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Thesis Abstract

The first part of the study introduces two biotechnologically produced in vitro human cell based
3D hemi-cornea test systems, which aim at the complete replacement of the Draize Eye Irritation
test. These test systems allow the assessment of chemicals of any physical-chemical properties
and their proper categorization in different GHS categories. The first test system comprises an
epithelium and a stroma with a collagen membrane embedded between them. The membrane
allows the separation and the independent assessment of the damages in both compartments
separately. The cell viability, measured with the MTT assay, was used as a toxicological
endpoint. The second test system includes cornea models, which comprise epithelium and stroma
without a collagen membrane. A test method based on these models was developed, which
quantitatively determines the initial depth of injury (Dol) after chemical treatment of the tissues,
combining the MTT assay with cryosectioning procedures. The areas of the metabolically
inactive tissue are used as a visible correlate of the Dol. Both newly developed test systems
could correctly classify and discriminate the GHS 1 and GHS 2 chemicals, but are over-
predictive for GHS no category chemicals. Additionally, a 3D conjunctiva based test system was
introduced to help in the classification of conjunctiva specific chemicals. However, the test
materials tested on these models showed similar results to the 3D cornea models; in conclusion,

no additional information was obtained.

The second part of the thesis describes the protective effect of brilliant blue G (BBG) on the
cytotoxicity of trypan blue (TB), octenidine (Oct) and benzalkonium chloride (BAK). TB is a
vital dye used for the staining of the internal limiting membrane during eye surgery. In the
presence of TB, BBG significantly increased the cell survival of ARPE (human retinal pigment
epithelium) cells, even at high TB concentrations, whereas at the same concentrations TB alone
led to considerable cell damage. In the mixture with BAK, a widely used preservative in
ophthalmologic solutions, or Oct, an antiseptic used for skin and wound disinfection, BBG
decreased the cytotoxic effects of the two compounds on HCE (human corneal epithelial) cells.
Although BBG is a well known P2X; receptor antagonist, other P2X; receptor antagonists did
not show any protective effect on BAK or Oct. Therefore, it is assumed that the protective effect
of BBG is not due to its action on the P2X; receptor. Brilliant blue R (BBR), a dye similar to

BBG, showed protective effects only for Oct. The protective effects of BBR were comparable



with that of BBG. The bacterial inhibitory tests on different Gram-positive and Gram-negative
bacteria revealed that high concentrations of BBG or BBR (above 0.025%) in mixture with either
BAK or Oct no longer inhibited the bacterial growth of Gram-negative bacteria. However, the

Gram-positive bacteria were hindered at all tested concentrations.

A third part of the present work includes two closely related studies. The first study describes the
interaction of halogenated dodecaborate clusters with liposomal membranes, characterized by
using different biophysical techniques. The Zeta potential measurements showed strong
interaction of the cluster molecules to the liposomal membrane surface. These interactions led to
significant changes in enthalpies of the transition temperatures of the lipids. The changes in
enthalpies could be due to the morphological changes of the lipids in presents of high cluster
concentrations, as revealed from cryo-TEM (cryo-transmission electron microscopy) and AFM
(atomic force microscopy) images. The release of the liposomal contents was also achieved in
presence of the clusters. It is assumed that the leakage occurred either through the pores formed
by the cluster molecules within the liposomal bilayer, or through complete destruction of the
liposomes. As the toxicity of the clusters on mammalian cells was not significantly high, the use
of these molecules is proposed for the targeted release of drugs from liposomes used in cancer
therapy.

In a second study the association and uptake of liposomes containing the dodecaborate cluster
lipid in endothelial and cancer cell lines is described. The association was cell type dependent
and HUVEC (endothelial) cells showed the strongest uptake of lipids. The fluorescent
microscopy images showed uptake for both boron-lipid, followed by immuno-staining, and
fluorescent marker lipid, even when the liposomes were sterically stabilized by pegylation.
However, these interactions with Kelly and V79 (immortalized cancer cell lines) were
concentration dependent and different for different boron-lipids liposomes. Interestingly,
HUVEC showed for all boron-lipids an association of 90%-100%, even when the incubation
took place at 4°C. Therefore, the use of these liposomes as drug delivery agents might be limited,

as they would probably be taken up mostly in the vasculature.



Part 1: Two in vitro eye irritation test methods suitable for the complete

replacement of the in vivo Draize Eye Irritation Test

1.1. Introduction

In the present study we report two newly developed in vitro eye irritation test methods, based on
the 3D human hemi-cornea models described by Engelke et al. (2013), and show that both
methods are able to classify the chemicals in the three GHS (Globally Harmonized System of
Classification and Labeling of Chemicals) categories, defined by the United Nations in 1992
(United Nations 2011). The first publication (Appendix I) describes a new 3D hemi-cornea test
system, which allows the separation and the independent quantification of the cellular damage in
the epithelium and the stroma by the insertion of a collagen membrane between these two tissue
compartments. The second manuscript (Appendix II) introduces a new method for the
quantification of the initial depth of injury in 3D hemi-cornea models and 3D conjunctiva
models, by using the MTT viability assay combined with cryosectioning procedures. The third
manuscript (Appendix III) contains data from a comparison study between the eye irritation test
system, named IRE-DOI (depth of injury measurement in ex vivo isolated rabbit eye) introduced
by Jester et al. (2010), and the two new test methods we have recently developed. The outcome
of the comparison study revealed that both recently introduced methods have a higher predictive
capacity for all tested chemicals with regard to the GHS categories, compared to the IRE-DOI

method, which misclassified several test substances used in the study.

1.1.1. GHS classification of chemicals based on their eye irritation potential

To ensure the protection of the consumers and the environment, each raw material and chemical
must be tested with an extensive toxicological assessment procedure prior to usage. It is
regulated by law (Regulation (EC) No 1272/2008) that these investigations have to be performed
regarding to the GHS. The GHS was first introduced in 1992 in a mandate published after the
UNCED (United Nations Conference on Environment and Development), where they mentioned
the need of harmonization of the already existent systems of classification and labeling of the
chemicals in different countries (United Nations 2011). A vital component of the toxicological
examinations, according to the GHS, represents the assessment of the eye irritation potential of

different substances. To date, there are three GHS categories defined to predict the eye irritation
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of chemicals. The substances which fall in GHS 1 category, cause severe eye damage with
irreversible effects within a 21 day observation period, i.e. destruction of the cornea, persistent
corneal opacity, interference with the functions of the iris. GHS 2 substances are divided in two
subcategories, GHS 2A (moderate eye irritants) and GHS 2B (mild eye irritants). GHS 2A
substances produce eye irritations, such as conjunctival redness, edema or corneal opacity that
are fully reversible in a period of 21 days. A substance is categorized as GHS 2B if these eye
irritations recover in a maximum of 7 days. Those chemicals which cause no or slight eye
irritation fall in the group of GHS not classified (GHS nc) substances (United Nations 2011).

At the present moment, the only OECD approved test for the determination of the whole range of
eye irritating potential of chemicals is the rabbit Draize eye irritation test (Draize et al. 1944;
OECD 2012a). In the interest of animal protection, it is regulated by law (Directive 86/609/EEC,
Regulation (EC) No. 1907/2006 and Council Regulation (EC) No. 440/2008) that the research
done on animals has to be waived as long as there are other possible methods to get relevant
information about the substance to be tested. The European Union (EU) implemented an absolute
prohibition of the tests on animals in the EU cosmetic research (Regulation (EC) No.
1223/2009). The use of the Draize eye irritation test, where the eyes of living rabbits are exposed
to several test chemicals, as a last step in an integrated test strategy is impossible since 2009 after
this policy was introduced in the EU. This fact forces the cosmetic industry and the raw material
manufacturer to develop and validate alternative test methods to be able to bring always new

products with innovative additives on the market.

1.1.2. Existent alternative test methods to replace the Draize eye irritation test

The Draize eye irritation test was developed by Draize et al. (1944) to test the products that are
intended to come in contact with the human eye, such as ophthalmological preparation and
cosmetics, and to provide handling guidelines and labeling precautions for these products. This
test method involves the application of a defined volume (0.1 ml or 0.1 g) of the undiluted test
materials in vivo on the rabbit eyes and the assessment of the irritation potential of these
substances on the cornea, conjunctiva and iris, up to 21 days after application (York & Steiling
1998). The assessment system is totally subjective and includes as eye response: the corneal
opacity, the area of the cornea involved, the damage to the iris and to the conjunctiva (ECETOC

1998). The Draize test method has been increasingly criticized in the past, not only due to cruelty



to animals, but also because of inconsistency of the generated data and overestimation of human
responses (Christian & Diener 1996; Barile 2010). Several in vitro methods have been developed
in the past to replace the Draize eye irritation test. The most promising alternative methods can
be divided in two groups. The first group includes test systems which can accurately identify
non-irritant (GHS nc) substances and distinguish them from other classes, such as GHS 2 or
GHS 1 chemicals. The second group contains test methods that can predict the severe irritants
(GHS 1) from other GHS classes. No test method has been developed yet, which could clearly
identify the GHS 2 chemicals from other categories. In the first group several cell culture based
assays are included, such as the Cytosensor Microphysiometer (CM), the Red Blood Cell
Hemolysis (RBCH), the Neutral Red Release (NRR) and the Fluorescein Leakage assay (FL), as
well as 3D epithelial models of the cornea such as the Human Corneal Epithelium, HCE™ (from
SkinEthic, Lyon, France) and the EpiOcularTM (from MatTek, Ashland, USA) model. Also the
Hen’s Egg Test on the Chorio-Allantoic Membrane (HET-CAM) is designed to predict if a
substance is a non-irritant or not. The CM assay is a cytotoxicity and cell function based in vitro
test method that is performed on a monolayer of adherent mouse fibroblast cells, exposed to
increasing concentrations of a test chemical and determines the metabolic rate of the cells by
measuring the changes in pH per a time unit (Harbell et al. 1999). The RBCH assay is based on
the photometrical measurement of the hemoglobin leakage and the denaturation of
oxyhemoglobin from freshly isolated red blood cells in presence of potentially irritant chemicals
(Pape et al. 1999). In the NRR assay monolayer cell cultures are pre-incubated with the neutral
red dye, which binds to the lysosomes of the cells. After chemical exposure, the assay measures
the direct toxicity of the test substance related to the damages on the cell membrane and the
integrity of the lysosomes, by measuring the amount of the dye released after the exposure
(Zuang 2000). The FL assay measures the sodium fluorescein leakage through an adherent dog
kidney epithelial cell line (MDCK) due to the damage in the cell structure and disruption of the
cell layer after exposure to chemical substances (Shaw et al. 1991). The MDCK are confluently
grown cells, reported to easily form tight junction proteins. Therefore, they are a good model for
the corneal epithelial barrier functions (Clothier et al. 1999). All these cell culture based assays
predict the eye irritation of a chemical mostly based on the damages induced in the cell integrity
after exposure and only discriminate irritants from non-irritants. Another problem with these

assays is that they are limited to water soluble test substances (McNamee et al. 2009). The bio-



artificial 3D tissue models (HCE™ and EpiOcular™) have a multilayered epithelium
reconstructed from human corneal epithelial cells (HCE™) or human epidermal keratinocytes
(EpiOcular™). Both can only predict non-irritant and mild or moderate eye irritant chemicals,
determined by the vitality of the tissues, measured usually by using the MTT assay or LDH
(lactate dehydrogenase) release as a toxicological endpoint (Eskes et al. 2005). The HET-CAM
assay was developed to mimic the effects of the test substances on the conjunctival tissue of the
eye. The test system is based on the exposure of the chorio-allatoic membrane of 9 days old
fertilized chicken eggs to chemicals, to identify the irritative reactions within a 5 minute
observation period. Usually three reactions are to be observed: hemorrhage, lysis or coagulation
(Steiling et al. 1999).

According to Scott et al. (2010) only test methods that include also a stroma could distinguish
severe eye irritants from other classes, because the eye irritation of non classified substances are
limited to the epithelium of the cornea, while the mild, moderate or severe irritants cause damage
to the stroma, with different depth of stromal injuries depending on the severity of the eye
irritant. Therefore, in the second group only test systems using ex-vivo isolated animal eyes from
bovine (Bovine Corneal Opacity and Permeability test - BCOP), chicken (Isolated Chicken Eye
test - ICE) or rabbit (Isolated Rabbit Eye test - IRE) are included. The BCOP test method is
based on the topical exposure with test chemicals of the isolated corneas from freshly
slaughtered cattle. The toxic effects of the chemicals are assessed by the induced opacity and the
increased permeability of the corneal tissue (Gautheron et al. 1992). The ICE and IRE tests use
whole eyes of the animals, but the attention during the test is focused on the cornea, which is
exposed to a test chemical for 10 seconds. After exposure, the damage to the cornea is assessed
by the permeability, opacity, swelling or other macroscopic changes of the cornea tissue (Prinsen
& Koeter 1993; Eskes et al. 2005). A histological analysis on the exposed corneas is possible and
could help in the determination of the depth of injury produced by the chemicals (Maurer et al.
2002; Jester 2006).

To date, only one cell-based test system (FL) and two ex vivo animal test systems (BCOP and
ICE) have reached official regulatory acceptance (OECD 2012b; 2013b; 2013a).

None of these presented methods can clearly classify the chemicals in all three GHS categories;
therefore, none of them is able to replace the Draize eye test as a stand-alone test system. Scott et

al. (2010) described that, if more test systems are included in an integrated testing strategy, they



could possibly give a better classification of the chemicals according to their GHS class.
Therefore, he introduced two possible test strategies, the top-down and the bottom-up approach.
A top-down approach is used, when a test substance is assumed, according to his physico-
chemical properties, to be a severe or moderate irritant and it begins with a test method that can
accurately determine the severe irritants (GHS 1) and continues with a method that would
identify the non- or slight irritants (GHS nc), if the first method gives a negative response. If
both test methods give a negative response, the test substance is assumed to be a GHS 2
chemical. The bottom-up approach functions in the opposite way, by starting with a chemical
which is assumed to be a non-irritant substance (Scott et al. 2010). Several combinations have
been proposed for both of these test strategies, but none of them could correctly classify all the

chemicals in the three GHS categories (Kolle et al. 2011; Hayashi et al. 2012).

1.1.3. Cornea models

The cornea is a clear, avascular barrier of the eye, which on one hand protects the intraocular
tissues from the outer environment and the exogenous substances that may interact with the eye
and on the other hand is part of the visual system due to its transparency and high refractive
index. A human cornea contains five tissue layers: coneal epithelium, basement membrane,
Bowman’s layer, stroma, Descemet’s membrane and endothelium (Hornof et al. 2005). In order
to develop a test system which could completely replace the tests on the animal eyes in vivo,
several layers of such a complex cornea must be included in an in vitro bioengineered 3D cornea
model. Therefore, many scientists have focused on the development of a biotechnologically
produced 3D cornea model, which comprises the three major cellular layers: a monolayered
endothelium, a collagenous stromal compartment and a multilayered epithelium. The first in
vitro reconstruction of such a cornea model was described by Minami et al. (1993) using isolated
bovine corneal cells. They also introduced the usefulness of the air-liquid interface for the
differentiation and proliferation of the epithelial cells in these constructs to a multilayered
structure. Schneider et al. (1999) also developed an in vitro cornea model from isolated primary
cornea cells of fetal pigs. This model contained a monolayered endothelium under a collagenous
stromal part and on top two to three layered epithelium was obtained. Whether these tissues were
suitable for exposure to different chemicals was not tested in the studies. Later, Griffith et al.

(1999) succeeded to reconstruct a human 3D cornea model from immortalized human corneal



cell lines. They showed that these models have similarities to human corneas in their
morphology, histology, transparency, biological marker expression and ion/fluid transport.
Several types of surfactants were tested on these models and the tissue damage was comparable
to that of human or rabbit corneas (Griffith et al. 1999). Reichl et al. (2004) has also introduced
an organotypic cornea equivalent, by using immortalized epithelial and endothelial cell lines and
a primary human stromal cell line. They reported that the constructs presented typical corneal
structures and drug permeation studies showed that the constructs are 1.6 — 1.8 times more
permeable than ex-vivo porcine corneas. At the same time, Engelke et al. (2004) and Zorn-
Kruppa et al. (2005) described a new 3D hemi-cornea model based on SV-40 immortalized
human corneal epithelial cells (HCE), human corneal keratocytes (HCK) and human corneal
endothelial cells (HCEC). The epithelium presented a 5-7 multilayered tight tissue, grown on the
stroma of homogenously distributed HCK cells embedded in a collagen matrix. The
monolayered endothelium was grown underneath the stroma. Later, they have optimized the cell
growth of both the HCE and the HCK cells to serum free condition (Seeber et al. 2008; Manzer
et al. 2009). And finally, Engelke et al. (2013) have published an interlaboratory prevalidation
study of a slightly modified cornea equivalent, consisting only a stromal and an epithelial layer.
In their study they have shown that the models could predict a broad range of potential eye
irritants from different GHS categories and of different physico-chemical properties. The results
show a reliable predictivity of the GHS 1 category chemicals, but in some cases does not
sufficiently discriminate the GHS nc and GHS 2 chemicals (Engelke et al. 2013). An
improvement of this method, based on the separation of the epithelium and the stroma by the
insertion of a collagen membrane between these compartments, and independent quantification
of the damages in both compartments after chemical exposure, is one of the main subject of this
present thesis. This new approach significantly improved the classification of the GHS 1 and
GHS 2 chemicals; however, the test system has an over-predictivity for the GHS nc test

substances (Appendix I).

1.1.4. Conjunctiva models
The conjunctiva is a mucous membrane having a thin epithelial layer with a vascularized tissue
under it. Similar to the cornea, it plays an important role as protective barrier to the eye. It also

contributes to the production of mucous glycoproteins for the tear film maintenance of the eye
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(Hornof et al. 2005). The conjunctiva has a 15 to 25 times higher permeability than the cornea;
hence, the conjunctiva plays an important role in the drug absorptions during ocular treatments
(Hamadldinen et al. 1997). The Draize eye irritation test predicts not only the corneal damage, but
also the damages induced in the conjunctiva and iris by the test chemicals. There are some
reported chemicals which are more conjunctiva specific, such as anisole, isopropyl acetoacetate,
isopropanol and allylalcohol (ECETOC 1998). Therefore, for the complete replacement of the
Draize test one might need to take in consideration two test systems instead of one; one based on
reconstructed 3D human hemi-cornea models and an additional one based on 3D human
conjunctiva models, to obtain a precise classification of the chemicals. In the past, several
conjunctival epithelium models were constructed, based on primary conjunctiva epithelial cells
from either rabbit or bovine origin (Saha et al. 1996; Civiale et al. 2003). Both types of models
expressed a multilayered conjuntival epithelium, however, only the rabbit conjunctiva epithelial
models have shown transepithelial electrical resistence (TER) similar to that of ex vivo
conjunctiva (Kompella et al. 1993). Yang et al. (2000) observed that if the tissue is transferred at
air-liquid interface on the day 4 after seeding, the bioelectric parameters and the transport
properties are in a closer correlation with that of the ex-vivo rabbit conjunctiva. More recently,
two immortalized human conjunctival cell line became available. One is a spontaneously
immortalized conjuntival epithelial cell line, named IOBA-NHC, from a human donor (Diebold
et al. 2003). The cell line was mainly used as a monolayer culture to test the ophthalmological
drugs for sensitivity of or damage to the conjunctiva (Huhtala et al. 2009). Another available
human conjunctival cell line was obtained from a bulbar conjunctiva of a donor and was hTERT
immortalized as described by Gipson et al. (2003). The cell line, named HCJE, was shown to
express membrane-associated mucin production similar to their native conjunctival epithelium,
when cultured in a multilayered model. The models reconstructed from this cell line were used
mostly to study the regulation of the expression, glycosylation and function of the membrane
mucins in the conjunctival epithelium, to understand how to overcome ocular surface diseases
(Govindarajan & Gipson 2010). The idea to construct a full thickness conjunctiva model for the
prediction of eye irritation potential of chemicals has not yet been described in the literature.
Therefore we aimed at the successful reconstruction of a 3D human conjunctiva model with a

thin stromal compartment and a multilayered epithelium on top of it.
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1.1.5. The initial depth of injury after chemical exposure

The concept of the initial depth of injury (Dol) of chemicals on a cornea tissue, after topical
exposure to different test chemicals, has been introduced by Jester et al. (1998). They showed
that the surface area and the Dol in the epithelium and in stroma of a rabbit eye, after the
exposure to different test substances, are directly correlated with the macroscopical severity of
the test substance observed in vivo. Later, Jester et al. (2001) described the extent of the Dol after
the treatment of the cornea of ex vivo rabbit eyes with chemicals from different GHS categories.
They concluded that the slightly irritant substances damaged just the upper cell layer of the
epithelium, while chemicals with mild or moderated irritation effect showed an impact on the
whole epithelium and on the anterior stroma as well, and the severe irritant agents damaged the
whole cornea down to the endothelium, and even the endothelium in some cases. Some
substances were found to deviate from this concept, for example H,O, and NaBOs, which
damage the stroma much more than the overlying epithelium (Maurer et al. 2001). Other
chemicals, such as 8% NaOH were found more harmful for the conjunctiva than for the cornea
(Maurer & Parker 2000). This observation suggests the need of an in vitro conjunctiva tissue, as
an additional test system, to accurately assess the eye irritation potential of all test substances.
More recently, Jester (2006) characterized the Dol of 22 chemicals, differing in type and severity
of corneal injury, by using the low volume eye test, which is a refinement method of the Draize
rabbit eye test. He observed that the extent of the corneal injury following exposure to ocular
irritants significantly correlates with the initial injury previously measured in living animals.
However, the presented methods used by Jester et al. to assess the Dol in the in vivo rabbit
cornea were based on the live-dead fluorescent staining method and a microscopical analysis of
the stained full corneal tissues. Recently, Jester et al. (2010) described a novel method to
determine the depth of injury in corneal tissues of ex vivo rabbit eyes, after chemical exposure,
by using cryosectioning procedures combined with fluorescent detection of biomarkers in the
tissue section. They observed that the damaged cells, which entered in apoptosis, were easily
marked by Tunel labeling, while living cells, which are apoptosis negative, showed an intact F-
Actin-cytoskeleton with palloidin-rhodamin staining. The test substance dependent Dol of the
epithelium and the stroma was separately assessed by calculating the Tunel positive tissue part
and subtracting it from the palloidin stained negative control (water). A prediction model for the

classification of the tested chemicals in three GHS categories was also described in this study;
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however, the GHS classification was significantly different from the existing data obtained in the
Draize eye irritation tests. Based on these findings from Jester et al. (2010), we established a
method for the Dol quantification after topical treatment of the reconstructed human 3D hemi-
cornea and conjunctiva models. The method combines the MTT viability assay of the
reconstructed tissues, after chemical treatment, with cryosectioning procedures. The Dol is
assessed by subtracting the formazan stained tissue length from the whole tissue length. Based
on the prediction model developed on the basis of 25 test chemicals, all GHS 1 chemicals, 89 %
of GHS 2 chemicals and 57 % of GHS nc substances were classified correctly with this method
(Appendix II).
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1.2. Results and Outcomes
1.2.1. Development of an in vitro ocular test system for the prediction of all three GHS

categories (Appendix I)
Authors: M. Bartok, D. Gabel, M. Zorn-Kruppa, M. Engelke

Status of the publication: Available online in Toxicology in Vitro since 27" September 2014

DOI: 10.1016/5.tiv.2014.09.005; will be printed in: Toxicology in Vitro (2015), 29(1): 72-80.

Contribution of M. Bartok to the work: Developed the insertion method of the CCC
membranes between the epithelium and the stroma of the hemi-cornea models. Co-developed the
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1.3. Conclusions and Outlook

Several alternative methods have been proposed in the past, but none of these has given results
on the chemical classification, which could meet the validation criteria of OECD (Organization
for Economic Co-operation and Development) for the complete replacement of the in vivo
Draize eye irritation test as a stand-alone test system. Therefore, we propose the two new test
methods, developed in this study, to be suitable as a complete replacement for the Draize eye
irritation test. These test methods are based on the human 3D hemi-cornea models previously
introduced by Engelke et al. (2013) for the prediction of the eye irritation potential of chemicals.
In the first test system, a collagen membrane was inserted between the epithelium and the
stroma, to allow the separation and the individual quantification of the damages in both
compartments. This slight modification of the previously reported test system (Engelke et al.
2013) helped in improving the ability of the system to correctly categorize the ocular irritant
substances. The developed prediction model, based on the combinations of the cut-off values for
both the epithelium and stroma, helped in the optimal classification of the test materials
according to their GHS categories. In consequence, from 30 test chemicals with balanced GHS
classes, all GHS 1 chemicals, 80 % of the GHS 2 chemicals and only 50 % of the GHS nc
chemicals were predicted correctly. For the test substances which were not predicted correctly
the test system showed an over-predictivity for a higher GHS class.

The second test method used both the previously described 3D hemi-cornea tissues (Engelke et
al. 2013) as well as the newly developed 3D conjunctiva models for the topical exposure of the
test chemicals. In both cases, the tissues, after exposure, were stained with the MTT reagent, to
identify the viable cells, and frozen for cryosectioning. The formazan-free areas of the tissues
were correlated to the Dol. The defined prediction model, based on 25 test chemicals from
balanced GHS classes, helped to clearly discriminate the GHS 1 and GHS 2 chemicals.
However, as with the previous method, an over-predictivity of 43 % was seen for the GHS nc
substances. The 3D conjunctiva models, in comparison to the 3D hemi-cornea models, had no
significant difference in their sensitivity towards the test chemicals; in conclusion, they showed a
classification of the tested substances similar to that of the cornea models.

We also performed a comparison study between the predictivity of the two newly developed test
methods based on the 3D hemi-cornea models, and the test method based on ex vivo rabbit

corneas presented by Jester et al. (2010). In summary, the study demonstrates that both test
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methods introduced by us can predict the GHS class of an eye irritant chemical more accurately,
while the IRE-Dol method (Jester et al. 2010) resulted in under-prediction of numerous severe
irritant substances (GHS 1) as GHS 2 or GHS nc category. We also observed a very good
concordance between the prediction capacities of the GHS classes of the two new methods
introduced by us.

For the first time, two cell-based in vitro test systems were introduced, which could clearly
distinguish between GHS 1 and GHS 2 chemicals. Both test systems proved to be suitable to
define the eye irritation potential of chemicals under standard conditions and independent from
animal materials. We suggest that these in vitro test systems are suitable for the complete
replacement of the Draize eye irritation test, despite the over-predictivity of the GHS nc
chemicals in comparison to results obtained in the Draize eye irritation test.

As a future perspective, we must also take in consideration that the definition of the irritating
effect is not the only characteristic which differentiates the substances in categories; rather, is
also very important to include a study regarding the regeneration possibility with time of the in
vitro cornea models after induction of damage. Usually the depth of injury influences the
regeneration of the cornea significantly. In presence of the moderate and severe eye irritants,
which damage the stroma significantly, the corneal tissues have less chance to recover either

partially or completely.
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Part 2: The protective effect of brilliant blue G on human eye epithelial cells
towards the cell toxicity of trypan blue, octenidine and benzalkonium chloride

2.1. Introduction

The irritation of vital dyes and preservatives found in ophthalmological solutions is a consistent
problem for the patients. Hence, the reduction of the toxicity of these compounds with a non-
toxic substance, is a desirable effect. Brilliant blue G (BBG) was shown to meet the expected
effect on trypan blue (TB), octenidine (Oct) and benzalkonium chloride (BAK) toxicity when
tested with ARPE (human retinal pigment epithelium) and HCE (human corneal epithelium)
cells. The first manuscript (Appendix IV) describes the protective effect of BBG on TB toxicity
and proposes several combinations of the two dyes for the future preparations of staining
solutions for epiretinal membrane (ERM) and internal limiting membrane (ILM). The second
manuscript (Appendix V) contains data of the remarkable protective effect of BBG on the
cytotoxicity of Oct and BAK and proposes to include BBG in ready-to-use antiseptic

preparations to reduce the possible irritations and inflammations caused by the antiseptics.

2.1.1. Staining of the internal limiting membrane

The internal limiting membrane (ILM) represents the innermost layer of the retina being the
boundary between the retina and the vitreous humor. The ILM is described as a periodic acid
Schiff positive basement membrane, which has a smooth inner surface and an irregular retinal
surface (Abdelkader & Lois 2008). The astrocytes and the Miiller glial cells are the two main
type of macroglial cells in the mammalian retina, which contribute together to the formation of
the ILM (Ramirez et al. 1996). The membrane itself consists of collagen fibrils, proteoglycans,
plasma membrane of the Miiller cells and basement membrane (Bron et al. 1997). Distortions of
this membrane can lead to pathological effects, resulting in vitreomacular interface disorders,
such as epiretinal membranes (ERM), macular holes and vitreomacular traction syndrome (Yuen
et al. 2009). These disorders can considerably deteriorate the vision of the affected eye. The
restoration of the vision can be achieved with the removal of the ERM. Since there is a
possibility of ERM recurrence because of incomplete removal of the membrane during the
surgery, the concomitant removal of the ILM is suggested (Kwok et al. 2005). Also, for the

surgery of idiopathic macular holes, the removal of the ILM is necessary (Christensen et al.
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2009). The ILM is a thin, transparent membrane and its removal is difficult even for an
experienced eye surgeon because of poor visibility of the membrane. The inappropriate removal
of the ILM poses a risk to damage the retina resulting retinal edema or retinal pigment
epithelium alterations (Kadonosono et al. 2000). The staining of the membrane is necessary to
avoid complications during and after surgery. There are several vital dyes already in clinical use
for this purpose. A combination of some of these dyes, trypan blue (TB) and brilliant blue G
(BBG), has been only recently proposed by us (Awad et al. 2013). These combinations would be
advantageous for staining of both the ILM and ERM in one step and for safer and easier removal

of the membranes during eye surgery.

2.1.2. Toxicity of vital dyes

The clinically widely used vital dyes for the staining of ILM or ERM during eye surgery are TB,
BBG and indocyanine green (ICG). TB is an anionic hydrophilic azo dye advocated since many
years as a vital stain in macular hole surgery in order to enhance visualization of optically clear
tissues, like ILM. Although this chromophore is a useful surgical tool, clinical studies on retinal
pigment epithelium (ARPE) cells reported functional visual loss after its use, and many
investigators suggested more safety testing (Jackson et al. 2004). The clinically used
concentrations for TB are between 0.15% and 0.25% (wt %) (Rodrigues et al. 2009).

ICG is a tricarbocyanine anionic dye, which has been used in ophthalmologic practice for many
years as a successful ILM vital stain in macular hole surgery, to perform angiograms of the
choroid and also for cataract surgery (Kadonosono et al. 2000). ICG was reported as a safe vital
stain for the macular hole surgery, the clinical data showing that the macular closure rate may be
achieved in 74-100% of the patients, but recently it was found that the dye may persist in the
vitreous cavity after macular hole surgery for up to 36 months (Gale et al. 2004). Other clinical
studies have attributed decreased visual acuity, visual field defects and ARPE atrophy and optic
nerve atrophy after the use of ICG (Yuen et al. 2009). Being the most popular ILM stain, ICG
continues to be the most widely used intraocular dye in membrane peeling surgery despite the
recent reports that it may not be safe.

Studies that have compared ICG with TB directly have found that TB appears to be safer, but
inferior in its ILM staining ability (Lee et al. 2005). Actually TB appears to have a higher

affinity for the ERM because of the many dead glial cells within those membranes (Rodrigues et
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al. 2009), and is defined by many investigators as the blue dye, which enables complete
identification of the entire ERM surface (Feron et al. 2002). However, a controlled clinical study,
which evaluated patients that underwent ERM surgery, showed that ICG does not stain the ERM
(Hillenkamp et al. 2005; Hillenkamp et al. 2007). BBG produces appropriate ILM staining at a
concentration of 0.025%, when used for idiopathic ERM and macular hole treatment, emerging
as a good alternative for ICG, although the data on its toxicity are limited (Rodrigues et al.
2009).

In 2006, a dye known as BBG, which is a blue anionic aminotriarylmethane compound, was
shown to stain the ILM with no significant in vivo toxicity in rats, primates and humans (Enaida
et al. 2006). This dye is commonly used for protein determination and gel electrophoresis,
because it has affinity to bind nonspecifically to virtually all proteins (Congdon et al, 1993;
Westermeier, 2006). In 2009 Yuen et al. found that BBG has a dose- and time-dependent toxicity
on ARPE cells and retinal ganglion/Miiller glial primary cells in every cell viability assays they
performed. The minimal concentration needed to produce high quality staining is 0.025%
(Rodrigues et al. 2009). Brilliant blue R (BBR) is a dye very similar to BBG, which has two
methyl groups less in its molecular formula. The slight difference in the name of the two
compounds describes the colors of them. The suffix G was added by Max Weiler in 1913 to
describe the slightly greenish color of the blue dye, and the suffix R is an abbreviation for red as
the blue color of the dye has a reddish tint. The toxicity of BBR on ARPE or other eye cells had
not been established and studied in the past, nor had this dye been used in any clinical staining
procedures. This led us to characterize the effect of the dye on the eye cells and describe the
difference between the individual toxicity of BBR and BBG, and their protective activity in

presence of other compounds.

2.1.3. Toxicity of preservatives and antiseptics used in medical care

2.1.3.1. Benzalkonium chloride

Ophthalmic solutions as well as nasal sprays and nebulizer compounds contain preservatives to
prevent the bacterial growth in the solutions in case of a regular use. Benzalkonium chloride
(BAK), a cationic detergent with a broad range of antimicrobial activity, is the most commonly
used preservative in ophthalmic solutions even though it is known to have prominent side effects

at clinically used concentrations (Okahara et al. 2013), which are between 0.004% and 0.02%
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(Liang et al. 2012). BAK is also known to interact with high affinity with membrane proteins,
like guanine nucleotide triphosphate-binding proteins, affecting signal transduction and other
processes in cells (Patarca & Fletcher 1995). Beside this, BAK was reported to exert its toxic
effect by damaging the cytoplasmic membranes of the cells and as a consequence affecting the
metabolic cellular function (Lapalus et al. 1990). However, the BAK induced cell death is dose
dependent. At a concentration of 0.01%, which is used in most of the ophthalmic preparations,
BAK causes immediate cell retractions and degeneration of human corneal epithelial (HCE) cells
within only two hours (Tripathi et al. 1992). The frequent adverse effects attributed to
ophthalmic solutions containing BAK, in a long term treatment, are corneal cytotoxicity, tear
film instability, conjunctival inflammation, trabecular meshwork cell apoptosis, cataract
development and macular edema (Rosin & Bell 2013). Ways to reduce the toxic effects of the
preservative on the eyes, for example by the presence of another compound, either as a
pretreatment prior to BAK application or in combination with BAK, has only been introduced
very recently by Feng et al. (2014) and by us. Feng et al. (2014) described that lacritin, a human
tear glycoprotein, secreted from the lacrimal glands can hinder the toxic stress of BAK at a
concentration of 1 nM on HCE cells if is pretreated 24 hour prior to the application of BAK
containing compounds. We have reported that BBG, a vital dye used for the staining of the [LM
shows significant protective effect for BAK toxicity on the HCE cells, increasing the cell
survival up to 51% in presence of 0.01% BAK at 30 minutes incubation. Without BBG, after 5
minutes incubation, only 10% of the HCE cells were found metabolically active at the same

BAK concentration (Appendix V).

2.1.3.2. Octenidine dihydrochloride

Another important group of medical products, which often causes irritation when used at a daily
basis, are the skin and wound disinfectants. One of them is octenidine dihydrochloride (Oct), an
antiseptic compound, introduced about 30 years ago for the treatment of skin, mucous
membranes and wounds (Sedlock & Bailey 1985; Heeg 1990). Usually, it is found in the final
product at concentrations between 0.05% - 0.2% in mixture with alcohols (disinfectant solutions)
or glycerol and detergents (antiseptic soap) (Dabek et al. 2007). In some cases is also
recommended to use as a single substance, i.e. neonatal skin antisepsis, because some alcohols,

like 2-phenoxyethanol, which is the mostly used alcohol in combination with Oct, absorbs
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through the skin and may cause central nervous system toxicity (Biihrer et al. 2002). In
comparison to other antiseptic compounds, like Chlorhexidine, Cetylpyridinium chloride, BAK,
Polyhexanide or Triclosan, Oct showed better antibacterial and antifungal efficiency, even for
the most resistant test organisms, like Pseudomonas aeruginosa, Staphylococcus aureus and
Candida albicans (Koburger et al. 2010). In C. albicans, Oct at a concentration of 1.5 mg/l is
reported to induce extensive cell damage, lysis and collapse of the cell structure with leakage of
the cellular content, when incubated together for 24 hours (Ghannoum et al. 1990). Oct is a
cationic surface-active agent with two cationic centers in its molecule, separated by a long
aliphatic hydrocarbon chain, which gives special features to the compound, resulting in
unspecific modes of action (Hiibner et al. 2010). It has four tertiary amino groups in his
structure, two of which are protonated, and is known to be stable under exposition to light,
temperature and in the pH range of 1.6 to 12.2 (Stahl et al. 2011). Oct binds strongly to
negatively charged surfaces, like lipid bacterial cell membrane components and epithelial cell
membranes and it cannot be removed easily. Both of these effects are described as beneficial
(Hiibner et al. 2010). It was not found to be absorbed in the intact skin of humans and animals
and only a low amount was found to be absorbed in case of a compromised bovine skin, 2.64%
of the total Oct applied. The reason was thought to be the high molecular weight of the
compound, 550.9 g/mol (Stahl et al. 2011). Due to these finding, no further pharmacokinetic or
drug metabolic studies have been conducted. Oct was found to build stable complexes with the
stratum corneum of the skin, thereby exerting a sustained antimicrobial effect, acting as an
antimicrobial shield on the disinfected surface for a longer time interval after the topical
application (Hiibner et al. 2010). However, although in clinical trials Oct has been described as a
very successful antiseptic agent in skin, mucous membranes and wounds disinfection, in vitro
studies shows that Oct has high toxicity towards mammalian cells (Kramer et al. 2004; Hirsch et
al. 2009). In our studies Oct led to considerable decrease in cell survival. After only 5 minutes
incubation, at 0.003% Oct, there were only a few percent of HCE cells alive. In order to hinder
the pronounced toxic effect of the substance we have combined Oct with BBG and observed that
BBG increased the cell survival in presence of Oct even more than in combination with BAK.
For all concentrations between 0.002% and 0.009% Oct, together with 0.025% BBG, a cell

survival of over 80% was seen for either 5 or 30 minutes incubations (Appendix V).
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2.1.4. The P2X; receptor and its antagonists

P2X receptors are a family of non-selective membrane cation channels, gated in the presence of
extracellular ATP (adenosine triphosphate) (McLarnon et al. 2006). The activation of the
receptors by extracellular ATP leads to transmembrane pore opening and the influx of ions such
as sodium, potassium, magnesium, calcium and some organic ions (Xin et al. 2011). These
receptors mediate many physiological processes throughout the whole body, including synaptic
transmission, thrombocyte aggregation, regulation of renal blood flow, and immunological
responses (Surprenant & North 2009). They are also involved in pathological states by signaling
neuropathic pain, chronic inflammation and are related to epilepsy, Parkinson’s and Alzheimer’s
disease (McLarnon et al. 2006; Hracské et al. 2011; Engel et al. 2012). Among the seven
different P2X receptor isoforms, the P2X; receptor has a unique role in the body. The P2X;
receptor was found to be mostly responsible in immunoreactivity and in controlling microglia
proliferation and cell death (Bianco et al. 2006; Surprenant & North 2009). In the immune
system it is expressed in mast cells, monocytes, macrophages, dendritic cells, erythrocytes and T
and B lymphocytes (Skaper et al. 2010). In the nervous system it was found to be expressed in
astrocytes, microglia, neurons and Schwann cells (Pannicke et al. 2000). In the literature this
receptor is also called the cell death receptor, because it mainly acts as a pro-apoptotic receptor,
inducing cell death in response to pathological insults. The P2X7 receptor was also found to be
part of many epithelial cells in the rat, such as cornea, esophagus, soft palate, tongue, vagina and
foot pad, playing a role in the physiologic turnover of continuously regenerating epithelial tissues
(Groschel-Stewart et al. 1999). Recently, Dutot et al. (2008) reported the expression of the P2X;
receptor in four different human eye epithelial cell lines as well, such as human conjunctival
epithelial, corneal epithelial, retinal pigment epithelial and lens epithelial cells. The P2X;
receptor is known to possess unusual properties, changing its selectivity for molecules during
prolonged activation in presence of ATP. At short exposure to ATP it is permeable to sodium
and calcium ions, but a prolonged exposure leads to the opening of a large pore and an
accumulation of molecules such as ethidium bromide, propidium iodide, YO-PRO-1
(quinolinium, 4-[(3-methyl-2(3H)-benzoxazolylidene)methyl]-1-[3-(trimethylammonio)
propyl]di-iodide) and other compounds up to 900 Da (Dutot et al. 2008). The opening of a large
pore leads not only to large ion influxes, but also to the leakage of small metabolites (Chung et

al. 2000). At long exposure to high amounts of ATP, as it would be in case of a trauma related to

27



an injury or an infection, the activated receptor leads to cell death. The reason for inducing cell
death can be also beneficial; for example in the immune response of the body, this receptor
induces the death of the macrophages by simultaneously killing the intracellular bacterial
organism (Placido et al. 2006). However, there are several pathological responses of the body to
traumatic injuries. These injuries are associated with decrease in extracellular calcium,
enhancing the ATP release from the mechanically traumatized cells and by this activating the
P2X5 receptors, which then mediates the cell death in the surrounding tissue (Wang et al. 2004).
Based on these findings, the P2X; receptor was proposed to be a potential target for drug
development, to synthesize potent antagonists of the receptor in order to hinder the activation of
it in pathological states and induce a faster healing after injury. As the interest of the researchers
towards these receptors raised in the past few years, several antagonists have been developed to
hinder the activation of the P2X; receptors. Among these antagonists, special emphasis was put
on BBG, OxATP (adenosine 5’-triphosphate-2’,3’-dialdehyde) and DPPH (N’-(3,5-
dichloropyridin-4-yl)-3-phenylpropane- hydrazide).

BBG is known to be a noncompetitive, highly selective P2X; receptor antagonist, inhibiting the
receptor with nanomolar affinity. Since BBG is a polysulfonated molecule, it is thought to bind
to the positively charged amino acids on the ectodomain of the P2X5 receptor (Jiang et al. 2000).
In the literature it was reported to block the activation of P2X7 receptor at 10 uM concentration,
when incubated 30 minutes prior to the addition of BAK (Dutot et al. 2008). Peng et al. (2009)
described that BBG has a unique therapeutic profile, due to multiple cellular targets in the body,
including neurons, astrocytes and microglia. He also reported that an intravenous administration
of BBG 15 minutes after an induced spinal cord injury in rats significantly improved functional
recovery and reduced posttraumatic inflammatory responses and tissue damage, by hindering the
activation of P2X; receptors in the traumatized tissue (Peng et al. 2009). Jiang et al. (2000)
mentioned that the inhibition of the P2X7 receptors by BBG is only slowly reversible.

OxATP, in contrast to BBG, is an irreversible, noncompetitive P2X receptor antagonist, known
to block the human P2X; receptor at 10 uM concentration in vitro (Hibell et al. 2001). Murgia et
al. (1993) described that OxATP covalently binds to the unprotonated lysine residues at the
nucleotide binding site of the receptor molecule, and as a result the maximal inhibitory effect of
the compound is obtained after a preincubation with the cultured cells for 30 — 120 minutes, prior

to exposure to high amounts of ATP. According to Chung et al. (2000) 300 uM of OxATP,
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incubated 2 hours with GH3 cells (rat pituitary epithelial-like tumor cells) prior to addition of
ATP, completely inhibited the ATP-induced P2X; receptor activation and as an outcome
inhibited the increase of intracellular Ca?*. The differences between the maximal inhibitory
concentrations of OXATP in human versus rat P2X; receptors (10 uM and 300 puM, respectively)
is related to the high selectivity of the antagonist for human P2X; receptors (Hibell et al.
2001).Wang et al. (2004) showed that OxATP, when injected directly in the spinal cord, 1 hour
after the spinal cord injury in rat, reduced neuronal death and improved motor recovery.
However, Peng et al. (2009) mentioned that the injection in an already injured spinal cord is
rarely feasible clinically and that this application will have no immediate clinical use in the
future.

DPPH is a newly synthesized, selective P2X; receptor antagonist, introduced recently by Lee et
al. (2012). He reported that in hP2X5 expressing HEK 293 cells (human embryonic kidney cells),
DPPH showed an inhibitory constant of 650 nM (ICsg) for the P2X5 receptor, in presence of
BzATP (benzoylbenzoyl ATP), with the ethidium bromide assay (Lee et al. 2012). To date, no in

vivo applications appear to be published related to this substance.
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2.2. Results and Outcomes
2.2.1. Brilliant Blue G as protective agent against trypan blue toxicity in human retinal

pigment epithelial cells in vitro (Appendix IV)

Authors: D. Awad, I. Schrader, M. Bartok, N. Sudumbrekar, A. Mohr, D. Gabel

Status of the publication: Published in Graefes Arch Clin Exp Ophthalmol. 2013, 251:1735-40
DOI: 10.1007/s00417-013-2342-3

Contribution of M. Bartok to the work: Contributed for the acquisition, analysis and
interpretation of the experimental data, partially wrote the Material and Methods section and

reviewed the manuscript.

Contribution of the coauthors: D. Awad conducted the study, helped in the acquisition,
analysis and interpretation of the experimental data, wrote the manuscript. I. Schrader and N.
Sudumbrekar helped in the acquisition, analysis and interpretation of the experimental data. A.

Mohr and D. Gabel helped in the preparation, review and approval of the manuscript.

2.2.2. Reduction of cytotoxicity of benzalkonium chloride and octenidine by Brilliant Blue
G (Appendix V)

Authors: M. Bartok, R. Tandon, G. Alfaro-Espinoza, M. S. Ullrich and D. Gabel
Status of the publication: Accepted for publication in EXCLI journal (in press).

Contribution of M. Bartok to the work: Conducted the study, contributed for the acquisition,

analysis and interpretation of the experimental data, wrote the manuscript.

Contribution of the coauthors: R. Tandon helped in the acquisition of the cell toxicity data. G.
Alfaro-Espinoza performed and analysed the bacterial toxicity experiments. M. S. Ullrich and D.

Gabel helped with the coordination of the study and reviewed the manuscript.
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2.3. Conclusions and Outlook

These studies describe a remarkable protective effect of BBG on antiseptics and vital dyes. In the
first publication (Appendix IV), we reported that BBG in combination with TB, even above
0.075% concentration of TB, significantly increased the cell survival of ARPE cells after 5 or 30
minutes incubation, whereas TB alone at the mentioned concentrations and incubation times
showed considerable cell damage. During the study, efforts have been made to conclude whether
the protective effect of the BBG is related to its ability to act as a P2X; receptor antagonist on
ARPE cells. The propidium iodide (PI) uptake showed staining of the entire cell body, and not
only the nucleus, which we concluded as a secondary effect of the TB staining, as the vital dye
was present on the cell surface even after a tedious washing procedure. Therefore, we could not
conclude that the protective effect of BBG is due to its activity as a P2X; receptor antagonist.
The tested combinations of TB and BBG in this study may help to find an appropriate
combination of these two vital dyes, in order to increase the dye effectiveness in staining of both
ERM and ILM in one step, as well as to choose a combination which will be safer to the eye.

In the second manuscript (Appendix V), we described that the cytotoxicity of BAK and Oct on
HCE cells is significantly reduced in the presence of BBG. BBR, a dye similar to BBG, showed
protective effect only in the presence of Oct; however, this effect was lower than the one
obtained in presence of BBG. Although BBG is a well known P2X7 receptor antagonist, other
selective P2X; antagonists, OXATP and DPPH did not show any protective effect on the cells in
the presence of BAK nor of Oct. Therefore we concluded that the protective effect of BBG is not
due to its action on the P2x7 receptor. However, we do not know if the protective effect of BBG
is due to its action on another cell receptor or if this effect is only due to its chemical interaction
with the positively charged antiseptics, resulting in a complex, which is no longer toxic to the
cells. BBR, in contrast to BBG, has been used in the past only as a sensitive protein stain in
polyacrylamide gel electrophoresis. Whether it has any activity on the P2X7 receptor is not yet
known. According to our bacterial inhibitory tests on several Gram-negative and Gram-positive
bacteria, there are only limited numbers of combinations between BBG and BAK or Oct, or BBR
and Oct, at which the bacterial growth is inhibited. High concentrations of BBG or BBR (0.03%
or higher) in presence of either BAK or Oct, at the tested concentrations (between 0.001% and
0.01%) does not inhibit the growth of Gram-negative bacteria. However, the growth of Gram-

positive bacteria was hindered at all tested combinations. Based on these findings, we proposed

31



several combinations of BBG with Oct or BAK, which could be useful in antiseptic preparations,
because it might reduce possible irritations and inflammations, caused by the antiseptics, as well

as helps in marking the disinfected area prior to surgery.
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Part 3: Interaction of dodecaborate cluster lipids and dodecahalo-

dodecaborates with liposomes and mammalian cells

3. 1. Introduction

This present study introduces new biological relevancies of the halogenated dodecaborate
clusters and boron-lipid liposomes, where the boron-lipid has as a charged headgroup the
dodecaborate cluster molecule. The first manuscript (Appendix VI) describes the strong
interaction of dodecahalo-dodecaborate clusters with different liposomal membranes by using
numerous biophysical techniques such as zeta potential, differential scanning calorimetry, cryo-
transmission electron microscopy, atomic force microscopy and fluorophore leakage
measurements. We observed that the strength of the interaction increases with increasing the
halogen size. As an outcome, we propose the use of these cluster molecules for targeted release
of the drugs from liposomes used as delivery agents. The second manuscript (Appendix VII)
presents the strong association and high uptake of the boron-lipid liposomes in primary
endothelial cells and cancer cells, measured by flow cytometry and fluorescence microscopy.
The high uptake of boron-lipid liposomes in endothelial cells, even when the liposomes were

sterically stabilized by pegylation, may limit their use as delivery vehicles in certain therapies.

3.1.1. Liposomes

Liposomes were first described in 1965 by Bangham et al. (1965), who observed that the closely
packed phospholipid molecules can form vesicles when swollen in a buffer system. These
vesicles present a multilayered structure with an interior aqueous core. Later, Sessa and
Weissmann (1968) and de Gier et al. (1968) presented in more detail the properties of the
liposomes. Since then they have become very versatile tools in biology, biochemistry and
medicine. Liposomes are the smallest artificial vesicles with spherical shape, formed by lipid
bilayers. The lipids used to form the liposomes are mostly nontoxic phospholipids.

Phospholipids are amphipathic molecules, which contain a hydrophilic polar head group (e.g.
choline) and a non-polar hydrophobic lipid backbone. The chemical structure of phospholipids
contains a glycerol molecule, which is esterified in position one and two with fatty acids and in
the third position with a phosphate group. The fatty acids can vary in their length between 10 and

18 carbon atoms, and they could also contain cis-configured double bonds. If the phospholipids
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are dispersed in water, the formation of bilayers occurs spontaneously because of the
hydrophobic effect (Voet et al. 2002). This means that the fatty acids will join together to avoid
the water, whereas the polar head groups will associate with the water, forming small, closed
vesicles, containing an aqueous core.

In experimental procedures usually either small unilamellar vesicles (SUV) or large unilamellar
vesicles (LUV) are used. Both of these vesicles are formed from multilamellar vesicles (MLV).
The MLVs are obtained by dissolving the lipids in an organic solvent (e.g. chloroform), drying to
obtain a lipid film, and finally hydrating above the phase transition temperature of the lipid.
SUVs are formed from MLVs by sonication, which creates 30-60 nm diameter vesicles (Ulrich
2002). LUVs are prepared from MLVs by repeated extrusion trough a polycarbonate membrane
with defined pore diameter (Hope et al. 1985). The formed liposomes can be used as carriers,
loaded with a great variety of molecules, such as small drugs, proteins, nucleotides, and even
plasmids (Ulrich 2002). The encapsulation efficiency can be enhanced if the liposomal

suspension is frozen and thawed prior the extrusion (Mayer et al. 1985).
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Figure 1. Schematic representation of liposomes as drug carriers
(http://www.equidblog.com/2009/1 1/articles/test-category/antibiotics- 1/putting-a-new-spin-on-
old-drugs/)

3.1.2. Liposomes as delivery agents
Liposomes are ideal drug carriers, because they are non-toxic and biodegradable. When

liposomes are injected into the bloodstream, they go all over the body, but they tend to
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accumulate in inflamed tissues (Awasthi et al. 2002). The high accumulation of the liposomes in
these tissues is due to the "leaky" blood vessels of the tissues, allowing the liposomes to escape
from the bloodstream (Parikh 2013). Liposomes also show tendency to accumulate in tumors;
therefore, they are attractive delivery agents of anti-neoplastic chemotherapy drugs (Mittal et al.
2014). By having a targeted delivery system with liposomes, the toxic side effects of drugs can
be reduced, while achieving the same or even higher concentrations of drug at the site of interest.
However, one of the most important disadvantage in using liposomes as drug delivery agents is
the short circulation time of liposomes in blood (Momekova et al. 2010). To overcome this
problem, the liposomal surface needs to be modified. The sterical stabilization of liposomes with
long flexible polymer residues will increase the circulation time in the body and delay the
clearance from the blood stream through the reticulo-endothelial system (Drummond et al. 1999;
Hashizaki et al. 2003). Polyethylene glycol (PEG) labeled phosphatidyl ethanolamine is the
mostly used molecule for the steric stabilization of liposomes. These PEG containing lipids are
easily included within the liposomal membrane during the liposome preparation. Including PEG
lipids in the liposomal membrane leads to changes in the physical-chemical properties of
liposomes such as reduces the size of liposomes with the increasing percentage of PEG lipids
(Sriwongsitanont & Ueno 2002). At high concentrations of PEG lipids in a liposomal
formulation the formation of liposomes is disfavored; instead, the formation of liposomal disks is

favored (Edwards et al. 1997).

3.1.3. Targeted delivery of liposomes

To ensure that liposomes will accumulate selectively in tumor cells, they can be labeled with
tumor seeking units. There are various possible ligands described in the literature, which can
serve as a tumor seeking unit. For example, it is known that epidermal growth factor receptors
are over-expressed in tumors; therefore, the epidermal growth factor (EGF) can be used as a
tumor seeking entity (Chaidarun et al. 1994). Bohl Kullberg et al. (2002) introduced a method to
bind EGF to DSPC/Cholesterol/DSPE-PEG liposomes. The in vitro experiments performed with
EGF-liposomes demonstrated that they had EGF-receptor specific cellular binding (Bohl
Kullberg et al. 2002).

Another possible tumor seeking entity could be the folic acid. It plays a major role in rapid cell

division and growth. The folate receptor, known as a glycosyl-phosphatidylinositol-anchored
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glycoprotein, is amplified in many human tumors (Carlsson et al. 2003). The coupling of folate
group to the liposomes via the outer end of the PEG-lipid (DSPE-PEG) proved suitability of the
liposomes as delivery systems in vitro (Pan et al. 2002), but in vivo they showed a rapid
clearance by the liver and therefore, no specific accumulation in the tumor (Gabizon et al. 2003).

The growth receptor p185™"% encoded by HER2 proto-oncogene, is also known to be over-
expressed in cancer cells, in comparison with normal tissues. Park et al. (1995) showed that the
immuno-liposomes having anti-p185"5%* units were suitable tumor targeting vesicles, which
internalized in the tumor cells via receptor mediated endocytosis. However, the internalization of
these immuno-liposomes in cells was reduced by the incorporation of PEG-lipids into the
liposomal structure (Park et al. 1995).

To target the liposomes towards the CD44 receptor, which is present in carcinoma, melanoma,
lymphoma and lung tumor cells, the liposomes were modified by incorporating hyaluronic acid
(HA) in their membrane (Eliaz & Szoka 2001). The HA is an oligosaccharide present in the
extracellular matrix, which helps in tissue hydration and water transport within the cells (Necas
et al. 2008). The in vitro studies demonstrated that the uptake of these functionalized liposomes
is higher than that of non-modified liposomes in B16F10 murine melanoma cells. However, in
non-cancerous cells, where CD44 is only expressed at low levels, the uptake of HA-modified
liposomes was very low. Therefore, the authors concluded that liposomes modified with HA are
potent transporters for drug delivery in cancer cells (Eliaz & Szoka 2001).

The transferrin is a glycoprotein responsible for the iron transport in the body via receptor
mediated endocytosis. The transferrin receptor is found at high concentration in the tumor cells
in comparison with normal cells. Therefore, the pegylated liposomes, modified with transferring
molecules attached to the distal terminal of the PEG-chains, are promising as intracellular
targeting carriers in the treatment of cancer (Ishida et al. 2001). The in vivo studies, which used
transferrin modified liposomes to transport encapsulated BSH (mercapto-undecahydro-
dodecaborate) into the tumor cells, showed that high amounts of BSH reached the site of interest,

with a very low plasma boron concentration (Maruyama et al. 2004).

3.1.4. Interaction of liposomes with cells
The interaction of liposomes with biological systems is very complex. There are four possible

mechanisms of liposome-cell interaction by which the liposomes can deliver their contents to the
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cell. The occurrence of any of these interactions depends on the liposome characteristics such as
size, charge, composition and the presence of targeting devices. Also a major determinant of
liposome-cell interaction is the type of the cell and the environmental factors such as the
presence of serum in the cell culture media (Torchilin & Weissig 2003).

The liposome binding or adsorption to cells without uptake of the liposomes is found in literature
for both targeted and non-targeted liposomes. The mechanism of adsorption with content release
is believed to take place at liposome-cell membrane contact. This contact could lead to a higher
permeability of the liposomal membrane and the release of the liposomal content into the
cytoplasm (Torchilin & Weissig 2003). The contact mediated transfer of liposomal content take
place with an exchange of lipids between the liposomes and the cell membrane. This could help
to transfer mostly lipophilic materials and drugs to the cells (Sandra & Pagano 1979).The fusion
of the liposomes with the cells involves the complete mixing of the liposomal membrane with
the cell membrane and the release of the liposomal content into the cytoplasm of the cell (van der
Meel et al. 2014). It is believed that fusion does not occur at the cell membrane when using plain
liposomes, because such a process would need specific fusion inducing agents, like fusion
proteins and peptides (Versluis et al. 2013). The endocytotic internalization of the liposomes by
invagination of the cell membrane into endosomal compartments is another possible way for
liposome-cell interaction. The liposomes containing endosomes will fuse with the lysosomes,
which result in the lysosomal digestion of the endosomal contents and the release of the

liposomal content into the cell by exocytosis (van der Meel et al. 2014).
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Figure 2. Schematic mechanism of the four types of interactions of liposomes with cells

(Torchilin & Weissig 2003)

3.1.5. Specific accumulation of liposomes in tumors

Tumor tissues require a functioning vasculature for the delivery of nutrients and the removal of
toxic waste products associated with cellular metabolism. This vasculature has to expand
continuously to serve an essential requirement for tumor initiation, progression and metastasis
(Siemann 2006). The vasculature expansion, which leads to the tumor mass expansion, requires
the formation of new blood vessels with chaotic architecture and aberrant branching. This
process is called neovascularization, and is relatively uncommon in most normal tissues, but is
an important feature of solid tumors (Konerding et al. 2002). The tumor vasculature is typically
characterized by dilated vessels, large inter-capillary distances and decreased vessel density.
Because the vessel network that is formed in tumors is typically unable to keep proliferating as
rapidly as the growing tumor cell mass, it will inevitably fail to ensure the nutritional needs of
the tumor cells (Siemann 2006). This is the reason why these tumor blood vessels have gaps as
large as 600 to 800 nm between adjacent endothelial cells, which makes possible to the
liposomes with certain sizes to enter through these gaps into the tumor interstitial space.

The accumulation level of liposomes in tumor tissues usually depend on the liposome size, has to

be smaller than the vessel gaps of the tumor; molecular weight and charge; the circulation time
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of the liposomes, which can be enhanced with PEG; the level of tumor vascularization, that
means the better the vascularization is, the more liposomes can accumulate in the tumor tissue;
and the size of the gaps, if they are smaller than the liposomes, no extravasation into the tumor

tissue will be possible.
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Figure 3. Comparative representation of tumor and normal tissue blood vessels

(http://wires.wiley.com/WileyCDA/WiresArticle/wisId-WNAN66.html)

3.1.6. Boron Neutron Capture Therapy

The clinical interest in boron neutron capture therapy (BNCT) is focused mostly on the treatment
of cerebral metastases of melanoma and high grade gliomas (Barth et al. 2005). These types of
cancers are very resistant to all forms of currently available therapies, including surgery,
chemotherapy, radiotherapy, immunotherapy, or gene therapy. Combinations of these therapies
were also tried in United States, but lead to death in majority of the patients, due to the
aggressive treatment (Lacroix et al. 2001). It would be useful to find methods and molecular
strategies, which can target selectively malignant cells, and has no or slight effect on normal
tissue, adjacent to the tumor tissue.

BNCT was designed in a way to selectively destroy malignant cells and skip the normal tissue.
The therapy is based on the nuclear reaction, which occurs when the boron atom (‘°B) is
irradiated with low-energy thermal neutrons. The irradiation is followed by a nuclear fission
resulting high energy a-particles (‘He) and lithium nuclei ('Li) with around 2.31 MeV of energy.
The resulted high energy is deadly to the cells where the reaction occurs (Barth et al. 2005). The
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produced particles have to act in a short range to ensure that the adjacent normal tissue will not
be affected by this therapy. A major challenge to make this therapy successful is to selectively
deliver and accumulate sufficient amounts of boron atoms in the tumor tissues. The
concentration of boron in the target tumor tissue should be at least 10° atoms/cell or 20-30 ug/g
of tumor. It is also very important to ensure that enough thermal neutrons are absorbed by the
boron atoms to induce a lethal '°B(n,0))’Li capture reaction (Barth et al. 2005). The high energy
a-particles have a limited path length in the cancer tissue, which is about 5-9 um, due to this the
destructive effects of the high energy particles is limited to boron containing cells (Sivaev &
Bregadze 2009); therefore, much more boron has to be accumulated in the tumor tissues than in

the surrounding normal tissue.
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Figure 4. Schematic representation of the boron neutron capture reaction (http://www.osaka-

med.ac.jp/deps/neu/omcBNCT/BNCT_E/BNCT_E]1.html)

3.1.7. Boron containing compounds

The promising development of BNCT in clinical treatment, which started around 60 years ago,
led to the synthesis of several boron containing compounds, which could successfully deliver the
therapeutic concentration of boron to the tumor tissue. For such boron delivery agents to be
effective, they must fulfill some criteria: first, they should have low systemic toxicity and high
tumor/brain and tumor/blood concentrations; second, they should achieve concentrations of at
least 20 pg of boron per gram of tumor; they should present rapid clearance from blood and
normal tissue, but persistence in tumor for BNCT. However, to date, no single boron delivery

agent was found to fulfill all the above mentioned criteria (Barth et al. 2005).
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3.1.8. Dodecaborate cluster compounds

Polyhedral boron hydride structures are formed from boranes by the elimination of protons. All
of these structures are characterized by electron deficient bonding (Lipscomb 1963), and they
exhibit aromatic properties (King 2001).

The dodecahydro-closo-dodecaborate (Na,Bj,Hj;) was first synthesized by Pitochelli and
Hawthorne (1960). These molecules and their derivatives showed interesting characteristics such
as thermal and chemical stability and low in vitro toxicity. Based on the Na,B;,H;,, other
halogenated derivatives of dodecaborate clusters were synthesized by an electrophile substitution
reaction (Knoth et al. 1964). The early studies on these dodecahalogen-closo-dodecaborate
structures showed that they have high thermal and chemical stability. Recently, we have studied
the in vitro toxicity of these halogenated cluster compounds. Our results revealed that the
toxicities of dodecahalogen-dodecaborates are higher in comparison with Na;B;,H;,. The ECsg
values are 0.44, 0.25 and 0.14 mM for Na,B,Cljs, Na;Bi,Bri; and Na,Bjyl;,, respectively
(Appendix VI).

Figure 5. 3D structure of dodecahalo-closo-dodecaborate clusters: ® =B; @ =Cl, Br, I

Recent studies on leakage experiment with the halogenated derivatives of Na,Bj,H;, showed that
they are capable to induce leakage of the liposomal contents much better than BSH; therefore,

they became great potential inducers for drug release (Appendix VI).
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3.1.9. Liposomes in BNCT

Liposomes as promising drug carriers show a great tendency for boron delivery to the tumor
tissue. Small, water soluble boron compounds can be encapsulated in the aqueous core of
liposome vesicles. After intravenous administration these liposomes can penetrate the tumor
tissue and localize intra-cellularly. It is known that boron compounds in their free form have no
affinity to the tumor cells and they are rapidly cleared from the body. Instead, encapsulated in
liposomes they can reach therapeutic ranges of boron concentrations in the tumor (Carlsson et al.
2003). To enhance the selective boron transport to the tumor tissue, the liposomes can be tagged
with tumor seeking entities (Maruyama et al. 2004).

Numerous disadvantages in the encapsulation of the boron compounds into liposomes have been
described in the literature, including low encapsulation efficiency, leakage upon storage, or
modification of the liposome structures by the boron clusters (Gabel et al. 2007). These
problems led to the synthesis of new lipid structures which have as charged head group a boron
cluster compound, linked to a lipid backbone. These boron containing lipids can be incorporated
directly into the liposomal membrane (Schaffran et al. 2009) and will avoid problems involving

leakage of the agent due to improper encapsulation.

3.1.10. Saint lipids

The first dodecaborate cluster lipids were described by Lee et al. (2007). These boron-lipids have
the BSH molecule as head-group, they are doubly negatively charged and showed similarly low
in vitro toxicity as BSH. Later, Schaffran et al. (2009) described the first dodecaborate cluster
lipids with only one negative charge. These boron-lipids will help to decrease the clearance of
the liposomes from the bloodstream and will lead to longer retention times in the body in
comparison with doubly negatively charged dodecaborate cluster lipids. These lipids, named also
Saint-lipids, contain a pyridinium core with two chains of 12, 14 or 16 carbon atoms as lipid
backbone, connected through the nitrogen atom with the help of butylene, pentylene or
ethylenoxyethylene linker to the oxygen atom on the dodecaborate cluster as headgroup. They
can form closed liposomes in the presence or even absence of helper lipids such as DSPC and
cholesterol. For the preparation of boron lipid liposomes, the helper lipids should not differ very
much in their chain length from the boron lipid; therefore, DSPC was chosen as a desirable

helper lipid for the formation of stable Saint-lipids liposomes (Schaffran et al., 2009).
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These boron-lipids showed a low impact on cell viability, their ECs, range was between 1.5 and
4.8 mM, except for the Dioxan-Saint-12 and Dioxan-Saint-14, which showed higher toxicities

(Schaffran et al. 2009).

Cs

Y = no atom: THF-Saint-12 (R=C;,H,s); THF-Saint-14 (R=C;4H,¢); THF-Saint-16 (R=C;¢H33)
O: Dioxan-Saint-12 (R=C;,H,s); Dioxan-Saint-14 (R=C;4H,); Dioxan-Saint-16 (R=C;sH33)
CH,;: Pyran-Saint-12 (R=C,H,s); Pyran-Saint-14 (R=C4H,y); Pyran-Saint-16 (R=C,cH33)

Figure 6. The structures of the Saint-lipids (Schaffran et al. 2009)
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3.2. Results and Outcomes

3.2.1. Halogenated dodecaborate clusters as agents to trigger release of liposomal contents
(Appendix VI)

Authors: D. Awad, M. Bartok, F. Mostaghimi, I. Schrader, N. Sudumbrekar, T. Schaffran, C.
Jenne, J. Eriksson, M. Winterhalter, J. Fritz, K. Edwards, D. Gabel

Status of the publication: Accepted for publication in ChemPlusChem journal (in press).

Contribution of M. Bartok to the work: Contributed for the acquisition, analysis and
interpretation of the experimental data, partially wrote the Material and Methods section and

reviewed the manuscript.

Contribution of the coauthors: D. Awad, F. Mostaghimi, I. Schrader and N. Sudumbrekar
contributed for the data acquisition, analysis and interpretation. D. Gabel wrote the manuscript.
T. Schaffran, C. Jenne, J. Eriksson, M. Winterhalter, J. Fritz and K. Edwards reviewed the

manuscript.

3.2.2. Cellular interaction and uptake of liposomes containing dodecaborate cluster lipids:
Implications for boron neutron capture therapy (Appendix VII)

Authors: M. Bartok, D. Awad, J. Wilinska, M. Kirihata, R. Schubert, R. Siiss and D. Gabel
Status of the publication: In preparation.

Contribution of M. Bartok to the work: Co-developed the immuno-staining method,
contributed for the acquisition, analysis and interpretation of the experimental data, wrote the
manuscript together with D. Gabel.

Contribution of the coauthors: D. Awad conducted the preliminary experiments and co-
developed the immuno-staining method. J. Wilinska helped with the acquisition of the FACS
data. M. Kirihata developed the primary antibodies for the immuno-staining. R. Schubert, R.

Siiss and D. Gabel helped with the coordination of the study and reviewed the manuscript.
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3.3. Conclusions and Outlook

The first study (Appendix VI) reveals a strong interaction of the dodecahalogen dodecaborate
clusters with  DPPC  (dipalmitoyl-phosphatidylcholine) and DSPC  (distearoyl-
phosphatidylcholine) liposomes. The interaction was characterized using different biophysical
techniques. The zeta potential measurements showed that the cluster molecules easily form
stable and strong interactions with the liposomal membrane surface. The Cryo-TEM (cryo-
transmission electron microscopy) and AFM (atomic force microscopy) images revealed that
these interactions are not only limited to the liposomal surfaces, but they induce drastic changes
in the morphology of the liposomes. For example, in the presence of high BI (dodecaiodo-
dodecaborate) concentration the liposome structures disappear and instead only long needle-
shaped structures were found. These long electron dense structures are thought to be rich in
iodine. The leakage of the CF (carboxyfluorescein) is induced by the halogenated clusters not
only in DPPC or DSPC liposomes, but also in cholesterol containing and sterically stabilized
liposomes. In all preparations BI was the most effective cluster to induce leakage. The toxicity of
the halogenated clusters was also measured on a lung fibroblast cell line. We found that none of
the clusters had a considerably high toxicity; therefore, we suggest the use of these cluster
molecules, mostly of BI, to trigger the release of liposome-encapsulated drugs after the
accumulation at the site of interest in cancer therapy.

In the second manuscript (Appendix VII) we report the uptake and localization of boron-lipid
liposomes in three different cell lines, a primary endothelial cell line (HUVEC) and two tumor
cell lines (Kelly and V79). We found that the uptake of the boron lipid, measured by immuno-
staining, and the fluorescent lipid from sterically stabilized liposomes is concentration dependent
and different when using different boron-lipids. The highest uptake of boron-lipid was obtained
by using THF-S-14, THP-S-14 and THP-S-16 containing liposomes at 2.5 mM concentration.
However, in several preparations the uptake of boron-lipid and fluorescent lipid did not coincide
completely. In the flow cytometry measurements the strongest association was obtained by using
HUVEC endothelial cells. At the lowest liposome concentration tested (0.01 mM), these cells
showed between 90% and 100% cell association, even at low incubation temperatures (4°C). In
contrast, Kelly and V79 cells at this concentration had slight (Kelly) or no (V79) association with
the liposomes. Reducing the incubation temperature of the cells with the liposomes affected the

cellular uptake drastically in case of V79 and only slightly in case of Kelly. These results
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indicate that the boron-lipids may preferentially be taken up in the endothelial cells from the
vasculature, which might limit their use in the boron neutron capture therapy. The reason for
such interactions between the boron-lipids liposomes and the cells was not yet elucidated.
However, we think that the uptake could be caused by the strong interactions of the boron cluster

headgroups with the cell surface, as described in the previous study (see Appendix VI).
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In the present study we considered a new approach that allows the individual quantification of damages
induced in the epithelium and stroma of an in vitro hemi-cormea model after chemical treatment. We
aimed at a stand-alone test system for classification according to the classification of the globally harmo-
nized system of classification and labelling of chemicals (GHS).

We have modified a previously developed 3D hemi-cornea model by the insertion of a collagen mem-
brane between epithelium and stroma. This membrane allows the separation and independent assess-
ment of these compartments after topical exposure to potential eye irritants. The cell viability
quantified by MTT assay was used as the toxicological endpoint. The prediction model based on the results
obtained from 30 test chemicals uses a single exposure period and the combination of cut-off values in
tissue viability from both epithelium and stroma.

The in vitro—in vivo concordance of the test system is 77%. All of the GHS category 1, 80% of the GHS cat-
egory 2 and 50% of the GHS not categorized chemicals are predicted correctly. In conclusion, the test sys-
tem predicts and discriminates GHS category 1 and GHS category 2 chemicals, but is over-predictive for
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1. Introduction

In order to ensure consumer and environmental protection,
chemicals and raw materials are subjected to extensive toxicolog-
ical assessment according to the specific legislation regarding dif-
ferent industries and countries. The assessment of the eye-
irritating potential of substances is an essential part of the toxico-
logical examinations. To date, the rabbit Draize eye irritation test
(Draize et al., 1944) is still the only OECD-approved test for the
determination of the whole range of eye irritating effects from mild
to severe (OECD, 2002). However, the Draize eye test has been
increasingly criticized due to its lack of reproducibility, overesti-
mation of human responses, and cruelty to animals (Weil and
Scala, 1971).

In the past, a number of new in vitro methods have been devel-
oped in order to replace the Draize test. One group of test systems
is based on isolated animal eyes, e.g. the Bovine Corneal Opacity
and Permeation (BCOP) test and the Isolated Chicken Eye (ICE) test
(Gautheron et al,, 1992; Prinsen and Koeter, 1993; Barile, 2010;
Verstraelen et al., 2013). A second group takes advantage of the
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reactions evoked by chemicals in incubated hen eggs (Eskes
et al., 2005) or invertebrates (Adriaens et al., 2005, 2008). One test
system is based on the perturbation and denaturation of corneal
proteins; these processes are supposed to mimic the disruptive
effect to ocular irritants (Eskes et al., 2014). Another group uses
cultured cells of different origin to assess the eye-irritating poten-
tial of chemicals (Eskes et al.,, 2005; McNamee et al., 2009; Hartung
et al,, 2010; Takahashi et al., 2010, 2011; Sakaguchi et al., 2011).

As a further approach, 3D cornea epithelial models have been
reconstructed (Doucet et al, 2006; Van Goethem et al, 2006;
Huhtala et al., 2008; Seaman et al., 2010; Kaluzhny et al., 2011;
Kolle et al,, 2011; Katoh et al., 2013). Approaches using 3D epithe-
lial models only discriminate between irritants (I) and non-irri-
tants (NI) based on a classification (PM) with one viability cut-off
value (Van Goethem et al., 2006; Kaluzhny et al, 2011). Due to
the absence of stroma, further discrimination between chemicals
classified as GHS2 (moderate irritants) and GHS1 (severe irritants)
is not foreseen.

Currently, only one cell-based test system (Fluorescence
leakage, FL) and two ex vive animal test systems (BCOP and ICE)
have reached official regulatory acceptance (OECD, 2012,
2013ab). However, these test systems allow only the prediction
of serious eye damage (GHS1, i.e, BCOP, ICE and FL), and of
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chemicals not requiring classification (GHSnc, i.e., BCOP and ICE),
but not of GHS2. No single in vitro assay has been developed and
validated as a full regulatory replacement for the Draize Eye
Irritation test. Instead, the tests developed so far are intended to
be used within the framework of an integrated testing strategy,
either in a top-down or in a bottom-up approach (McNamee
et al., 2009; Scott et al., 2010; Hayashi et al, 2012). These
approaches, as in vitro alternatives to animal testing for the safety
assessment, reveal their strengths preferably in the discrimination
between severe and non-severe chemicals. Test systems predicting
GHS2 substances directly are not yet available.

According to Scott et al. (2010), only those reconstructed corneal
models that include both the epithelium and the stroma allow
discrimination between all three GHS classes: severe/corrosive
(GHS1), mild/moderate (GHS2) and not classified (GHSnc). This per-
ception is based on studies by Jester and Maurer (Jester et al,,
1998a,b, 2001, 2006, 2010; Maurer et al., 2002), who showed that
the surface area and depth of initial corneal injury (Dol) in the
epithelium and stroma, caused by chemicals of various classes in
the rabbit eye, strongly correlate with the macroscopically observa-
ble severity and duration of ocular injury.

Consequently, we previously generated a 3D cornea model
based on human SV40-immortalized corneal cell lines (Engelke
et al, 2004; Zorn-Kruppa et al., 2004, 2005; Seeber et al., 2008;
Manzer et al., 2009) which comprises both epithelium and stroma
to provide an animal-free tool for eye irritation testing (Engelke
et al, 2013) as well as for in vitro drug permeation studies
(Hahne and Reichl, 2011; Hahne et al., 2012).

In a previous study (Engelke et al,, 2013) we proved the repro-
ducible construction and the transferability of the production of
the complex 3D models into other laboratories. With this model,
we developed a prediction model based on 20 test chemicals that
reliably predicted GHS category 1 chemicals. The model did, how-
ever, not sufficiently discriminate between all 3 GHS categories

Since we assume that the individual assessment of the viability
in the epithelium and stroma is essential for the GHS classification,
we have expanded our previous model to include a membrane
between these two compartments. This membrane allows us to
separate the epithelium and stroma after exposure and to deter-
mine the cell viability individually. We have tested the model
using thirty chemicals of balanced GHS classification. Based on
suitable viability cut-off values for both the epithelium and stroma
we developed a prediction model which allows the discrimination
of all three GHS categories.

As areproducible tissue reconstruction is crucial for the reliabil-
ity of an in vitro test system we have assessed the intra-laboratory
reproducibility. Acceptance criteria were defined based on the
viabilities of the negative control (NC) and batch control (BC) in
the epithelium (NC,,;, BC.,) and stroma (NC,ioma BCiroma) from
all batches produced over a 6-month period.

2. Materials and methods
2.1. Materials and reagents

Tissue culture flasks, flat bottomed multi-well plates (6-, 12-,
24- and 96-well plates), penicillin/streptomycin, PBS without
Ca®*, Mg®* (PBS——) and PBS with Ca®*, Mg®* (PBS++) were pur-
chased from Biochrom (Berlin, Germany). CaCl,, PBS—— tenfold
concentrated powder, isopropanol, Munc cell culture inserts
(0.5 cm? surface area, 3 um pore size, polycarbonate) were obtained
from OmniLab (Bremen, Germany) and Bola Teflon O-rings (1 cm
outer and 0.7 cm inner diameter) were from Bohlinger GmbH,
Griinsfeld, Germany). The silicon O-rings were from Dichtungstech-
nik (Bensheim, Germany) and the electrospun membranes were
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from The Electrospinning Company (Harwell Oxford, UK). The rat
tail collagen solution was obtained from CellSystems (Troisdorf,
Germany). The media 199, Ham's F12 and TrypLE Express were
from Invitrogen (Darmstadt, Germany). Triton X-100, thiazolyl blue
tetrazolium bromide (MTT reagent), NaOH, NaHCO, Hepes, Bouin's
solution was purchased from Sigma-Aldrich (Schnelldorf,
Germany ). The Collagen Cell Carrier (CCC) was from Viscofan Bioen-
gineering (Weinheim, Germany). Keratinocyte Basal Medium
(KBM) plus Bullet-kit as well as chemically defined Keratinocyte
Growth Medium (KGM-CD) were obtained from Lonza (Basel,
Switzerland).

2.2. Test chemicals and control materials

The test chemicals were chosen on the basis of eye irritation
classifications derived from individual in vivo rabbits. We selected
30 test chemicals from the database of the Technical Report of the
European Center for Ecotoxicology and Toxicology of Chemicals
(ECETOC, 1998). Of these chemicals, 24 are liquids and 6 are solids.
We have only selected 6 solid test substances, because similar to
the in vivo test, testing of solids in vitro is more challenging, espe-
cially if particles remain on the tissue surface after the washing
procedure. Solids may result in false classification as GHSnc only
because they are not soluble under applied conditions. Details of
the 30 selected chemicals, together with their in vivo eye irritation
classification, are shown in Table 1. The test materials covered the
whole range of eye irritation potencies and represented different
chemical classes. PBS++ and 0.3% Triton X-100 served as the nega-
tive control (NC) and as the batch control (BC), respectively.

2.3. Solutions for the cell cultures and hemi-cornea reconstruction

The reconstruction buffer for neutralizing the acidic solution of
the collagen was prepared by mixing together 2.2 g NaHCO3 and
4.77 g Hepes in 100 ml of 0.5 N NaOH solution. The tenfold concen-
trated F99 medium was prepared according to Engelke et al.(2013).
The O-ring attachment solution was made by mixing together
100 wl F99 medium, 250 pl reconstruction buffer, 100 pul KGM med-
ium and 600 pl collagen solution. The MTT solution was prepared
by first dissolving the MTT reagent in double-distilled water to a
concentration of 5mg/ml. This stock solution was stored at
—20 °C for a maximum of 6 months in the dark. It was diluted with
KGM medium to a final concentration of 1 mg/ml before use.

2.4. Cell culture and hemi-cornea reconstruction

The human corneal epithelial (HCE) cell line used in this study
was immortalized by Araki-Sasaki et al. (1995). This cell line was
kindly provided by Stephan Reichl, Technische Universitit
Braunschweig, Germany, who received it from the RIKEN cell bank
(Tsukuba, Japan). The HCE cells were used between the 87th and
112th passage number. The HCE cells form a multilayered epithe-
lium when cultivated at the air-liquid interface under serum-free
conditions (Seeber et al., 2008). The human corneal keratocytes
(HCK) were immortalized and established by Zorn-Kruppa et al.
(2005) and Manzer et al. (2009). Also, the HCK cell line was only
used for a limited number of passages (passage 13-26 in this
study). Both HCE and HCK were cultured as described by Engelke
et al. (2013),

The hemi-cornea models were prepared in three steps: prepara-
tion of the stroma equivalent, attachment and fixation of the CCC-
membrane, and addition of the epithelial cells. For the stroma
equivalent, per model 30 pl of F99 medium, 75 pl of reconstruction
buffer, 30 ul of KGM medium containing 50,000 HCK cells and
180 ul of the collagen solution was mixed; 250 ul of this solution
was placed into the cell culture insert and left for about 25 min
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Table 1

List of the selected test chemicals used for the development and the assessment of a test system using the hemi-comea model with inserted CCC-membrane.

Nos. Test chemical Cas No. Purity (%) Supplier Physical state Chemical class in vivo GHS class”
1 3-Methoxy-1,2-propanediol” 623-39-2 98 Sigma Liquid Alcohol nc
2 Glycerol® 56-81-5 =99 Sigma Liquid Alcohol nc
3 3,3-Dimethylpentane® 562-49-2 99 Sigma Liquid Alkane nc
4 Toluene* 108-88-3 998 Sigma Liquid Aromatic nc
5 1-Bromohexane* 111-25-1 98 Sigma Liguid Brominated deriv. nc
6 Ethylene glycol diethyl ether 629-14-1 a9 Sigma Liquid Ether nc
T Potassium tetrafluoroborate 14075-53-7 =99.99 Sigma Solid Inorganic nc
8 2-Heptanone® 110-43-0 a9 Sigma Liquid Ketone nc
9 Polyethylene glycol 400° 25322-68-3 a Sigma Liquid Surfactant nc

10 Tween 20 9005-64-5 b Sigma Liquid Surfactant nc

11 Methyl cyanoacetate 105-34-0 99 Sigma Liquid Acetate 27

12 2,6-Dichlorobenzoyl chloride® 4659-45-4 a9 Sigma Liquid Acyl halides 2A

13 2-Methyl-1-pentanol® 105-30-6 99 Sigma Liguid Alcohol 2B

14 Octan-1-ol 111-87-5 >99.5 Sigma Liquid Alcohol 2A

15 Ethanol 64-17-5 995 AppliChem Liguid Alcohol 2A

16 2-Propanaol® 67-63-0 997 AppliChem Liquid Alcohol 2A

17 Ammonium nitrate* G484-52-2 =09 Sigma Solid Inorganic 2A

18 Acetone” 67-64-1 =997 Roth Liquid Ketone 2A

19 3-Chloropropionitrile® 542-76-7 98 Sigma Liguid Nitrile 2B

20 Dibenzyl phosphate 1623-08-1 a9 Sigma Solid Organo phosphate 2A

21 2-Methoxyethyl acrylate* 3121-61-7 98 Sigma Liquid Acrylate 1

22 Cyclohexanol® 108-93-0 99 Sigma Liquid Alcohol

23 p-Fluoroaniline® 371-40-4 a9 Sigma Liquid Aromatic 1

24 Imidazole® 288-32-4 a9 Sigma Solid Heterocyclic 1

25 Chlorhexidine 55-56-1 =995 Sigma Solid Miscellaneous 1

26 Quinacrine* 6G9-05-6 =90 Sigma Solid Miscellaneous 1

27 Benzalkonium chloride (1%) B8001-54-5 Ultra Sigma Liquid Surfactant 1

28 Cetylpyridinium bromide (6%)° 140-72-7 98 Sigma Liquid Surfactant 1

29 Trition X-100 (10%) 9002-93-1 " Sigma Liquid Surfactant 1

30 Sodium lauryl sulfate {15%) 151-21-3 =99 Roth Liquid Surfactant 1

* GHS dassification: (United Nations, 2011): ne: undassified; category 2A/2B: mild/moderately irritating to the eye; 1: irreversible effects to the eye.

b Not specified.

“ The test chemical was also in the test protocol using a 10 min exposure period.
d

at 37 °C to polymerize. Then the CCC membrane was carefully
placed on top of the stroma with sterile forceps, avoiding the for-
mation of air bubbles under the membrane. In order to avoid prop-
agation of the HCE cells underneath the CCC-membrane, i.e. on top
of the stroma, the membrane was fixed with an O-ring which had
been immersed in the attachment solution beforehand. These con-
structs were incubated for another 10 min at 37 °C until the attach-
ment solution was polymerized and hence adhered to the CCC-
membrane. Afterwards, 100,000 HCE cells suspended in 70 pl of
KGM medium were plated in the center of the O-ring. An addi-
tional 230 pl of KGM medium was added to the insert the next
day, after about 18 h. Usually, 20-30 hemi-cornea models were
produced per batch. The models were cultured in 12-well plates
for the first 6 days, submerged in 1.5ml KGM medium which
was changed once after 3 days. Then the inserts were transferred
into 6-well plates and the amount of medium was lowered to
1.2 ml. The models were cultivated at the air liquid interface for
the next 7 days with daily change of medium.

2.5. Histology

For histological evaluation of the tissue production, untreated
tissues were fixed with Bouin's fixation fluid and embedded in par-
affin. Cross-sections of 7 um thickness were cut and stained either
with Hematoxylin-Eosin or Azan using standard procedures.

2.6. Test protocol

The hemi-cornea tissues were exposed to the test chemicals at
room temperature (RT). For liquid test chemicals, 50 pl was
applied in the middle of the O-rings on the epithelium of the
corneal tissues. Solid test substances were applied topically onto

In the ECETOC database the study criteria were not met. Previously classified as severe irritant (R41) by Balls et al. (1999

the epithelium of the hemi-cornea tissues using an oval, 6 mm
Volkmann bone curette (Wittex, Simbach Germany), which was
calibrated with a defined volume of about 50 mg NaCl. To ensure
contact and spreading of the solids, 50 pl of PBS++ was additionally
pipetted on top of the epithelium. The further treatments were the
same as described for the liquid chemicals. All chemicals as well as
NCs and BCs were tested at room temperature for 60 min exposure
time. Selected chemicals were also incubated for 10 min in order to
find the most suitable time point, resulting in the highest degree of
separation between the GHS classes.

After exposure, the tissues were washed according to the proto-
col of Engelke et al. (2013), the O-rings were removed from the tis-
sues and the inserts were transferred to a 24-well holding plate
and incubated with 500 ul KGM medium. For the MTT viability
assay the CCC membrane with the epithelial layer was separated
from the stroma with forceps. The epithelia on the CCC-membrane
were placed in a 24-well plate. The inserts with the stroma were
placed in another 24-well plate. In this way the stroma and the epi-
thelium could be assessed individually for cell survival. The preli-
minary results of the NC revealed that the separation of the
epithelium and stroma does not effect the viability of the cells in
the respective tissues. In contrast, the sum of optical densities of
the separated tissues, compared to the unseparated tissues, had a
tendency to give higher values. This may results from the fact that
the diffusion is limiting for the MTT metabolism. Less MTT is
metabolized to Formazan in the chosen incubation time due to
the longer diffusion path in the unseparated tissue. The MTT solu-
tion, 1.5 ml per well, was added to each well of the 24-well plates
and incubated for 3 h at 37 °C. For solubilization of the formazan,
the MTT solution was removed from the wells and 1.5 ml isopropa-
nol was added to each well and left overnight in a dark place at RT,
sealed with parafilm to avoid the evaporation of the solvent.
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The next day, 100 ul triplicate samples from each tissue were
transferred to a 96-well plate and further diluted 1:1 with 100 pl
of isopropanol. The optical densities (OD) were measured on a
microplate reader (Dynatech MR5000, Dynex Technologies GmbH,
Denkendorf, Germany) at 570 nm. 200 pl of isopropanol served as
the blank. The relative tissue viability was determined for each tis-
sue using the following formula:

%Viability = [OD(treated tissues/OD(NC})] x 100%

The relative viability was calculated from the OD as a percent-
age of the NC (=100% viability) for each sample. The mean + stan-
dard deviation (SD) was determined from triplicate tissues.

To avoid false negative results, possible direct interaction of the
selected test chemicals with the MTT-assay was tested (see
Engelke et al., 2013 for details).

2.7. Data analysis

All test chemicals were tested in three independent runs on
triplicate tissues, each together with NCs and BCs. All further sta-
tistical calculations were performed using Microsoft Office Excel
version 2013, The agreement between in vivo and in vitro data
was assessed after classification of the tested chemicals into three
GHS classes: GHS1, GHS2 and GHSnc. Cut-off values of obtained
viability data were defined for both epithelium and stroma. Classi-
fication of the chemicals into the 3 GHS classes is based on the
appropriate combination of these cut-offs.

Contingency tables were used to evaluate the agreement
between in vivo and in vitro classifications. By means of this analy-
sis, the calculation of the percentage of products correctly classified
by the test system was possible, as well as the number of false pos-
itives (over-estimations) and false negatives (under-estimations).

The Kappa coefficient (x) (Landis and Koch, 1977) was calcu-
lated to define the degree of concordance between both compared
methods (in vivo/in vitro).

3. Results

3.1. Development of the hemi-cornea model with inserted
CCC-membrane

In order to find the best method to successfully separate the
epithelium from the stromal layer, we explored different attach-
ment approaches by using different materials. We found that the
best results, as well as the easiest procedure, were obtained with
the use of a CCC-membrane attached directly on top of the stroma
and fixed with a Teflon O-ring, which was previously immersed in
a collagen solution. The hemi-cornea construct thus obtained
exhibits a multilayer of epithelial cells on top of the CCC-mem-
brane which separates the epithelium from the collagenous stro-
mal matrix with embedded HCK cells (Fig. 1). The other
attachment methods we initially explored included pretreating of
the CCC-membrane with KGM medium or PBS—— for 30 min at
room temperature prior to attachment, applying 50 pl of collagen
solution on top of the stromal layer as an adhesive, or shortly
immersing the membrane in the collagen solution. None of these
methods helped to attach the CCC-membrane properly and the epi-
thelial cells were found growing under the membrane. Other
efforts, for instance the use of electrospun membranes of 10 um
or 20 um thickness, silicon instead of Teflon O-rings and agarose
or histo-acryl as glue were disappointing either due to cell toxicity
or extensive preparation and migration of epithelial cells onto the
stroma.
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Fig. 1. Histological cross section of the hemi-cornea model with a CCC-membrane
inserted between epithelium and stroma. The tissue section is 7 pm thick and was
stained with Azan. The picture was taken at a 10 objective.

3.2. Development of a prediction model

For the development of an adequate prediction model, 30
chemicals with different physicochemical properties and irritation
potentials were tested (Table 1). The means and standard devia-
tions (SD) of three independent runs were calculated (Table 2).
The average viability (%) of the epithelium was plotted versus the
viability (%) of the stroma for each test substance (Fig. 2). The
chemicals belonging to GHS1 (diamonds) show almost no epithe-
lial viability and stromal viability <35%. These chemicals cluster
in the lower left corner of the diagram. The separation between
the GHS2 (squares) and GHSnc (circles) chemicals is less clear,
but an epithelial viability >15% divides the two groups most
clearly. Thus, an appropriate combination of epithelial and stromal
viability may allow us to discriminate between severe/irreversible
irritants (GHS1), chemicals which are mild or moderately irritating
(GHS2) and chemicals which are slightly or not irritating to the eye
(GHSnc). A horizontal and a vertical line mark the cut-offs for dis-
crimination into these three groups. The combinations of the cut-
off values from the epithelium and stroma define the prediction
model (PM) for the classification of the test chemicals into the
three GHS-classes as shown in Table 3. According to the PM, all test
chemicals which induce a reduction of the stromal viability to less
than 35% compared to the NCyms are predicted as GHS1. Test
chemicals which reduce the epithelial viability to less than 15%
of the NC,y, but with a stromal viability higher than 35% compared
to the NCeyroma are predicted as GHS2. Only test chemicals with an
epithelial viability higher than 15% compared to NCep; and a stro-
mal viability higher than 35% of the NCg,m,, are predicted as
non-irritant according to the GHS system.

The classification of the tested chemicals according to the PM
defined in Table 3 is included in the last column of Table 2. All fal-
sely classified chemicals are shaded in grey. False classification
results from the fact that either the stromal viability orfand the
epithelial viability do not comply with the criteria defined in the
PM (Table 3). The comparison of the in vitro classification with
the in vivo classification of the 30 test chemicals in Table 1 demon-
strates a perfect prediction of all severe irritants (GHS1). Eight out
of ten GHS2 chemicals, but only five out of ten GHSnc test chemi-
cals were predicted correctly. Thus, GHS1 and other GHS groups
can be well discriminated. Discrimination between GHS2 and
GHSnc does not perform as well, since four out of ten GHSnc chem-
icals were predicted to be GHS2, and one out of ten (tween 20) to
be GHS1.

We tested whether the accuracy of the prediction could be
improved by the reduction of the exposure period, assuming that
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Tissue viability (%) of epithelium and stroma from each run (means and standard deviations of three tissues per run) after exposure for 60 min with the test chemicals, as well as
means and standard deviations of the three runs. The last column includes the in vitro predicted classification of each of the test chemicals. False predictions are highlighted.

Nr Test chemical Epithelial tissue viability (%)
name run 1 run2  run3 mean
1 3-Methoxy-1,2-propanediol 8.09 715 8,38 7.87
2 Glycerol 2549 2916 9,19 21,28
3 3.3-Dimethylpentane 36,78 28,99 3364 33,14
4 Toluene 340 649 335 441
5 1-Bromohexane 26,39 2216 22,35 23,63
g Ethylene glycol diethyl ether 3,20 0,71 1,84 1,92
7 Potassium tetrafluoroborate 7769 113,03 8203 90,92
g 2-Heptanone 2,50 267 1,37 218
g Polyethylene glycol 400 41,03 37,97 30,09 36,36
1p Tween 20 2132 33,06 1967 2468
11 Methyl cyanoacetate 540 253 232 342
12  2,6-Dichlorobenzoyl chloride 40,33 3540 22,82 32,85
13 2-Methyl-1-pentanol 3,02 324 281 3,02
14 Octan-1-ol 3,43 416 443 401
15 Ethanal 207 410 390 3736
1 2-Propanol 4,50 255 421 375
17  Ammonium nitrate 252 1,15 1,88 1,85
18 Acetone 10,91 4,10 562 6,88
19  3-Chloropropionitrile 5,05 245 261 3,37
op Dibenzyl phosphate 518 3,57 3,75 4,16
21 2-Methoxyethyl acrylate 2,21 1,65 0,94 1,60
22  Cyclohexanol 2,39 1,17 1,74 177
23 Pp-Fluoroaniline 2,44 311 266 2,74
24 Imidazole 34 194 387 3N
25  Chlorhexidine 446 276 322 348
26 Quinacrine 83,96 89,05 7225 8175
27  Benzalkonium chioride (1%) 3,93 422 4,45 4,20
28 Cetylpyridinium bromide (6%) 4,03 2,91 3,81 3,58
29  Trition X-100 (10%) 283 208 142 2,01
3p Sodium lauryl sulfate (15%) 306 238 205 250

Stromal tissue viability (%) G:sv::t{:;s
sD run1 run2 run3 mean SD
064 46,15 71,07 41,38 52,87 1594 -
10,63 80,73 8423 8147 8214 184 nc
392 10268 91,10 117,02 10360 12,99 nc
180 31,85 4558 4991 4245 943 -
239 8768 8814 6813 8132 1143 nc
124 61,97 3857 32,52 4435 1555 -
19,27 78,93 9284 8995 8724 734 nc
0,71 7286 7272 6213 6917 6,10 -
565 9340 8408 6861 8203 12,52 ne
730 1561 26,74 940 1725 879 -
1,72 31,53 5169 4554 4292 10,33 2
9,03 9852 81,98 8961 90,04 8,28 -
021 55,56 4263 3891 4570 8,74 2
0,51 62,47 5222 6044 5838 543 2
112 31,39 5388 6769 50,99 1832 2
105 59,15 4931 41,86 50,11 8,67 2
069 4941 2870 3920 3911 1035 2
357 8354 B1,36 6969 TB2D 745 2
146 62,33 €843 8430 7169 11,34 2
0,88 7.59 443 7,05 6,36 1,69 -
064 3805 2363 3244 3138 727 1
0,61 22,08 23,07 17,23 20,80 3,13 1
0,34 6,12 4,47 6,01 553 0,93 1
1,05 964 7,32 16,58 11,18 4,82 1
0,87 8,21 372 531 574 228 1
8,61 2418 2418 20,18 22,85 2,31 1
0,26 241 670 5,99 503 2,30 1
0,59 9,66 5,02 11,44 8,71 33 1
0,86 359 518 2,72 383 125 1
0,52 4,26 2,32 11,03 587 4,57 1

a short exposure period would increase the selectivity between
GHSnc and GHS2. Hence, we repeated the test for a selected group
of test chemicals with an exposure period of 10 min. The selected
test chemicals are marked in Table 1. The plot of the mean viability
(%) of the epithelium versus the viability (%) of the stroma for each
test substance (Fig. 3) reveals that the shorter exposure time did not
improve the discrimination between GHSnc and GHS2. Instead, the
discriminatory power of the test systems was compromised and the
selectivity between all three classes was dramatically reduced.
Hence, we did not conduct a detailed analysis of the data obtained
from the test protocol using the 10 min exposure protocol.

3.3. Reliability and predictive capacity of the test system

We performed a statistical analysis of the in vitro classification
from the results using the 60 min exposure test protocol and the
PM presented in Table 3 in order to assess the reliability and
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predictive capacity of the test system. The in vitro results and
in vivo Draize test results are compared in a contingency table
(Table 4). The bottom row lists the percentage of correct classifica-
tions (producer accuracy) for the three GHS categories, and the last
column lists the user accuracy. The producer accuracy refers to the
probability that a test chemical of a certain GHS class is correctly
classified as such, while the user accuracy refers to the probability
that a test chemical assigned as a certain GHS class using the
in vitro test really belongs to this class.

Thus, all GHS1 test chemicals, 80% of the GHS2 test chemicals
and 50% of the GHSnc test chemicals were predicted correctly. In
conclusion, the selectivity between thesevere and the moderate/
mild irritant is very good, but 50% of the non-irritants were over-
estimated. The user accuracies are 83%, 67% and 83% for the
GHS1, GHS2 and GHSnc, respectively. According to these results,
83% of the substances classified as GHS1 and GHSnc in vitro test
indeed belong to these classes. In contrast, 4 of 12 test chemicals
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Fig. 2. Plot of epithelial versus stromal viabilities after 60 min exposure period for
each test substance. A horizontal and a vertical line indicate the discrimination of
the three groups. The data points represent the comresponding in vivo classification:
GHS1 (#), GHS2 () and GHSnc (@).

Table 3

Prediction model based on the viabilities (%) from both the epithelium and the stroma
(see Table 2) after chemical treatment. Cut-off values of obtained viability data were
defined for both epithelium and stroma and their combination results in classification
of the test chemicals into three classes.

Epithelial viability (¥) Operator Stromal viability (¥) In vitro GHS class
=15 AND =35 nc
<15 AND =35 2

<35 1

predicted as GHS2 were classified as GHSnc by the Draize test. In
consequence, the test system is over-predictive with regard to
the GHSnc chemicals.

Table 5 contains the statistical parameters obtained through
concordance analysis of the in vitro test system. The kappa coeffi-
cient (x) of 0.65 and a concordance rate of 77% imply a substantial
agreement between the in vitro and in vivo estimates. The under-
estimation rate of only 3% is very low, but the high percentage of
over-predicted non-irritant test chemicals result in an overall
over-estimation rate of 20%.

3.4. Reproducibility of the production over time

Fig. 4 represents the obtained MTT-derived OD-values of the NC
for both the epithelium (NCepi) and the stroma (NCsyoma) from all
batches. The average + standard deviation of the 26 batches are
NC,,i=0.58 £0.14 for the epithelium, and NC,m,=0.71 £0.23
for the stroma. Both NC.p and NCgrma exhibit a tendency to
decrease over time beginning with batch number 14, but the BCs
of both the epithelium (BC,,) and the stroma (BC,m,) remain
relatively constant and outliers of the NC.pn did not inevitably
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Fig. 3. Plot of epithelial versus stromal viabilities after 10 min exposure period for
each test substance. The data points represent the corresponding in vivo dassifi-
cation: GHS1 (), GHS2 () and GHSne (@).

affect the BC,y,. (Fig. 5). The averaged viability (%) and standard
deviation of the 26 batches are: BCepi=7.0%+3.3% and for
BCirroma = 31.9% + 9.8%. Based on the obtained averages for both
NCs and BCs, we defined threshold values NC.,;>0.4 and
NCsiroma > 0.5 and BCepi < 10% and BCiyoma < 50%, as acceptance
criteria.

4. Discussion

A test system for eye irritation testing based on the hemi-cor-
nea model has already been evaluated regarding quality control
of production, reliability and predictive capacity (Engelke et al.,
2013). The protocol of that study used the overall tissue viability
(MTT assay) as the read-out parameter. The sensitivity of that test
system was 77% and specificity varied between 57% and 86%
(dependent on the laboratory) to discriminate classified from
non-classified chemicals. We concluded that additional physiolog-
ically relevant endpoints in both epithelium and stroma have to be
developed for the reliable prediction of all GHS classes of eye irri-
tation in one stand-alone test system. In order to benefit from this
sophisticated model we developed a method that allows the sepa-
ration of the epithelium and stroma by the insertion of a mem-
brane between these compartments during production. The
insertion of the membrane has to fulfil several demands: on the
one hand, the membrane has to attach directly to the surface of
the stroma to avoid migration and expansion of the epithelial cells
underneath, on the other hand, the membrane should not stick to
the surface, because it has to be detached easily after chemical
treatment. In addition, the inserted membrane should be made
from a similar material (collagen) to the Bowman's membrane in
the human cornea, otherwise it might reduce the irritation of the
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Table 4
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Contingency table of predicted GHS classes versus in vivo Draize test data including the resulting producer and user accuracy ().

In vivo[Draize-test Total in vitro User accuracy (%)
GHS1 GHS2 GHSnc
In vitro test GHS1 10 1 1 12 83
GHS2 1] 8 4 12 67
GHSnc 1] 1 5 6 83
Total in vive 10 10 10 30
Producer accuracy (%) 100 80 50

Table 5
Statistical analysis of obtained data using concor-
dance analysis.

Nr of test chemicals (n) 30
Kappa coefficient (x) 0.65
Concordance rate (%) 77
Under-estimated rate (%) 3
Over-estimated rate (%) 20

chemicals on the stromal compartment and in this way yield a
false GHS classification. These requirements could only be
achieved using the CCC-membrane and its immobilization with a
Teflon O-ring. The unwanted growth of HCE cells on the stromal
surface was only observed in case of an improper fixation of the
CCC-membrane and could be detected from the folding of the
membrane 2 or 3 days after production.

In order to assess the ability of this in vitro method to categorize
ocular irritants, the effect of test chemicals on the epithelium and/
or the stromal were compared. In general, the results show that the

induced decrease in cell viability in the epithelium and/or stroma
irritants correlates to the in vivo irritancy potential of the test
chemicals. Irritants known to produce no or slight irritation in
the Draize Test (ECETOC, 1998) produced a decrease in cellular via-
bility that was mainly limited to the epithelium. Irritants classified
as mild/moderate (GHS2) produced a complete viability loss to the
corneal epithelium that extended into the stroma. Chemicals clas-
sified as severe[corrosive irritants (GHS1) produced an extensive
stromal damage besides complete viability loss to the corneal epi-
thelium. Consequently, these findings indicate that differences
between different levels of irritants categorized by the Draize test
can be simulated in the in vitro test system.

The complex test system requires cut-off value definition for
both the epithelium and the stroma. With adequate combinations
of these cut-offs, the tested chemicals can be classified into three
groups. The cut-off values and their combinations were chosen
so as to achieve an optimal assignment of the test chemicals
according to the GHS classification. The comparison of the
in vitro and in vivo classifications of the 30 test chemicals demon-
strates the utility of the in vitro test in identifying and discriminat-
ing between severe irritants (GHS1) and substances which are mild
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or moderately irritant (GHS2). It also clearly reflects a high
percentage of over-estimation of chemicals classified as non-irri-
tant in vivo (GHSnc). All of the GHS1 test chemicals, 80% of the
GHS2 test chemicals and 50% of the GHSnc test chemicals were
predicted correctly. While the selectivity between the severe and
the moderate/mild irritants is high, 50% of the non-irritants were
over-estimated. In consequence, the test system is over-predictive
with regard to the GHSnc chemicals.

For some substances, this may be explained by the fact that
these substances are very viscous and hence carry away the upper
epithelial cell layers during the washing procedure. Some
GHSnc-classified test chemicals such as toluene, 3-methoxy-1,2-
propanediol, ethylene glycol diethyl ether and 2-heptanone not
only damaged the epithelium, but also led to a substantial loss in
the stromal viability. In general, only if the residual viability of
the epithelium was >20% compared to the NCy;, did the stromal
viability remain close to 100%. The sole exception was Tween 20,
a surfactant that was also classified as GHSnc from the Draize test
data, and which induced an extensive damage to the stromal
viability despite an epithelial viability of >20%.

We obtained inconsistent results for 2,6-dichlorobenzoyl
chloride. Despite the fact that 2,6-dichlorobenzoyl chloride is a
GHS2 class chemical according to the Draize test, it had only little
effect on the epithelium and almost no effect on the stroma. This
may be ascribed to the fact that 2,6-dichlorobenzoyl chloride is
insoluble in water and did not spread on the entire surface of the
hemi-cornea.

Within the group of severe irritants, quinacrine forms an
exception as it has little effect to the epithelium, but affects the
stroma.

The dissatisfactory results obtained for GHSnc chemicals may
be due to the fact that the epithelium of the hemi-cornea model
displays no proper barrier function. This hypothesis is supported
by the outcome of the previous inter-laboratory prevalidation
study (Engelke et al, 2013). This study revealed that the time-
dependent exponential decay of cell viability in the hemi-cornea
model (without inserted CCC-membrane) is monophasic. Hence,
the diffusion kinetics of the tested chemicals are comparable in
both epithelium and stroma, because the epithelium does not
exert a particular barrier function. The results of the present
study also indicate that the decrease in tissue viability is a diffu-
sion-controlled process which is basically dependent on the stro-
mal part which constitutes at least 90% of the hemi-cornea
thickness. The diffusion of the tested chemicals is limited by their
diffusion coefficient in the hydrous collagen and the cells serve as
toxic markers. From this point of view, the hemi-cornea model
presents a 3D cell toxicity assay that, in contrast to standard cul-
tured cell based assays, combines both the diffusion coefficient
and inherent cell toxicity of a test chemical. However, the PM
shows that both compartments are necessary for the prediction
of all three GHS classes: the stroma compartment is sufficient
to discriminate GHS1 from GHS2 and GHSnc chemicals, but the
epithelium is essential for the discrimination of GHSnc from
GHS1 and GHS2.

Obtained MTT-derived OD-values of NC and BC for both epithe-
lium (NC,,;, BC.,;) and stroma (NC,yroma BCorroma) Were collected to
assess the reproducibility of production. For all the batches pro-
duced over the 6 months experimental period, we used 12 contin-
uous passages for both cell lines, beginning from passage number
100 for HCE and passage 13 for HCK, respectively. The decrease
in the number of epithelial cell layers and HCK growth rate may
be attributed to an altered genomic content after extensive pas-
sages, as reported for other SV40-immortalized cell lines (Ray
et al., 1990; Stewart and Bacchetti, 1991). In addition, the used
HCE cell line is composed of numerous heterogeneous cell popula-
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tions, since such genomic aberrations randomly occur and may
vary among individual cells (Yamasaki et al., 2009).

5. Conclusions

The current report shows that the individual quantification of
cell viability in the stroma and epithelium using the MTT-assay
can be used to reflect all GHS categories. For the first time, a cell-
based test system was developed which proved to be suitable for
identifying and discriminating between severe irritants (GHS1)
and substances which are mild or moderately irritant (GHS2).
The kappa coefficient of 0.65 and a concordance rate of 77% imply
a substantial agreement between in vitro and in vivo estimates,
despite the over-predictivity of GHSnc classified chemicals. In
addition, for the identification of GHSnc, the user accuracy was
as good as for the identification of GHS1, suggesting that the
method prediction of GHSnc materials is also good. However, for
the prediction of all three GHS categories we suggest the combina-
tion of the presented test system with a method which more reli-
ably identifies GHSnc materials.
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Abstract

The depth of injury (DO} is a mechanistic correlate to the ocular irmtation response.
Attempts to quantitatively determine the DOl in alternative tests have been limited
to ex vivo animal eyes by fluorescent staining for biomarkers of cell death and
viability in histological cross sections. It was the purpose of this study to assess
whether DOl could also be measured by means of cell viability detected by the MTT
assay using 3-dimensional (3D) reconstructed models of comea and conjunctiva.
The formazan-free area of metabolically inactive cells in the tissue after topical
substance application is used as the visible correlate of the DOI. Areas of
metabolically active or inactive cells are quantitatively analyzed on cryosection
images with Image.J software analysis tools. By incorporating the total tissue
thickness, the relative MTT-DOI (MTT-DOI) was calculated. Using the rMTT-DOI
and human reconstructed cornea equivalents, we developed a prediction model
based on suttable viability cut-off values. We tested 25 chemicals that cover the
whole range of eye imitation potential based on the globally hamonized system of
classification and labelling of chemicals (GHS). Principally, the MTT-DOI test
method allows distinguishing between the cytotoxic effects of the different
chemicals in accordance with all 3 GHS categories for eye irtation. Although the
prediction model is slightly over-predictive with respect to non-irritants, it promises
to be highly valuable to discriminate between severe irmitants (Cat. 1), and mild to
moderate irritants (Cat. 2). We also tested 3D conjunctiva models with the aim to
specifically address conjunctiva-damaging substances. Using the MTT-DOI method
in this model delivers comparable results as the cormnea model, but does not add
additional information. However, the MTT-DO| method using reconstructed cormea
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models already provided good predictability that was superior to the already
existing established in vitro'ex vive methods.

Introduction

To date, the rabbit Draize eye irritation test [1] is still the only OECD-approved
test for the prediction of all three GHS categories for eye imritation in one single
test system |2]. In the past, a number of ex vivo and in vitro methods have been
developed in order to replace the Draize test. For example, tests either based on
isolated animal eyes, like the Bovine Corneal Opacity and Permeation (BCOP) test
and the Isolated Chicken Eye (ICE) test [3], [4], [3], |6], or cell-based assays [7],
[B], [2]), [10], [11], [12] have been described. Furthermore, approaches have been
published that take advantage of the reactions evoked by chemicals in incubated
hen eggs |7] or invertebrates [13], |14]. Also a test system based on the
perturbation and denaturation of corneal proteins which is supposed to mimic
the dismuptive effect of ocular irrtants [15] and various 3D cornea epithelial
models [16], [17], [18], [18], |20], |21], [22] have been developed. Currently
some methods have gained regulatory acceptance for selected GHS categories. For
example, both the BCOP and the ICE test method have been implemented at
QECD level to screen for corrosives and severe eye irritants (Cat. 1) on the one
hand and for non-classified chemicals on the other hand [23], [24]. In the
European Union, the HET-CAM (Hen’s Egg Test Chorioallantoic Membrane)
and the Isolated Rabbit Eye (IRE) test have also been accepted for the
identification of severe eye irritants [25]. In addition, the Cytosensor
Microphysiometer test method has gained validation status for the identification
of severe irritants (limited to water-soluble materials) and non-classified
substances (limited to water-soluble surfactants and surfactant- containing
mixtures) and is now the subject of a draft OECD guideline [26]. All available
methods reveal their strengths preferably in the accurate identification of either
severe eye-irfitants or non-irritants. Test methods which reliably distinguish the
mild/moderate imitatants (Cat. 2) from Cat. 1 and the non-irritants (Mo Cat.)
directly, are not yet available. Therefore many of these test methods are intended
to be used only within the framework of an integrated testing strategy, either in a
top-down or in a bottom-up approach 8], [27], [28].

According to an expert group [27], only methods based on ocular tissues
comprising both, the epithelium and the stroma, are thought to allow
discrimination between all three GHS categories. This perception is based on
studies by Jester and Maurer [29], [30], [31], |32], |33], |34] who showed that the
surface area and depth of initial comeal injury (DOT) in epithelium and stroma of
rabbit eyes strongly correlate with the eye-irritating potential of chemicals which
had been topically applied to the eye. The conclusions of the authors are based on
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in vivo rabbit studies using live/dead assay in combination with the low volume
eye test (LVET) as well as on ex vivo studies on isolated rabbit eyes [33].

In the presented study we aimed to establish an in vitro test method which
reliably predicts the eye-irritation potential of chemicals for all three GHS
categories within one test. For this purpose the previously established and well
characterized reconstructed cornea model, consisting of a collagenous stroma
covered with a multilayered corneal epithelium [35], [3&], [37], [38], [39], was
used. Recently we had demonstrated reproducible production of the cornea
equivalent model according to standard operation procedures as well as successful
method transfer to other laboratories [40]. Furthermore, the corneal tissues had
been treated with 20 chemicals of different eye-irritating potential and physical
properties under blind conditions, and the relative viability of the whole tissue
was used as endpoint to assess the performance and limitations of the models in
two independent laboratories. The best-suited prediction model was based on a
60 minutes exposure period with the test substance and a cut-off value of 40%
relative viahility to discriminate between non-classified and GHS category 1/2
chemicals. The data revealed a high inter-laboratory concordance in predictivity.
However, only those chemicals belonging to GHS Cat. 1 were dassified comrectly
in both laboratories, while 3 out of 15 chemicals belonging to No Cat. or Car. 2
had been concordantly misclassified in both laboratories.

Therefore it was our aim to increase the predictive capacity of the 3D cornea-
based test system in order to eliminate false negative responses on the one hand
and to discriminate between all 3 GHS categories in one stand-alone test system
on the other hand. This method refinement was performed by integrating an
additional physiologically relevant endpoint, namely the initial depth of injury in
both epithelium and stroma, into the eye irritation assessment. We developed a
new technigue to quantify the initial DOT in the reconstructed comea tissues by
combining the MTT viability assay with cryosectioning procedures (MTT-DOI
method). The formazan-free area of metabolically inactive cells in the tissue after
topical substance application is used as the visible correlate of the DOL A panel of
25 chemicals which covered all GHS categories in a balanced manner was tested
on the cornea models in order to assess performance and predictivity of the MTT-
DOI method. The test results were then compared with high-quality in vivo
reference data

Although corneal damage is the most influential driver of eye irritation for all
GHS categories, also conjunctival damage was found to be of importance,
particularly as driver of irritation for GHS Cat. 2 dassification [41], [42]. Thus,
some chemicals are categorized as Cat. 2 mainly due to severity and/or persistence
of the damage they produce in the conjunctiva in vive [43]. Furthermore, even if
subdassification within Cat. 2 is not mandatory in the EU, US authorities
prescribe to distinguish between mild (Category 2B) and moderate irftancy
(Category 2A). A great significance of conjunctiva effects has been claimed in the
discrimination of Category 2A versus 2B [44]. However, none of the already
validated in vitro methods for eye irritation testing sufficiently addresses the
conjunctiva involvement. Therefore we developed a 3D conjunctiva model from
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immuortalized human conjunctival cell lines. The conjunctiva model was
characterized and subjected to the MTT-DOI measurements with a panel of 12
chemicals with a focus on the mild and moderate irritating Cat. 2 substances.
Results from MTT-DOI measurements with 3D cornea and conjunctiva tissue
equivalents were compared and critically discussed.

Materials and Methods

Materials

Thiazolyl blue tetrazolium bromide (MTT reagent), sodium hydroxide, sodium
bicarbonate, HEPES and sucrose were obtained from Sigma-Aldrich (Schnelldorf,
Germany). Calcium chloride, PBS without Ca® and Mg™ (PBS—), isopropanol,
Munc cell culture inserts (0.5 cm® surface area, 0.4 and 3 pm pore size,
polycarbonate) were from Thermo Scientific (Roskilde, Denmark). Rat tail
collagen solution was purchased from Cell Systems (Troisdorf, Germany). Media
199 and Ham’'s F12, as well as TrypLE Express were from Invitrogen (Darmstadt,
Germany). For construction of comea equivalents, Keratinocyte Basal Medium
(KBM) with a Bullet-kit and the chemically defined Keratinocyte Growth Medium
(KGM-CD) were obtained from Lonza (Basel, Switzerland). To build up the
conjunctiva equivalents two different media were used: Keratinocyte serum-free
medium was from Invitrogen (Darmstadt, Germany), and supplemented with
25 g/mL bovine pituitary extract, 0.2 ng/ml epidermal growth factor (Darmstadt,
Germany), and 0.4 mM calcium chloride (Invitrogen, Darmstadt, Germany).
DMEM/F12 (Sigma-Aldrich, Schnelldorf, Gemrmany) supplemented with 10%
newbom calf serum (Thermo Scientific, Schwerte, Germany) and 10 ng/mL EGF
was used for stratification (stratification medium). Penicillin/streptomycin, PB5-
and PBS with Ca®™, Mg™* (PBS+) were purchased from Biochrom (Berlin,
Germany). Bola Teflon O-rings (with 3 inner and 6 outer diameter) were from
Bohlender GmbH (Grinsfeld, Germany).

Test substances

Most of the test materials used in this study were chosen from the database
published by the European Center for Ecotoxicology and Toxicology of Chemicals
[43], according to the classification of the Globally Harmonized System [45]
based on the in-vivo data obtained with the Draize eye irritation test. Dimethyl
sulfoxide ( DMSO) was chosen from the database from Laboratoire MNational de la
Santé |3], isopropyl acetoacetate was collected from the ZEBET database |46], and
glycolic acid from ICCVAM [47]. From the databases, a total of 25 test chemicals
were chosen (see Table 1). PB5+ and iso-propanol were used as negative control
(NC) and batch control (BC), respectively.
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Table 1. List of the mierence chemicals used in tis study.

In vive GHS Chemi cal
category tuuma Sul:plar state| class

56-81-5 No Cat. ECETOC Iquncl
No Cat. ECETOC Sigma Bquid sufactant
DMSo™ 67-68-5 No Cat. LHS Merck Tiquid sufactant
Todusns 108-88-3 No Cat. ECETOC Sigma Bquid aromatic
F-methoy-1, 2-propansdiol B23-30-2 No Cat. ECETOC Sigma Bquid alcohol
2-neptanons 110-43-0 No Cat. ECETOC Sigma liquid kelone
nHbromohexEne 111251 No Cat. ECETOC Sigma Bquid haloginated
ycinpcarbon
lopropy scelnacetste™ 542-08-5 Cat 2B ZEBET Sigma Tiquid Esler
3-chioropropsonitrile™ B42-T6-T Cat 2B ECETOC Sigma liquid nitrile
Glycolic acid (10%:) T8-14-1 Cat 2B 1CCAVAM Sigma solid” acids
2-methiyi-1-pentano™ 105-30-8 Cat 2B ECETOC Sigma liquid alcohol
Ammonium nitrate BalBa-52-2 Cat 24 ECETOC Sigma solid imoinganic
lso-propano™ B7-63-0 Cat 24 ECETOC Roth Tiquid alcohol
Acetons™ E7-64-1 Cat 24 ECETOC Chemaohuts Tiquid ketone
Ethanol™ B4-17-5 Cat 2A ECETOC Merck Tigquid alcohol
2 B-dichlorobenzoyl chionide AE50-45-4 Cat 24 ECETOC Sigma Tiquid acyl halide
Sodium hydnosyde (1%) 1310-T3-2 Cat 2A ECETOC Mernck Tiquid imonganic
alkalies
Benzalkonum chionide {1%)" BO01-54-5 Cat 1 ECETOC Sigma aold” sufactant
Cydohexanof® 108-83-0 Cat 1 ECETOC Sigma Tiquid alcohol
Triton X-100 {10%F B00E-83-1 Cat 1 ECETOC Sigma Tigquid sufactant
Imidaznle 288324 Cat 1 ECETOC Sigma solid hetemcydic
Cuinacring B0-05-8 Cat 1 ECETOC Sigma solid heteocydic
Cetyipyridinium bromide (6%) 140-T2-T Cat 1 ECETOC Sigma aclid” sufactant
2-methoxyetyl sorylste 321817 Cat 1 ECETOC Sigma liquid acnylate
A-fuoroaniine AT1-40-4 Cat 1 ECETOC Sigma Beqquid sromatic

The in wvo dassfication data, chemical and physical propertes and supples of the reference substances are indicated.
"These chemicals were iesied also with 10 min exposure on comes and conjunciiva models.
EEolid chemicals were tested a3 ligquids. DMS0: dimethd sulfoxide, PEG-400: potyethyiens ghyool 400.

doi- 101371 foumal pone 01 14181.9001

Construction of 3D cornea models

The comea model consists of a 3D stromal biomatrix with embedded human
corneal keratocytes covered with a multilayer of human corneal epithelial cells.
The comeal keratocytes (HCK), immaortalized with 5V-40 adenovims, were
established by Zorn-Kmppa [36] and further characterized by Manzer |38]. The
corneal epithelial cells (HCE) were kindly provided by Stephan Reichl from
Technical University of Braunschweig, Germany, who received them from the
RIKEN cell bank (Tsukuba, Japan). The HCE cells were also immortalized with
the 5V-40 adencwirus and established by Araki-Sasaki [48]. Both cell lines were
cultured as described [40].
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The cornea models were prepared according to Engelke [40] with some minor
modifications. Briefly, first the stromal layer was prepared in cell culture inserts
(3 pm pore size) from collagen embedded HCK cells: six volumes of the collagen
solution were gently mixed with one volume of ten-fold concentrated F99
medium (1:1 mixture of Media 199, Ham’s F12), 2.5 volumes of reconstruction
buffer (2.2 g sodium bicarbonate, 4.77 g HEPES and 100 ml 0.5 N sodium
hydroxide), and one volume of KGM containing 50,000 HCK cells. Then, 150,000
HCE cells suspended in 300 pl of KGM medium were plated on top of each
stroma. The constructs were cultured submerged for 6 days. Then the models were
cultivated at air liguid interface for further 7 days to induce multilayer formation.

Construction, barrier function and immunohistochemical
characterization of conjunctiva models

The human conjunctival epithelial cells {ConjEp-1/p53D0Y cdk4R/TERT, shortly
named HCJE), were kindly provided by llene Gipson from Schepens Eve Research
Institute at Harvard Medical School in Boston, Massachusetts, 1UUSA. The cells
were taken from a human bulbar conjunctiva, immortalized by expression of
hTERT and characterized by Gipson and coworkers [49]. HGE cells were cultured
as described [49]. The collagenous stroma matrix of the conjunctiva equivalents
was produced according to the method described above for the cornea models.
Subsequently, 750,000 HCJE cells were placed on top. The equivalents were
cultured submerged for two days, and then switched to air-liquid interphase
conditions for a culture period of & days. Thereafter, stratification medium (see
materials) was added topically for 24 h to induce stratification and formation of
epithelial tight junctions.

When conjunctiva epithelial models lacking the collagen matrix were used,
HGE cells were directly plated into membrane inserts with 0.4 pm pore size and
cultivated as described above for the full thickness models.

Barrier function testing by transepithelial electrical resistance (TER) measure-
ments of conjunctiva epithelial models was carried out using the Endohm
chamber and the EVOM resistance meter { World Precision Instruments, Sarasota,
Horida).

Immunohistochemistry was conducted as described in [50]. For vertical images,
paraffin sections (6 pm) of formaldehyde-fixed tissues were taken. For en-face
thorizontal) images, cultures cells grown on membrane inserts were fixed in ice-
cold methanolfacetone and processed as described. Primary antibodies against
daundin-1 {Cldn-1, 1:3000), zona occludens protein 1 {Z0-1, 1:100) and occudin
(Ocln, 1:20), were obtained from Zymed Laboratories (San Francisco, CA) and
cytokeratin 13 (CK-13, 1:80) was purchased from Santa Cruz Biotechnology
(Heidelberg, Germany). Alexa Fluor 488 Fab (Life technologies, Dammstadt,
Germany) was used as secondary antibody (1:600). An Axiophot II micmoscope
(Zeiss, Gottingen, Germany) and the software Openlab 2.0.9 (Improvision,
Coventry, UK) were used for the evaluation of stainings. All images of stainings
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from a series of experiments were acquired and processed at the same settings, and
representative areas were photographed.

Test protocol for 3D cornea and conjunctiva models

The cornea models were treated topically with 50 pl of the liguid test substances
described in Table 1, for an exposure time of 10 or 60 minutes at room
temperature. Since conjunctiva tissues generally showed tendency to contract and
shrink during construction, a limiting Teflon ring was fixed on the epithelium of
these models with vaseline to avoid leakage of the applied chemicals.
Proportionally, the applied volume of test substances were reduced to 10 pl. Solid
test substances were applied topically onto the epithelium of the tissues using an
oval, & mm Volkmann bone carette (Wittex, Simbach Germany), which was
calibrated with a defined volume of about 50 mg sodium chloride. For each test
substance, as well as for the NC and BC, 3 tissue models per batch were used. To
prove good reproducibility of the data, all the test substances were tested in at
least 3 separate batches. Following exposure, the tissues were extensively washed
with PB5+, and transferred into 1.5 ml MTT solution (1 mg/ml) and incubated
for 2 h at 37°C and 5% C0Q.. Then sucrose solution was added to a final
concentration of 20% and incubated for another 60 min. Thereafter the tissues
were removed from the inserts, transferred into cryomolds and embedded in
cryomatrix. The tissues were placed at 4T for 30 minutes and then frozen in
liquid nitrogen. The frozen tissues were stored at —20C prior to cryosectioning.

Cryosectioning of the MTT stained tissues and photo-
documentation

The cornea and conjunctiva models were sectioned with a Leica CM3050 cryostat
ar a chamber temperature of —23 to —25'C and object temperature of —19 to
—21°C. The thickness of the cryosections was 30 pm. 3 sections per sample from
the center of the models were taken for further analysis. For long time
preservation, the cryosections were mounted in Fluoromount G. For evaluation, a
Leica DMILS binocular transmitted light microscope (Wetzlar, Germany)
equipped with a Leica EC3 digital imaging camera and LAS EZ software were
used.

Quantitative analysis of the MTT-DOI

For the quantitative analysis of cell damage and for the determination of the DOI
in both tissue models, the images of the sections were processed in Image] open
source software |51], |532]. After a conversion of the number of pixels into mm,
the total cross sectional lengths and the Formazan stained tissue lengths were

measured 5 times per image using the straight line tool of the program. The

M TT-DOI was calculated as percentage of the non-viable tissue thickness, where
no Formazan staining is present, of the total tissue thickness, as shown in Fig. 1.
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Fig. 1. Detemination of the DOl from MTT stained cornea tissues after chemical exposure. The MTT-

DO s caloulated in relabon i total tissue thickness. The presented model was exposed 10 isopropanol for
&0 minutes.
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Results

Development of the DOl-method based on cryosections of MTT-
stained 3D-cornea equivalents

We developed a method to analyze the DOT by combining the MTT viability assay
with cryosectioning techniques and computer-aided analysis with the aim to
establish a prediction model to discriminate all three GHS classes for eye imitation
within one model.

When applying common cryosectioning procedures to the binengineered 3D
cornea models, insufficient tissue preservation was a general issue, in particular
induced by shattering due to the high water content of the artificial collagenous
stroma To avoid these freezing artifacts, the unfixed MTT-stained tissues were
saturated with 20% sucrose before embedding in cryomatrix [53]. Cutting at
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approx. —20°C gave the best results for this watery tissue. Adjusting the thickness
in the range of 25 to 35 microns was most suitable for sectioning. By using this
method it was possible to detect the formazan crystals in the cryosections and to
define a clear demarcation between dead and viable tissue areas (Fig. 1).

When testing the reference chemicals we observed that the overall tissue
thickness of cornea models was influenced by the test substances itself during
60 min exposure (Fig. 2). This was especially obvious for 1% sodium hydroxide
or 10% Triton X-100. Whereas sodium hydroxide led to contraction of the whole
tissue, Triton X-100 cansed tissue enlargement by swelling. In addition, the total
tissue thickness of the NC models was found to vary between the different batches
(mean value of the NC=1.65 mm +0.4). Thus, because of this observed inter-
batch variability, it is not suitable to use the absolute DOT value. Instead, we used
the relative DO (M TT-DOI) given as percent of the total tissue thickness which
incorporates the variability in total thickness as a basis for out prediction model.

Fig. 3 summarizes the rMTT-DOI values of NCs and of BCs in the various
batches over time. Both values remain relatively constant over time. The NC never
exceed values of 0.5% of the total tissue thickness imean + SD=0.08+0.11],
whereas rMTT-DOI of the BC vary between 36 and 56% (mean + 5D=
4199+ 4.88).

Regarding the epithelial portion of the tissue model, multilayer growth was
ensured in all cases.

Establishment of a preliminary prediction model based on MTT-
DOl-measurements of cornea equivalents

To develop an adequate prediction model, 25 chemicals with different
physicochemical properties were selected (Table 1). The chemicals cover all
categories of eye irftation potential according to the GHS from non-irritant to
severe irritant. Adopted from previous studies [40] we used a 60 min exposure
times to establish a suitable protocol. In addition, for 12 selected substances also a
10 min exposure period was tested. NCs and BCs were included in each mn.
Means and standard deviations (5D) of the rMTT-DOIs of three independent
batches were calculated (Table 2). In addition, boxplot analyses were prepared
(Fig. 4 and 5) to display the characteristic distribution of the rtMTT-DOI values
for each single test substance in a series of experiments.

Using the 60 min exposition protocol, all fMTT-DOIs found for the Cat. 1
chemicals were higher than 90%, indicating that these chemicals severely damage
the cells of the whole tissue models (Fig. 4). A second cluster of compounds is
formed by the No Cat. chemicals with rMTT-DOIs below 5% (Fig. 4), indicating
that the tissue damage induced by these substances occurs only at the superficial
layers and is more or less restricted to the comeal epithelium.

However, when using the 10 min exposure protocol ( Fig. 5), we observed that
the DOIs of chemicals from different GHS classes cannot be separated
satisfactorily. For example, the isopropyl acetoacetate belongs to GHS Cat. 2 but
in our 10 min measurements it displays low tMTT-DOI values similar to that of
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Table 2. MTT-DOI values in comea and conpunctva modsets after 10 and 60 min exposure with selected chemicak.

Chemical In vitra MTT-DOI (% of total s ue Illidmm}

Cornea model Conjunctiva model
60 min 1l] min

m&. (Mo [0 |
Glycerol 204 085 Mo Cat. 1. Oﬂ 061 0.3
PEG-00 1.48 0.99 No Cat. 045 0.37 0.18 0.22
DME0 23 .66 No Cat. 1.14 18 072 0.56
Tolusns 48 .60 1.78 Cat 2 - - - -
F-methoosy-1,2-propamnediod 333 1.08 Mo Cat. - - - -
2-neptanons 26.00 0.0 Cat 2 - - - -
n-bromohexane 32.88 6.59 Cat 2 - - - -
lzopropyl acelnacetste 3519 6.86 Cat 2 [} ] 021 05 0.68
J-chioropropionitrile 53.28 1.23 Cat 2 16.19 117 BTa 4.87
Glycolic acid (107%:) nd nd - - - -
2-metiyl-1-pentanod T2.07 9.98 Cat 2 2810 1.20 18.05 376
Ammaonium nitree 16.45 233 Cat 2 - - - -
Iso-propanol™ 41.00 5. Cat 2 A 7.0 2402 B.86
Aostons 26,80 4.54 Cat 2 2156 &.T0 1981 5.14
[Ethanol 3T.48 1.83 Cat 2 2811 1.40 15.76 4.95
2 B-dichlorobenzoyl chionide .54 1.63 Cat 2 - - - -
Sodium hydroooyde {19%) 9925 128 Caot1 = = = £
Benzalkonium chionde (1%) R 0.03 Cat 1 8 03 .46 BBAT 18.43
Cychohenanod 04,03 3.42 Cat 1 338 13.55 28 25 T.21
Tiriton X-100 {10%:) 0l 03 o.oF Cat 1 91.18 12.00 5 30 12.04
Imidaznie iR 0.03 Cat 1 - - - -
Cuinacnine nd nd - - - -
Cetylpyridinium bromide (8%) iR 0.0 Cat 1 - - - -
Z-methootyetyl sorylste 0535 3.00 Cat 1 - - - -
d-fucrcanidine 99,60 0.54 Cat 1 - - - -

In vitro scores. and clasaifications were caloulated acooming to the prediction moded wsing a 60 min exposure tme, &3 depicted in Fig. & T T-DOI means
and SDs of 3 indhadusl uins ane given.
“lao-propancd was used as BC and thersfore tested in esch nun. DMS0: dimethyd sulfoxide, PEG- 00 potyethylens ghycod 400.

dai 101371 foumal pone 01 141819002

all tested No Cat. substances. In addition, the in vivo severely irmritating
cydohexanol possessed a relatively low rMTT-DOI comparable with that of the
tested mild and moderately irdtating substances. Thus reduction of the exposure
time from 60 to 10 min weakens the ability to discriminate between all three GHS
categories and would lead to a higher incidence of false negative predictions when
incorporated in a prediction model.

When comparing the rMTT-DOI values obtained after both exposure times,
most of the substances led to higher values after 60 min than after 10 min. This
was most noticeable for the Cat 2B substances.

According to the results of the 60 min exposures a preliminary prediction
midel was defined using two cut-off values for the in vitro classification of the
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test chemicals into the three GHS categories as shown in Fig. 6. In this prediction
model test chemicals with rMTT-DOIs of =5% are assigned to the non-irritant
class (No Cat.) and chemicals with rtMTT-DOIs =90% are assigned to the severe
irritant class (Cat. 1). All other chemicals with intermediate rfMTT-DOIs are
predicted as Cat 2 chemicals.

The cutcome of the evaluation of all test substances and their predicted
categorization according to the abowve defined prediction model is summarized in
Table 2.

From the 25 substances tested, 19 were categorized correctly. Of the other six
substances, toluene, 2-heptanone and n-bromohexane were classified false positive
as Cat. 2, and 1% sodium hydroxide false positive as Cat. 1.

For two chemicals no reliable MTT-DOIs could be determined: Glycolic acid
led to a complete decomposition of the collagen matrix. Quinacrine resulted in a
patchy MTT-formazan stain even in the epithelinm, indicating some remaining
viability, although Quinacrine seemed to affect the whole tissue.

Reliability and predictive capacity of the test system

To assess the relevance of the test system, reliability and predictive capacity were
determined from a contingency table (Table 3).
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Accordingly, using the 60 min exposure times, all Cat. 1 chemicals and 89% of
the Cat. 2 chemicals were predicted correctly. Thus the accuracy of prediction for
the severe and the mild and moderate irritant substances is very good.
Furthermore, no compound was false negative predicted in the MTT-DOI test,
but 43% of the non-irritants were overestimated.

In consequence, the overall concordance rate of 83% implies a substantial
agreement between the in vitro and in vivo estimates. However, the test system is
over-predictive with regard to non-irritant chemicals.

Regarding the physicochemical properties, all alcohols and surfactants and 2 of
the 3 solid compounds were correctly predicted. However the pH extreme
compounds were over-predicted or led to no result, especially strongly acidic
compounds destroy the collagen matrix, as it was found for 10% glycolic acid.

Successful establishment of 3D conjunctiva equivalent models
With the aim to test its ability to improve predictivity of the 3D comea model, we
established human 3D conjunctiva equivalent models {conjunctiva epithelial
model and full conjunctiva model) constructed from human immortalized
conjunctiva cells (see materials and methods for establishment).
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Fig. 6. Preliminary prediction model for the MTT-DOI In vitro classification of chemicals, based on the
cornea equivalent system and a 60 min exposure protocol.
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Barrier function measurements confirmed an increase of transepithelial
resistance in conjunctiva epithelial models after 9 days of cultivation (Fig. 7C).
When mimicking chemical exposure conditions by 1 h incubation with PB5+, no
significant influence on TER was observed. Thus, the conjunctiva cells are able to
form a barrer under these culture conditions.

The stromal layers of the full conjunctiva models underwent contraction and
shrinkage during constmuction which was even increased during final stratification
phase. Therefore measurements of the TER with conjunctiva models did not
reveal reliable results due to voltage leakage at the margins of the reconstructed
tissues. However, as depicted in Fig. 7A, the 3D conjunctiva models consist of 4-8
layers of epithelial cells, and compared with the epithelial models (Fig. 7B),

Table 3. Contingency table showing the in wvo Draze test data versus the in vitno pedicted calegones, based on the predicton model uthzing e comes
equivalent sysiem and a 60 min exposure profocol.

Cooogary - [WwoCst  lnwwosa | invioNoon oum
li] 8

In vitro Cat. 1
In vitro Cat. 2
In vitro No Cat.
Sum

N S S5 o~

3 11
4 4
T 3

- =T - -

doi- 101371 foumal pona. 01 14181 3003
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multilayer formation and stratification was even enhanced on top of collagen
muatrices. For further biochemical characterization of barder function in both
conjunctiva models expression and localization of the tight junction components
dn-1, Z0-1, Ocln, and of conjunctiva-specific CK-13 were analyzed.
Immunofluorescence images show conjunctiva—characteristic expression of the
different proteins in the cross sections of both models (Fig. 8). The microscopic
evaluation reveals an overall expression of Cldn-1 and a more apical expression of
(CK-13 whereas Z0-1 and Ocln are localized at the apical superficial membranes
of the epithelial cells.

MTT-DOl-measurements of conjunctiva equivalents

For reasons of comparison with the corneal model, the MTT-DOI-measurements
were only performed with the full conjunctiva equivalents also consisting of
epithelium and collagen embedded cells.
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Fig. 8. Immunofluorescence local zation of tight juncton components Cldn-1 (A red), Z20-1, (B, C, green), and Ocin) (E, F, green), and of
conjunc iva-specific CK-13 [D, green) in conjunctiva full thickness tis sue models. Note: localzston of Z20-1 and Odn & resticted o the apcs
membrane of superfical epithelial cella (red amowa). A, B, D, E: vertcal sectons; C, F: honzontal sectons. Scale bar represents 50 pm.
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For substance application to conjunctiva models we used a limiting Teflon ring
afficed with Vaseline in order to avoid leakage of the chemicals since conjunctiva
tissues showed tendency to contract and shrink during construction (see also 3.4).
When testing these models we generally took a 10 min exposure to minimize the
time of usage of the Teflon ring which might affect the measurements.

Twelve reference substances with different physicochemical properties were
tested on conjunctiva models. Boxplot analysis of the resulting eMTT-DOI values
are depicted in Fig. 9. Means + SDs of tMTT-DOI values are summarized in
lable 2. Quite similar to the studies using cornea models, rtMTT-DOls from Cat
2A and 2B obtained with conjunctiva models lay close together and could not be
separated satisfactory. When comparing the rfMTT-DOI values obtained with
conjunctiva and cornea models after 10 min, it is obvious that both tissues
generate very similar results with respect to their susceptibilities towards the
selected chemicals of all categories. In particular chemicals which have been
shown to react in vivo primarily on the conjunctiva like isopropyl acetoacetate
and iso-propanol did not result in higher rMTT-DOI values in conjunctiva
models compared to cornea models.

Discussion

In order to provide a straightforward and reliable method to predict the eye
irritation potential of chemicals, we developed a cryosectioning procedure for
MTT-stained unfixed 3D cornea equivalents to measure the initial depth of injury
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in relation to the total tissue thickness. By using this method supplemented by
Image]-based quantitative analysis tools, we can deardy distinguish reference
substances of different GHS categories by means of their tMTT-DOIs.

In contrast to the ex vivo DOI measurements on isolated rabbit eyes (IRE-DOIT)
described by Jester |33], where classification is based on differential DOI values
from both epithelium and stroma, our dassification system is exclusively based on
DOI in the entire tissue. This modification is due to the fact that in the cornea
equivalent stromal cell death almost always occurs only after total loss of epithelial
viability. With respect to the choice of a suitable endpoint, MTT reduction to
formazan by living cells was preferred over of f-actin/ TUMEL staining used by
Jester, because the latter, apoptosis-specific staining method failed to give any
reliable and reproducible results when adapting it to our cornea equivalent
gystem. This might be due to the different embedding procedures necessary for the
native animal corneas on one hand and the artificial stromal tissue on the other
hand. However, measurement of MTT-derived formazan offers a valid, simple
and widely used method of assessing cell viability. Moreover, contrary to f-actin/
TUNEL, which is based on the detection of apoptosis-associated DNA strand
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breaks, MTT reduction is a marker reflecting viable cell metabolism. Therefore it
is independent from the mechanism or timing of the detected cell death which
plays a role in TUNEL staining.

In the presented study, 23 of the selected 25 test chemicals caused MTT-DOIs
which were detectable with our MTT-DOl/cornea model test system. 10% glycolic
acid did not result in any measurable MTT-DOI, because it dissolved the
collagenous stromal matrix leading to total destmiction of the reconstmcted tissue.
Since also 1% sodium hydroxide was over-predicted as a severe irritant
compound, we conclude that pH extreme compounds (pH<2.0 or >11.5) in
general might be overestimated or rather incompatible with the MTT-DOT test in
reconstructed comea models as it has already been described for other in vitro
methods [54]. An overestimation of acids and alkalines in our system might be
caused by the fact that any pH buffering mucous- andfor tearfilm-producing
component, which is present in vivo, is missing. However, it has often been
described that alkalines induce chemical burns to the ocular surface resulting in
disastrous and challenging injuries in vive [353], |38], [37].

The second substance which could not be evaluated with our method was
guinacrine. In contrast to all the other test chemicals, quinacrine induces cell
death in the stroma while parts of the epithelium are still viable. This observation
indicates that the impact on the epithelium is not preceding the impact on the
stromal keratocytes. Our observation corresponds to the European Commission/
British Home Office (EC/HO) validation study which showed that also the BCOP
test cannot predict the actual degree or depth of injury for quinacrine [38], [59].
Presumably, this chemical leads to a delayed onset of full degree of imitation.

The investigation of our test substances showed, that all severe irrtant
substances were categorized correctly. Further this was true for 89% of the mild
and moderate irritant substances and 57% of non-irritants. Hence, the MTT-DOI
test method promises to be suitable to discriminate between severe irritants (Cat.
1), and mild to moderately irritant Cat. 2 substances, which cannot be covered by
any other test system published so far.

According to the ECETOC database, toluene, 2-heptanone and n-bromohex-
ane, belong to the non-irritant GHS category and are therefore over-predicted as
mild and moderate irdtants using the MTT-DOI method. However, toluene has
also been misclassified in other studies: For example, the European Union Risk
Assessment Report |60] reported from different eye irritation studies in rabbits
where toluene was found to be irrtant in 2 of 3 studies |61], |62],. In addition,
two studies reported eye irritation in toluene-exposed humans [63], [64],. Also
von Burg and coworkers confirmed the eye irritating potential of toluene in
rabbits and humans |65 ]. Eye irrtation induced by toluene was also detected with
alternative test methods such as the BCOP test |66], |67], the HCE assay [17], and
the SMI test [13]. Therefore, the rabbit Draize test data reported in the ECETOC
data base [43], are thought to underestimate the irritation potential of this
chemical.

Also for 2-heptanone and n-bromohexane contradicting results to the Draize
test exist in literature. According to NIOSH Pocket Guide to Chemical Hazards,
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2-heptanone is indeed irrtating to the eye and for n-bromohexane it was found
by Kojima that this substance could only be correctly predicted with modification
of the rinsing protocol within their in vitro test system |68]. In addition, n-
bromohexane is classified as a skin-irritating substance [69].

Taken into account these fundamental limitations in reliability of predictions
due to inconsistent in vivo data, the MTT-DOT test method promises to be
suitable to disciminate not only between severe irritants (Cat. 1), and mild to
moderately irrtant Cat. 2 substances but also identify the non-irritating
substances with high accuracy.

It is worth mentioning that no compound was false negative predicted in the
MTT-DOI test and no surfactant and no alcohol resulted in a false prediction.
Thus, compared to BCOP and ICE tests, the MTT-DOI test promises to cause less
false results of alcohols, surfactants as well as ketones [70]. Since two of the three
solid chemicals were correctly predicted, the MTT-DOI method is also not
necessarily restricted to liquids as it is for example the case for the Fluorescein
Leakage test or the Cytosensor Microphysiometer test method [2], [26].

Further, the predictive capacity of the MTT-DOI method for volatile chemicals
seems to be higher than in other in vitro systems [67] since all tested volatile
chemicals {vapor pressure =6 kilopascal at 25 °C), as there are ethanol, acetone and
iso-propanol, were correctly predicted.

Compared to the prediction models from our previous studies where
spectrophotometric determination of MTT reduction of the whole tissue was used
as endpoint, the prediction model based on rMTT-DOI values thus represents a
significant and promising improvement.

In our hands, 60 min of incubation showed a more reliable result to categorize
the test substances compared to 10 min of incubation. However, in view of
quickness of the method, it might be worthwhile testing more substances for this
purpose. In addition, the increase of rMTT-DOI values from 10 min to 60 min
exposure was most noticeable for the Cat 2B substances, indicating that the
exposure time might be a crucial factor for separation of Cat. 24 and 2B.

Although damage to the cornea is the crucial driver of eye irritation for all GHS
categories, conjunctiva damage gains more importance particulardy as drver of
irritation for GHS Cat. 2 dassification [41]. Several chemicals are categorized as
Cat. 2 mainly due to severity and/or persistence of the damage they produce to the
conjunctiva in vivo. However, none of the already validated in vitro methods for
eye irritation testing sufficiently addresses the conjunctival involvement.
Therefore, it was our aim to develop a bicengineered conjunctiva model in order
to explore whether it is possible to dose the above-mentioned gap with an
additional ocular tissue.

For this purpose the human hTERT-immortalized human conjunctiva
epithelial cell line HCJE |49] was used to build up a full thickness and an epithelial
conjunctiva equivalent, respectively. An immunochistochemical analysis of both
models confirmed the expression of characteristic marker proteins. Cldn-1
staining was observed in all cell layers of the conjunctival epithelium which is in
line with Yoshida [71], who found overall epithelial Cldn-1 staining in tissue
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preparations of human conjunctivas. Regarding Z0-1 and Ocln we found also the
same localization at the apical superficial tight junctions described by Yoshida in
the native conjunctiva. Also functionality of the tight junctions was confirmed by
measurement of TER in the epithelial conjunctiva equivalent. Evaluation of TER
in the full thickness conjunctiva equivalent is was not possible due to technical
reasons. Furthemrmore, our immunohistochemical analysis reveal within the
epithelium of both models a mostly apical expression of the conjunctiva-specific
oytokeratin CK-13 which is in line with Ramirez-Miranda |72] and Paladino |73]
who described a similar distribution pattern of CK-13 in the native human
conjunctiva and in a bovine 3D conjunctiva model, respectively.

In order to compare the effects of chemicals with conjunctival damage as the
main driver of irritation [41] in both the corneal and in the conjunctival model,
isopropyl acetoacetate and iso-propanol were selected from ECETOC list among
10 other test chemicals. However, when comparing the effects of these substances
on conjunctiva and comeal 3D models, no biclogically relevant differences were
found in sensitivities towards the chemicals. Unlike the in vivo Draize test, where
separation of Cat. 2A and 2B mainly depends on the degree of conjunctiva
damage, this was not found in vitro when using 3D conjunctiva models.

A few comparative studies have been published so far in terms of cytotoxicity
testing in corneal and conjunctival cultures, dealing mainly with pharmacological
relevant compounds like benzalkonium chloride or thiomersal |74], [75], [768].
Due to best availability, most of these studies were undertaken with the Chang’s
human conjunctiva cell line [77] and in particular with the Wong-Kilbourne-
Derivat of conjunctiva, clone 1-5c-4. Unfortunately, this cell line is described to be
Hela contaminated |78 ] and therefore it is not recommended to use it any more.
Stilly in line with our findings, cytotoxicity data generated with these cells did not
hint to any biclogically relevant differences in susceptibility between corneal and
conjunctival cells.

Monetheless, the conjunctiva full thickness model might be used for other
studies, e.g. for basic biological questions using knock-out strategies of specific
proteins. In addition, the epithelial conjunctiva model, which was used here
mainly as an intermediate step for the generation of full thickness conjunctiva
models may be useful, e.g. for the investigation of the influence of substances on
barrier function.

Conclusions

In order to present an adequate, stand-alone strategy for the assessment of all 3
GHS categories of eye irritation we developed a MTT-based method to determine
the initial depth of injury in 3D tissue models of the human eye. The test was
applied to the previously developed cornea equivalent system and 25 reference
chemicals of different GHS categories were tested. Qur results reveal that the
MTT-DOI test allows us to distinguish between the cytotoxic effects of all GHS
categories in one test system. The owverall concordance rate of 3% implies a
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substantial agreement between the in vitro and in vivo estimates. The system is
slightly over-predictive with respect to the non-irritant chemicals. The method is
currently being tested in a ring trial with a small set of carefully selected chemicals.
In order to meet the requirements for additional test systems assessing more
specifically the conjunctiva involvement within an eye irritating response, we
established a human cell based in vitro full thickness conjunctiva equivalent. The
conjunctiva model reveals quite similar to in vivo conjunctiva regarding the initial
depth of injury. However, it could not provide additional information to the
cornea-based test method even when testing those chemicals which display
conjunctiva damage prior to comeal effects, and thus seems to be dispensable for
in vitro safety assessment testing. However, it may be beneficial for barrier
function analysis and further biological questions.
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Abstract

In the present study we compared two different approaches recently introduced by us (Bartok et
al. 2015; Zorn-Kruppa et al. 2014) which both aim for the correct prediction of chemicals
according to the globally harmonized system of classification and labelling of chemicals (GHS)
of potential eye irritatants. Both test systems are based on reconstructed human 3D hemi-cornea
models which comprise a multilayered epithelium and a stroma with embedded keratocytes in a
collagenous matrix. The effects of test chemicals after 10 and 60 minutes exposure were assessed
from the quantification of cell viability using the MTT reduction assay. In the first approach the
effects of test chemicals were evaluated by separately quantifying the damage inflicted to the
epithelium and the stroma. In the second approach, depths of injuries (DOI) were quantified.
Most of the test substances were chosen according to the study of Jester et al. (2010) with the
intention to compare the predictivity of the two test systems based on reconstructed hemi-cornea
models with the predictivity based on ex vivo rabbit corneas presented by Jester et al. (2010). Our
results reveal that the extent of cell damage was dependent on the exposure time. A 60 minute
exposure period is precondition for the clear differentiation of GHS 1 and GHS 2 and GHS nc

materials for both types of models.

Introduction
The human eye is prone to irritation and damage by chemicals used in pharmaceuticals,

cosmetics, household and agricultural products (Verstraelen et al. 2013). For safety reasons, such

90



chemicals need to undergo thorough toxicological assessment before they are incorporated in
various consumer products (Cotovio et al. 2010). The Draize eye irritation test (OECD 2012a), is
the only eye toxicity test officially accepted by the Organization of Economic Co-operation and
Development (OECD) to predict the full range of irritation caused by different classes of eye
irritants. However, the test has been criticized by many, questioning its test performance,
reproducibility, use and interpretation of test scores, as well as its monetary and ethical aspects
(Wilhelmus 2001). With the increasing concern over the scientific validity and ethical standards
of such tests, the 7th amendment of the EU cosmetics directive has banned the use of animals for
testing cosmetic ingredients for eye irritation since 2009 (Cotovio et al. 2010).

Efforts have been made to introduce alternative in vitro methods to assess the eye irritation
potential of a substance. These in vifro methods range from simple assays using single cell lines
to more complicated assays using isolated animal tissues or artificially reconstructed tissues.
However, no method has gained acceptance as a complete regulatory replacement for the Draize
eye irritation test (Scott et al. 2010).

Currently, only one cell-based test system and two ex vivo animal test systems have reached
official regulatory acceptance (OECD 2012b; OECD 2013a; OECD 2013b). However, these test
systems allow only the prediction of ocular corrosives and severe irritants (GHS 1). No single in
vitro assay has been developed and validated as a full regulatory replacement for the Draize Eye
Irritation test. Instead, the tests developed so far are intended to be used within the framework of
an integrated testing strategy, either in a top-down or in a bottom-up approach (Hayashi et al.
2012; McNamee et al. 2009; Scott et al. 2010). These approaches, as in vitro alternatives to
animal testing for the safety assessment, reveal their strengths preferably in the discrimination
between severe and non-irritants. Test systems predicting GHS 2 substances directly are not yet
available.

In an attempt to create a better in vitro eye irritation prediction system, different types of 3D
corneal models have been proposed (Huhtala et al. 2008). Some models consist only of
differentiated epithelium while other consists of epithelium with a stromal analogue in which
corneal keratocytes are embedded in the collagen matrix. Previous studies have shown that the
area and depth of initial injury can be used to determine the irritation potential of a chemical
(Jester et al. 1998). Further studies have revealed that the extent of corneal injury can

differentiate among categories of irritants. This was determined by evaluating the damages in
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epithelium, stroma and the endothelium. The results were similar to those obtained from animal
tests (Jester 2006; Jester et al. 2001). In the past, depth of injury in the cornea of ex vivo isolated
rabbit eye (IRE-DOI) test was shown as a method that could differentiate among three categories
of eye irritants of the globally harmonized system (GHS) of classification (Jester et al. 2010). In
this method, the isolated rabbit eye is exposed to ocular irritants of different irritation potential.
Then, the cornea is fixed and sectioned in order to study depth of injury in the epithelium and the
stroma using biomarkers. The staining patterns of Tunel and Phalloidin stainings, which detect
DNA fragmentation and intact actin filaments, respectively, were used to measure the DOIL. The
classification was based on the combined assessment of individual DOI caused to the stroma and
the epithelium. The damage in each compartment showed proportionality to the severity of
ocular irritant. Although IRE-DOI was able to classify most of the test substances into the 3 GHS
categories, the irritation potential of some ocular irritants was underestimated by this method and
needed several modifications for more accurate results (Jester et al. 2010). Furthermore, this
method uses staining techniques which are quite expensive. In addition, the slaughtering of
rabbits is required for isolation of rabbit eyes for the experiments, thus using about the same
number of animals for classification.

In the present study, we used artificially reconstructed human 3D hemi-cornea models (Engelke
et al., 2013). In one approach a collagen membrane was inserted between epithelium and stroma
which allowed the separation and individual assessment of the damages after exposure to test
chemicals in each of the compartments using MTT assay (Bartok et al. 2015). In this test system
the prediction model was based on the cell viability and the combination of cut-off values in
tissue viability from both epithelium and stroma. In the second approach, depth of injuries (DOI)
in the hemi-cornea model was quantified based on the cell viability using the MTT assay (Zorn-
Kruppa et al. 2014). Areas of metabolically active or inactive cells were quantitatively analyzed
on cryosection images with Imagel] software analysis tools. By incorporating the total tissue
thickness, the relative MTT-DOI (rtMTT-DOI) was calculated. The prediction model of this test
system is based on suitable viability cut-off values. We selected twelve test chemicals; most of
them were chosen according to the study of Jester et al. (2010) in order to compare the
predictivity of the test systems.

The aims of the study were to evaluate if these two different approaches allow the prediction of

the test chemicals according to the GHS classification or if one approach is superior to the other;
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and to identify the exposure time, which results in the best predictivity (10 or 60 minutes). In
addition, the results obtained with the rMTT-DOI approach were compared to the results
obtained from the IRE-DOI (Jester et al., 2010).

Materials and methods

Materials

Keratinocyte Growth Media (KGM®) with Bullet-kit and chemically defined Keratinocyte
Growth Medium (KGM-CD®) were obtained from Lonza (Basel, Switzerland). Cell culture
flasks, 6, 12, 24 and 96-well plates, penicillin/streptomycin (Pen/Strep) and phosphate buffered
saline (PBS) with (++) and without (--) calcium and magnesium were from Biochrom (Berlin,
Germany). 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) was from
Sigma—Aldrich (Deisenhofer, Germany). TrypLE Express, 199 Media and Ham's F12 were from
Invitrogen (Darmstadt, Germany). Tissue Tek Cryomold® biopsy vessels (10mm x10mm x
Smm), surgical disposable scalpels, Nunc cell culture inserts (0.5 cm?, 3 um pore size,
polycarbonate), Menzel coverslips (24x50mm) and Superfrost® microscope slides, isopropanol,
calcium chloride and PBS-- tenfold concentrated powder were from Omnilab (Bremen,
Germany). The Cryomatrix was from Thermo Scientific (Limburg, Germany). Fluoromount-G
was obtained from Southern Biotech (Birmingham, USA). Bola Teflon O-rings (1 cm outer and
0.7 cm inner diameter) were from Bohlinger GmbH (Griinsfeld, Germany). The Collagen Cell
Carrier (CCC) was from Viscofan Bioengineering (Weinheim, Germany). The rat tail collagen

solution was from CellSystems (Troisdorf, Germany).

Solutions

The 60% (w/v) sucrose solution was made in double distilled water. It was stored at room
temperature (RT) and could be used for a maximum of 6 months. The instructions for MTT
solution and F99 media preparation are described in the protocol published by Engelke et al.

(2013). Reconstruction buffer was made as described by Bartok et al. (2015).

Cell culture and reconstruction of human 3D hemi-cornea models
Two types of cells, human corneal keratocytes (HCK) and human corneal epithelial (HCE) cells

were used to construct the human 3D hemi-cornea models. HCK cells had been immortalized

93



with the SV-40 adenovirus and established by Zorn-Kruppa et al. (2005). The immortalized HCE
cells (Araki-Sasaki et al. 1995) were received from the RIKEN cells bank (Tsukuba, Japan).
Both types of cells were cultured following the procedure stated by Engelke et al. (2013). Two
different types of hemi-cornea models were produced according to the protocol published by

Bartok et al. (2015) and Zorn-Kruppa et al. (2014), respectively.

Chemical test protocol and data analysis

A set of 12 test chemicals, listed in Table 1, were applied on both hemi-cornea models with and
without CCC membrane. The topical exposure of the models to the chemicals was for either 10
or 60 minutes. PBS ++ was used as negative control for both types of hemi-cornea models.
Triton X-100 (0.3%) and isopropanol (ISP) were used as batch controls (BC) for hemi-cornea
models with CCC membrane and the tMTT-DOI method, respectively. For models with CCC
membrane, the optical density (OD) values corresponding to both the epithelial and stromal
viability for each batch met the acceptance criterion as described by Bartok et al. (2015). In
addition, the standard deviation calculated from tissue viabilities of 3 tissue replicates from one
batch was less than 20%. Treatment with the test substances, washing steps, MTT application
details (which were the same for both types of hemi-cornea models) were according to the
protocol described by Bartok et al. (2015) and Zorn-Kruppa et al. (2014). Stroma and epithelium
separation, optical density measurement and data analysis for hemi-cornea models with CCC
membrane were done according to Bartok et al. (2015). For the hemi-cornea models prepared for
cryosectioning, the paper published by Zorn-Kruppa et al. (2014) contains the protocol for the

experimental procedure and the data interpretation on how to calculate the depth of injury (DOI).
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Table 1. Test substances representing 3 different GHS categories of eye irritants

Test substances Abbreviation Chemical type State Supplier CAS nr
Dodecane (neat) DOD organic liquid Sigma 112-40-3
Dimethyl sulfoxide (neat) DMSO surfactant liquid Griissing 67-68-5
Potassium tetrafluoro borate PTFB Inorganic liquid Sigma 14075-53-7
Ethyl-2-methyl acetoacetate EMAA organic liquid Sigma 609-14-3
Acetone (neat) ACT aldehyde liquid Roth 67-64-1
Acetic acid (3% v/v in deionized 3% AA non-surfactant acid liquid Sigma 64-19-7
water)

Acetic acid (10% v/v in deionized 10% AA non-surfactant acid liquid Sigma 64-19-7
water)

Benzalkonium chloride (1% w/v 1% BAK cationic surfactant liquid Sigma 63449-41-2
in deionized water)

Benzalkonium chloride (10% w/v 10% BAK cationic surfactant liquid Sigma 63449-41-2
in deionized water)

Sodium hydroxide (8% w/v in 8% NaOH base liquid Sigma 1310-73-2
deionized water)

Sodium dodecyl sulfate (5% w/v 5% SDS anionic surfactant liquid Roth 151-21-3
in deionized water)

Sodium hypochloride (neat) NaOCl oxidizer liquid Sigma 7681-52-9
Cyclohexanol (neat, 99%) CY alcohol liquid Sigma 108-93-0
Parafluoroaniline (neat, 99%) PF organic liquid Sigma 371-40-4

Prediction models used for the classification of the test substances in GHS categories

The hemi-cornea models with a CCC-membrane between the stroma and the epithelium allowed
the separation of these compartments after the chemical exposure. This made it possible to assess
the cell viability in each of the compartments separately by using the MTT assay. The
differentiation of all GHS categories of chemicals was based on an appropriate viability cut-off
values set for both epithelium and stroma (Bartok et al. 2015). In the second test system, the
hemi-cornea models, with no membrane between the stroma and the epithelium, were stained in
MTT solution, frozen in liquid nitrogen and sectioned. The formazan crystals formed by the
action of viable cells on MTT reagent were viewed under the microscope. The DOI was
determined using ImageJ software, by calculating the ratio of thickness of the tissue without

formazan crystals to the total thickness of the hemi-cornea tissue. The classification of the test
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chemical into different GHS categories was done by using two DOI cut-off values described by

Zorn-Kruppa et al. (2014).

Results

Assessment of stromal and epithelial viabilities of human 3D hemi-cornea models with
CCC membrane

The stromal and epithelial viabilities were evaluated separately after 10 and 60 minutes exposure
time, respectively. The stromal and epithelial viabilities of PBS++ (NC) treated models were set
to 100%. For the models treated with other chemicals, the viability was calculated relative to that

of the NC.
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Figure 1. Stromal viability in human 3D hemi-cornea after 10 and 60 minutes exposure to

chemicals.
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Figure 2. Epithelial viability in 3D hemi-cornea models after 10 and 60 minutes exposure to
chemicals.

Figure 1 and 2 show the percentage (%) viability decrease for both the stroma and the epithelium
after 60 or 10 minutes exposure time. Most of the chemicals that were tested in our study cause
severe damage to epithelium for both 10 and 60 minutes exposure (Figure 1). While the
epithelial viability for DMSO, PTFB and DOD is between 20- 95% compared to the NC, it was
less than 10% for all other chemicals tested for both 10 and 60 minutes exposure.

In contrast, the stromal viability was dependent on the exposure time for some of the GHS 1 and
GHS 2 chemicals. After 10 min exposure to PF and CY (GHS 1 category) stromal viabilities are
about 51.1% and epithelial viabilities are about 66.5%, respectively. Indeed, the stromal
viabilities after 10 minutes exposure to PF and CY are in the same range as ACT (63.9%),
EMAA (69.8%) and 3% AA (42.7%), which are categorized as GHS 2 chemicals. Hence, the 10
minute exposure could not give clear differentiation between GHS 1 and GHS 2 chemicals. For
NaOCl, no data for epithelial and stromal viability are available because the chemical completely
dissolved the hemi-cornea models after the application.

After 60 minutes exposure, a better differentiation could be seen between GHS 2 and GHS 1
category chemicals. Figure 1 shows that the stromal viability of substances such as PF and CY

decreased to 5.5% and 19.9%, respectively. For 3 % AA, an increased damage in the stroma was
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observed after 60 minutes whereas the stromal viability was very similar for ACT and EMAA
for both 10 and 60 minutes exposure.

Using the prediction models that were developed based on appropriate cut-off values for both the
stromal and the epithelial viability after 60 min exposure of 60 min, we assigned the GHS
category to the chemicals used in our study (Bartok et al. 2015). Analyzing the stromal and the
epithelial viability, the substances such as PF, CY, 1% BAK, 8% NaOH, 10% AA, 5%SDS, 10%
BAK, NaOCL and 3% AA were assigned as GHS 1 category; ACT and EMAA were categorized
as GHS 2 category; DOD, DMSO and PTFB were assigned as GHS nc chemicals.

Evaluation of rMTT-DOI on human 3D hemi-cornea models

Figure 3a shows the cross section of a hemi-cornea model treated with PBS ++ (NC) for 60
minutes, in which formazan crystals are visible throughout the sectioned tissue. In Figure 3b, the
long arrow indicates the total thickness of the model, and the shorter arrow represents the area
where no formazan crystals can be seen. This in fact assigned to be the rMTT-DOI, where no

viable cells are present.

Figure 3. Cryosections of human 3D hemi-cornea models treated with PBS++ (a) and
isopropanol (b) for 60 minutes. The short arrow shows the depth of injury, the long arrow shows

the total tissue thickness (b).

Figures 4 and 5 show the cross sectioned hemi-corneas treated with different chemicals for 10
and 60 minutes, respectively. Figure 4a and 5a show the cross-sections of hemi-cornea models
treated with DOD for 10 and 60 minutes, respectively. The distribution of formazan throughout
the tissue cross-sections indicates that almost no damage has been caused to the hemi-cornea
models by DOD. Looking at the distribution of formazan on hemi-cornea models treated with

GHS 2 chemical ACT, it can be seen that it has penetrated the epithelial layer and caused partial
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damage to the stroma for both 10 and 60 minutes exposure (Figure 4b and 5b). Despite being
GHS 1 chemicals, PF (Figure 4c) and CY (Figure not shown) caused little damage to the stroma
after 10 minutes exposure. However, the absence of formazan on tissue sections from Figure 5¢

indicates that PF damaged the stroma almost completely after 60 minutes.

Figure 4. Cryosections on human 3D hemi-cornea models treated for 10 minutes with DOD (a),

ACT (b), PF (¢).
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Figure 5. Cryosections on human 3D hemi-cornea models treated for 60 minutes with DOD (a),
ACT (b), PF (¢).

In Figure 6 the the rtMTT-DOI for all test chemicals either after 10 or 60 minutes exposure are
summarized in Figure 6. The rMTT-DOI was between 95-100 % on hemi-cornea treated with
1% or 10 % BAK, 10 % AA, 8% NaOH and 5% SDS both after 10 and 60 minutes exposure
periods. The rMTT-DOI caused by GHS 2 chemicals, ACT, EMAA and 3% AA were in the
range of 5% to 50%. No significant dependence on the exposure time was observed for theses
GHS 2 test chemicals. The rtMTT-DOI for DOD, DMSO and PTFB (GHS nc category) was very
low and independent on the exposure period. In contrast, a strong dependence on the exposure
time was measured for PF and CY (GHS 1 category): after 10 minutes exposure, CY and PF,
induced only 30.5% and 42.6% rMTT-DOI, respectively, while a 60 minutes exposure led to
almost 100% damage. From these results, it was clear that 10 minutes exposure was not enough

for the clear discrimination between GHS 1 and GHS 2 category substances. No measurement of
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rMTT-DOI could be done for NaOCI treated models as the models were completely dissolved
after the application of the chemical.

Above results correspond to results from Zorn-Kruppa et al. (2014) who defined a preliminary
prediction model based on the results of the 60 min exposures using two cut-off values for the in
vitro classification of the test chemicals into the three GHS categories. According to this
prediction model test chemicals of the study presented here with tMTT-DOIs of < 5% are
assigned to the non-irritant GHS nc and chemicals with tMTT-DOIs > 90% are assigned to the
severe irritant class (GHS 1). All other chemicals with intermediate rIMTT-DOIs are predicted as

Cat 2 chemicals. The predicted in vitro classifications for all the test chemicals are listed in Table

2.
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Figure 6. The comparison of tMTT-DOIs after 10 and 60 minutes exposure of chemicals to

hemi-cornea models.
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Table 2. Comparison of GHS category for test substances predicted by each in vitro prediction

model with in vivo GHS classification

Test substances in vivo GHS in vitro GHS classification in vitro GHS classification
classification with CCC method with rMTT-DOI method

DOD nc nc nc

DMSO nc nc nc

PTFB nc nc nc
EMAA 2 2 2
ACT 2 2 2

3% AA 2 1 2

10% AA 1 1 1

1% BAK 1 1 1

10% BAK 1 1 1

8% NaOH 1 1 1
5% SDS 1 1 1
NaOCl 1 1 1
CY 1 1 1
PF 1 1 1

Table 2 compares the predicted classes obtained from both test systems after 60 min exposure
with in vivo Draize test categories. The prediction model developed by Zorn-Kruppa et al.
(2014) and Bartok et al. (2015) was used for the assignment of the GHS class to the chemicals.
The test system with CCC membrane correctly classified 13 out of 14 test substances. Only
3% AA was falsely classified as GHS 1 instead of GHS 2. The rtMTT-DOI correctly classified all

test substances used in this study.

Discussion

A set of test substances, previously used by Jester et al. (2010), and three additional test materials
from the GHS nc category (DOD, DMSO and PTFB) and one from GHS 2 category (EMAA)
were studied by using two different approaches based on artificially reconstructed hemi-cornea

models. The GHS category of each substance was predicted by following the respective
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classification methods described in papers published by Bartok et al. (2015) and Zorn-Kruppa et
al. (2014). The aim was to first compare the agreement on the GHS categories of chemicals
predicted by the two different test systems that were used in this study and later to compare the
usefulness and prediction accuracy of these two methods with the IRE-DOI method presented by
Jester et al. (2010).

In the beginning of our studies, an exposure time of 10 minutes was used for the two test systems
introduced by Bartok et al. (2015) and Zorn-Kruppa et al. (2014). This exposure time was chosen
as the lowest as we have concluded from former experiments (Engelke et al., 2013). Jester et al.
(2010) used 10 seconds exposure time in his study. From our results, we deduced that in both test
systems even 10 minutes exposure time was not enough to discriminate GHS 1 and GHS 2
category substances. Therefore, the chemical exposure time was increased to 60 minutes. Using
the 60 min exposure period, all three GHS categories of eye irritants could be differentiated
based on the extent of damage they caused to the models.

These results indicate that the decrease in tissue viability or depth of injury is a diffusion-
controlled process which is basically dependent on the stromal part which constitutes at least
90% of the hemi-cornea. The diffusion of the tested chemicals is limited by their diffusion
coefficient in the hydrous collagen and the cells serve as toxicity markers in this collagen matrix.
From this point of view the hemi-cornea model displays a 3D-cell toxicity assay that, in contrast
to standard cultured cell based assays, combines both the diffusion coefficient and inherent cell
toxicity of the test chemicals.

Bartok et al. (2015) showed that the stromal and epithelial viabilities are inversely proportional
to the severity of irritants. Our comparison study shows that this is true for both test systems. In
line with the idea proposed by Engelke et al. (2013), that an irritant first damages the epithelium
and later the stroma, our results show that non-irritants or slightly irritant substances (GHS nc),
such as DOD, DMSO and PTFB, decrease only the epithelial viability while the stroma remains
unaffected. For GHS 2 category irritants, such as 3% AA, EMAA and ACT, a decrease in
stromal viability with the complete loss of epithelial viability was observed. Most of the test
substances, used in this study, were classified in the GHS 1 category, leading to the complete
loss of both stromal and epithelial viability. Sodium hypochlorite (NaOCl), completely dissolved
the collagen stroma of the hemi-cornea models immediately after its application, probably

because of its very low pH. Therefore, it was classified as GHS 1 category substance.
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Conclusions

Our results for both test systems support the hypothesis made by Jester et al. (2006; 2010) and
(Maurer et al. (2002)), who showed that the surface area and depth of initial corneal injury (DOI)
in the epithelium and stroma, caused by chemicals of various classes in the rabbit eye, strongly
correlate with the macroscopically observable severity and duration of ocular injury. The results
from our study show that both of these methods can predict the GHS classification of an eye
irritant substance. Despite the fact that these two models use the MTT reduction assay in two
completely different ways to evaluate the effects of chemicals, there was a concordance in the
GHS class predicted by these two methods for 13 out of 14 test substances used. Additionally,
the MTT assay is a cheap, simple and widely accepted technique. Thus, one or the other method
can be used as a good alternative to the controversial experiments like the Draize test and less

accurate and more expensive test like the DOI-IRE.
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Abstract

Background Combinations of trypan blue (TB), Brilliant
Blue G (BBG) and polyethyleneglycol had been shown
before to be less toxic to ARPE retinal pigment epithelial
cells than TB alone. We studied systematically the influence
of combinations of dyes on cell damage.

Methods ARPE cells were exposed to TB (concentration
range 0.025 to 1 %), BBG (0.0025 to 0.5 %), and combina-
tions of the two dyes, dissolved in phosphate buffered saline
(PBS), for periods between 5 and 60 min. Cell damage was
monitored with the WST-1 assay. The effect of different salt
concentration was measured in the same way.
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Results TB in concentrations of 0.075 % and higher was
toxic to the cells already after 30 min incubation. BBG was
toxic after 30 min in concentration of 0.1 % and higher, but had
a protective effect on cells with incubation time of 5 min and
concentrations up to 0.1 %. BBG at concentrations of 0.025 %
protected against TB-induced damage at 5 min and 30 min
incubation. Salt concentrations between 113 and 225 mM did
notinfluence cell survival even after 30 min. In the presence of
TB, propidium iodide bound strongly to the cells.
Conclusions BBG acts as a protecting agent against TB
toxicity.

Keywords In vitro toxicity - Trypan blue - Brilliant Blue G -
Combination toxicity - Osmolarity - Retinal pigment
epithelial cells

Introduction

An epiretinal membrane (ERM) is a pathological membrane
formed over the macular area, which can greatly affect
visual acuity. It is formed spontaneously in response to
changes in the vitreous humor, or in patients with diseases
triggering excessive collagen tissue response. Its removal
can greatly improve vision [1]. Permanent restoration of
vision is greatly aided by the concomitant removal of the
internal limiting membrane (ILM) [2, 3]. Also for some
stages of idiopathic macular hole surgery, removal of the
ILM is assumed to be clinically beneficial [1]. Precise
identification of ILM facilitates its complete removal. Since
clear and complete identification of ILM is not easy, staining
of ILM is recommended for that purpose. Numerous dyes
are presently in clinical use for this purpose [4]. Among
them are trypan blue (TB) and Brilliant Blue G (BBG). The
clinically used concentration for TB is between .15 % and
0.25 %, that of BBG, 0.025 % (w/v) [3].
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Recently, it has been suggested that combinations of dyes
might be advantageous for staining of an epiretinal membrane
as well as the internal limiting membrane in one step. The
combination of TB and BBG was tested by us for toxicity [5].
Surprisingly, toxicity was not additive; rather, BBG appeared
to have a protective effect against TB toxicity. As the combi-
nation of dyes was tested only in a limited concentration range
(a range assumed to be optimal for the mtended staining in
preparation for surgery) and in the presence of polyethylene
glycol (PEG), it was not possible to identify the cause of the
apparent protective effect, and the dependence on the concen-
trations of the two dyes was not investigated.

We have therefore studied, in a systematic manner, the
influence of combinations of BBG and TB on human retinal
pigment epithelial cells (ARPE) and their time dependence.
We have used the WST-1 assay for following cellular activ-
ity, an assay similar to the MTT assay, measuring the activ-
ity of intra- and extracellular dehydrogenases. In the
literature, toxicity has also been assayed by measuring cell
membrane permeability. We have therefore also tested the
integrity of the cell membrane by running a propidium
iodide (PI) assay, which stains cell nuclei of cells whose
membrane is compromised.

As the literature [6—8] also has discussed the influence of
changes in osmolarity on potential toxicity of dye prepara-
tions, we have varied the osmolarity of buffer solutions
without dye and measured cell activity.

Materials and methods
Dye solutions

TB was a gift from Netherlands Institute for Innovative
Ocular Surgery (NI1OS), Rotterdam, The Netherlands. Bril-
liant Blue G (BBG) was purchased from Sigma-Aldrich Co
(Tautkirchen, Germany). TB and BBG dye powders were
dissolved in phosphate buffered saline without Ca®" or
Mg”" (PBS) to generate 1 % and 0.5 % (w/v) stock solu-
tions, respectively. The dyes were diluted with PBS to the
final concentrations used. PBS was chosen to allow com-
parison with the previous data [5]. All dye solutions were
kept in the dark until use.

Solutions having different salt and buffer concentrations
(NaCl concentrations between 75 and 300 mM) were pre-
pared by diluting a 10 times concentrated PBS with distilled
water. The tested solutions were incubated with ARPE cells
for 30 min at 37 °C. PBS was used as negative control.

Cell culture and viability assay

ARPE cells (obtained from ATCC, LGC) were cultivated in
a 1:1 mixture of Dulbecco’s Modified Eagles Medium and
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Ham'’s F12 (DMEM-F12) supplemented with 10 % fetal
bovine serum (FBS) and 1 % penicillin—streptomycin. Cells
were cultured at 37° in an atmosphere of 5 % CO»,, and
passaged by trypsinization with 0.25 %/0.02 % (w/v)
trypsin/ethylenediaminetetraacetic acid (EDTA). ARPE
cells were seeded at a density of 2x10* cells/well into 96-
well flat bottomed plates and grown to confluence over 48 h.

Cell viability was examined using the cell proliferation
reagent WST-1 (Roche Diagnostics GmbH, Mannheim, Ger-
many). The tetrazolium salt WST-1 (4-[3-(4-iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate)
is efficiently reduced by mitochondrial dehydrogenases
in viable cells to a red soluble formazan. A decrease in
the number of metabolically active cells (used here as a
measure of cell viability) results in decrease in the over-
all activity of mitochondrial dehydrogenases, leading to a
decrease in the amount of formazan dye formed. The
produced formazan dye was quantified by a plate reader
at 450 nm. The WST-1 reagent was diluted 10 times with
DMEM-F12. After dilution, 100 pl WST-1 containing
DMEM-F12 was added per well and incubated at
37 °C in a 5 % CO, for 90 min.

Experiments were performed to determine whether the
presence of any residual dyes interferes with the WST-1
assay. Cells were incubated with TB, BBG or PBS, and then
washed three times with PBS. DMEM-F12 was added in-
stead of the WST-1 reagent. The optical densities at 450 nm
were measured. No influence of the presence of residual
dyes on the readings was found.

Experimental incubation

Time- and dose-dependent toxicities were examined. Once
cells reached confluence, the growth medium was replaced
with 50 ul of the experimental solution per well. After
incubation, cells were washed three times with 100 pul of
sterile phosphate buffer saline (PBS). Cell viability was then
determined, with cells incubated with 50 ul PBS as control.
To determine the influence of the concentration of the
dyes and different incubation times on viability, ARPE cells
were exposed to 0.025, 0.075, 0.15, 0.25,0.5, 0.75,1 % TB
for 5, 30 and 60 min, whereas BBG was used at concentra-
tions of 0.0025, 0.0075, 0.025, 0.05, 0.1, 0.2, 0.3, 0.5 %.
In order to determine the influence of combining the
clinically relevant concentration of TB (0.15 %) and BBG
at different concentrations on the ARPE viability, combina-
tions consisting of 0.025 % BBG and different concentra-
tions of TB were also tested. The effect of varying
osmolarity on cell viability was measured by incubating
the cells with diluted solutions of a 10 fold concentrated
PBS stock, with final concentrations of NaCl in PBS be-
tween 300 and 75 mM (corresponding to concentrations
between twice and half of the normal concentration).
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Uptake of propidium iodide

Uptake of propidium iodide (PI) was observed in a fluores-
cence microscope, as this had initially been described as an
assay for cell membrane integrity [4] and cell viability [9].
The cells were seeded in flat bottomed 12 well plates at a
density of 2x 107 cells/well and incubated for 48 h at 37 °C.
After the cells became confluent, they were incubated for
30 min with 500 pl of each test solution. Incubation with
PBS was used as a negative control and with 70 % Ethanol
as positive control. The cells were washed three times with
PBS and incubated for 30 min at 37 °C with 10 uM PI and
20 uM H33342 solution prepared in cell culture media.
After three washes with PBS, the cells were fixed with
8 % formaldehyde at 37 °C for 10 min, washed trice with
PBS and analyzed under a Zeiss 100 microscope with 20x
objective.

Statistical evaluation

The results are expressed as percentage of viable cells of
controls (cells incubated with PBS). All experiments were
carried out at least three times. Statistically significant dif-
ferences between groups of data were calculated by
GraphPad Instat; P values less than 0.05 were considered
significant. All error bars pertain to this P level.

Results

The aim of our study was to examine the safety of different
dyes and dye concentrations on ARPE cells in vitro. We
therefore established that the dyes did not interfere with the
WST-1 assay, where a red formazan is produced. Compar-
isons of the optical densities of cells which had been washed
three times after incubation with TB or BBG with those
incubated with PBS revealed that any of the two blue dyes
possibly remaining in the well does not interfere with the
WST assay (data not shown).

The time-dependent toxicity of 0.15 % and 0.25 % TB is
shown in Fig. la. Cell survival is significantly reduced to
82 % and 62 %, respectively, with incubation times of
30 min, and to 59 % and 48 % following incubation for
1 h, but not for shorter times. In contrast, 0.025 % BBG is
not significantly toxic even after 60 min incubation, and
0.05 % BBG only after 60 min (reduction to 81 % cell
survival) (Fig. 1b). TB in concentrations of 0.15 % and
0.25 % is significantly toxic for ARPE cells after 30 min
exposure. At a concentration of 0.25 % and 15 min incuba-
tion, TB was not significantly toxic.

Concentrations of TB up to 0.075 % were found to be
nontoxic when ARPE cells were exposed for only 5 min
(Fig. 1¢). For incubation times of 30 and 60 min, already a
0.075 % dye solution reduced the viability significantly (to
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values of 79 % and 66 %, respectively). Concentrations
higher than 0.25 %, while being toxic, did not lead to a
further decrease in cell viability. There is a trend for TB to
be more toxic following a 60-minute exposure, as compared
to a 30-minute exposure, but this was significant (p<0.05)
only at 0.25 % TB.

With BBG and exposure times for 30 min or 60 min, cell
survival significantly decreased with high BBG concentra-
tions (higher than 0.025 %) and with increasing incubation
time. Exposure to BBG for 60 min was more toxic than
exposure for 30 min with BBG concentrations of 0.05 %
and higher. For concentrations of 0.2 %, cell survival was
reduced to 75 % after 30 min and to 59 % after 60 min. In
contrast, none of the concentrations tested led to reduced
cellular activity when incubated for 5 min; on the contrary,
the viabilities of cells incubated for 5 min with BBG con-
centrations lower than 0.2 % were all significantly higher
than 100 % (Fig. 1d).

The dependence of BBG toxicity on time and concentra-
tion is thus different from that of TB.

Figure 2a shows cell survival as a function of varying
TB concentrations with and without 0.025 % BBG at
exposure time 5 min and 30 min. TB alone (0.075, 0.15,
0.25, 0.5 or 0.75 % TB) as well as its mixture with
0.025 % BBG was not significantly toxic when incubated
with the cells for 5 min. Increasing the incubation time for
TB to 30 min resulted in a significant decrease in cell
viabilities (78 % at 0.075 % TB and 64 % at 0.15 % TB).
The decrease was, however, significantly reduced by the
addition of 0.025 % BBG. At 0.075 % TB, the addition of
0.025 % BBG resulted in complete restoration of cell
viability (96 %), and at 0.15 % TB, BBG increased cell
viability to 89 %.

When ARPE cells were exposed for 5 min to BBG alone
in concentrations of 0.0075, 0.025, 0.05 or 0.1 %, the cell
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Fig. 2 a Survival of ARPE cells after incubation with varying con-
centrations of TB with and without 0.025 % BBG for 5 and 30 min. b
Effect of different concentrations of BBG with and without 0.15 % TB
incubated with the cells for 5 and 30 min on cell viability. Data points
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viability increased significantly to between 105 and 113 %
(Fig. 2b). When 0.15 % TB was added, the increase m cell
viability was still significant for concentrations of 0.025 %
BBG and lower, and survival was 101 % even for the
highest BBG concentration of 0.2 %. An exposure period
of 30 min to BBG in concentrations lower than 0.1 % was
found to have no effect on cell viability. For BBG concen-
trations of less than 0.1 % and an incubation time of 30 min,
addition of 0.15 % TB significantly decreased the viability
when compared to BBG alone.

As it has been discussed in the literature before that
ARPE cells take up Pl when damaged [9], cells exposed
to different concentrations of TB, in the absence or
presence of 0.025 % BBG, were incubated with Pl afler
the exposure to the dyes and their removal through
washing. Representative staining for Pl are found i
Fig. 3. When cells as positive controls had been dam-
aged by exposure to ethanol, staining in the nuclei of the
cells was evident. Following exposure to TB, intense
staining of the whole cell body was found, and the
staining did not co-localize with that of Hoechst 33342,
which was used to detect the nuclei. We therefore con-
clude that PI staining is unsuitable for detecting the
toxicity of TB.

The potential influence of changes in osmolarity on cell
survival has been discussed in publications dealing with
retinal pigment epithelial cells [6-8]. We have therefore
tested the influence of salt concentration on the cell viability
(Fig. 4). Following incubation for 30 min, only solutions
with a total salt concentration of 75 and 300 mM induced a
significant decrease in cell viability, whereas no significant
decrease in viability was determined with any of the con-
centrations between these extremes (112.5, 135, 165,
225 mM). The control was cells incubated with PBS
(150 mM).
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Fig. 3 Staining of cells with PI
and Hoechst 33342 following
exposure to TB 0.15 %. Left:
phase contrast image. Center:
PI staining. Right: staining with
Hoechst 33342

Discussion

The combination of TB and BBG, in combination with
polyethyleneglycol (PEG) to increase the density and vis-
cosity of the solution (labeled as MembraneBlue-Dual™),
has been found to enhance the staining effect of both ERM
and ILM in one step. It facilitated removal of the mem-
branes, as shown in a small retrospective comparative case
study [10] and confirmed in a prospective multicenter study
(Veckeneer, Mohr et al., submitted). The ease of removal
was scored and found to be better for the combination that
for BBG with PEG alone (labeled as ILM-Blue™).

The concentrations of TB and BBG used in the experi-
ments were adopted from the concentrations in clinical use
in vitreoretinal procedures or in eye banking (for a review
see [11]). In the concentration range tested, TB had a much
more pronounced toxic effect than BBG. On the basis of the
results presented here, higher concentrations of the two dyes
would only moderately increase the toxic effect on cells, and
especially the toxic effect of TB is greatly reduced by BBG.

None of the toxic effects found can be caused by varying
osmolarity of the different preparations; this cause has been
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Fig. 4 Effect of concentration of PBS buffer on cell viability. Con-
centration is expressed for NaCl, with 150 mM comresponding to
physiological conditions. Phosphate concentration at this NaCl con-
centration is 10 mM, and correspondingly lower or higher for lower or
higher salt concentrations

110

implied by a number of authors [6-8]. We found that even
drastic changes in osmolarity did not lead to relevant toxic
effects within the first 30 min of exposure. This is in line
with the results of Jackson et al. [8]. Previously, short-term
exposure to hypoosmolar solutions containing indocyanine
green solutions has been attributed to hypoosmolarity [7].
Recent work by Costa et al. investigated the effect of glucose
and mannose in hypo- and hyperosmolar solutions on RPE
cells [12]. The authors found that glucose exhibited a consid-
erable toxic effect at all concentrations tested, whereas the
same concentrations of mannitol did not affect cell viability. It
is known from the literature that toxicity of benzalkonium
chloride on conjunctival epithelial cells is potentiated by
hyperosmolarity [13]. Such influences might be of importance
also for the toxicity of dyes used in ocular surgery.

Mannitol at physiological osmolarity increased cell sur-
vival to the same extent as seen here with BBG [12].

The toxicity of TB reaches a plateau of around 40 % cell
survival at concentrations of 0.25 % and higher. Toxic
effects not leading to complete reduction of cell function
have been found by other authors [14]. They explained this
by cells being in different stages of the cell cycle. We did not
use synchronized cell cultures for our experiments, and thus
we cannot exclude this as an explanation of the concentra-
tion dependence of the toxicity of TB.

BBG had a pronounced protective effect in our experi-
ments, while at the same time being non-toxic in the con-
centration used. This was at first glance unexpected. It is,
however, known from literature (e.g. [15]) that BBG acts as
an antagonist on the P2X7 cell death purinergic receptor.
The receptor is physiologically activated by extracellular
ATP and leads to uptake of dyes and eventually apoptotic
cell death [16].

The activation of the P2X7 receptor has been found to
open channels large enough for fluorescent dyes such as PI
to penetrate [16]. With TB, we did, however, find that the
cell body, and not only the nucleus, is stained strongly.
Therefore, we cannot conclude whether the protective effect
of BBG is through its influence on the P2X7 receptor.
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BBG has been found to have a protective effect not only
in cell culture, but also in organs ex vivo and in vivo [17].
We therefore suggest that BBG might be used as an additive
for other diagnostic and surgical short-term procedures
whenever agents are limited in their dosage due to their
inherent cellular toxicity.
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Abstract

The irritative effects of preservatives found in ophthalmic solutions, or of antiseptics used for
skin disinfection is a consistent problem for the patients. The reduction of the toxic effects of
these compounds is desired. Brilliant Blue G (BBG) has shown to meet the expected effect in
presence of benzalkonium chloride (BAK), a well known preservative in ophthalmic solutions,
and octenidine dihydrochloride (Oct), used as an antiseptic in skin and wound disinfection. BBG
shows a significant protective effect on human corneal epithelial (HCE) cells against BAK and
Oct toxicity, increasing the cell survival up to 51% at the highest BAK or Oct concentration
tested, which is 0.01%, both at 30 min incubation. Although BBG is described as a P2x7 receptor
antagonist, other selective P2x7 receptor antagonists, OXATP (adenosine 5’-triphosphate-2’,3’-
dialdehyde) and DPPH (N’-(3,5-dichloropyridin-4-yl)-3-phenylpropanehydrazide), did not
reduce the cytotoxicity of neither BAK nor Oct. Therefore we assume that the protective effect
of BBG is not due to its action on the P2x7 receptor. Brilliant Blue R (BBR), a dye similar to
BBG, was also tested for its protective effect on BAK and Oct toxicity. In the presence of BAK
no significant protective effect was observed. Instead, with Oct a comparable protective effect
was seen with that of BBG. To ensure that the bacteriostatic effect was not affected by the
combinations of BAK/BBG, Oct/BBG and Oct/BBR, bacterial growth inhibition was analyzed
on different Gram-negative and Gram-positive bacteria. All combinations of BAK or Oct with
BBG hinder growth of Gram-positive bacteria. The combinations of 0.001% Oct and BBR above
0.025% do not hinder the growth of B. subtilis. For Gram-negative bacteria, BBG and BBR
reduce, but do not abolish, the antimicrobial effect of BAK nor of Oct. In conclusion, the
addition of BBG at bacterial inhibitory concentrations is suggested in the ready-to-use

ophthalmic preparations and antiseptic solutions.
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Introduction

Brilliant Blue G (BBG) is widely used as a dye for proteins in gel electrophoresis. Its power to
stain proteins has led to its application in vitreoretinal surgery for the staining of the internal
limiting membrane (ILM), as it showed no toxic effects at the clinically suggested concentration,
0.025%, while showing good staining ability (Enaida et al. 2006). Later, BBG was found to be a
great asset also in the treatment of the spinal cord injury, because it reduced the local
inflammatory responses, showed protective effects towards the spinal cord neurons and
improved the motor recovery (Marcillo et al. 2012; Peng et al. 2009). The authors paired the
physiological function of BBG with its activity as a P2x7 receptor antagonist as the spinal cord
neurons express this receptor abundantly at their surface. In previous studies, we showed that
BBG protects ARPE retinal pigment epithelium cells against the toxicity of trypan blue (TB),
which is another widely used dye for the staining of the ILM in eye surgery (Awad et al. 2013).
This observation was unexpected, and no clear mechanism was proposed. Also, it was not known
whether the protective effect of BBG was limited to TB, or whether it was more universal.
Brilliant Blue R (BBR) is a dye very similar to BBG, which differs only by the absence of two
methyl groups. BBR, in contrast to BBG, has never been used medically. In the literature, BBR
is used only as a sensitive protein stain in polyacrylamide gel electrophoresis (Servaites et al.
2012). In this study we have tested the cytotoxicity of benzalkonium chloride (BAK) and
octenidine (Oct) in combination with BBG or BBR in order to see whether there is any
significant reduction in the toxicity of the compounds on human corneal epithelial cells (HCE).
BAK is a widely used preservative in ophthalmic drops, even though it is known to have
cytotoxic effects and easily causes inflammation on the eye surface (Ammar and Kahook 2011;
Dutot et al. 2006; Liang et al. 2012; Paimela et al. 2012). Oct is an antiseptic agent for skin,
mucous membranes and wounds, and is used in many preparations as a replacement for other
antiseptics, because it shows a significantly higher efficiency already at very low concentrations
(Hiibner et al. 2010; Koburger et al. 2010). At the clinically and industrially used concentrations,

both compounds show high cytotoxicity against mammalian cells. After only 5 minutes
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incubation with HCE cells, less than 20% of the cells were found to be metabolically active.
Interestingly, we found a high protective effect of BBG against the cytotoxic action of BAK and

Oct, without an excessive reduction of the bacteriostatic effect.

Materials and Methods

Materials

Dulbecco’s Modified Eagles Medium with Ham’s F12 (DMEM + F12), BAK, BBG, BBR and
OxATP (adenosine 5’-triphosphate-2’,3’-dialdehyde) were purchased from Sigma-Aldrich
(Schnelldorf, Germany). Oct was provided by Schiilke & Mayr GmbH (Norderstedt, Germany).
HCE cells were from Riken Bioresource Center (Tsukuba, Japan). WST-1 cell proliferation
reagent was from Roche Diagnostics (Mannheim, Germany). Fetal bovine serum (FBS) and
penicillin/streptomycin (Pen/Strep) were from Biochrom (Germany). Human epithelial growth
factor (hEGF), insulin, amphotericin B, and L-glutamine were from Sigma-Aldrich (Steinheim,
Germany), TrypLE Express was from Gibco (USA). DPPH (N’-(3,5-dichloropyridin-4-yl)-3-
phenylpropanehydrazide) was synthesized as described by Lee et al. (Lee et al. 2012). The
medium MHB (Mueller-Hinton Bouillon) was from Carl Roth (Germany).

Test solutions

BBG was used between 0.0025 and 0.075%, in combination with either BAK between 0.001 and
0.01%, or Oct between 0.002 and 0.01%. BBR was tested between 0.0025 and 0.05% in the
presence of BAK at 0.004% and Oct at 0.003%. As negative control PBS was used. Each of
these concentrations were also tested alone on HCE cells as well as on the below mentioned

bacterial strains.

Cell culture and cell viability assay

HCE cells were cultivated in DMEM + F12 media, supplemented with 15% FBS, 1% Pen/Strep,
25 pg/ml amphotericin B, 5 pg/ml insulin, 10 ng/ml hEGF and 2 mM L-glutamine, at 37°C and
5% CO,. The cells were passaged by trypsinization with TrypLE Express and seeded at a density
of 20,000 cells/well in a 96-well, flat bottom plate and grown for 48 h prior to experiment. After
the cells reached confluence, they were incubated with 50 ul/well of different test solutions for 5,

30 and 60 min at 37°C and then washed 3 times with PBS (w/o Ca®* and Mg”*). One hundred pl
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of diluted WST-1 cell proliferation reagent (diluted 1:4 in PBS, then 1:10 in cell culture medium)
was added to each well and incubated with the cells at 37°C for 4 h. The WST-1 reagent, which
is a tetrazolium salt, is reduced to a red formazan dye by the mitochondrial dehydrogenases of
metabolically active cells. We checked previously that the readings for this dye are not
influenced by any remaining BBG (Awad et al. 2013). The amount of formazan dye formed was
taken as a measure of cell survival. The absorbance of the plate was measured in an MR5000
plate reader (Dynatech) at 450 nm. All test solutions were tested in three independent

experiments, with 6 to 12 measurements for each experiment.

Determination of inhibitory concentrations for bacterial cells

The Gram-positive bacteria Bacillus subtilis, Clavibacter michiganensis and Paenibacillus sp. as
well as the Gram-negative bacteria Escherichia coli DHS5a, Pseudomonas putida DSM 291 and
Vibrio sp. Gall2 were used in the assay. The antimicrobial activities of the compound mixtures
were assayed in micro-titer plates. For this, 100 ul of MHB were aliquoted into each well of the
micro-titer plate, followed by 20 pl of a mixture of antimicrobial compounds and 100 ul of the
bacterial suspension (approximately 2- 10° cells/ml). Deionized water was used as negative
control. All micro-titer plates were incubated overnight at 28 °C, except for E. coli plates, which
were incubated at 37 °C. Following overnight incubation, the plates were examined for visible
bacterial growth evidenced by the turbidity. Where no turbidity was seen, we assumed that there
was no bacterial growth. For each compound, the assay was performed in triplicate in three

independent experiments and in accordance with Jorgensen and Turnidge (2007).

Results

To investigate the influence of the time and the concentrations of BBG, BAK and Oct on the
HCE cell viability, as well as their impact on the bacterial growth inhibition, the cells were
exposed to different concentrations of these compounds. Our results showed that BAK was
highly toxic for HCE cells. Already in concentrations of 0.001% and 5 min incubation, 30% cell
loss was observed. For longer exposure, as would be used in wound treatment, concentrations of
0.002% reduced the cell survival to 20% or less. The inclusion of BBG, in the concentration of
0.025% used clinically for staining procedures, reduced the toxicity of BAK considerably (Fig.
1). This protective effect of BBG led to an increase of cell survival, with 50% at 5 min, 35% at
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30 min and 27% at 60 min incubation at a concentration of BAK 0.01%, the highest

concentration tested in this study.

120 120
. —e— BAK alone . —e— BAK alone
100 ¢ SmMin |, 5Ak.0025%BBG 100 & 30min | . 5ak.0025% BBG
S 80 < g0
@ 60 P 60 |
o ©
S 40 9 40
2 R
20 7 20 4
0 : : : : : 0 : : : : :
0.000 0002 0004 0006 0.008 0010 0.012 0.000 0002 0004 0006 0.008 0.010 0.012
Concentration of BAK [%] Concentration of BAK [%]
120
. —e— BAK alone
100 60 min | gak.0.025% BBG

% Cell survival

20 1

0

80 1

60 1

40 1

0.000 0.002 0.004 0.006 0.008 0.010 0.012

Concentration of BAK [%]

Fig. 1 Survival of HCE cells after exposure for 5, 30 and 60 minutes to different concentrations
of BAK in PBS (“BAK alone”) and in combination with 0.025% BBG. The error bars represent
the standard deviations of 6 to 12 replicates performed within the same experiment.

The cell survival after exposure to BAK in the presence of different BBG concentrations is

shown in Fig. 2. Even at low BBG concentrations, the compound showed significant increase of

the cell survival: at 0.007% BBG, 67% of the cells survived exposure to 0.004% BAK, and 48%

survived when exposed to 0.006% BAK. Without BBG, cell survival at these concentrations of

BAK was around 15% (Fig. 1). At higher BAK concentrations, higher BBG concentrations have

to be chosen; for example at 0.01% BAK with 0.015% BBG the cell survival increased to 37%

and with 0.030% BBG to 46%, at 30 min incubation, whereas in the absence of BBG, cell

survival of only a few percent was seen.
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Fig. 2 Cell survival of HCE cells after exposure for 30 minutes to combinations of BAK and
BBG in different concentrations.

Oct is an antiseptic agent which, in comparison with BAK, had a higher bacteriostatic effect, but
at the same time was more toxic to the cells, as shown in Fig. 3a. BBG protected the cells against
Oct toxicity even more than against BAK toxicity. After 5 min incubation with 0.009% Oct and
0.025% BBG, the cell survival increased to 95%, and after 30 min incubation, to 85%, while in
the absence of BBG, Oct led to almost complete cell death. In order to find the most protective
combination of Oct and BBG, different concentrations of BBG and Oct were tested in mixture
for 30 min incubation (Fig. 3b). For 0.003% Oct, even 0.007% BBG abolished the toxicity of the
antiseptic. For 0.007% Oct, a higher concentration of BBG, namely 0.025%, had to be applied, in
order to achieve the same effect. At 0.01% Oct concentration, the minimal concentration of BBG

needed was 0.025%, and the cell survival increased to 95%.
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Fig. 3 Cell survival of HCE cells after exposure for 5 and 30 min to different concentrations of
Oct with and without 0.025% BBG (a) and after exposure for 30 min to different combinations
of BBG and Oct (b). The error bars represent the standard deviations of 6 to 12 replicates
performed within the same experiment.

BBR is a dye which differs from BBG only by the absence of two methyl groups. This difference
changed the protective activity of BBR against BAK significantly, but only slightly against Oct.
At 0.004% of BAK there was no considerable cell survival in the presence of BBR at 0.025% or
higher, while with BBG, the cell survival increased up to 74% (Fig. 4 a). The highest protective
effect of BBR was obtained at 0.0075%, where the HCE cell survival increased to 52%. This was
considerably less than the protective effect of BBG at the same concentration, which was 83%.
At 0.003% of Oct BBR showed comparable protective effect with that of BBG (Fig. 4 b). The
highest cell survivals at this Oct concentration was found at 0.015% and 0.025% BBR
concentrations, which were 102% and 90%, respectively. In comparison, with BBG at the same
concentrations the cell survival was 115% and 100%, respectively. Above 0.05% of BBR or

BBG, in the presence of Oct, the HCE cells showed a considerable decrease in cell survival.
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Fig. 4 Cell survival of HCE cells after exposure for 30 min to BBR or BBG, in the presence of
0.004% BAK (a) or 0.003% Oct (b). The error bars represent the standard deviations of 6 to 12
replicates performed within the same experiment.

To determine if the protective effect of BBG on antiseptics was due to its P2x7 receptor
antagonist activity, other reported selective P2x7 receptor antagonists were tested in this study.
One of them was OxATP. It is known as an irreversible P2x7 receptor antagonist, which blocks
human P2x7 receptors at 10 uM concentration (Hibell et al. 2001; Wang et al. 2004). The other
antagonist was DPPH, recently synthesized by Lee et al. (2012), which has an ICsy of 0.65 pM
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with the ethidium bromide uptake assay. Neither OxATP, used between 2 pM and 2mM
(preincubated for 30 min with HCE cells prior to exposure to BAK), nor DPPH, used between
0.1 uM and 10 pM, showed any protective effect against BAK toxicity, when BAK was present
between 0.001 and 0.01%. Oct was tested between 0.003% and 0.01% only in the presence of

DPPH and no protective effect of the P2x7 receptor antagonist was found (data not shown).

Bacteriostatic effect of Oct and BAK in the presence of BBG and BBR

Mixtures of BAK or Oct with BBG and BAK or Oct with BBR were used to determine the
susceptibility of diverse bacterial strains towards the compound combinations. The BAK and Oct
at concentrations between 0.002% and 0.01% inhibited the growth of all tested Gram-positive
bacterial strains, even when mixed with the highest applied BBG concentration. In general,
Gram-positive bacteria were more susceptible towards the compounds than Gram-negative
bacteria. The inhibitory concentrations for Gram-negative bacterial growth were summarized in
Fig. 5 and Fig. 6. All tested Gram-negative bacteria showed similar responses towards Oct and
BAK when the same concentration of BBG was used. These results suggested that the growth of
different bacterial organisms were efficiently inhibited by the use of 0.015 % BBG with 0.009 %
BAK or 0.007 % Oct, as well as by the use of 0.007 % BBG with 0.005 % BAK or 0.003% Oct.
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Fig. 5 Concentrations of BAK and Oct required to inhibit Gram-negative bacterial growth, when
BBG is present. At combinations within the shaded area bacterial growth is observed;
combinations above the shaded areas prevent bacterial growth.

BBR was assayed in combination with Oct on the Gram-negative and Gram-positive bacterial
strains used before, to test whether BBR has the same bacterial inhibitory effect as BBG. The
results showed that the bacterial growth of the Gram-positive bacterium, B. subtilis was not
inhibited in presence of high BBR concentrations, i.e. 0.025% or 0.030% combined with 0.001%
Oct. For the Gram-negative bacteria, increasing Oct concentrations were required with
increasing BBR concentrations, similar to BBG (see Fig. 6). The results showed that the growth
of all tested bacterial strains were inhibited by the use of 0.007% BBR with 0.005% of Oct,
0.012% BBR with 0.007% Oct and 0.020% BBR with 0.009% Oct. Combinations between BBR
and BAK have not been investigated, because no significant protective activity of BBR on

human cell lines was seen in presence of BAK.
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Fig. 6 Concentrations of BAK and Oct required to inhibit Gram-negative bacterial growth, when
BBR is present. At combinations within the shaded area bacterial growth is observed;
combinations above the shaded areas prevent bacterial growth.

The concentrations of BAK used in this study are in the range of concentrations used in
commercially available eye drops, 0.004-0.02% (Liang et al. 2012), where 0.025% BBG exerted
a significant cell viability increase on HCE cells. To achieve bacterial growth inhibition, as well
as a significant increase of the cell viability, higher concentrations of BBG required higher BAK
concentrations. The best combinations of these two compounds were 0.015% BBG for BAK
between 0.008% and 0.01%, and 0.007% BBG for BAK between 0.004% and 0.006%. The HCE
cell viability increased between 40-60% in the first set of combinations of BBG and BAK, and
with 50-80% in the second set.

Oct was used in this study between 0.002% and 0.01%, because according to Hiibner et al.
(2010) 22.5 mg/l of OPE (Oct with phenoxyethanol) was sufficient to reduce with 3log;o the
bacterial growth after 30 min incubation. At these concentrations of Oct, 0.025% BBG increased
the HCE cell survival by up to 100% at 30 min incubation. Also, BBR at the same concentration
and incubation time increased the HCE cell survival up to 90%, when 0.003% Oct was present.
To reduce the toxicity of the antiseptic agent, without affecting the bacterial inhibitory effect, we
suggest the following combinations: 0.025% of BBG with 0.01% Oct; 0.015% BBG with
0.007% Oct; and 0.007% BBG with 0.003% Oct. With these combinations, the HCE cell

survival increased by 35-115%.

Discussion

The inflammatory responses of the eyes or skin due to repeated contact with the preservatives
and antiseptics used in different eye drops, wound disinfectants or cosmetical products, are
unwanted side effects, which occur in many patients using these products on a daily basis. The
reason for these inflammatory effects is the high toxicity of the compounds on the target cells.
Therefore, reducing the toxicity of antiseptics and preservatives on human tissues, while
maintaining their bacteriostatic effect, is desired. Ways to reduce these inflammatory effects, by
combination of bacteriostatic agents with protective agents, were not yet investigated.

We found that the protective effect of BBG against BAK and Oct toxicity on human eye cells is
remarkable. However, there are only limited numbers of possible combinations between different

concentrations of BBG and BAK or Oct, at which the bacterial growth is inhibited. Very high
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concentrations of BBG, 0.03% or higher, in the presence of either of the two antiseptics at the
tested concentrations, no longer inhibits the bacterial growth of Gram-negative bacteria. BBR
showed protective effects only against Oct toxicity, however this effect is slightly lower than that
caused by BBG.

The microbiology experiments showed that the mixtures of BAK with BBG, Oct with BBG and
Oct with BBR had stronger inhibitory effects on Gram-positive than on Gram-negative bacterial
cells. Since the cell wall composition in both groups of bacteria differs remarkably (Silhavy et al.
2010), the hydrophobic outer membrane of Gram-negative bacteria might prevent the
compounds from efficiently entering the cells. However, hydrophilic features of the compounds
might aid the entrance of the antimicrobials into Gram-positive cells thus making them more
susceptible. Previously McDonnell and Russell (1999) and Fazlara and Ekhtelat (2012) reported
that BAK is more effective on Gram-positive bacterial organisms. They also mentioned that the
mechanism of action of BAK, as a cationic quaternary ammonium compound, is based on the
interaction of the negatively charged bacterial surface with the positively charged headgroup of
BAK. After binding to the bacterial surface, BAK will enter the cell wall and cause its disruption
and leakage of the cytoplasmic material to the outside. The mechanism of action of Oct has not
been described yet, but we assume that it is similar to BAK, as both compounds have an
amphiphilic structure, though Oct is a more complex molecule, with two cationic centers and
long hydrophobic chains at both ends of the molecule. Oct and BAK have previously been
successfully tested as antimicrobial compounds (Hiibner et al. 2010; Sedlock and Bailey 1985).
In comparison with BAK, Oct showed a higher efficiency against Gram-negative bacteria.

We have demonstrated here that BBG reduces the antibacterial effect of Oct and BAK for Gram-
negative bacteria. Nevertheless, the use of certain concentration combinations of the compounds,
presented in Fig. 5, will efficiently inhibit the growth of bacteria in eye drops, skin, mucous
membranes and wound disinfectants, while protecting the epithelial cells against the cytotoxic
action of the disinfectants. BBR reduces the growth of gram-negative bacteria less efficiently
than BBG at any of the tested concentrations, when mixed with Oct.

Recently, Miiller and Kramer (2008) defined the biocompatibility index (BI) of antiseptic
compounds. They measured the ICsy value of the antiseptics on fibroblast cells and divided this
value by the concentration at which 99.9% of the Gram-positive and Gram-negative bacteria are

killed. A BI bigger than 1 means that an antiseptic compound is more toxic to bacterial
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organisms in comparison to mammalian cells. In order to quantify, in our case, the effectiveness
of the different concentration combinations of BBG and Oct or BAK in antiseptic treatments, a
similar BI of the two antiseptic compounds in the presence of BBG will be defined as the next
step of this study.

Previously Dutot et al. (2006) reported that BAK induces apoptosis in corneal and conjunctival
cell lines through the activation of the P2x7 receptor. The activation of this receptor leads to pore
formation and influx of Ca®" and other extracellular molecules into the cell, but also to the
escape of intracellular small metabolites (Chung et al. 2000; Dutot et al. 2006; Wang et al. 2004).
The exact mechanism of the protective activity of BBG and BBR is not yet known. We assume,
however, that it does not involve the P2x7 receptor, because other selective P2x7 receptor
antagonists, OXATP and DPPH, did not show any protection against the cytotoxic effect of these
antiseptics. Recently Jo and Bean (2011) showed that BBG at micromolar concentrations also
causes inhibition of neuronal voltage gated sodium channels in neuroblastoma cells. The binding
constants to these channels are far higher than those of the classic sodium channel blockers used
in medical treatments of traumatic brain injury (Pitkanen et al. 2014). Further investigations are
needed to elucidate on which target BBG and BBR acts when inhibiting the toxicity of BAK or
Oct on HCE cells. To date, BBR has been less studied than BBG. This dye frequently occurs in
the literature as a stain for the detection of proteins in polyacrylamide gel electrophoresis. No
protective effect of the dye on human cells has been described yet, nor any activity on any
cellular receptors.

The chemical interaction between negatively charged dye molecules and antiseptics, which have
one (BAK) or two (Oct) positive charges, could be one reason, why BBG and BBR reduces the
toxicity of Oct or BAK on HCE cells. This idea is supported also by our data, where certain
mixtures between the dyes and the antiseptics reduce the bacteriostatic effect of the antiseptics
on Gram-negative bacteria. This interaction could result in a compound that is no longer toxic to
either the mammalian cells or to the Gram-negative bacteria. Interestingly, the bacteriostatic
effect of the dye-preservative mixtures on Gram-positive bacteria is not affected by these
interactions. In the literature it is mentioned that BBR, during the protein staining procedure,
binds reversibly and particularly to positively charged parts of proteins (Tal et al. 1985), with a
slightly different molecular mechanism than BBG (Lee et al. 2001). Casero et al. (1997)

described studies of the interaction of the negatively charged BBG with several types of cationic
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surfactants and the formation of dye-detergent premicellar aggregates at surfactant
concentrations far below their critical micelle concentration. Ma et al. (2014) showed that BAK
is able to interact with other negatively charged dye molecules, eosin Y and eosin B and form
stable dye-surfactant aggregates. Additionally, Siitterlin et al. (2008) presented studies which
showed that other negatively charged molecules, such as linear alkylbenzene sulfonate,
naphthalene sulfonic acid, benzene sulfonic acid or SDS, can considerably modify the
bacteriostatic effect of BAK on two Gram-negative bacterial strains, P. putida and V. fischeri.

Several preparations with BAK or Oct as an antiseptic are already commercially available. The
combinations between Oct and BBG or BBR, or BAK and BBG, proposed by us in this study,
will help in marking the disinfected area and in protecting the skin from possible irritations or
inflammations caused by the antiseptics. The protective effect of BBG and BBR will also allow
to use higher concentrations of the antiseptics in the ready-to-use preparations. The daily use of
BBG-based solutions on the skin or in the eyes will have the side effect of staining the area of
application surface blue. However, according to Peng et al. (2009) and our own experience, the
staining disappears rapidly, and is gone about a week after the treatment. With BBR no such
effect has been described yet in the literature, but we assume that it has a similar staining effect

to BBG, because BBR is widely used as a high-sensitivity protein stain.

Acknowledgements
The research was partially funded by the Dr. Helmut und Margarete Meyer-Schwarting Stiftung.
We are also grateful for the octenidine dihydrochloride gift from Schiilke and Mayr GmbH.

Declarations

The authors declare that they have no conflict of interest.

References

Ammar DA, Kahook MY (2011) Effects of benzalkonium chloride- or polyquad-preserved fixed
combination glaucoma medications on human trabecular meshwork cells. Mol Vis
17:1806-13

Awad D, Schrader I, Bartok M, Sudumbrekar N, Mohr A, Gabel D (2013) Brilliant Blue G as
protective agent against trypan blue toxicity in human retinal pigment epithelial cells in
vitro. Graefes Arch Clin Exp Ophthalmol 251(7):1735-40 doi:10.1007/s00417-013-2342-
3

124



Casero 1, Sicilia D, Rubio S, Perez-Bendito D (1997) Study of the formation of dye-induced
premicellar aggregates and its application to the determination of quaternary ammonium
surfactants. Talanta 45(1):167-80

Chung HS, Park KS, Cha SK, Kong ID, Lee JW (2000) ATP-induced [Ca(2+)](i) changes and
depolarization in GH3 cells. Br J Pharmacol 130(8):1843-52 doi:10.1038/sj.bjp.0703253

Dutot M, Pouzaud F, Larosche I, Brignole-Baudouin F, Warnet JM, Rat P (2006)
Fluoroquinolone eye drop-induced cytotoxicity: role of preservative in P2X7 cell death
receptor activation and apoptosis. Invest Ophthalmol Vis Sci 47(7):2812-9
doi:10.1167/i0vs.06-0224

Enaida H, Hisatomi T, Hata Y, et al. (2006) Brilliant blue G selectively stains the internal
limiting membrane/brilliant blue G-assisted membrane peeling. Retina 26(6):631-6
doi:10.1097/01.12e.0000236469.71443.aa

Fazlara A, Ekhtelat M (2012) The disinfectant effects of benzalkonium chloride on some
important foodborne pathogens. Am Eurasian J Agric Environ Sci 12(1):23-29

Hibell AD, Thompson KM, Xing M, Humphrey PP, Michel AD (2001) Complexities of
measuring antagonist potency at P2X(7) receptor orthologs. J Pharmacol Exp Ther
296(3):947-57

Hiibner N-O, Siebert J, Kramer A (2010) Octenidine dihydrochloride, a modern antiseptic for
skin, mucous membranes and wounds. Skin Pharmacol Phys 23(5):244-258
doi:10.1159/000314699

Jo S, Bean BP (2011) Inhibition of neuronal voltage-gated sodium channels by brilliant blue G.
Mol Pharmacol 80(2):247-57 doi:10.1124/mol.110.070276

Jorgensen J, Turnidge J (2007) Manual of Clinical Microbiology. In: Murray P, Baron E,
Jorgensen J, Landry M, Pfaller M (eds) Antibacterial susceptibility tests: dilution and disc
diffusion methods. 9th edn. ACM Press, Washington DC, p 1152-1172

Koburger T, Hiibner N-O, Braun M, Siebert J, Kramer A (2010) Standardized comparison of
antiseptic efficacy of triclosan, PVP—iodine, octenidine dihydrochloride, polyhexanide
and chlorhexidine digluconate. J Antimicrob Chemother 65(8):1712-1719
doi:10.1093/jac/dkq212

Lee D, Lee EK, Lee JH, Chang CS, Paik SR (2001) Self-oligomerization and protein aggregation
of alpha-synuclein in the presence of Coomassie Brilliant Blue. Eur J Biochem
268(2):295-301 doi:10.1046/1.1432-1033.2001.01877.x

Lee WG, Lee SD, Cho JH, et al. (2012) Structure-activity relationships and optimization of 3,5-
dichloropyridine derivatives as novel P2X(7) receptor antagonists. ] Med Chem
55(8):3687-98 do0i:10.1021/jm2012326

Liang H, Brignole-Baudouin F, Riancho L, Baudouin C (2012) Reduced in vivo ocular surface
toxicity with polyquad-preserved travoprost versus benzalkonium-preserved travoprost or
latanoprost ophthalmic solutions. Ophthalmic Res 48(2):89-101 doi:10.1159/000335984

Ma W, Ma X, Sha O, Liu Y (2014) Two Spectrophotometric Methods for the Assay of
Benzalkonium Chloride in Bandage Samples. J Surfactants Deterg 17(1):177-181
doi:10.1007/s11743-013-1446-4

Marcillo A, Frydel B, Bramlett HM, Dietrich WD (2012) A reassessment of P2X7 receptor
inhibition as a neuroprotective strategy in rat models of contusion injury. Exp Neurol
233(2):687-92 doi:10.1016/j.expneurol.2011.06.008

McDonnell G, Russell AD (1999) Antiseptics and disinfectants: activity, action, and resistance.
Clin Microbiol Rev 12(1):147-179

125



Miiller G, Kramer A (2008) Biocompatibility index of antiseptic agents by parallel assessment of
antimicrobial activity and cellular cytotoxicity. J Antimicrob Chemother 61(6):1281-7
doi:10.1093/jac/dkn125

Paimela T, Ryhanen T, Kauppinen A, Marttila L, Salminen A, Kaarniranta K (2012) The
preservative polyquaternium-1 increases cytoxicity and NF-kappaB linked inflammation
in human corneal epithelial cells. Mol Vis 18:1189-96

Peng W, Cotrina ML, Han X, et al. (2009) Systemic administration of an antagonist of the ATP-
sensitive receptor P2X7 improves recovery after spinal cord injury. Proc Natl Acad Sci
106(30):12489-12493 doi:10.1073/pnas.0902531106

Pitkanen A, Immonen R, Ndode-Ekane X, Grohn O, Stohr T, Nissinen J (2014) Effect of
lacosamide on structural damage and functional recovery after traumatic brain injury in
rats. Epilepsy Res 108(4):653-65 doi:10.1016/j.eplepsyres.2014.02.001

Sedlock DM, Bailey DM (1985) Microbicidal activity of octenidine hydrochloride, a new
alkanediylbis [pyridine] germicidal agent. Antimicrob Agents and Chemother 28(6):786-
790 doi: 10.1128/AAC.28.6.786

Servaites JC, Faeth JL, Sidhu SS (2012) A dye binding method for measurement of total protein
in microalgae. Anal Biochem 421(1):75-80 doi:10.1016/j.ab.2011.10.047

Silhavy TJ, Kahne D, Walker S (2010) The bacterial cell envelope. Cold Spring Harb Perspect
Biol 2(5):a000414 doi:10.1101/cshperspect.a0004 14

Siitterlin H, Alexy R, Kiimmerer K (2008) The toxicity of the quaternary ammonium compound
benzalkonium chloride alone and in mixtures with other anionic compounds to bacteria in
test systems with Vibrio fischeri and Pseudomonas putida. Ecotoxicol Environ Saf
71(2):498-505 doi:10.1016/j.ecoenv.2007.12.015

Tal M, Silberstein A, Nusser E (1985) Why does Coomassie Brilliant Blue R interact differently
with different proteins? A partial answer. J Biol Chem 260(18):9976-80

Wang X, Arcuino G, Takano T, et al. (2004) P2X7 receptor inhibition improves recovery after
spinal cord injury. Nat Med 10(8):821-7 doi:10.1038/nm1082

126



Appendix VI

WILEY-VCH

Halogenated dodecaborate clusters as agents to trigger release

of liposomal contents

Doaa Awad *"¢, Melinda Bartok ¢, Farzin Mostaghimi °, Imke Schrader ®, Neeti Sudumbrekar °, Tanja
Schaffran ®, Carsten Jenne ¢, Jonny Eriksson ¢, Mathias Winterhalter ¢, Jirgen Fritz ¢, Katarina

Edwards ©, Detlef Gabel

Abstract: Halogenated dodecaborates, and especially
dodecaiodododecaborate(2-), were found to trigger effectively the
release of the contents of phospholipid liposomes, including
liposomes containing distearoylphosphatidylcholine and cholesterol
used clinically for cancer therapy. The basis of the release was
studied with differential scanning calorimetry, cryo-transmission
electron microscopy, and atomic force microscopy. When given at
high concentration drastic morphological changes were induced by
the dodecaborates. Use in triggered release is suggested.

Introduction

Liposomes are being used as carriers for a number of drugs,
especially anti-cancer agents . They accumulate in tumor
tissue through the EPR effect (enhanced permeation and
retention) through a leaky vasculature and the lack of lymphatic
drainage in the tumor &, Encapsulation of drugs in liposomes
leads to reduced toxicity and to longer circulation times. To be
effective, the drugs need in most cases to be released frem the
liposomes. A variety of strategies for triggering the release of the
liposomal contents has been tried. Such strategies would allow
to wait for the optimal distribution of liposomes before their
contents is released. With this, the therapeutic effect might be
maximized and side effects due to uncontrolled release of the
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drug might be minimized. While some strategies rely on the
specific environment of the tumor tissue, such as a lower pH
value ¥, others focus on the action of external agents such as
ultrasound ¥ or lecal hyperthermia . For the latter modalities,
the target site must be known in order to direct the external
trigger for release. With the boron clusters presented here, the
triggering agent can be administered systemically. The release
of the drug is induced by the cluster compounds and will occur
at the location where liposomes have accumulated.
Dodecaborate clusters are stable, ionic structures with
dimensions similar to that of a phenyl ring. The parent cluster
BiaHq® is of icosahedral shape and carries twe negative
charges. One or more of the hydrogen atoms can be replaced
with functional groups, leading to the possibility for attaching
them to organic structures ®. When administered to patients for
the intention of boron neutron capture therapy, the mono-
sulfhydryl cluster mercaptoundecahydrododecaborate,
BisH11SH®, (BSH) is found on the tumor cell membrane and
moreover the compound is also capable of entering the cell
nucleus 7.
We have previously investigated changes in liposome shape,
permeability, and temperature-induced phase transition induced
by substituted boron clusters, and found that, when given in
sufficiently high concentrations, all boron clusters investigated
so far changed the morphology of the liposomes. Leakage was
not observed for all clusters, but phase transition temperatures
were affected ). Binding was followed through measurement
of zeta potential * ¥ and, as expected, binding of the clusters
leads to a negative potential, due to the negative charge of the
clusters. On the basis of our previous results, it was suggested
that the clusters capable of inducing liposome leakage could
be used for triggered release of the contents of liposomes. In
such an application, liposomes would first be allowed to
distribute in the body, and accumulate, e.g., in tumor tissue.
After the distribution phase, the injection of a suitable boron
cluster compound could then trigger the release of liposomal
content 3. Due to the small size and the good water solubility
of the boron cluster compounds, they would distribute relatively
freely in the body fluids and be able to reach liposomes in
tumors.
BSH, which belongs to the compounds investigated previously,
is capable of triggering release from
dipalmitoylphosphatidylcholine (DPPC) liposomes, but not from
liposomes consisting of distearoylphosphatidylcholine (DSPC)
and cholesterol (Chol). Doxorubicin (Dox) encapsulated in the
liposomes led to enhanced cell death 3. Dox is well soluble in
water (around 10 mg/mL), but can be precipitated inside
liposomes through active loading . Since DSPC and
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cholesterol are common constituents of liposomes loaded with,
e.g., doxorubicin ™ we searched for boron cluster compounds
with increased effect on liposomes, and therefore turned to
perhalogenated clusters. Similar to BSH these clusters carry two
negative charges, but due to the larger size of halogens in
comparison with hydrogen, the perhalogenated clusters display
a lower charge density. We expected them to interact more
strongly with liposomes, due to reduced interaction with water [''!
and the observed retention on chromatography matrices "%, and
in analogy to the interaction of large and polarizable anions such
as iodide with lipids "%,

Perhalogenation of dodecaborate can be readily achieved
With increasing size of the halogen from F to |, the diameter of
the cluster increases, and a systematic change of interaction
potential can be anticipated. In the present we have studied and
compared the interaction of ByHizZ (BH), Bi:Fix>~ (BF),
B12Cliz>~ (BCI), B12Bri2> (BBr), and Bizli2”~ (BI) with liposomes
of wvarying composition. Our results show that the
perhalogenated clusters interact increasingly strongly with
increasing halogen size. Further, significant binding was
observed already at concentrations where the clusters are non-
toxic to mammalian cells in cell culture. Noteworthy, we found
strong interaction and effective release of liposomal contents
also from liposomes made from DSPC, Chol, and
polyethyleneglycol distearoylphosphatidylethanolamine (DSPE-
PEG).

4]

Results and Discussion

Zeta potential

The binding curves pertinent to the association of the
halogenated clusters to DSPC liposomes (Fig. 1 left) show the
same sigmoidal pattern as those of other clusters to DMPC "
and DPPC ¥, The apparent dissociation constants for DSPC
(derived from the inflexion points of the curves) are 0.13 mM,
0.044 mM, and 0.017 mM for BCI, BBr, and BI, respectively, with
limiting zeta potentials of around -60 mV for high concentrations
of the clusters. For BSH on DMPC liposomes, we had previously
determined a value of 0.23 mM [E"], and for B12H11NR31', between
28 mM for R = H and 0.018 mM for R = hexyl. The value for
B42H11SH on DPPC liposomes is 0.25 mM, and thus not very
different from that for DMPC. The parent cluster BH has an
apparent binding constant of 0.38 mM. For a detailed discussion
about the association constants derived from zeta potential
measurements, see 9.

For DPPC liposomes (Fig. 1 right), the binding curves have a
different appearance for BCl and BBr, and no limiting value for
the zeta potential could be deduced. If one would assume
similar limiting values of the zeta potential as for DSPC, BCI
binds much less strongly than BBr, which in turn binds much
less strongly than Bl. For Bl, an apparent dissociation constant
of 8.7 uM is found, about half of the value observed for DSPC,
while for DPhPC, the value was still lower (4.7 pM).
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Figure 1. Zeta potential of DSPC liposomes (left) and DPPC liposomes (right),
incubated with the clusters overnight in the indicated concentrations, and
measured at 25°C in 10 mM Hepes pH 7.4.

The curves obtained for binding of BCl and BBr to DPPC are
unusual in that they are not sigmoidal. This cannot be due to the
morphological changes induced by the cluster, since, as
reported in the next section, BCl and BBr caused structural
changes of the liposomes that were qualitatively similar to those
induced by BI.

Cryo-TEM and AFM

Halogenated clusters are capable of inducing drastic changes in
the morphology of liposomes, and with Bl, these changes are
apparent already at lipid to cluster molar ratios as low as 10:1
(see Fig. 2 top right). It is evident that many of the liposomes
have opened up and transformed into disk-like structures.
Moreover, the remaining intact liposomes display a smooth
surface (Fig 2 top right), in contrast to the angular appearance
typically observed for phosphatidylcholine liposomes at
temperatures below the main phase transition temperature (Fig.

Figure 2. Cryo-TEM of DPPC liposomes. Top left. 5§ mM DFPC. Top right
Incubation with 0.5 mM Bl for 10 minutes at room temperature. Open
structures and disks are pointed out by arrows with a single arrowhead, closed
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liposomes with triple arrowheads Bottom left: Incubation with 16 mM Bl for 10
minutes at room temperature. Bottom right: 50 mM BI after three cycles of
DSC (maximum temperature 80°C). Scale bar in all pictures 100 nm

At higher concentrations of Bl, large sheets of lamellar material
were frequently detected in the micrographs. In addition, long
needle-shaped structures started to appear (Fig 2 bottom left).
Following incubation with a large molar excess of Bl over the
lipid (10:1), liposomes and lamellar sheets disappeared and the
samples were dominated by needles of different lengths, some
as long as 10 pm, which could be followed across the electron
microscopy grid at low magnification. Noteworthy, Bl has a
solubility well above 50 mM, and in cryoTEM no needle-like
structures were found unless the lipid was present. At 50 mM BI,
the needles formed in the presence of DPPC had a slightly
irregular surface (data not shown). When the sample after DSC
was investigated, smooth needles were found. As there is no
contrast agent used in cryo-TEM, the electron dense
appearance of the needles is most probably caused by iodine.
The limited thickness of the vitrified film formed during the cryo-
TEM sample preparation excludes visualization of large (> 0.5
pm) structures potentially present in the original sample. In order
to reveal any such structures, and to investigate the geometry of
the needle-shaped crystals in more detail, selected samples
were studied by AFM.

AFM images obtained from preparations of DPPC with Bl at high
concentrations show that the needle-like structures are not
cylindrical in shape. Instead, the needles represent flat
structures with heights of several tens of nm (Fig. 3). Defined
islands of bigger height (rising by around 6 nm over the level of
the structure on which they were found) can be discerned. It
should be noted that the structures imaged by AFM are even

DFFC + BCI

WILEY-VCH

more selected than those observed in cryo-TEM, since only
structures adhering strongly to the mica can be analyzed.

Figure 3. AFM image of a sample prepared from 5 mM DPPC and 50 mM BI
adsorbed on a mica surface (left image: scale bar 1 pm, height range between
black and white 150 nm; right image: scale bar 200 nm, height range 150 nm.

Significant changes in morphology were detected also upon
incubation of the liposomes with the halogenated clusters BBr
and BCI. In this case large lamellar sheets and open liposomes
were detected by cryo-TEM at all concentrations investigated
(between 0.05 and 50 mM, with 5 mM DPPC) (results not
shown). Interestingly, in contrast to the case with Bl, no needle-
like structures were observed in any of the samples.

DsC

All clusters tested show a strong influence on thermally induced
transitions in DSC.
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Figure 4. DSC scans of DPPC lippsomes in the presence of the indicated concentrations of the clusters. Note that the scale of the concentration axis is not linear.

For DPPC (Fig. 4), the presence of the clusters leads to a
slightly increased heat demand for the transition at intermediate
and high concentrations. It also leads to increased separation of
the transition temperatures (hysteresis) between the upscans

and the downscans. This effect is especially pronounced for BBr,
but present for all clusters at higher concentrations. For Bl, a
concentration of 50 mM leads to broadened transitions.
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Figure 5. DSC scans of DSPC liposomes in the presence of the indicated concentrations of the clusters. Mote that the scale of the concentration axis is not linear.

The heat capacity scale of this Figure is different from that of Fig. 4.

When added to DSPC liposomes, all clusters have an effect
different from that noted with DPPC liposomes (Fig. 5). At low
concentrations (0.5 mM, with a lipid concentration of 5 mM),
there is a drastic increase in the amount of heat required for the
phase transition (553 kJ mol™ for BCl at 0.5 mM as compared to
46 kJ mol™ for the DSPC liposomes in the absence of clusters
") While this large heat demand is maintained for higher
concentrations of BCI, it is reduced to very low values for BBr at
concentrations above 2 mM, and at 50 mM BBr, no phase
transition can be observed. For Bl, the decrease of the heat
demand sets in already beyond 0.5 mM, in contrast to DPPC.
For DSPC and BCI, the first upscans at 0.5 and 2 mM cluster
concentration show a trace with two maxima, which disappear in
the second and subsequent upscans. For BBr and BI,
subsequent upscans were almost identical to the first one.

Leakage

Leakage is induced by halogenated clusters not only in DPPC
liposomes, as observed before for non-halogenated clusters P2,
but also in DSPC liposomes (see Fig. 6). As expected, Bl is
most effective in inducing leakage but, surpnsingly, BCI is more
effective than BBr. Especially noteworthy is the effect which Bl
has on leakage. With this cluster, intermediate concentrations
(around 0.1 mM) lead to a higher degree of leakage than with
0.5 mM. For all clusters, leakage comes to a halt after several
minutes, but is not complete, at concentrations of 5 mM within
the observation period of 10 min. This could be due to either
incomplete leakage of all lipopsomes, or complete leakage of
some liposomes, with others remaining intact.

BCI BBr
120 120
Z 100 s £ 100 1 o
§ o 5 = r
£ " £
& 80 ol a5 S 80 - ’ 75
= s
g B0 | 05 E 60 4
£ ,-“"M-F = 3
8 E—— L % ]
% 01 e 03 & 2| %
)
@ | ~ 02 I
8 204 [ ' E n{ :
i 0.1 ¢
b -
00123 45 67 8 9 10111213 14 0123 45 67 8 9 101112134

Time [min]

130

Time [min]



B
120

£ 100 A

=

£ @

= - J 01

o

§ o T -

g .l '

-] |'

& |

2 4

= a Iw—fn_nzs
: . 0.01

2 3 4 56 7T 8 9
Time [min]

10 11 12 13 14

WILEY-VCH

120

100 1

80 4 i =

/"‘"'— . 1

80 - | 0.5

40 1

20 - /

Fluorescence infensity [arb. units]

0

012 3 45 6 7 8 9% 1011 12 13 14 15

Time [min]

Figure 6. Leakage of CF induced by BCI (top), BBr (middle) and Bl (bottom left for smaller concentrations, bottom right for higher concentrations) in DSPC
liposomes at 37°C. Concentrations of clusters in mM are given next to the end of the curve before the addition of detergent.

When lippsomes from DSPC and Chol (similar to those used in
liposomal doxorubicin) are investigated, leakage cannot be
induced by BCI at temperatures of 37°C, 45°C, and 53°C. These
temperatures were chosen to be below the pretransition, at the
beginning of the pretransition, and near to the main transition of
the lipid melting (see Fig. 5). For these liposomes, BBr induces
slow leakage at 1 mM concentration at 45°C, but not at 37°C ner
at 53°C. In contrast, Bl does induce leakage from these
liposomes at all three temperatures (Fig. 7). In the presence of 5
mol% DSPE-PEG, leakage induced by Bl at 37°C is initially
rapid, but comes to a halt, whereas without PEG, leakage
continues. Complete leakage from DSPC:Chol:DSPE-PEG
liposomes at 37°C requires higher concentrations of Bl, whereas
an increase of BBr up to 5 mM does not result in complete
release of CF from these liposomes.
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With none of clusters did we observe a monotonous increase of
the release of CF from the liposomes with increasing
concentration of the clusters, neither with DSPC nor with DPPC.
Of clinical relevance is the observation that not only liposomes
prepared from pure phospholipids leak upon exposure to the
halogenated clusters. Leakage can also be achieved from
pegylated liposomes composed of DSPC and Chol in a 2:1
molar ratio (see Fig. 8). Also here, intermediate concentrations
lead to a burst, followed by a lenger lag period; at still higher
concentrations, complete leakage is observed within the
observation time period.

BBr

120

100

Fluorescence intensity [arb. units]

01 2 3 4 5 8 7 & 9 1011 12 13 14
Time [min]

Figure 7. CF leakage from DSPC-containing liposomes induced by 1 mM Bl at 37°C (left), and in DSPC:Chol:PEG liposomes by BBr (right). Concentrations of

BBr in mM are given next to the end of the curve before the addition of detergent.
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37°C. Conecentralions of Bl in mM are given next to the end of the curve before the addition of detergent.

Toxicity of halogenated clusters
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Figure 9. Survival of B79 cells incubated for 24 h with the halogenated
clusters BF (diamonds), BCI (circles), BBr (squares), and Bl (mangles). The
solid lines are fits of a sigmoidal function to the data points, used to derive
EC50 values. The line for BF is guidance to the eye.

Bl was found to be the most foxic of the clusters investigated
(Fig 9), with an EC50 value of 0.14 mM. The clusters BBr and
BCI were found to be slightly less toxic than Bl. Toxicity of BF is
much lower than that of the other clusters, and it does not show
the unusually steep dose response of the heavier halogens. The
parent B;H,." did not show cell toxicity in concentrations below
10 mM; at concentrations of 100 mM it damaged the cells
because of osmotic effects similar to those of the equi-osmotic
NazS04. Toxicity of the halogenated clusters is only around one
order of magnitude higher than that of the clinically used BSH,
while the disturbance of membrane integrity is much more
pronounced for the halogenated clusters. With BSH, millimolar
concentrations are needed to release CF from DPPC liposomes,
and DSPC liposomes do not leak at all in the presence of BSH.

Table 1. EC50 values of boron clusters in W79 cells following a 24 h
incubation

Compound  ECS0 (mM)
BH =10

BF w3

BCI 044

BEr 025

Bl 0.14

BSH 28"

[a] Data from ™.

In contrast, all halogenated clusters tested induce leakage in
DPPC lippsomes at 37°C when present in  micromolar
concentrations, and DSPC liposomes are unstable against the
halogenated clusters at sub-millimolar concentrations (Fig. 6).

Discussion

The enthalpy of the phase transition of DSPC in the presence of
all three clusters investigated (BCI, BBr, Bl) is very much higher
than that of pure DSPC, which is reported to be 11.5 kcal mol™
'l Such high enthalpies are usually only found for inorganic
oxides ["]. We have no explanation for these high values, nor for
why these high values are observed only with DSPC. The
melting points of the clusters are well above 100°C. Thus, even
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if the lipid surface would serve as a nucleus for crystallization of
the clusters, melting of these crystals would not be expected.
Previously, we had investigated the interaction of these and
other boron clusters with immobilized egg phosphatidylcholine
liposomes . We found that especially BBr and Bl interact so
strongly with the liposomes that they could not be eluted, while
BCI was not retained very strongly. The strong retention cannot
be explained by a binding to the liposomal surface, as all three
clusters have similar apparent association constants. An
explanation for the strong retention of Bl and BBr might
therefore be interaction with the hydrophobic interior of the lipid
bilayer. Interaction of iodide with the nonpolar part of the acyl
chains of phosphatidylcholine has been found in molecular
dynamics simulations ' *. Experimentally, the binding of
anions to phosphatidylcholine membranes appears to follow the
Hofmeister series P

Release of the liposomal contents can occur through pores
formed by the clusters, or through complete destruction of the
liposomes. Partial release of the contents of all liposomes (as
observed for the halogenated clusters) could be due to either a
re-sealing of pores, or through complete destruction of only part
of the lipcsomes. Cryo-TEM shows evidence for both
possibiliies, but cannot give information about pores in
liposomes. For differentiation between the possibilities,
fluorescence lifetime experiments have been used before ™
Leakage i1s known to be influenced by the temperature-
dependent state of the liposomes, with maximum permeability
close to the temperature of the main phase transition **. For BI
and DSPC we find rather uniform leakage with temperature, in
contrast to BBr (leakage at 45°C, but not at 37°C and at 53°C).
The BBr data are not consistent with the observations that
leakage peaks around the temperature of the main transition.
Pores in lipid membranes can be charactenized as being
hydrophobic (i.e. their walls expose the hydrophobic tails of the
lipids) or hydrophilic (the pore is at least partly covered by
hydrophilic headgroups of the lipid) (see Fig. 10). These two
possibiliies of pore formation have been described as barrel-
stave and toroidal pores P9 In the case of hydrophobic pares,
the clusters might coat the walls such that the hydrophobic lipid
tails do not come in contact with water. For hydrophilic holes, the
headgroups of the lipids can no longer be in close contact with
each other. In this case, the clusters might fill the gaps between
the headgroups.

3 A Ay "n: o ks

AN YN YN

WILEY-VCH

&)
y e m e e el

AN NININ

Figure 10. Models of pores with hydrophobic (top) and hydrophilic (bottor)
walls, and the possible ways that the boron clusters can stabilize the holes.
For the hydrophilic pore, the headgroups of lipids with exposure of
hydrophobic chains to water are given in a different colour. Note that here and
in the subsequent Figures, the relative size of the clusters to the lipid is only
approximate.

Changes in liposomal structures by small ions have been
abserved in the past mostly for di- and trivalent cations ['®!
Anions. such as iodide have been shown to penetrate
membranes without the induction of pores I'

Support for the quasi-amphiphilic character of the clusters
comes from recent molecular dynamics simulations. Hydrogen-
substituted clusters have been investigated for their hydration
shell " The interaction with water was found to be weak, and a
pronounced shell of hydration could not be detected. This might
be due to the fact that the two negative charges of the cluster
are not located at specific atoms, but are required to maintain
the cluster framework and are thus very effectively delocalized.
The halogenated clusters are still bigger in size, due to the
increased van der Waals diameter (around 11 A for Bl as
compared to 7 A for BH) and the bigger volume in which the
charges are distributed.

The barrel-stave pore might close through the formation of
nanocrystalline arrays of the cluster such as shown in Fig. 11.
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Figure 11. Possible explanation for closure of pores. Ordered amays of the
cluster are shown in the cross section of a hydrophobic pore. The cations
required for electroneutrality are not shown.

The formation of long needles of crystal-like structure was
unexpected. The electron dense structures seen in the cryo-
TEM pictures of DPPC at high concentrations of Bl (Fig. 2) are
most probably very rich in iodine, this element being the most
electron-dense in the mixture. AFM data indicates a flat rather
than cylindrical geometry of the structures (Fig. 3). A possible
interpretation of the needle-like structures is shown in Fig. 12. A
core of lipids is surrounded by clusters in a crystalline
arrangement. As Bl does not form crystals on its own under
these conditions, a core of lipid might serve as a nucleation site
for crystal formation and growth. For the open sheets observed
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in cryo-TEM pictures, such arrangement could stabilize the large
open sheets which are found.

Needles and fibers from lipids have been observed before (for a
review, see ") As cryo-TEM pictures represent electron density
and thus BI, rather than the lipid itself, molecular interpretations

must be different from those reviewed in #%.
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Figure 12. Interpretation of structures at high concentration. The cations

required for electroneutrality are not shown.

Crystals of BCl have been described, in which the chlorine

atoms of two clusters are in close contact to each other 7. Thus,

there are structural precedents to support the suggested
formation of needles and other nanocrystalline arrangements.

Conclusions

The leakage induced by Bl in sterically stabilized liposomes
consisting of DSPC, Chol and DSPE-PEG, similar to those of
Caelyx ™! and other liposomal preparations in clinical use for
therapy in patients might make this cluster very suited for
liposomal theapy with, e.g., liposomal doxorubicin. This would
allow to trigger the release of liposomes after the distribution
phase, and might therefore increase the therapeutic efficacy
without increasing drug-related toxicity. Initial experiments show
that Bl does not lead to severely toxic events when administered
intravenously to rats at 0.5 g/kg, translating into an estimated 4
mM concentration in blood based on published blood volumes
12l (Bassiouny, Awad, Gabel, in preparation).

Experimental Section

The halogenated clusters were synthesized according to published
methods 1“2 49 They were used as sodium salts. DSPC, DPPC, and
DSPE-PEG, with a PEG molecular weight of 2000, were from Lipoid
(Ludwigshafen, Gemany). Carboxyfluorescein (CF) was  from
Kodak/Aldrich (Deisenhofen, Germany). Ham F-10 Medium was supplied
by Sigma Aldrich (Steinheim, Gemany). WST-1 reagent was purchased
from Roche Diagnostics (Mannheim, Germany).

WILEY-VCH

Liposome preparation

Liposomes were prepared by thin film hydration in the buffers mentioned
below, followed by five freeze-thaw cycles and 21 extrusions through a
100-nm polycarbonate membrane.

Zeta potential

For zeta potential measurements, liposomes (final concentration 0.5 mM)
were incubated with different concentrations of the boron cluster anions
ovemight at room temperature. The buffer system was HEPES (1 mM,
pH 7.4). Zeta poiential measurements were performed with a Malvem
Zetasizer Nano 25 (Malvem, England). For instrument control and data
analysis, the software DTS (Nano) 5.0 was used.

Cryo-transmission eleciron microscopy (cryo-TEM)

A liposomal suspension containing 5 mM lipid, mixed with the appropnate
boron cluster at the concentration specified, was placed on a copper grid
coated with a perforated polymer film. Excess solution was removed in a
custom-buit  environmental chamber under controlled humidity and
temperature. Immediately after film preparation, the grid was plunged into
liquid ethane held at a temperature just above its freezing point. The
vitrified sample was mounted and examined in a Zeiss EM 902 A
electron microscope, operating at an accelerating voltage of 80 ke in
filtered bright field image mode at AE = 0 eV. The temperature was kept
below 108 K and images were recorded at defocus settings between 1
and 3 pm B4

Differential scanning calonimetry (DSC)

The phase transitions of liposomes prepared from DPPC or DSPC in 10
mM Hepes buffer, 150 mM NaCl pH 7.4 were measured on a VP-DSC
MicroCalorimeter (MicroCal, Northhampton, MA, USA) with MicroCal
Ongin 5.0 as the software for technical graphics and data analysis. Lipid
at 5 mM concentration was used in the DSC measurements, and buffer
was injected in the refersnce cell. Before injection, the liposomal
suspension and buffer solution were degassed. Upscans and downscans
were recorded in the temperature range between 20°C and 60°C for
DPPC and between 20°C and 80°C for DSPC, with a scan rate of
90 °C/h and a filtering period of 2 s.

Leakage

The liposomes were prepared by hydration of a lipid film and
subsequence polycarbonate membrane extrusion. A thin lipid film was
prepared from DSPC or DPPC, Chol, and PEG-DSPE at molar ratios
61.66 : 33.33 - 5 mol%. The lipid film was hydrated with the appropriate
volume of 100 mM carboxyfluorescein (CF) in 10 mM Hepes pH 7.4,
adjusted to pH 7 with NaOH, and then vigorously agitated on a vortex
mixer to obtain a suspension of multilamellar liposomes. The obtained
suspension was then exiruded through polycarbonate membrane with
100 nm pore size above the respective phase transifion temperature to
produce unilameliar lippsomes. CF-containing vesicles were separated
from the free CF by eluiion through a pre-packed column of Sephadex G-
25 (GE Healthcare Bio-Sciences, Uppsala, Sweden. with 10 mM Hepes
pH 74. The liposomal preparation was diuted to a final lipid
concentration of 10 pM just before the measurements. The release of
liposome content was followed by dequenching of CF. No quenching of
CF by any of the boron clusiers was observed; all data were normalized
to 100% fluorescence after addition of Trton X-100 at 0.05% final
concentration 9.
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Afomic force microscopy

For atomic force microscopy a Multimode AFM with a Nanoscope Illa
controller (Veeco, Gemany) was used. Imaging was done with silicon
cantilevers (RTESF, Veeco) in tapping mode in air. For sample
preparation 5 mM DPPC solution was mixed with 50 mM Bl in 10 mM
HEPES. Ten pL of the sample solution was added to a freshly cleaved
mica surface, incubated for 5 min, then shortly nnsed with nanopure
water and dried under a nitrogen stream before imaging.

Toxicity

Chinese hamster lung fibroblasts (V79 cells) were used and cultivated
with Hamr's F10 medium and 10 % newbom calf serum at 37 *C and 5 %
COs. Cells (10,000 per well) were seeded in 96-well plates and grown for
24 h. The cells were incubated with different concentrations of the
halogenated derivatives for 24 h. Cell survival was determined using the
WST-1 colour reagent, by incubating the cells for 4 h at 37°C with the
reagent diluted 1:4 with phosphate-buffered saline (PBS) and then 1:10
with growth medium. Absorbance was measured at 450 nm.
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Abstract

Recently we found that liposomes containing dodecaborate lipids intended for boron neutron
capture therapy lead to massive hemorrhage in two different mouse tumor models, while not
affecting the healthy organs (Schaffran, T., Jiang, N., Bergmann, M. et al. (2014) Hemorrhage in
mouse tumors induced by dodecaborate cluster lipids intended for boron neutron capture
therapy. Int J Nanomedicine 9, 3583-90). As we suspected that the liposomes interact
specifically with endothelial cells in the tumor, we investigated the association and uptake of
these liposomes in endothelial cells and in two different permanent cell lines by flow cytometry
and fluorescence microscopy. Strong association of the liposomes with the cells, and uptake of
both the boron lipid and a fluorescent marker lipid, was found even when the liposomes were
sterically stabilized with polyethyleneglycol. Association was cell-type dependent, and HUVEC
cells showed a particularly strong uptake. The results indicate that these lipids might
preferentially be taken up in the vasculature, and their use in boron neutron capture therapy

might therefore be limited.
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Introduction

Boron neutron capture therapy (BNCT) utilizes the neutron capture reaction of '°B with thermal
neutrons. It is presently used clinically for treatment of brain tumors (2, 3) and head-and-neck
tumors (4, 5). The compounds used in this therapy are p-dihydroxyborylphenylalanine (BPA)
and Na;B,H;;SH (BSH). For effective BNCT about 10-30 ug of 10 per gram of tumor or 10°
B atoms per cell have to reach the affected tissue (6). For further enhancement of cell
specificity and for increased uptake, targeting devices may be applied, which in BNCT are called
“third generation” boron compounds (7). These delivery systems are designed for specific or
overexpressed cell surface structures.

Our approach was to evaluate the suitability of liposomes as boron delivery devices. Liposomes
are well-known systems used in cancer therapy for transporting chemotherapeutically active
agents to tumors, and they have also been applied in experimental BNCT (8). Liposomes are able
to transport large amounts of boron, either encapsulated in the interior of the liposome (9) or as
lipid component with boron cluster compounds as headgroups (8, /0). While boron compounds
encapsulated in liposomes might leak out, boron-containing lipids will allow to carry boron even
when there is leakage of the liposomal content. Leakage of liposomes in the presence of boron
clusters has been observed by us previously (/7). The carrying capacity of liposomes prepared
from boron lipids and helper lipids is at least equal to that of liposomes into which ionic boron
cluster compounds have been encapsulated (/2). The surface of the liposomes can be decorated
with targeting agents (/3).

We have recently prepared dodecaborate-containing lipids for BNCT (/2, 14-16). The lipids
form liposomes in the presence, and sometimes also in the absence, of helper lipids, and are of
moderate to low toxicity. We tested these liposomes in mouse tumor models, and found that all
lipid types led to hemorrhage in tumors, while the healthy tissues were seemingly unaffected (/).
The onset of hemorrhage was rapid (within a few hours), and selective for tumor tissue in both of
the tumor models tested (SCCVII squameous cell carcinoma in C3H mice and CT26/WT colon
carcinoma in Balb/c mice). We hypothesized that the observed effect on the tumors was caused
by the specific interaction of the liposomes with endothelial cells. In this work, we therefore
compare the interaction and cellular uptake of boron-containing liposomes with HUVEC human

umbilical vein endothelial cells as model for tumor endothelial cells, and human Kelly cells as a
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cancer cell line. In addition, we used V79 Chinese hamster fibroblasts, as cell toxicity had been
measured in these cells (12, 14, 15)

The tested lipids contain a pyridinium structure as manifold for two alkane chains, and
dodecaborate as headgroup (/4). Their structures are shown in Fig. Error! Bookmark not defined..
Interaction with cells was tested with fluorescence flow cytometry, and distribution in cells with
fluorescence microscopy.

It had been shown before that liposomes interact with Kelly cells only when the liposomal
surface is modified with an antibody recognizing the GD2-receptor that is overexpressed on

Kelly cells, while non-targeted liposomes do not show cellular interaction (/7).

1-
H2n+1 Cn Y@N/»Y\AO/@

H2n+1Cn

Y = no atom: THF-S-n
Y = O: Dioxan-S-n
Y = CHy: THP-S-n

n=12, 14,16

Figure 1. Structure of the boron lipids used.

Materials and Methods

Materials

Phospholipids SPC, DSPC, DSPE-PEGjyy and EPG were gifts from Lipoid GmbH
(Ludwigshafen, Germany). Cholesterol was obtained from Sigma-Aldrich (Steinheim,
Germany), DPPE-NBD was from Avanti Polar Lipids (Alabama, Miss). The boron lipids (S-
lipids) were synthesized as described by Schaffran et al. (/4). Anti-BSH monoclonal antibody,
clone A9H3, from purified IgG1 (affinity purified) was prepared at Osaka Prefectural University,
Japan. Alexa Fluor 546 donkey anti-mouse IgG (H+L) was purchased from Invitrogen Molecular
Probes (Gottingen, Germany). MobiGlow was obtained from MoBiTec (Gottingen, Germany).
Kelly cells (human neuroblastoma cells) were purchased from DSMZ (Braunschweig, Germany)
and V79 cells (Chinese hamster lung fibroblast cells) were from ATCC (Wesel, Germany).
HUVEC cells (human umbilical vein endothelial cells), Medium 200 and LSGS Kit were
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obtained from Life Technologies (Darmstadt, Germany). Trypsin 0.5% / EDTA 0.25%, RPMI
1640, Ham F-10, FCS, NCS and Penicillin/Streptomycin (Pen/Strep) were purchased from
Biochrom (Berlin, Germany). Cold fish gelatin was from Sigma-Aldrich (Steinheim, Germany),
Hepes and Triton X-100 from Acros Organics (Geel, Belgium), NaCl from Fluka (Buchs,

Switzerland) and formaldehyde from Merck (Darmstadt, Germany).

Liposome preparation

Liposomes were prepared from DSPC:Chol:S-lipid (1:1:1 molar ratio) with 2 mol% DOPE-
NBD, as a fluorescent marker. Control liposomes were made from SPC:Chol 2:1, DSPC:Chol
2:1 and SPC:Chol:EPG 1:1:1, respectively, with 2 mol% DOPE-NBD. DSPE-PEG;qn (2 mol%)
was incorporated into the liposomes when indicated. The lipid mixture was dissolved in
chloroform and dried under vacuum for 4 hours. The lipid film formed was hydrated with HBS
(10 mM Hepes with 150 mM NaCl), subjected to 10 freeze-thaw cycles and extruded 21 times
with a Liposofast hand extruder (Avestin, Mannheim, Germany), through a polycarbonate
membrane with pore diameter of 100 nm (Avestin, Mannheim, Germany), by heating the lipid
mixture above 60°C, which is above the phase transition temperature of the DSPC lipid. The
lipid concentrations were measured with the Stewart assay (/8). The final concentrations were

around 10 mM.

Liposome characterization (size and  potential)

A Zetasizer nano ZS device along with Zetasizer Software 6.01 and disposable Folded Capillary
Cells or Zetamaster S with software PCS v1.41 (all Malvern Instruments, Malvern, U.K.) and
semi-micro cuvettes Plastibrand (Carl Roth GmbH, Karlsruhe, GE) were used. Hydrodynamic
particle diameter (Z-Ave) and ( potential were determined. Samples were diluted with sterile
filtrated (0.22 um) HBS to a total lipid concentration of about 500 uM. Cuvette chamber
temperature was 25 °C and sample equilibration time in the measurement cell was at least 2 min.
All measurements were performed in triplicate with automatic selection of number of single runs
per measurement (usually around 15 for Z-Average or 30 for {) as well as automatic attenuation
selection. Smoluchowski approximation was used to calculate the ( potential from the
electrophoretic mobility. Voltage was set to device-bound minimum of 10 V, and thus only

values for a monomodal distribution could be obtained.
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Cell cultivation

Kelly cells were grown in RPMI 1640 medium supplemented with 10% FCS and 1% Pen/Strep
and V79 cells were cultivated in Ham F-10 medium with 10% NCS and 1% Pen/Strep. For
HUVEC cells, Medium 200 with an additional LSGS Kit was used. All cells were incubated at
37°C with 5% humidified atmosphere.

Sample incubation for immunostaining

Cover slips (1.5 mm, Menzel, Germany) were cleaned with 10% HNOs;, sterilized in 70%
ethanol, placed in 12-well plates and covered with 0.2% gelatin. Kelly, V79 and HUVEC cells
were seeded at a density of 15 x 10, 10 x 10* and 20 x 10*, respectively at 48 h prior to
experiment. The incubation time was 2 h with various liposome concentrations (0.010, 0.075 and
2.5 mM), each at 37°C. The THF-S-n and EPG containing lipids were also incubated at 4°C with
the cells, where mentioned. After incubation the cells were washed three times with PBS, fixed
with 8% formaldehyde for 10 min at 37°C, permeabilized with 0.2% Triton X-100, 5 min at
room temperature (RT) and blocked with 10% FCS, 30 min at RT. The anti-BSH monoclonal
antibody was diluted with the blocking solution to a concentration of 16 ug/ml and incubated
with the cells 1 h at RT and then 24 h at 4°C. The next day, the cells were washed three times
with PBS and incubated with Alexa Fluor 546 labeled secondary antibody, 20 pg/ml prepared in
blocking solution, for 1 h at RT. After three additional washing steps with PBS the cover slips
were mounted on glass slides with 10 ul MobiGlow. Images were taken at 63x magnification
with an AxioCam HRc camera on an LSM 510 Meta confocal laser scanning microscope
equipped with argon/krypton gas and helium/neon lasers, controlled by a standard LSM 5
software (all Carl Zeiss, Germany). For all miscroscopic pictures, identical settings of gain etc.
for each of the channels were used. For image analysis Zen Black 2012 software (Carl Zeiss,

Germany) was used.

Flow cytometry measurements

The cells were seeded in 12-well plates (Kelly 2x10° cells/well, V79 1.5x10° cells/well and
HUVEC 2.5x10 cells/well), 24 h prior to incubation. A medium change was performed 1 h prior
to the experiment. The incubation with liposomes was for 2 h, at 37°C and at 4°C; the final lipid
concentration given to the cells was either 0.075 mM or 0.010 mM. After incubation the cells

were washed with PBS and harvested with trypsine/EDTA solution while shaking gently. The
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cells were centrifuged and resuspended in 200 pl PBS. The samples were measured in a CyFlow
Space apparatus with FlowMax software, version 2.82 (all Partec, Miinster, Germany). For each
sample, 3x10* events were counted (excitation laser wavelength 488 nm, emission wavelength
filter 516-556 nm). Fluorescence intensity of untreated control cells was used for gating. The

fraction of treated cells showing higher fluorescence intensity than the gated cells was quantified.

Results

Liposome characterization

The different liposome preparations had diameters between 93 and 145 nm, with a polydispersity
index of around 0.14. The { potential of the liposomes with boron lipids was around -45 mV, that
of the EPG liposomes -36 mV. This charge was effectively shielded with the admixture of
DSPE-PEQG, and all of these liposomes had { potentials of around -5 mV.

Interaction of cells with liposomes

The association of liposomes containing either DSPC or SPC as helper lipid with V79 cells is
shown in Figure Error! Bookmark not defined. (left). Generally, in all flow cytometry
measurements we used as control SPC and DSPC liposomes, without the boron-lipid (B-lipid).
Both of these controls showed little to no association with V79 cells. To mimic the influence of
charge on cell uptake, we prepared liposomes containing EPG instead of the B-lipid and SPC as
helper lipid. These liposomes showed lower cell association with V79 cells, in comparison with
that in presence of B-lipids. An exception represented the THF-S-12 lipid liposomes, which had
comparable uptake with that of the EPG containing liposomes. For all B-lipid liposomes, with or
without PEG in their structure, the cell association was between 70% and 100%. The only
exception from this trend was observed for THF-S-12, which had an association of about 32%
for liposomes without the PEG lipid, and 53% for PEGylated liposomes. The highest cell
association was obtained for THF-S-14, THF-S-16 and THP-S-16. Reduction of temperature to
4°C reduced the cell association to almost zero. The cell association of THF-S-14 with no PEG

lipid is the only one noticeable at this incubation temperature.
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Figure 2. Cell association of 0.075 mM of liposomes, as measured by flow cytometry in V79
(left) and Kelly (right) cells. Where “4°C” is mentioned, the samples were incubated at 4°C with

the liposomes, all other samples were incubated at 37°C.

The Kelly cells showed no association with the control liposomes at 37°C (Figure 2 (right)). The
EPG containing lipid showed lower association with these cells than with V79 cells; cell
associations were around 12% for PEGylated liposomes, and 35% for liposomes without the
PEG lipid. For all B-lipid liposomes, the cell association with Kelly cells at 37°C was between
97% and 100%. We also observed that the PEGylation had only a minimal influence, with no
significant differences between cells exposed to PEG liposomes or liposomes without the PEG
lipid (see Figure 3). However, the reduction of the temperature to 4°C reduced the cell
association of THF-S-12 and THF-S-16 containing liposomes, when no PEG lipid was present.
All other samples presented an association of 87% to 97% with Kelly cells, which is comparable
with that obtained at 37°C. The EPG containing lipid showed no cell association at 4°C. When
using SPC instead of DSPC as helper lipid, similar values of cell association were obtained in
V79 and Kelly cells.
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Figure 3. Cell association of liposomes at 0.010 mM concentration, as measured by flow
cytometry in HUVEC cells. Where “4°C” is mentioned, the samples were incubated at 4°C with

the liposomes, all other samples were incubated at 37°C.

At the liposome concentrations used for incubation with Kelly and V79 cells (0.075 mM total
lipid), cell association of 100% was seen for both 37°C and 4°C in HUVEC cells, when they
were exposed to B-lipid liposomes and EPG liposomes (data not shown). Therefore, we
incubated the HUVEC cells with lower lipid concentration (0.010 mM). Even at this
concentration the cell associations of the B-lipid liposomes were above 89%, when the
incubation took place at 37°C, and above 87% at 4°C. The control liposomes, containing SPC or
DSPC, showed no association with HUVEC cells. However, the EPG containing liposomes, at
10 uM lipid concentration and 37°C, were found in over 80% of the cells, when no PEG lipid
was present, and only in 21% of the cells, when the liposomes were PEGylated. At 4°C the EPG
liposomes showed no cell association. When the cells were incubated with the B-lipid liposomes

at 4°C, a slight decrease in the cells association was observed, which was between 0-10%.

143



120 | wm No PEG 120 |
o 0.010 mM o pEG 0.010 mM
100 ] 100 7
= V79 < Kelly
5 80 5 80
© ©
o 60 0 60
2 2
@ @
% 40 = 40
O o
20 H 20 ﬂ
0 : , , y . . y 0,_1 ' ' y 0 =
O O O O O O O O O O O O O O O
g & & & & & & F &K &K K K KX K K
QO q/o le 6.0 q/o bl'o 6.0 QO Q/Q bl'o G:S'O QO q,o &9 69
A AR AR A A AN ¢ OO LY« <O
<R ENAEEPN P S SEAEP NP PN
7 7 L7 YN <Y eY4
™ ™ ™ ™ ™ ™

Figure 4. Cell association of liposomes at 0.010 mM, as measured by flow cytometry in V79
(left) and Kelly (right) cells. Where “4°C” is mentioned, the samples were incubated at 4°C with

the liposomes, all other samples were incubated at 37°C.

In order to compare the cell association of the B-lipid liposomes between the three cell lines
involved in this study, we incubated the V79 and Kelly cells with the liposomes also at 10 uM
lipid concentration. The EPG lipid liposomes were used as control. In V79 cells there was no
uptake of the liposomes at any B-lipid used, with or without the PEG lipid, neither at 37°C, nor
at 4°C. However, the EPG lipid was found in about 29% of the cells. When Kelly cells were
used, 56% of the cells have taken up the PEGylated B-lipid liposomes, in presence of THF-S-14
and THF-S-16 lipids, when the incubation temperature was 37°C. The THF-S-12 lipid caused a
cell association in Kelly of only 21%. In the absence of PEG lipid, the B-lipids led to association

of 1-20%. An incubation at 4°C led to no uptake in Kelly cells at 10 uM lipid concentration.

Microscopic localization of lipids in Kelly cells

The uptake of both the fluorescent lipid (NBD-lipid) and the boron lipid (B-lipid), as measured
by antibody detection, was different for the different lipids, and was concentration dependent. As
shown in Figure 5, for 0.075 mM of the liposomes the strongest uptake was found for THP-S-16,
where the NBD-lipid and the B-lipid co-localized in the cytoplasma of the Kelly cells. In none of
the staining images taken, when 0.075mM liposomes were used, was found any uptake in the cell
nucleus. Also, the uptake of B-lipid at these concentrations was slightly lower than that of NBD-
lipid.
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NBD-lipid B-lipid (Alexa 546) Co-localization

THP-S-16

Figure 5. Localization of the THP-S-16 and the NBD-lipid in Kelly cells, when incubated at
37°C. The liposome concentration was 0.075 mM. The B-lipid is visualized by immuno-staining

with the secondary antibody labeled with Alexa Fluor 546.

The liposome uptake experiments were performed also at 2.5 mM liposome concentration,
because at this concentration a clear differentiation of the uptake of B-lipid and NBD-lipid, for
different liposome preparations, was observed. In these conditions, the strongest uptake was
found for THF-S-14 and THP-S-16 lipids, which were quite uniform throughout the cell body for
the B-lipid, but the NBD-lipid had a lower accumulation in the cell nucleus in comparison to the
cytoplasm (see Figure 6). In several preparations, cellular distribution of B-lipid and NBD-lipid
did not coincide completely. Cell uptake of B-lipid was found to be low for THF-S-12, THF-S-
16 and THP-S-12 lipids. In case of THF-S-12, also the NBD-lipid uptake was considerably lower
than in case of other B-lipid liposomes. However, for THF-S-16 and THP-S-12 a strong NBD-

lipid uptake was observed.
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THP-S-14

THP-S-16

Figure 6. Localization of the B-lipids and the NBD-lipid in Kelly cells, when incubated at 37°C.
The liposome concentration was 2.5 mM. The B-lipid is visualized by immuno-staining with the

secondary antibody labeled with Alexa Fluor 546.

As the FACS measurements revealed a strong association of the B-lipid liposomes with Kelly
cells also at 4°C, and the highest association of the PEGylated liposomes was obtained with
THF-S-14 and THF-S-16 lipids, we stained the cells with two different concentrations of the
THF-S-16 lipid liposomes (0.075 and 2.5 mM). The uptake at 0.075 mM, incubated at 4°C is
comparable with the uptake at 37°C, when using the same concentration of the liposomes.
However, the uptake of NBD-lipid, in case of 2.5 mM of liposomes, was significantly lower than
the uptake at 37°C; instead, the B-lipid showed comparable uptake at both temperatures (data

shown in the supplementary information).

Uptake of B-lipids in HUVEC cells
The HUVEC cells incubated with the B-lipid liposomes at 0.075 mM concentration showed
similar uptake of the B-lipid and the NBD-lipid with that of Kelly cells at the same

concentration. No significant uptake of the lipids was observed in these cells at 0.010 mM
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concentration (data not shown). These results were in contrast with the results obtained in FACS
measurements. We have no clear explanation for this. In the FACS measurements considerable
cell association was seen also when EPG containing liposomes, without the PEG lipid, were
incubated with HUVEC at 37°C. Therefore, we investigated the localization of these liposomes
by fluorescence microscopy. The outcome was that the uptake of these lipids at 0.075 mM was

similar to that of the B-lipids at the same concentration (data not shown).

Cellular uptake and localization in V79 cells

The uptake of the B-lipids and NBD-lipid was measured also in V79 cells, as the toxicity of the
B-lipids was quantified previously in these cells (/3). With V79 cells, the strongest association in
FACS measurements was obtained for THF-S-16 and THP-S-16, when PEGylated liposomes
were used. Therefore, we stained only these two B-lipid liposomes at 0.075 mM concentration
with the cells. For both, the NBD-lipid showed a uniform uptake, all over the cell body. The
uptake is comparable with that of Kelly at the same concentration. However, the B-lipid uptake
was quite low in both cases (see in supplementary information).

The V79 cells incubated with the THF-S-n liposomes (n=12; 14; 16), at 2.5 mM, showed lower
uptake for the NBD-lipid, but more intense uptake of the B-lipid, when compared to Kelly cells.
For the THP-S-n lipids no considerable uptake of the NBD-lipid and B-lipid was observed (data
not shown). However, when THP-S-12 was used a slight uptake of the B-lipid was noticed. This
uptake was comparable with that of THF-S-16.

Discussion

The uptake of liposomes containing B-lipids in Kelly, V79, and HUVEC cells is quite
unexpected. Previously, it has been reported that negatively charged liposomes with or without
PEG layer do not associate much with HeLa cells (/9). For positively charged liposomes, uptake
is high in the absence of PEG, but almost completely inhibited by PEGylation (20).

Uptake between the three cell lines tested in this study is different. The reason cannot lie solely
in different culture media or the serum content of the medium. Recently, HUVEC cells have
been shown not to take up sterically stabilized liposomes more than what was found for other
cell lines (21).

The reason for the uptake of B-lipid liposomes is unclear. Previously, the presence of negatively

charged phospholipids and heparan sulfate glycoprotein has been made responsible for the
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uptake of positively charged liposomes by endothelial cells (22). For the negatively charged
boron lipids, such mechanism cannot be relevant. Uptake could be caused by strong interaction
of boron clusters with membranes including the glycocalix. We have shown before that on
carbohydrate chromatography matrices, boron cluster compounds are strongly retained (23). The
interaction of clusters with water is unusual, and the energy required to remove water from the
hydrate shell of the clusters is small (24). Thus, one might envisage that the cluster lipids might
interact with the cell surface to a much higher degree than what is observed for other neutral or
negatively charged lipids.

It is also unexpected that there was little difference between boron lipid liposomes containing
PEG lipids and those lacking this steric stabilization. As boron lipids form stable structures even
on their own (12, 14, 15, 25), we do not expect much exchange of boron lipids from the
liposomes to smaller micelles, which would have to include also the fluorescent lipid (as this is
monitored by flow cytometry, and is also found in microscopy). On the other hand, we cannot
exclude such an explanation.

Recently, Nakamura et al. have described successful therapy of mouse tumors with
dodecaborate-containing liposomes, encapsulating also Na,B;;H;;SH (26). In view of our
results, the therapeutic efficacy could be caused by a selective destruction of the tumor
vasculature, rather than a direct effect on the tumor stroma cells. Therefore, the uptake in
HUVEC cells might be critical for use of these lipids in BNCT. If uptake of the liposomes in
endothelial cells is predominant, it might be more effective for BNCT to enhance the targeting to
these cells, rather than trying to target the liposomes to tumor stromal cells by one of the many
mechanisms described for tumor targeting of neutral liposomes.

Krasnici et al. have found that the tumor vessels in vivo take up preferentially positively charged
liposomes, in contrast to neutral and negatively charged liposomes, which extravasated
unspecifically into the parenchyma (27). They explained this uptake with a charge related
mechanism, where they assumed the presence of a negatively charged glycocalix on the
endothelium of the microvessels, which could mediate the uptake. However, Lee at al. reported
that the uptake of negatively charged liposomes containing PS (33 mol%) in J774 (murine
macrophage cells) was 10-fold higher than the uptake of neutral liposomes with PC (28).
Previous in vitro experiments with rat liver endothelial cells showed that liposomes containing

the negatively charged PS were taken up significantly in these cells, when the amount of PS lipid
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was 30% of the total lipid concentration (29). The mechanism was assumed to be related to the
broad ligand specificity of the scavenger receptors, present in these cells, which could mediate
the binding and uptake of negatively charged liposomes. However, in vivo studies in rat liver
showed only 25% uptake for the same liposomes.

In this study, we have not investigated the mechanism of uptake of the liposomes, nor to which
compartments they distribute. Especially, we don’t know whether the boron clusters are
responsible for the uptake and whether neutral boron lipids with the same cluster as headgroup
will also show uptake. Such studies are underway.

In conclusion, we have found that boron-containing liposomes associate strongest with HUVEC
endothelial cells, more than with two other permanent cell lines. These observations might be

relevant for the use of boron lipids in BNCT, and in other applications in vivo.
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Abbreviations

BBE (bovine brain extract)

BNCT (boron neutron capture therapy)
BPA ((L)-4-dihydroxy-borylphenylalanine)
BSH (Na,B,H;;SH)

Chol (cholesterol)

DPPE-NBD (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl))

DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine)

DSPE-PEG (1,2-distearoyl-sn-glycero-3-phosphoethanolamine polyethyleneglycol (M; = 2000))
EPG (egg phosphatidylglycerol)

FCS (fetal calf serum)

GA-1000 (gentamicin sulfate and amphothericin-B additive)
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HBS (hepes buffer saline, 10 mM Hepes with 150 mM NaCl, pH 7.4)

HUVEC (human umbilical vein endothelial cells)

NCS (newborn calf serum)

PBS (phosphate buffer saline, without Ca**and Mg**, pH 7.4)

PBS (phosphate buffered saline)

PC (phosphatidyl choline)

PEG (polyethyleneglycol)

Pen/Strep (Penicillin/Streptomycin).

PS (phosphatidylserine)

Rh-DPPE (Lissamine™ rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine

SPC (soy phosphatidyl choline)
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THP-S-14

Figure 1S. Localization of the B-lipids and the NBD-lipid in Kelly cells, when incubated at
37°C. The liposome concentration was 0.075 mM. The B-lipid is visualized by immuno-staining

with the secondary antibody labeled with Alexa Fluor 546.

NBD-lipid B-lipid (Alexa 546) Co-localization

THF-S-16, 0.075mM

THF-S-16, 2.5 m

Figure 2S. Localization of the THF-S-16 lipid and the NBD-lipid in Kelly cells, when incubated
at 4°C. The liposome concentrations were 0.075 and 2.5 mM. The B-lipid is visualized by

immuno-staining with the secondary antibody labeled with Alexa Fluor 546.

155



NBD-lipid B-lipid (Alexa 546) Co-localization

THF-S-16

THP-S-16

Figure 3S. Localization of THF-S-16, THP-S-16 and the NBD-lipid in V79 cells, when
incubated at 37°C. The liposome concentration was 0.075 mM. The B-lipid is visualized by

immuno-staining with the secondary antibody labeled with Alexa Fluor 546.
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NBD-lipid B-lipid (Alexa 546) Co-localization
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Figure 4S. Localization of B-lipids and the NBD-lipid in V79 cells, when incubated at 37°C.
The liposome concentration was 2.5 mM. The B-lipid is visualized by immuno-staining with the

secondary antibody labeled with Alexa Fluor 546.
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