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A B S T R A C T   

This study compares the performance and output of an electrochemical phospholipid membrane platform against 
respective in vitro cell-based toxicity testing methods using three toxicants of different biological action 
(chlorpromazine (CPZ), colchicine (COL) and methyl methanesulphonate (MMS)). Human cell lines from seven 
different tissues (lung, liver, kidney, placenta, intestine, immune system) were used to validate this physico
chemical testing system. For the cell-based systems, the effective concentration at 50 % cell death (EC50) values 
are calculated. For the membrane sensor, a limit of detection (LoD) value was extracted as a quantitative 
parameter describing the minimum concentration of toxicant which significantly affects the structure of the 
phospholipid sensor membrane layer. LoD values were found to align well with the EC50 values when acute cell 
viability was used as an end-point and showed a similar toxicity ranking of the tested toxicants. Using the colony 
forming efficiency (CFE) or DNA damage as end-point, a different order of toxicity ranking was observed. The 
results of this study showed that the electrochemical membrane sensor generates a parameter relating to bio
membrane damage, which is the predominant factor in decreasing cell viability when in vitro models are acutely 
exposed to toxicants. These results lead the way to using electrochemical membrane-based sensors for rapid 
relevant preliminary toxicity screens.   

Abbreviations: CCM, Cell culture media; CFE, Colony forming efficiency; COL, Colchicine; CPZ, Chlorpromazine; DNA, Deoxyribonucleic acid; DMEM, Dulbecco’s 
Modified Eagle’s medium; DMSO, Dimethylsulphoxide; DOPC, Dioleyl phosphatidylcholine; EC50, Effective concentration at 50 % cell death; FCS, Foetal calf serum; 
FBS, Foetal bovine serum; Hg, Mercury; HPLC, High performance liquid chromatography; HTP, High throughput; IAM, Immobilised artificial membrane; LoD, Limit 
of detection; MIE, Molecular initiating event; MMS, Methyl methanesulphonate; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NMR, Nuclear 
magnetic resonance; PBS, Phosphate buffered saline; PS, Penicillin/Streptomycin; Pt, Platinum; RCV, Rapid cyclic voltammograms; SB, Strand breaks; SD, Standard 
deviation; SN2, Second order nucleophilic substitution. 
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1. Introduction 

With the increasing cultural and regulatory changes in recent years, 
there is a great demand to replace animal studies in the field of toxi
cological testing of chemicals with high throughput (HTP) in vitro and in 
silico models for a better understanding of the mode of action and the 
pathways leading to an adverse outcome [1]. Cell membrane integrity is 
one of the key initial events in cellular toxicity and constitutes a minimal 
or “baseline” toxicity of every chemical [2]. The entry and distribution 
of chemicals in biological systems is strongly determined by bio
membranes [3]. 

The logarithm of the octanol–water partition coefficient (log P) for 
non-ionisable compounds and log D for ionisable compounds are often 
used as parameters to estimate the partitioning of solutes into bio
membranes [4,5]. For many chemicals, octanol is not an appropriate 
analogue for the anisotropic structure and complex molecular in
teractions within the biological membrane [6]. Nevertheless, log P and 
log D are used as standardized parameters to predict toxicological po
tential. However, there are some biomembrane models and techniques 
providing a more accurate estimate of the distribution in biomembranes. 
These include: liposome water partitioning [4], in vitro studies [7], nu
clear magnetic resonance (NMR) [8], surface plasmon resonance spec
troscopy [9], microscopic techniques [10], and theoretical molecular 
simulations [11,12]. However, these methods are often time consuming, 
cost intensive and rarely suitable for routine HTP screening. Over the 
last thirty years, a new membrane model has been developed that in
volves the use of specialised columns on a high performance liquid 
chromatography (HPLC) platform, and which consists of dialkyl phos
pholipids covalently bound to porous silica particles in a column. The 
phospholipid layer acts as an immobilised artificial membrane (IAM) 
and can be considered as stationary phase. The phospholipid phase af
finity of the compound of interest is then estimated from the retention 
factor, which can be converted to a membrane-water partition value and 
has been found to correlate well with values obtained by liposome-water 
partitioning [13,14]. In fact, the association of a compound with the 
IAM phospholipid layer has been shown to be directly related to its log P 
[13,14]. The drawback associated with the IAM platform is that it only 
measures membrane assumed biomembrane affinity. It provides very 
little information on the biomembrane damaging propensity of a specific 
compound or pharmaceutical. Since biomembrane modification and 
damage features are strongly involved in molecular initiating events 
(MIE) of any toxicological process, other HTP membrane screening 
platforms are required which can measure this. In addition, IAM chro
matography is not applicable to screening nanomaterial and particle 
dispersions due to fouling of the HPLC column. The Hg-supported dio
leoyl phosphatidylcholine (DOPC) monolayer platform [15–18] using 
electrochemical interrogation has been employed as one successful 
biomembrane model. This model has recently been transferred to a HTP 
platform [19,20] and has been developed to screen organic compounds 
[21] and nanomaterial dispersions [22,23] in water. However, what it 
precisely measures in terms of compound-biomembrane interaction is 
still uncertain. Indeed, a recent study comparing the screening of a series 
of low molecular weight organic compounds, using both the electro
chemical membrane and the IAM platforms showed that the electro
chemical screen measures molecular properties in addition to lipid 
membrane affinity [24]. 

This present study was carried out to further investigate which 
bioactive property in addition to apolarity or hydrophobicity, the elec
trochemical membrane screen actually measures and how this can be 
related to the MIE of a particular compound. In the following, three 
demonstrator compounds of well-known biologically activity have been 
screened using the electrochemical membrane platform. In parallel, the 
three compounds were tested in routine toxicity assays using seven 
different in vitro models by five different laboratories respectively. 
Generally, cell viability measurements were used to determine the acute 
toxicity of the compounds. Additionally, experiments were carried out 

to examine the compounds’ effect on (a) cellular proliferation (reflected 
by the cell colony forming efficiency (CFE)) and (b) genotoxicity of the 
compounds by the comet assay.The three compounds used in this study 
were chlorpromazine (CPZ), colchicine (COL) and methyl meth
anesulphonate (MMS). CPZ had previously been shown to be active to
wards the supported phospholipid layer sensor element [21,25]. This 
established biomembrane activity of CPZ is related to its apolarity and 
high log P value as well as to its tricyclic structure [25], which sterically 
favours biomembrane penetration. The side group terminating in a ni
trogen grouping will facilitate a vertical orientation in the phospholipid 
layer by associating with the phospholipid polar groups through H- 
bonding. CPZ is a known antipsychotic [26] with antimalarial properties 
[27] and is highly lipid membrane [28] and biomembrane [29] active. 
MMS’ principal biological activity is as an alkylating agent [30] that 
alkylates the DNA base pairs, damaging DNA [31,32] through its 
mutagenic [33] properties. The reactive methyl group of MMS can 
attack cellular targets including DNA by nucleophilic substitution 
through the SN2 mechanism [34], although a more general effect on cell 
necroptosis has been observed [35]. Evidence has also been shown that 
MMS activity is directed at proteins and indeed lipids [36]. In this study, 
MMS was chosen as a test compound to assess: (a) whether it had any 
effect on phospholipids through its alkylating activity, (b) to what extent 
the MMS influenced viability of the cell line based models, and finally (c) 
to apportion the mechanisms of possible MMS toxicity to DNA and to the 
interaction of MMS with the cellular components including the cell 
membrane. On a molecular level, COL can be described as an anti- 
mitotic drug, blocking the mitotic activity of cells in the metaphase 
part of the cell cycle [37]. Specifically, COL binds to tubulin, forming 
complexes which bind to microtubules [38] and this prevents their 
elongation. At low concentrations, COL stops microtubule growth 
[38–40] and, at elevated concentrations, COL causes the depolymer
isation of microtubules [40]. Although the tubulin structure is a highly 
complex protein, the tricyclic nature of COL containing one aromatic 
moiety predicted a degree of interaction with lipids, which has in fact 
been previously observed [41]. These three compounds were chosen due 
to their widely different biological activities as detailed above. They 
were used in this study to characterise exactly the biological activity to 
which the electrochemical sensor responded and whether this response 
was selective to a particular mode of action. All chemical compounds are 
potentially toxic to cells and their toxicity depends on their concentra
tion/dose and mode of action. 

The aim of this study therefore was to assess the extent of interaction 
of the three test compounds with the phospholipid monolayer sensor 
element and then evaluate how significant this activity was compared to 
the compounds’ toxicity to cell cultures. If this study could show that the 
electrochemical sensor generates a parameter relating to biomembrane 
damage, these results could lead the way to using the electrochemical 
membrane-based sensors for rapid, cell-free, acute toxicity screens. 

2. Materials and methods 

2.1. Materials 

CPZ, COL and MMS were obtained from Sigma-Aldrich. Stock solu
tions were prepared in acetone and diluted to working solutions in KCl 
electrolyte or cell culture medium. The electrolyte used throughout the 
experiments was 0.138 mmol/cm3 NaCl and 2 μmol/cm3 KCl buffered at 
pH 7.4 with 11.9 μmol/cm3 phosphate (subsequently referred to as PBS 
in the following text). The PBS was of analytical grade and purchased 
from Sigma-Aldrich (Vienna, Austria; Gillingham, UK and Oslo Nor
way). PBS for in vitro studies and cell culture media was purchased from 
Fisher Scientific (Vienna, Austria; Gillingham, UK and Oslo, Norway), 
Gibco BRL (Paisley, UK) or Sigma-Aldrich (Steinheim, Germany and 
Rehovot, Israel). The DOPC was obtained from Avanti Polar Lipids Inc. 
(Alabaster, AL, US) and was > 99 % pure. By carefully shaking DOPC 
with PBS, the 0.25 mmol mL− 1 DOPC dispersion for electrode coating 
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was prepared. All other reagents were of analytical grade and purchased 
from Sigma-Aldrich. The microfabricated platinum electrodes 
[20,21,42,43] were supplied by the Tyndall National Institute (Cork, 
Ireland). Hg was electrodeposited on the Pt disc of radius 0.480 mm to 
give a Pt/Hg electrode as described previously [20,21,42,43]. All ma
terials needed for CFE assay and genotoxicity assay were purchased from 
ThermoFisher (Waltham, MA, USA) and Sigma-Aldrich (Gillingham, UK 
and Oslo, Norway) [44]. 

2.2. Methods 

2.2.1. Electrochemical biomembrane screening platform 
Principle 
As a biomembrane mimic, a DOPC monolayer is deposited on the Hg 

electrode on the prepared Pt support. These layers undergo potential- 
induced phase transitions characterised by two sharp capacitance cur
rent peaks (voltametric) peaks, 1 and 2 respectively, as shown in Fig. 1a 
[20,21,42,43]. These two peaks correspond to the penetration of elec
trolyte into the layer and the reorganisation of the monolayer to form 
bilayer patches, respectively [45–47]. Changes in these capacitance 
peaks are equivalent to changes in the structure of the monolayer 
[20,21,42,43]. The interaction of the test substance with the monolayer 
selectively and systematically influences the capacitance-cur
rent–potential profile [22–24]. An interaction of the test substance with 
the polar groups of the DOPC is reflected in a depression of the two peaks 
[22] while an increase in the baseline of the capacitance current reflects 
the association of a polar compound with the apolar region of the DOPC 
layer and/or its disruption [23,24]. The reason for the latter effect is that 
the low value of baseline capacitance current is representative of the 
ordered DOPC layers on the electrode with the low dielectric apolar lipid 
tails adjacent to the electrode surface. When this low dielectric region is 
penetrated by a higher dielectric compound, the average dielectric 
constant of this region increases leading to an increase in the baseline 
capacitance current [15,17,23,24]. A potential shift in the capacitance 
current peaks indicates a change in the potential profile across the layer 
caused by the interaction of the compound with the layer [48]. A 
monolayer disordering is shown as a broadening of the peaks [23,24]. 
Other research groups followed a similar approach, but not in rapid 
online screening format [49–51]. 

Apparatus and procedure 
Mohamadi et al. [21] describes all details of the platform and pro

cedure used in this study. The interactions of the test substances with the 
DOPC monolayer are monitored by rapid cyclic voltammograms (RCV), 
while cycling the electrode potential from − 0.4 to − 1.2 V for 600 s 
during compound exposure. RCV plots were generated from the elec
trochemical experiments Each RCV plot is a unique “fingerprint” char
acterising the interaction of each test compound with the DOPC 
monolayer. To obtain a quantitative estimate of the effects of each test 

substance on the DOPC layer, the limits of detection (LoD) for the 
compound in PBS were calculated. LoD is the lowest concentration of the 
test substance in PBS resulting in a statistically significant effect on the 
properties of the monolayer. The LoD represents a quantitative, 
analytical output of the RCV technology. Its experimental determination 
has been described previously [21]. Due to the dynamic, induced 
mobility of the sensor element, the RCV results should refer to the mode 
in which the compound/DOPC association influences the DOPC mono
layer assembly. Indeed –log LoD can be taken as a metric describing the 
ability of the compound-DOPC interaction to modify the DOPC layer 
organisation. 

Cell culture and in vitro assays 
Cell culture 
Seven human cell lines of different organ origins were used: A549 

(lung epithelial), BeWo b30 (placental choriocarcinoma), Caco-2 TC7 
(colon epithelial), HEK293 (embryonic kidney), HepG2 (human hep
atocarcinoma), TH1 (renal proximal tubule epithelial) and THP1 
(human monocytes). A549 cells (ATCC CCL-185) were cultured as pre
viously described in Kohl et al. [52]. BeWo b30 cells (kindly provided by 
Dr. Berthold Huppertz, Medical University of Graz, Austria) were 
cultivated as reported previously [53]. Caco-2 TC7 cells (a kind gift from 
Monique Rousset, INSERM U178, Villejuif, France), were cultured in 
DMEM as described previously [54]. HepG2 cells, provided from the 
ECACC (European Collection of Authenticated Cell Cultures, 
#85011430, Salisbury, United Kingdom), were cultured as previously 
explained in Elje et al. [44]. TH1 cells (Kerafast, #ECH001) were culti
vated as described in Sramkova et al. [55]. THP1 cells (ECACC 
#88081201) were cultured in Roswell Park Memorial Institute (RPMI 
1640) medium supplemented with 10 % FBS and antibiotics (penicillin 
100 U/ml and streptomycin 100 µg/ml), and HEK293 cells (ECACC 
#85120602) were cultivated in Eagle’s Minimum Essential Medium 
(EMEM), supplemented with 10 % foetal bovine serum (FBS), and an
tibiotics (penicillin 100 U/ml and streptomycin 100 µg/ml). All cells 
were cultivated in a humidified atmosphere at 37 ◦C and 5 % CO2. 

Cell viability assays AlamarBlue™ and PrestoBlue™ 
Cell viability was determined by AlamarBlue™ assay [56] 

(DAL1100, Thermo Fisher Life Technologies Corporation, Eugene Ore
gon USA or DAL1025, Fisher Scientific, Schwerte, Germany) or Pres
toBlue™ assay [57] (A13261, Thermo Fischer Scientific (Vienna, 
Austria). or DAL1100, Thermo Fisher Life Technologies Corporation, 
Eugene Oregon USA) according to the manufacturer’s operating pro
cedures. The reagent solutions contain a non-fluorescent cell permeant 
molecule, which when chemically reduced by the metabolic activity of 
cells, turns into a highly fluorescent coloured dye. Both the colour 
change and the change in fluorescence allows for the direct measure
ment of cell metabolic activity. The cells were seeded in 96-well plates, 
24 hrs before exposure, at concentrations of 10,000 cells/well for A549, 
Caco-2 TC7 and TH1; 20,000 cells/well for HepG2 and THP1; and 

Fig. 1. Representative rapid cyclic voltammograms (RCVs) recorded from a DOPC coated Pt/Hg (black line) monolayer platform in the presence of, (a) 0.001 (red 
line) and 0.3 (blue line) nmol/cm3 CPZ, (b) 7 (red line) and 75 (blue line) nmol/cm3 MMS and (c) 3 (red line) and 20 (blue line) nmol/cm3 COL in PBS at pH 7.4. 
Capacitance current peaks 1 and 2 marked on (a). 
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17,000 cells/well for BeWo b30. Concentrations of the test compounds 
and solvents are summarised in Table 1. The cells were exposed to the 
test compounds for durations of 3, 4.5 and 24 hrs. Cell viability was 
measured by reading the fluorescence intensity in a microplate reader 
according to the manufacturer’s operating procedures. Control values (i. 
e. culture medium with AlamarBlue™/PrestoBlue™ solution alone, 
without cells) were extracted from all measurements, and viability was 
calculated relative to a negative control, i.e. cells exposed to cell culture 
medium only, which was set to 100 %. Two to three replicates were 
included per condition within each experiment, and 2–3 independent 
experiments were performed. 

Colony forming efficiency (CFE) assay 
The CFE assay measures cell viability by colony formation after 

exposure of single cells [58]. A549 cells were seeded in 6-well plates at a 
density of 50 cells per well, and exposed to different concentrations of 
the test compounds (Table 1) continuously for 10–12 days, to allow 
formation of colonies according to the protocol published by El Yamani 
et al. (2017) [59]. Six replica wells were used for each condition within 
each experiment, and three independent experiments were performed. 
The negative control was cell culture medium, whilst the positive con
trol was 10 nM staurosporin (Merck, Rehovot, Israel). Cell viability was 
expressed as % CFE relative to the negative control set at 100 %. Solvent 
control (H2O or PBS) was also included at the concentration corre
sponding to the highest applied concentration of the test substance, and 
no significant effect was seen (results not shown). In the CFE assay, 
suspension cell-lines cannot be used, so the assay can only be used with 
adherent cell lines such as A549. In addition, not all adherent cell-lines 
are suitable due to the two following factors:- (a) they have low or 
limited cloning efficiency, and/or (b) they do not form clear colonies 
which can be analysed. The A549 cell-line was therefore used in the CFE 
assay, since it has the highest cloning efficiency. 

Genotoxicity assay 
The miniaturised alkaline version of the comet assay was used to 

measure genotoxicity by DNA strand breaks and apurinic and apyr
imidinic sites. The comet assay is a well-known, sensitive technique for 
the detection of different types of DNA damage in single eukaryotic cells 
[60]. It involves embedding cells (previously exposed to the test com
pound) in a low melting point (LMP) agarose gel, lysis of the cells in 
alkaline conditions and electrophoresis of the nuclei. The procedure of 
the alkaline comet assay has been published in Dusinska et al., [61], 
Balintová et al., [62] and El Yamani et al., [63] and most recently in 
Nature Protocols [64]. Median DNA tail intensity, proportional to the 
number of strand breaks (SBs), was calculated as a measure of DNA SBs. 
Medians were averaged from duplicate gels per cell culture. Three in
dependent experiments were performed. The positive control for SBs 
was H2O2 exposure (100 µM for 5 min) as explained in detail in Dusinska 
et al., [61], Elje et al., [44] and El Yamani et al., [63]. 

A summary of all in vitro toxicity tests performed in the presented 
study for the validation of the electrochemical membrane screening 
device are displayed in Tables 1 and 2. 

Statistics 
Data are presented as mean ± SD from at least three independent 

experiments with triplicates per sample. The differences between 
treated samples and untreated control were evaluated by the Student’s t- 
test and one-way analysis of variance (ANOVA). The threshold of sta
tistical significance was set to p < 0.05. 

3. Results and discussion 

This study aims to validate the performance of the novel rapid 
membrane screen, the Hg-supported dioleoyl phosphatidylcholine 
(DOPC) monolayer platform, for applicability to the toxicity screening of 
chemicals and pharmaceuticals. Validation was performed by 
comparing the electrochemical screen to cyto- and genotoxicity data 
generated by exposure of seven cell lines to the test compounds CPZ, 
MMS and COL. 

3.1. Compounds screened 

The three test compounds CPZ, MMS and COL have widely different 
chemical structures as well as different log P, pKa and log D values at pH 
7.4 (log DpH7.4) (Table 3). This will account for the wide difference in 
their biological activities. The log D value at pH 7.4 (log DpH7.4) for CPZ 
and COL was estimated from log DpH7.4 = log P –log [1 + 10(pKa–7.4)] 
[65]. The MMS was not ionisable and it can be assumed that the log 
DpH7.4 value is identical to its log P value. 

3.2. Electrochemical screening of CPZ, MMS and COL 

With the Hg-supported dioleoyl phosphatidylcholine (DOPC) 
monolayer platform, RCVs were monitored following the interaction of 
the DOPC monolayer biomembrane model with increasing concentra
tions of the selected test compounds (Fig. 1a-c). 

Interaction of CPZ with DOPC depresses and modifies the two 
capacitance current peaks but an overall degradation of the peak 
structure is not observed and only the baseline at negative potentials is 
incorporated within the capacitance current peak (Fig. 1a). A modifi
cation, but not disorganisation of the layer structure, can be interpreted 
from this. Interaction of MMS with DOPC has the effect of depressing 
both capacitance current peaks and at higher concentrations effecting an 
increase in the baseline current. This increase indicates a significant 
penetration of MMS into the layer structure (Fig. 1b). Interaction of COL 
with DOPC generally degrades, broadens and merges the capacitance 
current peaks. This indicates that COL both modifies and degrades the 
layer structure (Fig. 1c). A plot of capacitance peak 1 current as per
centage of control versus the solution concentration of the three com
pounds shows that the DOPC layer is very much more sensitive to CPZ 
interaction than to COL and MMS interaction (Fig. 2a). These data were 
transformed to peak suppression % versus solution concentration plots 
(Fig. 2b and c) used for LoD estimation and values are listed in Table S1. 
The method of calculation of the LoD is described in the following. The 
plots of voltammetric peak height suppression versus solution concen
tration are fitted to a Langmuir type equation where the % peak 
depression (y) is equivalent to the extent of interaction of the compound 
in solution, of concentration (C), with the DOPC layer. The equation 
used is:- 

y = aC/(100 + bC) (1)  

where a and b are coefficients having the units: % × cm3/nmol and cm3/ 
nmol respectively. 

The LoD is estimated from Eq. (1) by substituting three times the 
coefficient of variation of the control capacitance peak 1 current as y 
into equation (1) and solving for C as the LoD. The error of the LoD 

Table 1 
Summary of the settings of the electrochemical membrane screening. Assay solvent was PBS. COL: Colchicine, CPZ: Chlorpromazine, DOPC: Dioleyl phosphatidyl
choline, MMS: Methyl methanesulphonate, PBS: Phosphate buffered saline.  

Assay 
(measurement) 

Assay 
Endpoint 

Sensor Element Delivery concentration 
[nmol/cm3] 

Delivery 
solvent 

Exposure time 

Electrochemical biomembrane screening Phospholipid layer disruption DOPC monolayer 0.001 to 3 (CPZ) 
3.125 to 75 (MMS) 
3.125 to 75 (COL) 

PBS 10 min  
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estimation was taken as the sum of the errors of both coefficients, a and 
b, in the fit of equation (1) to the data. The coefficients for the three fits 
to the calibration curves respectively are listed in the SI, Table S2. In 
fact, quantitatively the interaction ranking order in terms of the LoD 
values is CPZ: 4.2 × 10− 5 ± 8.55 × 10− 6., < MMS: 0.27 ± 0.132, < COL: 
0.77 ± 0.257 nmol/cm3. Consequently, CPZ is ~6400 times more likely 
to modify the DOPC layer organisation than MMS, whereas MMS has 
nearly three times the tendency for DOPC layer modification over COL. 
Thus although CPZ at very low solution concentration does not appear to 
penetrate the DOPC layer, CPZ does interact with the polar heads of the 
DOPC monolayer, significantly affecting their conformation. Certainly if 
its concentration was increased by a further factor of ten, the CPZ would 
fully penetrate the layer which would be disrupted to a far greater 
extent.. 

3.3. Cell viability screening of CPZ, MMS and COL in human in vitro 
models 

Seven different cell lines, of different tissue origin, were exposed to 
the test compounds CPZ, MMS or COL for 3 and 24 hrs and cell viability 
was measured using the AlamarBlue™/PrestoBlue™ assay [56,57]. 
These in vitro assays exploit the ability of cells to metabolically reduce 
AlamarBlue™/PrestoBlue™ reagent into a fluorescent dye whereby the 
fluorescent intensity is proportional to the viability of the cells. The 
effect of the three compounds on the viability of. three representative 
cell cultures (HEK293, Caco-2 TC7 and THP1) versus test compound 

Table 2 
Summary of the in vitro cell culture experiments used for the validation of the electrochemical membrane screening platform. Assay solvent was cell culture medium. 
CCM: Cell culture medium, CFE: Colony forming efficiency, COL: Colchicine, CPZ: Chlorpromazine, DMSO: Dimethylsulphoxide, FCS: Foetal calf serum, FBS: Foetal 
bovine serum, MMS: Methyl methanesulphonate, PBS: Phosphate buffered saline, PS: Penicillin/Streptomycin.  

Assay 
(measurement) 

Assay 
Endpoint 

Cell line Delivery concentration 
[nmol/cm3] 

Delivery 
solvent 

Exposure time 

AlamarBlue™ 
(Fluorescence) 

Cell viability A549 0 to 1000 
(CPZ, MMS, COL) 

H2O (CPZ) 
PBS (MMS) 
PBS (COL) 

3 hrs, 24 hrs 
HepG2 
HEK293 
TH1 
THP1 

PrestoBlue™ 
(Fluorescence) 

Caco-2 TC7 0 to 500 
(CPZ, MMS, COL) 

BeWo b30 0 to 1000 
(CPZ, MMS, COL) 

H2O (CPZ) 
CCM (MMS) 
CCM(COL) 

4.5 hrs 
24 hrs 

CFE 
(cell number of colonies) 

A549 0 to 300 
(CPZ, MMS, COL) 

H2O (CPZ) 
DMSO + PBS (MMS) 
PBS (COL) 

10–12 days 

Comet Genotoxicity A549 0 to 1000 
(CPZ, MMS, COL) 

H2O (CPZ) 
DMSO + PBS (MMS) 
PBS (COL) 

3 hrs, 24 hrs  
HEK293 
HepG2 
TH1 
THP1  

Table 3 
Structure, log P, pKa and log DpH7.4 values of the test compounds CPZ, MMS, and 
COL used in this study for validation.  

Compound Structure Log P pKa Log 
DpH7.4 

CPZ 5.41  
[66] 

9.2  
[66]  

3.60 

MMS − 0.7  
[67]   

− 0.7 

COL 1.03  
[37] 

1.85  
[68]    

1.03    

Fig. 2. Electrochemical assay: Plots of (a) capacitance peak 1 current as percentage of control, (b), (c) % suppression of the capacitance peak 1 current, versus the 
solution concentration of the following compounds in PBS: COL: unfilled black circles, MMS: red triangles, CPZ: blue circles. Data from n = 3 assays are shown as 
mean ± SD. Fit to Eq. (1) in (b) and (c): black line. 
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concentrations is shown in Fig. 3. The dose–response curves obtained for 
the cells A549, THP1, TH1 and BeWo b30 are similar to those displayed 
in Fig. 3 and are displayed in Fig. S1. Most notable is that the order of 
toxicity effectiveness to the in vitro models mirrors that shown by the 
DOPC monolayer sensing platform namely CPZ > MMS > COL. 
Although the full response to CPZ is observed within 3–4 hrs of incu
bation, the response of the cell cultures to MMS is not fully realised until 
24 hrs after initial exposure. 

For the cell-based systems, EC50 values were calculated from all 
dose–response curves. The relation between LoD and EC50 values are 
shown in Fig. 4. This displays –log EC50 and –log LoD values after 24 hrs 
exposure of HEK293, THP1 and TH1 cell lines and 2–3 min exposure of 
the DOPC sensor element to the three compounds respectively, versus 

the compound log DpH7.4. It is noted that the acute cell viability EC50 
values for MMS and COL, and CPZ are >500 and ~106 times respectively 
less sensitive than the LoD values from the DOPC sensor even though 
they are aligned with the LoD values (Fig. 4 and Table S1). The reason 
for this is that the electrode-supported DOPC monolayer is a very simple 
platform which records direct interactions of a compound with the 
single component DOPC layer. On the other hand the in-vitro cell-line is a 
living composite system which has an inherent self-repair mechanism 
and the assay records breakdown of the cell membrane leading to 
permeability increase. In addition, other cell membrane constituents aid 
in maintaining membrane structure and function as the lipid component 
skeleton itself begins to fail. When the repair mechanism and the other 
membrane components are overloaded, the cell membrane structure 

Fig. 3. Dose-response curves of cell viability of, (a) HEK293, (b) Caco-2 TC7, and (c) THP1 cell cultures after exposing to CPZ (blue circles), MMS (red triangles) and 
COL (unfilled black circles) for 3, 4.5 and 24 hrs as indicated on figure. Data from n = 3 assays are shown as mean ± SD except when error bars are within symbol 
size. All cell viability results normalised to 100 % at zero toxicant concentration. 
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itself breaks down. 
The objective of the analysis in Fig. 4a and indeed in Fig. 5b was to 

see whether there was any relationship between the membrane activity 
and acute and non-acute toxicity respectively of the compounds and 
their lipophilicity as given by log DpH7.4. A linear correlation between 
these two descriptors is often used as an indicator of the biological ac
tivity of a drug and/or toxicant. The CPZ toxicity indeed relates to its 
relatively high log DpH7.4 or lipophilicity and correlates with its ability to 
modify the DOPC layer. Since the action of CPZ on a DOPC layer 

indicates a positive biomembrane activity of the compound, the mo
lecular initiating event (MIE) of CPZ to the cell lines can be traced to its 
biomembrane interaction. For the other two compounds, the –log LoD 
values (and the –log EC50 values) are not correlated with the log DpH7.4 

values which shows that out of the two compounds, the interaction of 
MMS with the membrane sensor element is facilitated by more factors 
than lipophilicity alone. MMS is a well-known alkylating agent attacking 
the phosphate-diester bond in DNA. Previous studies [36] have also 
suggested that the primary target of MMS is the cell membrane. It is 

Fig. 4. (a) − Log (LoD)/μM (filled triangle) and –Log (EC50)/mM), versus the Log DpH7.4 and, (b) − Log (LoD)/μM versus –Log (EC50) / mM from monolayer sensor 
and cell cultures: HEK293 cells: unfilled triangle, THP1 cells: filled circle, TH1 cells: unfilled circle respectively exposed for 24 hrs to CPZ, MMS and COL as indicated. 
Data from n = 3 assays are shown as mean ± SD except when error bars are within symbol size. 

Fig. 5. (a) Cell viability measured by CFE in human lung epithelial cells (A549) after exposure to CPZ (blue filled circles), MMS (red triangles) and COL (black open 
circles) for 10–12 days versus toxicant concentration, (b) − Log (LoD/μM) measured by DOPC monolayer sensor (filled triangle) and –Log (EC50/μM) (open circle) 
measured by CFE of human lung epithelial cells (A549) after 10–12 days exposure to MMS, COL and CPZ as indicated on figure versus Log DpH7.4. CFE data are 
presented as mean of two independent experiments with six exposed wells per concentration per experiment. 
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hypothesised that the delayed effect of MMS is connected with its 
alkylation of cell line DNA and later induction of cell death. Some 
interaction with the phospholipid component of the cell membranes 
may also be possible given the observed interaction of MMS with the 
DOPC layer. Clearly, attack by MMS on the phosphate-carbon bond in 
DOPC could instigate this although this reaction has not been shown 
previously. An interesting additional feature of these results is that the 
plots and ranking of -Log LoD and – Log EC50 versus Log DpH7.4 are 
aligned which can be seen in Fig. 4b. 

3.4. Colony forming efficiency in in vitro lung model after exposure to 
CPZ, MMS and COL 

The effect of the three compounds on the colony forming efficiency 
(CFE) of A549 cell lines is displayed in Fig. 5a and b. It is observed that 
the response to COL is effective at the lowest compound concentration 
within the 10–12-day time scale, whereas that of MMS is significantly 
less. The response to CPZ falls somewhere in-between. This toxicity 
ranking can only be understood within the terms of reference of the 
assay itself. CFE efficiency is a metric of the proliferation potential of cell 
lines. In this aspect, it differs from the acute viability measurement of 
cell lines. Accordingly, a toxicant can have an immediate effect on the 
cell viability in vitro through a disruption of their outer membrane for 
example but the same toxicant will still allow a certain number of cells to 
divide. Thus, examination of cytotoxicity by AlamarBlue™ (Fig. 3) 
shows that 2 nmol/cm3 CPZ kills about 20 % of the cells but allows 80 % 
to continue dividing. In this way, the CFE assay predominantly measures 
the cell proliferation or dividing potential of the cells. As a result, the 

pronounced response of the CFE assay to COL is a reflection of the 
known action of COL on the mitotic division of cells. The response to 
CPZ is a consequence of the acute effect of CPZ on the viability of the 
cells. The weak response to MMS is surprising. Its effect on the viability 
of the cell lines is delayed to 24 hrs as shown in Fig. 3. However, this 
delay allows further cells to divide during this time. In fact, it is the 
delayed influence on the viability of the cells, which allows the cells to 
continue proliferating at the lower concentrations of MMS. 

For the CFE systems, EC50 values were calculated from the dos
e–response curves (Fig. 5a) and displayed as plots of –Log (EC50) versus 
Log DpH7.4 (Fig. 5b). In contrast to the acute cell viability studies, there is 
no alignment between the LoD and the EC50 for the three compounds 
since COL shows the maximum activity on cell division over 12–14 days 
whereas CPZ has the acute maximum activity on the phospholipid layer. 
In addition, there is no relation between the lipophilicity of the com
pounds and their effect on cell viability over 12–14 days since lip
ophilicity is not a critical factor in the interaction of COL on the spindle 
formation during cell division. 

3.5. Genotoxicity screening of CPZ, MMS and COL in human in vitro 
models 

Representative results of the comet assay with two cell lines (THP1 
and HEK293) exposed to the test compounds CPZ, MMS or COL for 3 hrs 
and 24 hrs are displayed in Figs. 6 and S2. As expected, the MMS 
induced DNA strand breakage occurs in a concentration dependent 
manner. Fig. 6 shows a higher level of DNA breaks after 3 h exposure to 
MMS compared to 24 h exposure. As MMS reacts by donating methyl 

Fig. 6. DNA strand breaks measured as DNA tail intensity by the comet assay after exposure of the following human cell lines (a) THP1 cells and (b) HEK293 cells 
after 3 hrs and 24 hrs exposure as indicated on diagram to CPZ (blue circles), MMS (red triangles) and COL(unfilled black circles). Data from n = 3 assays are shown 
as mean ± SD except when error bars are within symbol size. 
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groups, the more it reacts, the less effective it becomes as an alkylating 
agent which leads to a small decrease in its concentration. Since DNA 
repair is occurring throughout the incubation, it is not surprising that 
the level of DNA damage detected is less after 24 h exposure. No sig
nificant DNA damage was detected after exposure to COL. After expo
sure to CPZ, no DNA damage was detected either, due to a different 
mechanism leading to cell toxicity before a DNA base lesion could be 
introduced. It was not possible to observe the response of the DNA to 
higher concentrations of CPZ since the cell lines had no viability to these 
levels of compound. Interestingly, the full response to MMS only occurs 
after 3 hrs, which contrasts with the cell viability response to MMS, 
which took 24 hrs to progress. This indicates that as assumed earlier the 
effect of MMS on cell viability is a later consequence of DNA damage as 
well as due to other possible effects. 

4. Conclusions 

The validation of a novel Hg-supported DOPC membrane platform 
for cell-free, toxicity screening of chemicals was carried out by 
comparing screening results to routine in vitro toxicity testing systems. 

Results showed:-  

1. The membrane sensor response recorded a sensitivity to CPZ which is 
6.4 × 103 orders of magnitude greater than MMS, whereas for the 
cell cultures the same sensitivity was one order of magnitude greater. 
However, the ranking of the magnitude of membrane sensor 
response to the toxicants was the same as that of the cell culture 
viability response and was CPZ > MMS > COL. The membrane sensor 
element gave a rapid response within 10 min, whereas induction of 
cell death required up to 24 hrs to give the same rank order.  

2. Using CFE as an endpoint showed a toxicity rank order of COL > CPZ 
> MMS. In this latter case, the end-point is related to the effect of 
COL on mitotic cell division, which affects cell division over 10–12 
days. The Comet Assay showed out of the three toxicants only MMS 
significantly damages the DNA of A549, HepG2, TH1 and HEK293 
cells, which is commensurate with its methylating properties.  

3. The similarity between the toxicant’s activity ranked acute by cell 
viability to the electrochemical membrane sensor element’s damage 
indicates that non-specific biomembrane damage inflicted by the 
toxicant accounts for the activity of the toxicants towards the acute 
viability of the in vitro models. 

4. The study showed that the membrane sensor platform is a valid de
vice for rapid online cell-free screening of chemicals for acute cyto
toxicity where biomembrane damage is the MIE. In addition the 
phospholipid bilayer skeleton is critical to the structure and func
tioning of the very much more complex biomembrane Modification 
and damage to this structure by a toxicant indicates that the same 
toxicant will undermine the function of a cell outer membrane. 
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