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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 (DoI) 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 DoI. 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 P2X7 receptor antagonist, other P2X7 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 P2X7 receptor. Brilliant blue R (BBR), a dye similar to 

BBG, showed protective effects only for Oct. The protective effects of BBR were comparable 
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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. 
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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 
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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, HCETM (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-
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artificial 3D tissue models (HCETM and EpiOcularTM) have a multilayered epithelium 

reconstructed from human corneal epithelial cells (HCETM) or human epidermal keratinocytes 

(EpiOcularTM). 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 
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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 
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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 

(Hämäläinen 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 (DoI) 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 DoI 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 DoI 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 H2O2 and NaBO3, 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 DoI 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 DoI 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 DoI 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 DoI 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 DoI 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 27th September 2014 

DOI: 10.1016/j.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 

chemical test protocol of the new ocular test system. Contributed for the acquisition, analysis and 

interpretation of the experimental data, wrote the manuscript together with M. Engelke. 

Contribution of the coauthors: M. Engelke co-developed the chemical test protocol for the new 

ocular test system, contributed for the acquisition, analysis and interpretation of the experimental 

data and helped with the coordination of the study. D. Gabel and M. Zorn-Kruppa helped with 

guiding the development of the insertion method for the CCC membranes and revised the 

manuscript. 

 

1.2.2. Determining the depth of injury in bioengineered tissue models of cornea and 

conjunctiva for the prediction of all three ocular GHS categories (Appendix II) 

Authors: M. Zorn-Kruppa, P. Houdek, E. Wladikowsky, M. Engelke, M. Bartok, K.R. Mewes, 

I. Moll, J. M. Brandner 

Status of the publication: Published in PLoS One 9(12) on the 10th of December 2014. 

DOI: 10.1371/journal.pone.0114181 

Contribution of M. Bartok to the work: Transferred and modified the test protocol for the 

measurement of the depth of injury of chemicals for use at JUB. Tested a selected number of test 

chemicals to prove the interlaboratory transferability of the test system, contributed for the 

writing of the manuscript and in the review process. 

Contribution of the coauthors: M. Zorn-Kruppa conducted the study, developed the test 

method for the measurement of the depth of injury and wrote the manuscript together with M. 
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Bartok and M. Engelke. P. Houdek and E. Wladikowsky helped with the data acquisition and 

analysis. M. Engelke, K.R. Mewes, I. Moll and J. M. Brandner reviewed the manuscript. 

 

1.2.3. Predicting the eye irritation potential of chemicals: A comparison study between two 

test systems based on human 3D hemi-cornea models (Appendix III) 

Authors: R. Tandon, M. Bartok, M. Zorn-Kruppa, J. M. Brandner, D. Gabel and M. Engelke 

Status of the publication: Prepared for submission in Toxicology in Vitro. 

Contribution of M. Bartok to the work: Described the plan of the work and supervised the 

first author (Rashmi Tandon) in the data acquisition and analysis, contributed for the writing of 

the manuscript and in the review process. 

Contribution of the coauthors: R. Tandon did the data acquisition and analysis, and wrote the 

manuscript together with M. Bartok. M. Engelke helped in conducting the study, in data analysis 

and reviewed the manuscript. M. Zorn-Kruppa, J. M. Brandner and D. Gabel reviewed the 

manuscript. 
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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 DoI. 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 



17 

 

methods introduced by us can predict the GHS class of an eye irritant chemical more accurately, 

while the IRE-DoI 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 Müller 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 Müller 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 



24 

 

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/Müller 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 ILM 

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 (Bührer 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 (Hübner 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 

(Hübner 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 (Hübner 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 P2X7 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; Hracskó et al. 2011; Engel et al. 2012). Among the seven 

different P2X receptor isoforms, the P2X7 receptor has a unique role in the body. The P2X7 

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 

(Gröschel-Stewart et al. 1999). Recently, Dutot et al. (2008) reported the expression of the P2X7 

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 P2X7 

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 
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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 

P2X7 receptors, which then mediates the cell death in the surrounding tissue (Wang et al. 2004). 

Based on these findings, the P2X7 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 P2X7 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 P2X7 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 P2X7 receptor (Jiang et al. 2000). 

In the literature it was reported to block the activation of P2X7 receptor at 10 µM 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 P2X7 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 P2X7 receptor antagonist, known 

to block the human P2X7 receptor at 10 µM 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 µM 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 P2X7 receptor activation and as an outcome 

inhibited the increase of intracellular Ca2+. The differences between the maximal inhibitory 

concentrations of OxATP in human versus rat P2X7 receptors (10 µM and 300 µM, respectively) 

is related to the high selectivity of the antagonist for human P2X7 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 P2X7 receptor antagonist, introduced recently by Lee et 

al. (2012). He reported that in hP2X7 expressing HEK 293 cells (human embryonic kidney cells), 

DPPH showed an inhibitory constant of 650 nM (IC50) for the P2X7 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 P2X7 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 P2X7 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 P2X7 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 
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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).  

 

 

Figure 1. Schematic representation of liposomes as drug carriers 

(http://www.equidblog.com/2009/11/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 p185HER2, 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-p185HER2 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). 

 



42 

 

 

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. 

 

 

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 (10B) is 

irradiated with low-energy thermal neutrons. The irradiation is followed by a nuclear fission 

resulting high energy α-particles (4He) and lithium nuclei (7Li) 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 109 atoms/cell or 20-30 µg/g 

of tumor. It is also very important to ensure that enough thermal neutrons are absorbed by the 

boron atoms to induce a lethal 10B(n,α)7Li capture reaction (Barth et al. 2005). The high energy 

α-particles have a limited path length in the cancer tissue, which is about 5-9 µm, 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. 

 

 

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

med.ac.jp/deps/neu/omcBNCT/BNCT_E/BNCT_E1.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 µg 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 (Na2B12H12) 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 Na2B12H12, 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 Na2B12H12. The EC50 

values are 0.44, 0.25 and 0.14 mM for Na2B12Cl12, Na2B12Br12 and Na2B12I12, 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 Na2B12H12 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 EC50 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). 

 

 
Y =  no atom: THF-Saint-12 (R=C12H25); THF-Saint-14 (R=C14H29); THF-Saint-16 (R=C16H33) 

                               O: Dioxan-Saint-12 (R=C12H25); Dioxan-Saint-14 (R=C14H29); Dioxan-Saint-16 (R=C16H33) 

                     CH2: Pyran-Saint-12 (R=C12H25); Pyran-Saint-14 (R=C14H29); Pyran-Saint-16 (R=C16H33) 
 

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. Süss 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. 

Süss 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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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 
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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 vitro 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 



92 

 

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 DOI. 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 ImageJ software analysis tools. By incorporating the total tissue 

thickness, the relative MTT-DOI (rMTT-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 

5mm), surgical disposable scalpels, Nunc cell culture inserts (0.5 cm2, 3 µm pore size, 

polycarbonate), Menzel coverslips (24×50mm) 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 (Grünsfeld, 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 
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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 rMTT-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 Grüssing 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 
water) 

3% AA non-surfactant acid liquid Sigma 64-19-7 

Acetic acid (10% v/v in deionized 
water) 

10% AA non-surfactant acid liquid Sigma 64-19-7 

Benzalkonium chloride (1% w/v 
in deionized water) 

1% BAK cationic surfactant liquid Sigma 63449-41-2 

Benzalkonium chloride (10% w/v 
in deionized water) 

10% BAK cationic surfactant liquid Sigma 63449-41-2 

Sodium hydroxide (8% w/v in 
deionized water) 

8% NaOH base liquid Sigma 1310-73-2 

Sodium dodecyl sulfate (5% w/v 
in deionized water) 

5% SDS anionic surfactant liquid Roth 151-21-3 

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.  

 

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 
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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 5c 

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

In Figure 6 the the rMTT-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 rMTT-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 NaOCl 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 rMTT-DOIs of ≤ 5% are 

assigned to the non-irritant GHS nc and chemicals with rMTT-DOIs ≥ 90% are assigned to the 

severe irritant class (GHS 1). All other chemicals with intermediate rMTT-DOIs are predicted as 

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

2. 

 

 

Figure 6. The comparison of rMTT-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 

classification 

in vitro GHS classification 

with CCC method 

in vitro GHS classification 

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 rMTT-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 

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 

(Hübner 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 Schülke & 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 µg/ml amphotericin B, 5 µg/ml insulin, 10 ng/ml hEGF and 2 mM L-glutamine, at 37°C and 

5% CO2. 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 µl/well of different test solutions for 5, 

30 and 60 min at 37°C and then washed 3 times with PBS (w/o Ca2+ and Mg2+). One hundred µl 
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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 DH5α, Pseudomonas putida DSM 291 and 

Vibrio sp. Gal12 were used in the assay.  The antimicrobial activities of the compound mixtures 

were assayed in micro-titer plates. For this, 100 µl of MHB were aliquoted into each well of the 

micro-titer plate, followed by 20 µl of a mixture of antimicrobial compounds and 100 µl of the 

bacterial suspension (approximately 2·106 cells/ml). Deionized water was used as negative 

control. All micro-titer plates were incubated overnight at 28 ºC, except for E. coli plates, which 

were incubated at 37 ºC. 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. 
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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 µM concentration (Hibell et al. 2001; Wang et al. 2004). The other 

antagonist was DPPH, recently synthesized by Lee et al. (2012), which has an IC50 of 0.65 µM 
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with the ethidium bromide uptake assay. Neither OxATP, used between 2 µM and 2mM 

(preincubated for 30 min with HCE cells prior to exposure to BAK), nor DPPH, used between 

0.1 µM and 10 µM, 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 Hübner et al. 

(2010) 22.5 mg/l of OPE (Oct with phenoxyethanol) was sufficient to reduce with 3log10 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 (Hübner 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, Müller and Kramer (2008) defined the biocompatibility index (BI) of antiseptic 

compounds. They measured the IC50 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 Ca2+ 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, Sütterlin 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. 
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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 10B 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 Na2B12H11SH (BSH). For effective BNCT about 10-30 µg of 10B per gram of tumor or 109 
10B 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, 10). 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 (11). 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 (12). The surface of the liposomes can be decorated 

with targeting agents (13). 

We have recently prepared dodecaborate-containing lipids for BNCT (12, 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 (1). 

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 (14). 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 (17). 

Y = no atom: THF-S-n

Y = O: Dioxan-S-n

Y = CH2: THP-S-n

n = 12, 14, 16
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N

H2n+1Cn
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                                  Figure 1. Structure of the boron lipids used. 

 

Materials and Methods 

Materials 

Phospholipids SPC, DSPC, DSPE-PEG2000 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. (14). 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 (Göttingen, Germany). MobiGlow was obtained from MoBiTec (Göttingen, 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-PEG2000 (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 (18). The final concentrations were 

around 10 mM. 

Liposome characterization (size and ζ 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 ζ potential were determined. Samples were diluted with sterile 

filtrated (0.22 µm) HBS to a total lipid concentration of about 500 µM. 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 ζ) as well as automatic attenuation 

selection. Smoluchowski approximation was used to calculate the ζ 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% HNO3, 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 104, 10 x 104 and 20 x 104, 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 µg/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 µg/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 µl 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 2x105 cells/well, V79 1.5x105 cells/well and 

HUVEC 2.5x105 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 µl PBS. The samples were measured in a CyFlow 

Space apparatus with FlowMax software, version 2.82 (all Partec, Münster, Germany). For each 

sample, 3x104 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 ζ 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-PEG, and all of these liposomes had ζ 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 µM 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%. 
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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 µM 

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 µM 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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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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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 (13). 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 (19). 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 Na2B12H11SH (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 (Na2B12H11SH) 

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 (Mr ≈ 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 Ca2+and Mg2+, 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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Supplementary information for Appendix VII: 

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

 


