
observed for a dilution to 67% of ethyl acetoacetate, with a de-
crease for 33% and 15% of the test compound measured by the
OP-KIT. For the LLBO, only dilution to 33% and 15% resulted in a
small decrease of opacity readings. The dilution to 15% was statis-
tically significant for both the OP-KIT (p = 0.002) and LLBO
(p = 0.035).

A final experiment was performed to determine if a shorter tim-
ing of dilution (5 and 10 s) and if removing of the substance after
injection may have an impact on opacity readings for ethyl aceto-
acetate (Fig. 6). After 10 and 5 s of exposure of the corneas to ethyl
acetoacetate, the test item was diluted in the adapted cornea
holder. After 10 s exposure to ethyl acetoacetate, a small increase
for a dilution to 33% and a decrease for 15% dilution of ethyl aceto-
acetate was observed for the OP-KIT. The same was observed for
measurements using the LLBO. These data were not statistically
significant. Furthermore, this was not a confirmation of the previ-
ous described results whereby significant data were obtained after
10 s exposure to 15% diluted test substance. After only 5 s exposure
to the test compound, a slight increase of average opacity readings
was observed for a dilution to 33% of ethyl acetoacetate and a sta-
tistically significant (p < 0.05) decrease for 15% of the test com-
pound measured by the OP-KIT. The same was observed for the
LLBO, but no statistically significant result was obtained. Further-
more, extraction of the substance immediately after injection after
10 s gave a slightly decrease for a dilution of 33% and 15% both for

Fig. 2. Ranking scale of In Vitro Irritation Scores obtained by the laser light-based opacitometer (LLBO) and OP-KIT for twenty chemicals selected from literature.
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OP-KIT and LLBO, but these results were not statistically
significant.

3.3. Testing an expanded set of formulations

Cosmetic formulations with different irritancy potencies were
tested using the LLBO and results were compared with the OP-
KIT opacitometer outcome. As the adapted cornea holders used
in previous experiments were found to be not suitable, they were
not used for these measurements.

All three shampoos (Zwitsal, Fa, and Kandoo) labeled as ‘does
not sting the eyes’ are categorized as mildly irritating products
according to the in vitro BCOP IVIS data obtained with the OP-KIT
device and LLBO (Table 10). The same trend was observed for rank-
ing of the mildly irritating potency for both devices: shampoo
Zwitsal < shampoo Fa < shampoo Kandoo. These results are not in
agreement with our expectation of ‘no’ or ‘very little’ stinging of
the eyes as indicated on the shampoo labels. The LLBO was able
to better differentiate these shampoo’s for the irritating potential
than the OP-KIT did.

Simple formulations were made of irritating compounds diluted
in artificial tear fluid (Hyabak). Four concentrations (25–50–75–
100%) were tested to compare the irritancy ranking using the LLBO
and OP-KIT device.

The severe irritant pyridine is categorized as severe to very se-
vere determined by BCOP OP-KIT method (ICCVAM BRDs). In vivo,
this compound is categorized as category 1 (GHS). In this study, all
concentrations of pyridine (0–50–75–100%) are categorized as
(very) severely irritating tot the eyes according to the in vitro BCOP
IVIS data obtained with the OP-KIT device and LLBO (Table 11). For
the pure product (100%), the IVIS score was lower compared to the

75% (LLBO and OP-KIT) and 50% (OP-KIT) dilution made of this
compound. Only the opacity value, not the permeability value,
was responsible for this result, but no explanation could be linked.
This phenomenon was more pronounced using the OP-KIT device.
No marked decrease in opacity was noted when reducing the pyr-
idine concentration from 100% to 25% which is a characteristic for
severe irritation compounds.

c-Butyrolactone, a moderate irritant, is classified as category 2A
(GHS). Furthermore, this compound was mostly classified as mod-
erately irritating using BCOP OP-KIT device, with two exceptions of
borderline severely irritating (ICCVAM BRDs). In this study (Ta-
ble 11), the LLBO and OP-KIT classified c-butyrolactone as severely
irritating for the two highest concentrations (75% and 100%), but
one out of two experiments using the OP-KIT device showed a bor-
derline moderate/severely irritating response for 75% dilution of
this compound (54.7 ± 2.7). For 50% dilution of c-butyrolactone,
LLBO classified this formulation as severely irritating, whereas
the OP-KIT device categorized this as moderately irritating to the
eyes. The lowest concentration of c-butyrolactone was still classi-
fied as moderately irritating using the LLBO, with one out of two
experiments borderline moderate/severely irritating
(125.1 ± 26.5). For the OP-KIT, both repeat experiments classified
this compound as mildly irritating. We can conclude here that
the LLBO still assigned a higher irritation classification at the two
lowest concentrations (25% and 50%) of y-butyrolactone than the
OP-KIT did.

The mildly irritating compound 1,2,4-trimethylbenzene was
mostly classified as mildly irritating using BCOP OP-KIT device,
with two exceptions of borderline moderately irritating (ICCVAM,
2006). In vivo, this compound is classified as non-irritating to the

Fig. 4. Dilution of ethyl acetoacetate (moderate eye irritant) after 1 min. Opacity
was measured using the OP-KIT (upper figure) and laser light-based opacitometer
(LLBO, lower figure). Average opacity readings (n = 3) and corresponding standard
deviations (error bars) are presented on the y-axis, the concentration ethyl
acetoacetate (%) is shown on the x-axis. A Student’s t-Test was performed to
determine statistically significancy (�, p < 0.05).

Fig. 3. Dilution of N,N-dimethylformamide (DMF) (severe eye irritant) after 60 s
(for all dilutions from 67% to 15%) and 20 s (only for 50% dilution). Opacity was
measured using the OP-KIT (upper figure) and laser light-based opacitometer
(LLBO, lower figure). Average opacity readings (n = 3) and corresponding standard
deviations (error bars) are presented on the y-axis, the concentration DMF (%) is
shown on the x-axis. A Student’s t-Test was performed to determine statistically
significancy (�, p < 0.05).
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eyes according to GHS. Here (Table 11), the LLBO classified 1,2,4-
trimethylbenzene as moderately irritating for the two highest con-
centrations (75% and 100%). For the lower concentrations (25% and
50%), both repeat experiments show contrasting classifications.
One experiment classified this compound as mildly irritating,

whereas the other categorized the compound as moderately irri-
tating. A third repeat experiment was performed for the lowest
concentration (25%) and categorized the compound for the second
time as mildly irritating. Using the OP-KIT device, 1,2,4-trimethyl-
benzene is categorized as mildly irritating with one exception of
the highest concentration (100%) showing contrasting results in
the mild and moderate range, as was noted in the ICCVAM BRDs
(ICCVAM, 2006). For this concentration, a third repeat experiment
was performed. Two out of three experiments classified 100%
1,2,4-trimethylbenzene as mildly irritating. From this data, we
can conclude that the LLBO classified the higher 1,2,4-trimethyl-
benzene concentrations (75% and 100%) in the moderate category
while the OP-KIT classified these concentrations in the mild
category.

4. Discussion

In the standard BCOP assay, changes in light passage through
the cornea have been most commonly assessed with a white light,
dual-beam OP-KIT opacitometer. This type of opacitometer pro-
vides a center-weighted reading of light transmission by measur-
ing changes in voltage when the transmission of white light
passes through the cornea alters. During an in-house validation
study of the BCOP assay, we found that that the center-weighted
readings may underestimate opacity that develops as spots on
the periphery of the isolated cornea. A test substance can induce
focal effects when corneas are mounted inaccurately and wrinkles
occur leading to non-homogeneous damage to the corneal tissue.
In addition, test formulations, when prepared as suspensions, can
also induce area-specific injuries. Another observation was that
the OP-KIT opacitometer is not sensitive enough to differentiate
between non-irritating, mild and moderately irritating compounds
and that there is a narrow scale for ranking compounds. Recogniz-
ing the limitations of the conventional OP-KIT opacitometer, a pro-
totype laser light-based opacitometer (PLLBO) was developed that
uses an adjustable laser beam in combination with a calibrated
photocell (Van Goethem et al., 2010).

The main objective of this work was (1) to develop an improved
laser light-based opacitometer (LLBO) to allow the analysis of the
complete corneal surface and to evaluate its optical characteristics
to detect more efficiently opaque spots located along the sides of
the excised corneas, and (2) to modify treatment conditions of
the corneas in the cornea holders in order to mimic more the real
in vivo situation. These modifications to the classical BCOP assay
should allow a more accurate definition of the eye irritating poten-
tial of compounds and a more precise ranking of moderate to mild
and non-irritating compounds.

Intensity of laser light can be regulated by an adjustable NDF.
Based on preliminary experiments (data not shown), the optimal
NDF settings could not be determined. In addition, by using a green

Fig. 5. Dilution of ethyl acetoacetate for 10 (light grey bars) and 30 (dark grey bars)
seconds. Opacity was measured using the OP-KIT (upper figure) and laser light-
based opacitometer (LLBO, lower figure). Average opacity readings (n = 3) and
corresponding standard deviations (error bars) are presented on the y-axis, the
concentration ethyl acetoacetate (%) is shown on the x-axis. A Student’s t-Test was
performed to determine statistically significancy (�, p < 0.05).

Fig. 6. Dilution of ethyl acetoacetate for 5 (light grey bars) and 10 (dark grey bars) s.
Extraction of the compound after 10 s (black bars). Opacity was measured using the
OP-KIT (upper figure) and laser light-based opacitometer (LLBO, lower figure).
Average opacity readings (n = 3) and corresponding standard deviations (error bars)
are presented on the y-axis, the concentration ethyl acetoacetate (%) is shown on
the x-axis. A Student’s t-Test was performed to determine statistically significancy
(�, p < 0.05).

Table 10
In Vitro Irritancy Scores (IVIS) of three commercial kids shampoos. IVIS classifications
after measurement of opacity with the standard OP-KIT and laser light-based
opacitometer (LLBO), are calculated according to Table 4. Two independent exper-
iments were performed for each shampoo for the calculations of IVIS OP-KIT and
LLBO. For each experiment, the average IVIS of three treated corneas with
corresponding standard deviations (SD) are presented.

Test item Study number IVIS LLBO IVIS OP-KIT

Mean SD Mean SD

Shampoo Zwitsal 1 24.3 7.2 5.7 2.1
2 25.3 1.6 11.3 1.1

Shampoo Fa 1 43.8 3.6 12.5 3.7
2 31.3 13.4 13.1 2.4

Shampoo Kandoo 1 55.3 6.9 15.8 3.0
2 52.1 7.9 16.0 3.2
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laser light (LLBO) instead of a red laser light (PLLBO), sensitivity of
the LLBO was improved and a larger scaling window was obtained.
For that reason a decision was made to set the start values of the
NDF at 2000 lux with placement of an empty cornea holder. With-
out placement of an empty cornea holder, laser light is fully cap-
tured by the sensor which is not compatible with the real
measurement conditions where treated corneas are measured in
a cornea holder.

In this study, the underestimation of peripheral black spots of
different diameters due to heterogeneous opacity induction was
less pronounced using the LLBO compared to the OP-KIT and
PLLBO. The same was true for local opacity induction of the corneas
to DMF-absorbent paper at the center or periphery. Again, an im-
proved balanced output of the LLBO was observed compared to
the OP-KIT. This was also true for the PLLBO, however, based on
the specific prediction models, corneal effects were classified in
different categories depending on the location of the spot. A shift
occurred from moderate to mild when peripheral opacity was in-
duced with OP-KIT and PLLBO, which was not observed in the LLBO
outcome. Inaccurate cornea treatment was reproduced by partially
exposing the cornea to methanol and comparing these results with
the IVIS induced after full cornea treatment. The weight of the par-
tial treatment was 21.4% for the OP-KIT, compared to 61.5% for the
LLBO. An IVIS classification shift from severe to mild was observed
for the OP-KIT, and from severe to moderate for the LLBO. The same
classification shifts were observed for the PLLBO. However, a
slightly lower weight for the partial treatment was observed for
the PLLBO (54.4%). These heterogeneous opacity readings support
the technical improvement of this new LLBO.

The performance of the improved LLBO was assessed by evalu-
ating the predictive capacity of the new prediction model to dis-
criminate irritants from non-irritants and to compare the IVIS

with those of the standard OP-KIT. The prediction model obtained
with the LLBO differed from that of the PLLBO in the way that the
range for IVIS was smaller in the prototype (from 610 to >100) and
opacity was empirically defined as lux/6. When the prediction
model of Van Goethem et al. (2010) was applied on the opacity
lux values obtained with the LLBO, misclassifications were ob-
served for ammonium nitrate, ethyl-2-methylacetoacetate, and n-
hexane (data not shown). Applying a lux/7 value and enlarging
the scaling window (from 620 to >125) for the new, more sensitive
LLBO was found to be an advantage for classification of chemicals
in the mild and moderate irritation range.

The eye irritating potential of nine reference chemicals was as-
sessed to evaluate the performance of the improved LLBO. Accord-
ing to OECD TG 437, all IVIS data generated by both the OP-KIT
and LLBO are classified correctly as (non)-corrosive/(non)-severe
eye irritants compared to the in vitro classification. Ammonium
nitrate was classified as mild in the OP-KIT and moderately irri-
tating to the eye using the LLBO, indicating a more sensitive read-
ing for the latter device, which was more in correspondence with
the in vivo GHS classification category 2A. For the chemical 2,6-
dichlorobenzoyl chloride, two out of three experiments gave an
LLBO IVIS of mild irritant and one experiment of borderline
non-irritant, close to mild-irritating, whereas in the standard
OP-KIT all three independent experiments classified this chemical
as a non-eye irritant. The mildly irritating label defined by the
LLBO was more related to the in vivo GHS observation in category
2A.

Furthermore, the eye irritating potential of another twenty
compounds in the non- to moderate irritation range, based on
in vitro classification according to BCOP results in literature, was
assessed to evaluate further the performance of the improved
LLBO. More sensitive outcomes (moderate (LLBO) versus mild

Table 11
In Vitro Irritancy Scores (IVIS) of simple formulations. IVIS classifications after measurement of opacity with the
standard OP-KIT and laser light-based opacitometer (LLBO), are calculated according to Table 4. At least two
independent experiments were performed for each concentration of a compound for the calculations of IVIS OP-
KIT and LLBO. For each experiment, the average IVIS of three treated corneas with corresponding standard
deviations (SD) are presented. The eye irritation classes are visualized by a color gradient. Green color: non eye
irritant; yellow color: mild eye irritant; orange color: moderate eye irritant, and red color: severe eye irritant.
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(OP-KIT)) were observed for the following compounds, i.e. methyl
cyanoacetate, potassium cyanate, tetraaminopyrimidinesulfate,
propyl-4-hydroxybenzoate, and 3-glycidyloxypropyltrimethoxysi-
lane using the LLBO compared to the OP-KIT. Furthermore, more
sensitive outcomes (severe (LLBO) versus moderate (OP-KIT)) were
observed for parafluoraniline and ethyl acetoacetate using the
LLBO compared to the OP-KIT. However, the more sensitive classi-
fication of the LLBO was not always in agreement with the in vivo
classification as ‘not classified’, which possibly might underesti-
mate the irritation potential of these chemicals, except for methyl
cyanoacetate, which was categorized as ‘Category 2A’. Further-
more, a better spreading of compounds in the LLBO scaling com-
pared to the OP-KIT scaling was observed, indicating that the
LLBO can be used for more sensitive measurements in the mild
and moderate range.

In the past, cornea holders were redesigned to maintain normal
corneal curvature (Ubels et al., 2002). In this study, adaptations to
the standard cornea holders were made in order to be able to mi-
mic more the real in vivo situation when eyes are exposed to com-
pounds. To determine the suitability of the adapted cornea holders,
concentration series in 0.9% sodium chloride (15–100%) of com-
pounds were tested. The latter is also an ingredient of simulated
tear fluid (Kavitha, 2011). Furthermore, the osmolality of 0.9% so-
dium chloride (292 mOs/kg) approaches that of human tears
(303.7 mOs/kg) (Craig et al., 1995). Based on the preliminary
experiments in this study, it can be concluded that a significant
dilution-related decrease of opacity values was not observed for
moderate eye irritants for all dilution concentrations above 27%.
The shorter the exposure time, the more the influence of timing
of dilution on average opacity values. It is assumed that these com-
pounds directly influence the corneal epithelial cells and induce
precipitation of proteins. Industrial companies test their chemicals
at concentrations up to 5 à 15% (personal communication). It
seems that adaptation of cornea holders is of limited value and
only restricted to concentrations up to 15% which mimics more
test conditions in industry. In function of exposure time, irritating
effects will be seen in depth, but this cannot be measured using
both opacitometers.

Cosmetic formulations with different irritancy potencies were
tested using the LLBO and results were compared with the OP-
KIT opacitometer outcome. As the adapted cornea holders used
in previous experiments were found to be not suitable, they
were not used for these measurements. A better separation of
shampoos for their mildly irritating potential using the LLBO
and a difference between the LLBO and OP-KIT in classifying
mild and moderate labeled formulations (ICCVAM BRDs) (ICC-
VAM, 2006) was observed. The LLBO assigned a higher irritation
category to some of the concentrations of y-butyrolactone and
1,2,4-trimethylbenzene than the OP-KIT did. A 50% dilution of
c-butyrolactone was classified as severe versus moderately irri-
tating using the LLBO and OP-KIT, respectively. A 25% dilution
of c-butyrolactone was classified as moderate versus mildly irri-
tating using the LLBO and OP-KIT, respectively. For both dilu-
tions, there was one irritation category difference. The same
was true for 1,2,4-trimethylbenzene. A 100% dilution of 1,2,4-
trimethylbenzene was classified as moderate versus mildly irri-
tating using the LLBO and OP-KIT, respectively. A 75% dilution
of 1,2,4-trimethylbenzene was classified as moderate versus
mildly irritating using the LLBO and OP-KIT, respectively. Again,
there was one irritation category difference between the mea-
surements of both devices.

5. Conclusion

The LLBO showed some promising features which potentially
could improve the usefulness of the BCOP test. We observed (1) a

better spreading of compounds in the LLBO scaling compared to
the OP-KIT scaling, indicating that the LLBO can be used for more
sensitive measurements in the mild range, (2) the LLBO underesti-
mated less the peripheral induced opacity compared to the OP-KIT,
(3) a better separation of shampoos for their mildly irritating po-
tential using the LLBO, (4) a difference between the LLBO and
OP-KIT in classifying mild and moderate labeled formulations,
whereby the LLBO assigned a higher irritation category to some
of the concentrations of a moderate and mildly irritating com-
pound. We also learned that adaptation of cornea holders is of lim-
ited value and only restricted to concentrations up to 15% which
mimics more test conditions in industry. In function of exposure
time, lesions in deeper structures of the cornea will be seen, but
this cannot be measured with the LLBO in its current construction.

The next step is validation of the LLBO, a process by which the
reliability and reproducibility of the equipment is to be estab-
lished, which is needed for international acceptance. Further re-
search should also be performed to expand the LLBO technically
to be able to measure depth of injury (DOI). The LLBO has already
a camera build in, but research is needed to develop a method to
measure DOI.

Acknowledgements

This 3-year Research Project was sponsored by the Stavros Niar-
chos Foundation (www.snf.org). The authors are greatfull to Hilde
Leppens and Hilke Kippers for excellent technical assistance.

References

Balls, M., Berg, N., Bruner, L.H., Curren, R.D., Silva, O., Earl, L.K., Esdaile, D.J., Fentem,
J.H., Liebsch, M., Ohno, Y., Prinsen, M.K., Spielmann, H., Worth, A.P., 1999. Eye
irritation testing: the way forward. The report and recommendations of ECVAM
workshop 34. Altern. Lab. Anim. 27, 53–77.

Cooper, K.J., Earl, L.K., Harbell, J., Raabe, H., 2001. Prediction of ocular irritancy of
prototype shampoo formulations by the isolated rabbit eye (IRE) test and
bovine corneal opacity and permeability (BCOP) assay. Toxicol. In Vitro 15 (2),
95–103.

Craig, J.P., Simmons, P.A., Patel, S., Tomlinson, A., 1995. Refractive index and
osmolality of human tears. Optometry Vision Sci. 72 (10), 718–724.

Curren, R.D., Harbell, J.W., 2002. Ocular safety: a silent (in vitro) success story.
Altern. Lab. Anim. 30 (Suppl. 2), 69–74.

Draize, J.H., Woodward, G., Calvery, H.O., 1944. Methods for the study of irritation
and toxicity of substances applied especially to the skin and mucous
membranes. J. Pharmacol. Exp. Ther. 82, 377–390.

ECETOC, 1998. Technical Report No. 48, Eye irritation: Reference Chemicals Data
Bank. 236.

Eskes, C., Bessou, S., Bruner, L., Curren, R., Harbell, J., Jones, P., Kreiling, R., Liebsch,
M., McNamee, P., Pape, W., Prinsen, M.K., Seidle, T., Vanparys, P., Worth, A.,
Zuang, V., 2005. Eye irritation. Altern. Lab. Anim. 33 (Suppl. 1), 47–81.

EU, 2004. Manual of Decisions for Implementation of the Sixth and Seventh
Amendments to Directive 67/548/EEC on Dangerous Substances (Directives 79/
831/EEC and 92/32/EEC). European Chemicals Bureau, IHCP, European
Commission DG-JRC, report n. EUR 20519 EN, updated version of July 2004.
<http://ecb.jrc.it/new-chemicals> (accessed 14.10.04).

Freeberg, F.E., Nixon, G.A., Reer, P.J., Weaver, J.E., Bruce, R.D., Griffith, J.F., Sanders III,
L.W., 1986. Human and rabbit eye responses to chemical insult. Fund. Appl.
Toxicol. 7 (4), 626–634.

Gautheron, P., Dukic, M., Alix, D., Sina, J.F., 1992. Bovine corneal opacity and
permeability test: an in vitro assay of ocular irritancy. Fund. Appl. Toxicol. 18
(3), 442–449.

Gautheron, P., Giroux, J., Cottin, M., Audegond, L., Morilla, A., Mayordomo-Blanco, L.,
Tortajada, A., Haynes, G., Vericat, J.A., Pirovano, R., Gillio, T.E., Hagemann, C.,
Vanparys, P., Deknudt, G., Jacobs, G., Prinsen, M., Kalweit, S., Spielmann, H.,
1994. Interlaboratory assessment of the bovine corneal opacity and
permeability (BCOP) assay. Toxicol. In Vitro 8 (3), 381–392.

Griffith, J.F., Nixon, G.A., Bruce, R.D., Reer, P.J., Bannan, E.A., 1980. Dose-response
studies with chemical irritants in the albino rabbit eye as a basis for selecting
optimum testing conditions for predicting hazard to the human eye. Toxicol.
Appl. Pharmacol. 55 (3), 501–513.

Hackett, R.B., McDonald, T.O.(, 1991. Eye irritation. Dermatology, 749–815.
ICCVAM, 2006. Background Review Document. Current Status of In Vitro Test

Methods for Identifying Ocular Corrosives and Severe Irritants: Bovine
Corneal Opacity and Permeability Test Method. NIH Publication No. 06-
4512.

Jones, P.A., Budynsky, E., Cooper, K.J., Decker, D., Griffiths, H.A., Fentem, J.H.,
2001. Comparative evaluation of five in vitro tests for assessing the eye

1310 S. Verstraelen et al. / Toxicology in Vitro 27 (2013) 1298–1311



Author's personal copy

irritation potential of hair-care products. Altern. Lab. Anim. 29 (6), 669–
692.

Kavitha, K., 2011. Sustained ophthalmic delivery of levofloxacin hemihydrate from
an ion activated in situ gelling system. Int. J. Pharm. Technol. Res. 3 (2), 702–
706.

Muir, C.K., 1984. A simple method to assess surfactant-induced bovine corneal
opacity in vitro: preliminary findings. Toxicol. Lett. 22 (2), 199–203.

Muir, C.K., 1985. Opacity of bovine cornea in vitro induced by surfactants and
industrial chemicals compared with ocular irritancy in vivo. Toxicol. Lett. 24 (2–
3), 157–162.

Muir, C.K., 1987. Surfactant-induced opacity of bovine isolated cornea: an epithelial
phenomenon? Toxicol. Lett. 38 (1–2), 51–54.

OECD, 2002. OECD Guidelines for Testing of Chemicals; Test Guideline 405, Acute
Eye Irritation/Corrosion.

OECD, 2009. OECD Guidelines for Testing of Chemicals; Test Guideline 437; Bovine
Corneal Opacity and Permeability Test Method for Identifying Ocular Corrosives
and Severe Irritants.

Tchao, R., 1988. Trans-epithelial permeability of fluorescein in vitro as an assay to
determine eye irritants. Altern. Lab. Anim. 6, 271–283.

Ubels, J.L., Paauw, J.D., Casterton, P.L., Kool, D.J., 2002. A redesigned corneal holder
for the bovine cornea opacity and permeability assay that maintains normal
corneal morphology. Toxicol. In Vitro 16 (5), 621–628.

Van Goethem, F., Hansen, E., Sysmans, M., De Smedt, A., Vanparys, P., Van Gompel, J.,
2010. Development of a new opacitometer for the bovine corneal opacity and
permeability (BCOP) assay. Toxicol. In Vitro 24 (6), 1854–1861.

Vanparys, P., Deknudt, G., Sysmans, M., Teuns, G., Coussement, W., Van Cauteren, H.,
1993. Evaluation of the bovine corneal opacity–permeability assay as an in vitro
alternative to the Draize eye irritation test. Toxicol. In Vitro 7 (4), 471–476.

Weil, C.S., Scala, R.A., 1971. Study of intra- and interlaboratory variability in the
results of rabbit eye and skin irritation tests. Toxicol. Appl. Pharmacol. 19 (2),
276–360.

Wilhelmus, K.R., 2001. The Draize eye test. Surv. Ophthalmol. 45 (6), 493–515.
Worth, A., Balls, M., 2002. Local toxicity: acute dermal and ocular effects. Altern.

Lab. Anim. 30 (1), 35–47.

S. Verstraelen et al. / Toxicology in Vitro 27 (2013) 1298–1311 1311


