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a b s t r a c t

Two of the most important categories of pesticides used in agricultural practice are organophosphates and
dithiocarbamates. Their extensive and inappropriate use has rendered their reliable monitoring at trace
levels more and more necessary. This study presents the construction of a rapid and sensitive cellular
biosensor test based on the measurement of changes of the cell membrane potential of immobilized cells,
according to the working principle of the Bioelectric Recognition Assay (BERA). The cells were immobi-
lized by entrapment in a sodium alginate bead and directly applied in different pesticide dilutions and
agricultural samples. The pesticides used were the organophosphate insecticide diazinon and the dithio-
carbamate fungicide propineb. Two different cell types, N2a (neuroblastoma) and Vero (fibroblast) were
used as the biosensory elements in order to investigate their differential response against the pesticides.
In this way, we hoped to increase the selectivity of the assay. Based on the observed patterns of response,
we demonstrate that the sensor can be used for the qualitative and, in some concentrations, quantitative
ero cells
detection of the pesticides with a high degree of reproducibility. The lowest detected concentration was
3 nM. Finally, for the investigation of the effects of different pesticides on the accumulation of cytosolic
Ca2+, we conducted a fluorescent assay on N2a cells treated with tomato sample extracts, which were
replicates of the E.U. proficiency test sample. The tomato samples were either organically grown or con-
tained 14 different pesticides. The experimental results showed a higher increase of the intracellular

s trea
Ca2+ concentration in cell
samples.

. Introduction

During the last two decades there have been growing societal
oncerns over issues related to public health, environmental qual-
ty, and food safety. One of the major controversies inciting these
oncerns involves the production and consumption of fresh fruits
nd vegetables [1]. It is well known that the level of risk is closely
elated to the daily intake of chemically contaminated food and
hat for certain products which are frequently consumed the risk is
igher than others [2]. Tomato (Lycopersicon esculentum) is one of

he most widely grown vegetables in the world and a basic compo-
ent of the Mediterranean diet and is used almost daily in several
uropean countries, raw, home-cooked or processed as a canned
roduct, juice or paste [3].

∗ Corresponding author at: Laboratory of Plant Physiology, Faculty of Agricultural
iotechnology, Agricultural University of Athens, Athens, Greece.
el.: +30 210 529 429; fax: +30 210 529 4286.

E-mail address: skin@aua.gr (S. Kintzios).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.10.026
ted with non-organic samples compared to the cells treated with organic

© 2009 Elsevier B.V. All rights reserved.

In environmental pollution monitoring, it is becoming a general
opinion that chemical analysis by itself does not provide suffi-
cient information to assess the ecological risk of polluted waters
and wastewaters [4]. Although conventional techniques such as
HPLC/MS and GC/MS give satisfactory analytical results for pesti-
cide determination, new assays and sensors for cheaper and faster
on-site analysis are being developed.

Biosensors are being developed for different applications,
including environmental and bioprocess control, quality control of
food, agriculture, military, and, particularly, medical applications.
In fact, most of the commercially available biosensor systems are
applied in the clinical and pharmaceutical markets. Accordingly,
most research and development has been devoted to this area.
In the food industry, the detection of contaminants, verification
of product content, monitoring of raw materials conversion and

product freshness [5] are areas of potential biosensor application.

Based on the inhibition of acetylcholinesterase (AChE) and
choline oxidase, many biosensors have been developed for the
detection of organophosphorous and carbamate pesticides such
as those described by Andres and Narayanaswamy [6], Choi et

http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:skin@aua.gr
dx.doi.org/10.1016/j.talanta.2009.10.026
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l. [7], Andreou and Clonis [8] and Mavrikou et al. [9]. The bio-
ogical effects of organophosphorous (OPs) insecticides such as
iazinon are exerted by reversible or irreversible inhibition of
cetylcholinesterase (AChE), which results in decreased catalysed
ydrolysis and excessive accumulation of extracellular acetyl-
holine (ACh). The ensuing hyperactivation of ACh receptors results
n various toxic effects including hypersecretions, convulsions, res-
iratory distress, coma, and ultimately death [10,11].

Propineb is a fungicide with the propylene-bis-dithiocarbamate
tructure. It is widely used in fruit and vegetable horticulture.
ithiocarbamates (DTCs) form lipophilic complexes with di- and

rivalent metallic cations, bonding through the sulfur atoms. In
he case of propineb, a zinc ion is chelated. It was shown that
n2+ concentration is dose-dependently accumulated in liver and
idney tissue [12]. In addition, DTCs-induced neurobehavioral
nd extrapyramidal symptoms have been related to the impair-
ent of central neurotransmitter release mechanism; alteration of

opamine [13–15], noradrenaline, and acetylcholine (ACh) [16] lev-
ls were mainly observed in rat and mouse brain areas after DTCs
dministration.

Interactions of mammalian cells with pesticides are frequently
ssociated with changes in cell membrane functions: in the case of
euronal cells these changes are associated with altered responses
o neurotransmitters, such as ACh. The presence of pesticidal
ompounds is directly associated with changes of the immo-
ilized cell membrane potential. Even changes associated with
on-membrane effects, such as the cytoplasmic induction of apop-
otic pathways will frequently involve changes in calcium ion (Ca2+)
oncentrations that could be eventually translated in changes of
he membrane potential [17]. In this way, a pesticide assay could
e based on electrically active cells, interfaced with microelec-
rodes which allow the capture of extracellular spikes or impedance
hanges associated with cellular response against the pesticide
nder detection. An example is the Bioelectric Recognition Assay
BERA) which has been originally developed for the detection of
iruses on the basis of their specific interaction with appropri-
tely immobilized, mammalian cells and the measurement of the
hange of the electric potential that is caused by the aforemen-
ioned interaction [18,19]. It has been recently demonstrated that
he assay could be used for the detection of the organophos-
hate pesticide chlorpyriphos and the carbamate carbaryl in a
oncentration-dependent pattern [9]. According to the working
rinciple of the method, the presence of the pesticides is detected
y the degree of inhibition of cellular AChE, which is inversely asso-
iated with ACh concentration. Inhibition of AChE lead in increased
xcitatory ACh transmission and depolarization of the cell mem-
rane, which was measured as a change of the sensor’s potential,
ue to changes in the concentration of electrolytes in the immedi-
te vicinity of the working electrode. This methodological approach
isplays many advantages over other biosensor techniques, such as
igh speed (assay time = 3 min), sensitivity (1 ppt to 1 ppb, depend-

ng on the pesticide), reproducibility and low cost. However, the
electivity of the assay is questionable, because a given cell type
an react in roughly the same manner against a large number
f different pesticides (a common problem in cell-based toxicity
ssays).

One method to increase the selectivity of the assay could be the
se of different cell types having a different response pattern to
he assayed pesticides. Therefore, in the present study we report
he development of a cellular biosensor utilizing the BERA work-
ng principle and based on neuroblastoma N2a or Vero cells, two

ell types quite different in their physiology. The novel sensor was
ested against standard solutions of the organophosphate insec-
icide diazinon and the dithiocarbamate fungicide propineb and
alidated against tomato samples containing a mixture of pesti-
ides.
80 (2010) 1799–1804

2. Experimental

2.1. Materials

Mouse neuroblastoma (N2a) and monkey African green kidney
(Vero) cell cultures were originally provided from LGC pro-
mochem (UK). Diazinon (diethoxy-[(2-isopropyl-6-methyl-
4-pyrimidinyl)oxy]-thioxophosphorane; CAS [333–41–5];
Mw = 304.35; Sigma–Aldrich, USA) was used as a standard
organophosphate insecticide and propineb ([[2-[(dithiocarboxy)
amino]-1-methylethyl]carbamodithioato]](2-)-kS,kS′] zinc; CAS
[235–134–0]; Mw = 289.80; Bayer Cropscience, Germany) as a
standard dithiocarbamate fungicide. Pesticide mixtures which
contained 10 �M of each pesticide, were prepared daily in ace-
tone solution. All other reagents were purchased from Fluka
(Switzerland).

2.2. Cell culture and sensor fabrication from N2a and Vero cells

Cells were cultured in Dulbecco’s medium with 10% heat-
inactivated fetal calf serum (FCS), 10% antibiotics (streptomycin)
and 10% l-glutamine. After cell detachment from the culture vessel
by adding trypsine/EDTA for 10 min at 37 ◦C and cell concentration
by centrifugation (6 min, 1200 rpm, 25 ◦C), 1 ml of cells (at a density
of 2.5 × 106/ml) were mixed with 2 ml of 4% (w/v) sodium alginate
solution and then the mixture was added drop wise, by means of
a 22G syringe, in 0.8 M CaCl2. Each of the resulting calcium algi-
nate beads had an approximate diameter of 2 mm and contained
approximately 5 × 104 cells.

The sensors were storable at room temperature in culture
medium, under normal atmospheric conditions (i.e. non-CO2
enriched) for at least three weeks without any loss of performance.

2.3. Sample preparation

Thirteen blended tomato samples were analysed. Five of them
were replicates of a control sample derived from strictly organi-
cally grown tomatoes, free of pesticide residues while the rest of
them were replicates of the E.U. proficiency test sample contain-
ing a mixture of fourteen pesticides at concentrations ranging from
0.05 to 3.955 mg/kg (Table 1).

Standard aqueous solutions of either diazinon or propineb were
prepared in the range of concentrations 0.003, 0.016, 0.03, 0.16,
0.33, 1.65 and 3.30 �M in water. The concentrations 1.65 and
3.30 �M of the pesticides had to be dissolved in a small amount
of ethanol and diluted with water (5%, v/v) because of their insolu-
bility in water.

2.4. Assay principle

According to the working principle of the method, the pres-
ence of organophosphate compounds is detected by the degree
of inhibition of cellular AChE, which is inversely associated
with ACh concentration. ACh is an excitatory neurotransmit-
ter [20], the activity of which is regulated by AChE. Therefore,
inhibition of AChE can lead in increased excitatory ACh trans-
mission, which can be measured by the depolarization of the
cell membrane. In other words, inhibition of AChE by pesticide
residues in the sample will result to excessive stimulation of
N2a cells by ACh, which will further lead to membrane depo-
larization above a pre-determined threshold. The presence of

DTCs is also detected by the increase of ACh concentration:
it has been previously reported that propineb (0.001–100 nM)
dose-dependently increases ACh release from PC12 differentiated
by NGF [21]. In addition, previous data obtained from Mari-
novich et al. [22] indicated a possible involvement of nicotinic
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Table 1
Fourteen pesticides contained in E.U. proficiency test tomato samples.

Acrinathrin0.284 mg/kg Azoxystrobin
0.225 mg/kg

Bromopropylate
0.490 mg/kg

Chlorothalonil
1.626 mg/kg

Diazinon
3.955 mg/kg

Dimethoate0.132 mg/kg Endosulfan
0.344 mg/kg

Imazalil
0.167 mg/kg

Imidacloprid
0.232

Dithiocarbamates
0.810 (as CS2)
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eceptors present on nerve terminals in propineb-induced ACh
elease.

Correspondingly Vero cells were used as a non-responsive
iosensory element for the case of organophosphates. On the
ther hand propineb may exert a high sensitivity response in
idney-derived Vero cells due to its Zn-containing molecule: zinc
oncentration varies widely in different tissues, but Zn is known
o accumulate in two particular organs, namely the liver and kid-
ey, where it may cause biochemical and histopathological changes
23,24]. According to Davies et al. [25] and Houtani et al. [26] zinc-
ctivated ion channel (ZAC) is a mammalian protein, expressed
n prostate, thyroid, trachea, lung, brain (adult and fetal), spinal
ord, skeletal muscle, heart, placenta, pancreas, liver, kidney and
tomach. The L2 sequence of ZAC gene is conserved among species
ncluding human, chimpanzee, dog, cow, and opossum [26]. Mem-
rane depolarization events and associated electrolyte influx/efflux
ill reflect themselves on the sensor’s response as a change of

he sensor’s potential, due to changes in the concentration of elec-
rolytes in the immediate vicinity of the working electrode.

.5. Assay procedure

Each cell-bearing bead (cell sensor) was manually connected to
working electrode (the electrode was inserted through the entire

ength of the sensor without extruding from the opposite end)
ade from pure silver, electrochemically coated with an Ag/AgCl

ayer and having a diameter of 0.75 mm. The distance between
orking and reference electrode was 3 cm. Electrodes were con-
ected to the recording device, which comprised the PMD-1608FS
/D card (Measurement Computing, Middleboro, MA). The soft-
are responsible for recording the signal and data processing was

nstaCal (Measurement Computing).
For each assay, the sensor system, comprising of the bead

ttached to the working electrode and a reference electrode, was
mmersed into each sample solution (200 �l). The response of each
ensor was estimated by recording the average change of the sensor
otential for a period of 180 s after sample application.

.6. Fluorescence assays of pesticide–cell interaction

Changes in cytoplasmic Ca2+ concentration in N2a cells were
easured microscopically, after the addition of pesticide-free

omato samples and tomato samples containing 14 different pes-
icides were monitored by the uptake of the acetomethyl ester of
luo-3 [27]. After application of 5 �l of the dye, the fluorescence
f the specimens was recorded for 5 min at 10 s intervals. Slides
ith stained cells were mounted on a Zeiss Axiolab fluorescent
icroscope equipped with a BP-546 excitation filter and an FT-

80 chromatic beam splitter. A digital camera (SONY S75 digital
till camera) was attached to the microscope with adjustable BP-

46/FT-580 excitation filter/chromatic beam splitter combinations.

n order to control photobleaching, we kept specimen exposure
imes at a minimum level.

In addition, a fluorescence assay was conducted spectrophoto-
etrically. Cells were plated on special optics 96-well plates (black,
mg/kg
idone
g/kg

Thiabendazole
0.314 mg/kg

clear-bottom; Greiner) coated with poly-l-lysine (100 �g/ml) at a
density of 2 × 104 cells per well. After 3 days in culture, Fluo-3 AM
(10 �M) was added to the cell suspension of each well, which was
subsequently incubated for 60 min at 37 ◦C. The cells were then
washed two times with sterile deionized water. The cells were incu-
bated with either tomato samples or with K+ (70 mM) in a standard
medium (containing 140 mMNaCl, 5 mM KCl, 1 mMMgCl2, 5.6 mM
glucose, 1.5 mM CaCl2, and 20 mm HEPES-Na (final pH 7.4)), which
was used for loading and for the subsequent fluorescence mea-
surements. The fluorescence intensity of Fluo-3 was quantified by
a fluorescence spectrophotometer (Molecular Devices Spectramax
M2e microplate reader), with a single excitation wavelength set at
492 nm and an emission wavelength monitored at 520 nm. All data
points were done in triplicates, and experiments were repeated at
least three times with different batches of N2a cells.

2.7. Data analysis and experimental design

Both biosensor and conventional sample analysis were con-
ducted according to a double-blind protocol. Experiments were set
up in a completely randomized design and each experiment was
repeated four times. Results were assessed by a standard analy-
sis of variance. In each application, a set of five biosensors was
tested against each individual sample. Data means among differ-
ent days were compared using Duncan’s multiple range test (with
significance at p < 0.05).

3. Results

3.1. Response of the sensor to standard pesticide solutions

The results of the assay of standard propineb solutions at dif-
ferent concentrations with neuroblastoma and Vero biosensors are
shown in Fig. 1A, while the results of assaying standard diazinon
solutions with neuroblastoma and Vero biosensors are shown in
Fig. 1B. In the case of Vero cells, when no pesticide was present
in the sample (control sample), a constant sensor response of
−70 ± 5 mV was observed. The sensors responded to propineb
by considerable positive increase of the sensor’s potential (Fig.
1A). This response was concentration-depended in the range of
0.03–0.33 �M (r2 = 0.9816, y = 7.788x − 37.758), so that both the
qualitative and the quantitative detection of the pesticide was pos-
sible, at least at concentrations lower or close to either 0.33 �M
(Vero cells) or 1.65 �M (N2a cells). The biosensor based on N2a
cells gave also a concentration-depended response in the range of
0–0.16 �M (r2 = 0.9527, y = 15.5x − 68.386).

A similar, concentration-dependent pattern (r2 = 0.9046,
y = 6.4788x − 59.268) was observed in the N2a sensor’s response
against diazinon (Fig. 1B), in the range of 0–0.33 �M. In con-

trast, the Vero cell biosensor’s response did not follow a
concentration-depended pattern.

Depending on the concentration of each pesticide, representa-
tive recovery rates ranged from 51 to 93% for diazinon and from 52
to 122% for propineb (Table 2).
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Fig. 1. Biosensor response against standard solutions containing propineb (A) or
diazinon (B) at various concentrations. Sensor response is expressed as a change in
the membrane potential of immobilized cells. (n = 15 replications (different sensors)
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Fig. 2. Biosensor response against thirteen different tomato samples. The sensor
was based on neuroblasoma N2a cells. The white columns represent pesticide free
tomato samples and the gray columns represent tomato samples containing four-
or each sample and error bars represent standard errors of the average value of all
eplications with each sample.) The white columns represent Vero cells and the
ray columns N2a cells. With each different colour, columns marked with different
etters indicate statistically different values (p < 0.01).

.2. Residue profile by conventional analysis of tomato samples

Eight of the thirteen tomato samples contained a mixture of
ourteen pesticides which are presented in Table 1, while the
iosensor responses for the thirteen tomato samples are presented

n the y axis of Fig. 2. The white columns represent organic tomato
amples and the gray columns represent tomato samples con-
aining the fourteen pesticides in various concentrations. Pesticide
esidues in tomato samples caused a considerable cell membrane
epolarization on neuroblastoma cells immobilized in the sensor,
s indicated by the decrease of the negative sensor potential, which
as clearly distinguishable from the sensor’s response against
esticide-free control samples. There were no false-negative mea-
urements.

Differences in responses between replicates of the control sam-

le may be due to enhanced matrix effect of the tomato samples
n the neuroblastoma cells immobilized in the sensor. Tomato
s rich in carotenoids, such as lycopene. It has been previously
hown that carotenoids and their oxidation products promote gap

able 2
ecovery rates for diazinon and propineb with the novel cell biosensor assay.

Pesticide Concentration (�M) Recovery rate (%)

Diazinon 0.01 51.01
0.05 92.81

Propineb 0.01 121.93
0.05 51.62
teen pesticides in various concentrations. Sensor response is expressed as a change
in the membrane potential of immobilized cells. (n = 15 replications for each sam-
ples and error bars represent standard errors of the average value of all replications
with each sample.)

junctional communication [28]. It is, therefore, quite possible, that
differences in the oxidation rate of lycopene and other carotenoids
between individual samples resulted in the observed differences in
responses between replicates of the control sample.

3.3. Fluorescence assays on calcium uptake by N2a cells after
treatment with various tomato samples

Neuroblastoma cells responded to the presence of tomato sam-
ples containing 14 different pesticides in various concentrations,
by a rapid and very considerable increase of their intracellular Ca2+

concentration (Fig. 3), compared to cells treated with pesticide
free tomato samples. The spectrophotometric assay gave similar
results in the fluorescence intensity (Fig. 4). The pesticide free sam-
ples indicated a significant difference compared with the samples
containing pesticides. Cells incubated with a Krebs HEPES buffer
containing a high concentration of K+ (70 mM) were used as a
positive control, while cells incubated with Krebs HEPES buffer
were used as a control. The purpose of the microscopy fluores-
cence assay was to investigate the participation of Ca2+ traffic
through the cell membrane as a possible mechanism underlying
the observed changes in cell membrane potential, as measured with
the biosensor. This measurement was not meant to include a com-
plete fluorescence-based assay for pesticide detection, therefore
different pesticide concentrations were not tested.

4. Discussion

Cell-based biosensors constitute a promising field that has
numerous applications ranging from pharmaceutical screening
to environmental monitoring. Cells provide an array of naturally
evolved receptors and pathways that can respond to an analyte in
a physiologically relevant manner. Enzymes, receptors, channels,
and other signalling proteins that may be targets of an analyte
are maintained and, as necessary, regenerated by the molecular
machinery present in cells [29].

The results of the present study clearly demonstrate that detec-
tion of different pesticide substances with BERA, was primarily
based on the specificity of the cell line used in the biosensor. The

biosensor presented in this study belongs to a new category of
pesticide residue detectors based on mammalian cell lines. Previ-
ous studies report the use of genetically modified bacteria for the
detection of toxic and especially mutagenic compounds [30]. Even
though the biosensor development is at an early stage the biosen-
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Fig. 3. Changes (expressed as differences in fluorescence intensity) of the cytoplasmic cal
and tomato samples containing 14 different pesticides (B).

Fig. 4. N2a cells were treated with pesticide-free tomato samples (tomato −),
tomato samples containing 14 different pesticides (tomato +) or K+ solution (70 mM)
(K+). Cells treated with buffer were used as control (CELLS). Calcium mobilization
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Kintzios, Sensors 8 (2008) 2818–2832.
as determined using a fluorometric imaging plate reader. Shown are average val-
es ± standard deviations of triplicate determinations of endpoint measurements.
hese graphs are representative of four similar experiments.

or gave satisfactory results due to the high reproducibility and the
ifferentiation between control and positive samples.

Vero cells are widely used in studies of in vitro cytotoxicity [31].
he results of the present study, as expected, indicate that Vero
ells present higher specificity to the dithiocarbamate fungicide,
ropineb than to the organophosphate insecticide diazinon. These
esults provide an indication that the zinc organometallic fungicide
ropineb, reacts with the zinc receptors on the kidney cells [26].
urthermore, N2a cells, as expected due to their membrane-bound
ChE [32], demonstrate higher selectivity to the organophosphate
iazinon in contrast to propineb (Fig. 1A). However, propineb
esulted in a satisfactory response between the concentrations
73 nM and 3 nM (the latest being the lower detectable con-
entration). In previous studies using rat pheochromocytoma
ells differentiated by NGF (PC12), propineb (0.001–100 nM)
ose-dependently increased ACh release from PC12. At concen-
rations between 0.001 and 1 nM propineb-induced ACh release
eached a maximal effect (∼50%) while at higher concentrations
10–100 nM), propineb caused a progressive disappearance of the
ffect [21]. It seems that pesticide concentrations above a limit

aused cellular toxicity or otherwise major, non-reproducible bio-
hemical changes that could not fit in a linear response pattern. This
ffect was cell line- and pesticide-dependent, as observed by the
esults presented in Fig. 1, whereas cells responded to the applied

[
[
[
[

cium ion concentration in N2a cells treated with pesticide free tomato samples (A)

pesticides in a linear pattern only within a certain range of concen-
trations.

The results of the present study showed a higher fluores-
cence intensity of the samples containing pesticides compared to
pesticide-free samples. Calcium ions (Ca2+) are universal secondary
messengers that are key players in many cellular signal transduc-
tion pathways [17]. Cell damage induced by environmental insults
or by overstimulation of physiological pathways results in patho-
logical Ca2+ signals, which trigger necrotic or apoptotic cellular
death [33]. Increased Ca2+ influx through voltage-operated calcium
channels (VOCCs) is implicated in many forms of both apoptotic
and necrotic cell death [34]. Wang and Xu [35] report a possible
involvement of Ca2+ signalling in rotenone-induced apoptosis in
human neuroblastoma SH-SY5Y cells.

There are several areas of future work that would improve
the utility of cell-based biosensors. Numerous applications would
benefit from the development of parallel systems that allow for
simultaneous measurements on multiple cell lines. The devel-
opment of a system utilizing multiple cell types will offer
improvements to both the breadth of sensitivity and the ability to
discriminate or classify analytes.
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